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excellent mechanical adaptability to enable 
safe and friendly interactions with human. 
Fiber that has been known for thousands 
of years for textile engineering, is a kind of 
thin 1D material with large length–diam-
eter ratio and softness. Fiber can be fur-
ther processed into 1D or 3D yarns and 2D 
or 3D fabrics and can be subjected to well-
established textile manufacturing tech-
niques, such as dyeing, twisting, sewing, 
knitting, weaving, braiding, etc.[1] As com-
mercially available material, fabric has 
been widely used for clothing, bedding, 
or furniture. Such wide-adoption dem-
onstrates fabrics/textiles to be important 
and adaptable as daily useable material 
due to their merits of protection, breatha-
bility, comfort, and durability.[2] In recent 
years, novel smart responsive functions 
are desirable to be implemented on fibers 
and fabrics for seamless integrations of 
actuators, sensors, power sources, etc., 
to realize the robotic fibers/fabric-based 
manipulators and human–robot inter-
faces. These emerging responsive fibers/
fabrics are desirable to offer program-
mable functions, actuations, perception 
and capable of building an intuitive and 

dynamic collaborative scenarios with human, promising in ena-
bling applications such as remote operation, human motion 
assistance, human perception, health monitoring and biomed-
ical detection and therapy.[3–5] It is an attractive concept that the 
future human–robot interfaces could be embodied in familiar 
forms for humans such as textiles or clothes. Compared with 
the polymeric and elastomeric soft robotics,[6–9] fibers and fab-
rics are advantageous in applications of soft robotics and weara-
bles for human. The devices could be programmable to have 
accurate designs in configuration and high performance by 
traditional manufacturing processes of textile, applying twist to 
transform fibers into coils, yarns with hierarchical structures, 
which could be further fabricated into fabrics or textiles by 
sewing, weaving, knitting, etc., techniques (Figure  1), guaran-
teeing good wearability, skin affinity, washability, and durability, 
which are intriguing and necessary for friendly robotics interac-
tions with human.

Soft robotics include three main components of actuators, 
sensors, and control modules with power sources.[10,11] Of which, 
actuators, sensors and power sources all could be designed in 
the form of fibers or fabrics, rendering facile assembly, and 
integration by interlocking.[12] Common actuations can be 

Soft robotics inspired by the movement of living organisms, with excellent 

adaptability and accuracy for accomplishing tasks, are highly desirable for 

efficient operations and safe interactions with human. With the emerging 

wearable electronics, higher tactility and skin affinity are pursued for safe 

and user-friendly human–robot interactions. Fabrics interlocked by fibers 

perform traditional static functions such as warming, protection, and 

fashion. Recently, dynamic fibers and fabrics are favorable to deliver active 

stimulus responses such as sensing and actuating abilities for soft-robots 

and wearables. First, the responsive mechanisms of fiber/fabric actuators and 

their performances under various external stimuli are reviewed. Fiber/yarn-

based artificial muscles for soft-robots manipulation and assistance in human 

motion are discussed, as well as smart clothes for improving human percep-

tion. Second, the geometric designs, fabrications, mechanisms, and functions 

of fibers/fabrics for sensing and energy harvesting from the human body and 

environments are summarized. Effective integration between the electronic 

components with garments, human skin, and living organisms is illustrated, 

presenting multifunctional platforms with self-powered potential for human–

robot interactions and biomedicine. Lastly, the relationships between robotic/

wearable fibers/fabrics and the external stimuli, together with the challenges 

and possible routes for revolutionizing the robotic fibers/fabrics and weara-

bles in this new era are proposed.

1. Introduction

Human–robot interface (HRI) is an emerging smart interface 
that allows operations, interactions and collaborations between 
human and robots/machines in a colocated or coordinated 
way, fulfilling works with higher efficiency or addressing some 
complicated/dangerous tasks. Soft robotics, often inspired by 
the adaptability of living organisms, are capable of delivering 
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achieved under external stimuli such as electricity, light, heat, 
magnetic field, solvent, and vapor conditions, realizing various 
displacements in 1D, 2D, or 3D directions. For example, fiber 
actuators could deliver linear motion, enabling important 
applications in some special 1D or space-limited scenarios, 
such as biomedical targeted delivery and therapy in vessels.[13] 
Twisting manipulation through internal contraction or relaxa-
tion forces could be realized using the yarn-based actuators, 
capable of simulating the motions such as contraction, relaxa-
tion, and expansion, alike of artificial muscles for operating 
the robots and assisting the human motions especially the 
disabled.[14] Besides, weaving or knitting the actuation fibers  
and yarns could be further fabricated into fabric actuators, 
attaining higher actuation displacement and force, with the 
potential to produce smart garments that have active responses, 
such as thermal-regulation under the stimuli from solvent/vapor, 
heat, light, electricity, magnetic field, etc., and self-protection 
actions against mechanical attacks or invasions.[15] These smart 
responsive clothes are significant for improving the human  
perception and quality of life.

Sensors are essential for feedback-control of the soft robots. 
Fiber/fabric-based sensors possess intrinsic merits for wear-
able applications and human–robot interactions, providing 
good skin affinity and safer interactive platforms for users.[16] 
In terms of fabrication, fibers, yarns, and fabrics/textiles are all 
feasible to be designed as sensors, such as mechanical sensor 
(strain sensor, pressure sensor), thermal sensor, humidity 
sensor, electrochemical sensor, etc.[17] They can perceive and 
convert various mechanical motions, temperature/humidity 
changes, metabolite, and various bio/chemical inputs into 
electricity signals, detecting the actuation displacement/force, 
human motions, and environmental conditions, enabling pre-
cise feedback-controls for actuators/robots. Besides, the fiber/
fabric-based sensors are also compatible for integration with 
human body and garments for wearable applications, bridging 
the connections between soft robots and human body, ren-
dering more-friendly and effective human–robot interactions 
and internet of things.

Among the external stimuli, electricity shows more potential 
in controlling the robots or power the sensors, capable of driving 
most of the robotic components to realize highly-integrated 
smart systems. Simultaneously, fibers/fabrics with rational 
designs could be also applied as power sources, harvesting 
and storing energy from human body or environment.[18–24] 

In recent years, increasing efforts are dedicated to develop 
power-fibers/fabrics for self-powered wearables and intelli-
gent robotic systems. It has been proven that thermal energy, 
mechanical energy, water energy, solar irradiance energy, etc., 
can be harvested and stored individually or simultaneously by 
fibers/yarns or fabrics/textiles-based devices, such as thermoe-
lectric generator, piezo-/triboelectric nano generators, and solar 
cells.[25–27] These devices can power traditional devices, or serve 
as self-powered sensors and functional components, enabling 
seamless integrations with actuators and sensors to simplify 
the robotic fiber/fabric systems, which are especially effective 
for wearables power sources or sensors to bridge the connec-
tions for more-friendly human–robot interactions. In addi-
tion, efforts were also made to integrate other functions such 
as color changing and data storage/processing for applications 
of fibers/fabrics in camouflage, displays, memories, artificial 
synapses and information communications, assisting to con-
struct more intelligent interfaces for robots–environments and 
human–machines.[28–36]

Herein, we summarize the progress of fibers/yarns and 
fabrics/textiles for soft robots, wearables, and human–robot 
interface. First, mechanisms of fiber/fabric-based actua-
tors responding to various stimuli were introduced, the latest 
achievements of each kind of actuators were reviewed with 
classifications to figure out the device designs and working pro-
cesses. Combining various responsive mechanisms, we sum-
marize the types of artificial muscles assembled by fibers and 
yarns, presenting attractive functions for soft-robots manipula-
tion, human motions, and the disabled assistance, furthermore, 
we show the smart responsive clothes for human perception 
and smart actuation. Secondly, we summarize the fiber/fabric-
based wearable sensors for detection of mechanical motions, 
temperature, humidity, metabolite, etc., and power fibers/fab-
rics to harvest energy from human body heat, human motions, 
and environments. The configurations, fabrications, mecha-
nisms and functions of the sensors are covered, presenting their 
capability and integrability to build the multiple-responsive plat-
forms for human–robot interfaces with self-powered potential. 
In addition, we introduce the integration concerns and routes 
between electronics with fabrics/textiles and human skin. We 
show the potential of emerging fiber-robots for biomedical 
applications in vivo. Lastly, we propose a relationship map of 
robotic/wearable fibers/fabrics with the external stimuli from  
environments or human body. We expect that while some of 

Figure 1. The available forms of fibers in 1D, 3D, and 2D configurations include yarns and fabric/textile for application in actuators, sensors, and 
power sources.

Adv. Mater. 2021, 33, 2002640



© 2020 The Authors. Published by Wiley-VCH GmbH2002640 (3 of 43)

www.advmat.dewww.advancedsciencenews.com

the challenges may persist, several possible solutions are out-
lined to tackle the shortcomings, presenting an outlook for 
development of the fiber/fabric-based soft robots and wearables 
in the new era.

2. Fiber/Fabric-Based Actuators

2.1. Mechanisms of the Fiber Actuators

The emerging fiber actuators, which are inspired by biological 
muscles, have attracted a lot of interest. Unlike traditional 
mechanical motors, the 1D fibers are intrinsically simple, flex-
ible, and anisotropic.[37] Moreover, the fibers can be twisted, 
sewed, weaved and knitted into 3D or 2D configurations 
through the mature textile processing, forming yarns or fab-
rics/textiles with complex structures and functions. The fiber/
yarn actuators can perform rotation, elongation, and bending 
motion with tunable strain and stroke, showing intriguing 
application potentials in robotics and wearable devices.[38–40]

Fibers are the constitutional units of yarns and fabrics, the 
actuations of the fibers are mainly due to the change in the 
properties of the constituting materials when the environ-
mental conditions change such as electricity, light, tempera-
ture, solvent, and vapor. The principles of fiber/yarn actuations 
can be classified into three mechanisms, 1) change of order of 
the molecule chains, 2) change of volume of the fibers, and 3) 
change of distance between the twisted fibers (Figure 2a).[15,41–46]

The order change of fiber molecule chains is usually actu-
ated by electricity, light and thermal, which in principle 
does not involve mass exchange and volume changes.[47] For 
example, shape memory polymers and alloys perform recon-
figuration upon thermal stimulus due to internal molecular 

chains rearrangements and crystal/molecular structural 
changes. At higher temperature, the shape memory materials 
that fixed at temporary configurations will restore its original 
shapes because of the relaxation and reordering of the lattices 
or molecular structures.[48] Besides, dielectric materials can be 
squeezed and deformed in the presence of an electric field due 
to the Coulomb forces induced electrostatic pressure, namely, 
electromechanical effect. When sandwiched by two electrodes 
with applied voltage, the piezoelectric materials[49,50] and dielec-
tric elastomers[51–54] contract and elongate along the field direc-
tion. In addition, liquid crystal elastomers undergo nematic-to-
isotropic phase transition under multiple stimuli like thermal, 
light, and electric field.[55–57]

The second type of the fiber actuation is dominated by the 
volume change of the constitutional materials. Mass exchange 
between fibers and environment usually causes volume 
change, which results in the contraction or expansion in all 
direction. Charged species like electrons and ions were trans-
ported in and out of the porous and conductive fibers due to 
the electrical potential differences. Mediated by concentration 
differences (osmosis) or chemical affinity, even small molecules 
can be absorbed/desorbed from the fibers, causing swelling or  
shrinkage.[58] Besides, the variation of temperature also causes 
the volume change due to thermal expansion or phase transi-
tions like melting and crystallization, which does not involve 
mass exchange.[59]

The distance change is specific to a yarn or thread that con-
sists of a lot of fibers. The yarn/thread contracts and rotates 
because of the change of gaps between fibers. The gaps enlarge 
due to the guest’s infiltration and thermal expansion. More-
over, the actuation can be achieved simply by passing current 
through it. Based on the Ampere’s Law, there is electrostatic 
attraction or repulsion between every conductive fiber. When 

Figure 2. The actuation mechanisms and different stimuli for fiber/yarn actuators. a) Three kinds of reversible deformation principles. 1) Order change, 
2) volume change, and 3) distance change. b) The actuation stimuli. The purple arrow indicates the infliction of stimuli on the fiber/yarn actuators.
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the distance changes of all the aligned fibers are added up and 
magnified, which generate both rotational and translational 
motions of the yarn, in sharp contrast to volume change-based 
fibers.[45,60–63]

In brief, the mechanisms of the fiber actuators are mainly 
originated from the change of material properties, like the 
change of molecule order, sample volume, and fibers distance. 
The material property changes can be actuated by several 
stimuli. Each stimulus can cause different changes according 
to the fiber’s material and geometry. In our daily life, the most 
common physical and chemical stimuli are mainly electricity, 
light, temperature, magnet, solvent, and vapor (Figure 2b). The 
fiber actuators absorb energy from these stimuli and respond 
to it. Compared to traditional electromagnetic motors and 
actuators, fiber actuators involve a variety of materials, energy 
sources, and configurations, which are promising in soft 
robotics and smart wearable systems.

2.2. Fiber Actuators Responses to Different Stimuli

Various stimuli from environments and human body are able 
to activate the fiber/fabric actuators, promising diverse inter-
actions between human and robots. Here, the fiber/fabric 
actuators are classified into five categories according to the 
stimuli, which is application oriented. They are electric field, 
light, heat, solvent/vapor, and others (include pneumatic and 
magnetic).[64,65] The geometric design, working principle, per-
formance, and application of devices under every stimulus are 
discussed, as well as their pros and cons are deliberated.

2.2.1. Electric Actuation

Electricity is the most commonly used energy, which is easily 
available and highly controllable. All the electrical parameters, 
like voltage, charge, and current can be precisely measured 
and controlled. Accordingly, scientists have developed different 
kinds of fiber actuators that rely on electricity. High voltage usu-
ally induces the order change of dielectric materials like liquid 
crystal, elastomers, and piezoelectric materials. When passing 
through current, conductive yarns can be actuated due to the 
distance change of twisted fibers by the current–magnetic or 
electrostatic force. In the case of electrochemical actuation, 
charges are intercalated into porous electrode, inducing the 
volume changes and strains that lead to actuation.

Piezoelectric materials could generate mechanical strain 
in response to an applied electrical field. Torsional rotation of 
the piezoelectric ceramic fiber was achieved by wounding a 
pair of parallel helical electrodes on their outer surface. When 
applying a high voltage of several thousand volts, the fiber 
easily generated precisely torsional displacement. Although 
the degree of rotation was very small, the working frequency 
of this fiber was as high as 10  kHz.[66,67] In addition to the 
rigid and brittle ceramics, there are flexible piezoelectric poly-
mers such as polyvinylidene fluoride (PVDF), poly(vinylidene 
fluoride-co-trifluororethylene (PVDF-TrFE), Nylon, polyurea, 
etc., which are easier to process and integrate. A multiple mate-
rials fiber with micro-electromechanical systems (MEMS) was  

fabricated by the thermal drawing process (Figure 3a).[68] Piezo-
electric polymer cantilever was integrated inside the fiber, which 
was deliberately placed off-center. When voltage was applied on 
the cantilever, asymmetric strain will be generated in the fiber 
with transverse bending. Because the thickness was reduced, 
the actuation voltage can be reduced to 200 V, producing the 
displacement of ≈80 µm. Due to the high frequency and high 
stress, piezoelectric fibers can be used for color tuning, spec-
tral filtering, microfluidic pumps. Especially, the high working 
frequency piezoelectric fibers can be used as ultrasonic sensors 
or actuators, and integrated into the ultrasonic imaging steer-
able catheter.[69] However, the high working voltage and small 
displacement are the most serious limitations.

Electroactive polymers (EAP) respond to electricity with fast 
response speed and significant displacement.[70] Plasticized 
PVC gel is a promising electroactive polymer, which manifests 
advantages of flexibility, large deformation, and high stability.[71] 
PVC gel based fiber actuator was reported, which consists of 
conductive PVC inner core and nonconductive PVC shell. Two 
identical fibers were loosely twisted together as a yarn actuator. 
When voltage was applied in the two fibers’ inner core, the two 
fibers attracted and got closer to each other, leading to the elon-
gation of the yarn. Furthermore, the PVC fibers and common 
conductive wires were weaved into a textile. When applying a 
voltage, the deformed PVC fibers surrounded the anode wires, 
which generated about 27% contraction strain.[72]

The actuation of these piezoelectric and electroactive dielec-
tric materials relies on the electrostatic pressure, which usu-
ally requires high voltage to form a strong local electric field. 
Soft electrochemically driven actuators that have a laminate 
structure similar to the electrical double-layer capacitors work 
under relative low voltage. Kaasik et al. introduced an ionic and 
capacitive laminate (ICL) actuators based on the ionically con-
ductive laminates. As shown in Figure  3b, a continuous scal-
able fabrication method of the ICLs actuator was developed. 
The glass fiber as reinforcement layer was spray coated with the 
electroactive membrane and the electrodes. The ICL actuator 
was driven by applying electrochemical potential of about 5 V. 
The electromechanical actuation is due to the electro-osmotic 
relocation of mobile ions, so the actuator can also be used as 
a flexible energy-storage unit.[73] Baughman et  al. reported a  
carbon nanotubes (CNTs) twisted fiber actuator. Upon voltage 
application, electrons were injected into the CNTs fibers to gen-
erate electrochemical double-layer in the presence of electrolyte, 
which caused the CNTs fibers to expand. The length of fibers 
changed with about 0.75 MPa stress generated by a voltage of 
2 V, capable of deflecting a cantilever and changing the reflec-
tion of light. With absence of ion intercalation, the perfor-
mances of the CNTs fiber actuators were largely enhanced in 
terms of life and rate, strain, and stress.[74,75]

Unlike animals that have muscles, plants like the Venus fly-
trap can perform reversible motions through osmotic hydro-
static pressure.[76–78] By imitating the plant’s tendril, Must et al. 
presented a reversible osmotic actuation based on the ions 
osmosis (Figure 3c).[79] Upon applying a voltage, ions from the 
solvent can be adsorbed on the electrode surface and immobi-
lized, which can be released back to the fluid bulk at a short-
circuited state. The electrosorption and desorption built up the 
osmotic pressure difference, inducing water loss and injection. 

Adv. Mater. 2021, 33, 2002640
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The water exchange between the electrode and soft effector 
caused the stiffness change and actuation of the tendril-like 
soft effector. When applying a voltage as low as 1.3 V, water was 
pumped into the soft effector, which gradually stiffen by about 
5 folds and straightened from crimp state. In this way, the ten-
dril performed the hooking and anchoring tasks just like the 
climbing plants. The bionic tendril actuator shows advantage to 
operate under very low voltage but achieved large displacement 
and stiffness modulation, the only shortcoming is that liquid 
electrolyte is required to be encapsulated.

To this end, solid-state electrolyte has been developed to 
replace the liquid electrolyte. Lee et  al. reported an all-solid-
state fiber actuator that worked under low voltage with high 
energy efficiency (Figure 3d).[80] The helical yarns with twisted 
CNTs were infiltrated and covered with electrolyte, which insu-
lated the CNTs from each other. Two identical yarns were plied 
together using an opposite twist direction to act as anode and 
cathode. When applying a voltage, the yarns produced torsional 
stroke and tensile contraction because of the charge intercala-
tion. Because the yarns were insulated from each other like a 

capacitor, it is able to maintain the stroke even after the voltage 
was removed.

In addition to volume change by charges intercalation, 
the conductive yarns can be also directly actuated by passing 
through current to change the fibers distance. The yarns are 
actuated by the Coulomb force depending on the current 
density based on the Ampere’s law. When the electric cur-
rent passed through the helically aligned CNTs, the CNTs 
exerted electromagnetic field. The electromagnetic interac-
tion between these CNTs resulted in the simultaneous length-
wise contraction and rotary torsion. Peng et  al. investigated 
the principle, performance, and applications of these electro-
mechanical yarn actuators in detail. The yarn actuators could 
work under all available environment media such as air or 
solvent and produced large stress when passing through a 
low current. But these current responsive yarns require con-
tinuous energy consumption to maintain the deformed state 
(Figure 3e).[63,81,82]

The electric actuation is fast and highly controllable, high 
diversity of actuators can be realized accordingly, including 

Figure 3. Electric actuated fibers/yarns. a) The thermally drawn fiber with piezoelectric PVDF. Reproduced under the terms of the CC-BY Creative 
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[68] Copyright 2017, The Authors, published by Springer 
Nature. b) An ionic and capacitive laminate actuator. Reproduced with permission.[73] Copyright 2017, Elsevier. c) A tendril like osmosis actuator that 
reversibly changed stiffness and performed hooking/anchoring. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0).[79] Copyright 2019, The Authors, published by Springer Nature. d) All-solid-state actuator 
consisting of twisted CNTs fiber that infiltrated with solid electrolyte. Reproduced with permission.[80] Copyright 201, American Chemical Society.  
e) Current-actuated hierarchal CNTs fiber. Reproduced with permission.[81] Copyright 2014, Wiley-VCH.
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voltage-based actuator, charge intercalation actuator, current-
based electromagnetic actuator. More importantly, fibers/
fabrics actuated by electricity could be easily integrated with 
other electronic devices or textile substrate to form a highly 
operable system, exhibiting excellent potential for robots or 
smart wearable platforms.

2.2.2. Light Actuation

Sunlight is the ultimate energy source, which is omnipresence 
and ubiquitous. Light responsive fiber actuators are promising 
due to its advantages of remote and contactless controllability, 
precise positioning and wide range of frequencies. The light 
actuated fibers (not photo-thermal effect) usually originate from 
molecular order change, for example, the change of optical chi-
rality, amphiphilicity, conformation and conjugation.[46,83]

Liquid crystals (LCs) are the most common photoresponsive 
materials, with the merits of rapid and reversible deformation. 
The actuation principle is based on the light-induced molecular 
realignment of the polymer network.[84] Xu et  al. illustrated a 
hollow fiber actuator for liquid manipulation based on the 

photo deformation effect of the LC (Figure  4a).[85] The hollow 
fiber actuator possessed a bilayer structure, the EVA tube as a 
flexible substrate covered by a layer of LC on the inner surface. 
The hollow fiber was filled with various liquid slugs, which 
could be propelled by light. When illuminance was applied, 
the LC molecules were reoriented, the molecules deforma-
tion induced capillary force change to propel movement of the 
liquid slugs. Experiments showed that the liquid slugs were 
propelled in the preset direction and even crawled up an incline 
with a speed of 0.4  mm s−1. The performance of micropump 
was enhanced by connecting several in series and parallels. 
Owning to the flexibility, the fiber micropumps can be custom-
ized into different structures like spiral and loop. Moreover, the 
fiber actuator shows excellent reliability because of its photoin-
duced self-healing property, exhibiting potential applications in 
wearable and implantable integrated microfluidic systems.

Aligned liquid crystal fiber was phototropic and can bend 
toward light. The fiber was simply fabricated by dipping and 
quickly pulling out from the precursor mixtures. The bending 
direction of the fiber in 3D space can be precisely controlled 
by the light. The LC fiber took only about 3 s to bend from 0° 
to 90° and generated a stress of ≈210 kPa. The deformed fiber 

Figure 4. Light-responsive fibers/yarns. a) LC coated hollow fiber for liquid manipulating by light induced capillary force change. Reproduced with 
permission.[85] Copyright 2019, Wiley-VCH. b) LC fibers array controlled by space resolution light, working collectively to display patterns and transport 
objects. Reproduced with permission.[87] Copyright 2016, The Authors, published by Wiley-VCH. c) Fiber actuator fabricated by hierarchical self-assembly 
of supramolecular motors. Reproduced with permission.[91] Copyright 2008, Springer Nature. d) Photodeformable fiber for actuation and information 
encryption. Reproduced with permission.[92] Copyright 2019, Royal Society of Chemistry.
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returned to its original shape under the irradiation of visible 
light within 9 s, showing fast response and good reversibility.[86]

An array of slender parallel LC fibers was also fabricated by 
the dipping and pulling process by Gelebart et al. The dimen-
sion and position of the LC fibers can be accurately controlled 
through tuning the solution viscosity and droplet dimensions 
(Figure  4b).[87] The fibers were bent toward the light when 
exposed to UV light. When changed the incident angle of the 
light source, the tips of the fibers followed the movement and 
kept pointing to the light source. Moreover, the motion of every 
fiber in the array can be independently controlled. The fibers 
were bent to display a patterned by a space resolution light 
source. When immersing in paraffin oil, the fibers demon-
strated better performance and could transport small objects 
that floating on it by regular oscillation. In addition to the mole-
cular orientation rearrangement, a light-driven rotary molecular 
motor was reported.[88] But it is very challenging to achieve mac-
roscopic deformation by harnessing molecular motors’ rotation, 
which needs to precisely control the rotations of all molecules 
in space and time to achieve concerted manipulations.[89,90]

Inspired from the nature of the stimuli-responsive system 
that are capable of converting molecular motion into macro-
scopic movement, Chen et  al. developed an artificial muscle 
by the hierarchical self-assembly of supramolecular motors 
(Figure  4c).[91] The molecules were modified with groups as 
designed to gain the photo-responsive and amphiphilic proper-
ties. The rotations of the aligned molecular motors were accu-
mulated, amplified and propagated to provide macroscopic 
motion. Irradiated with UV light, the artificial muscle string 
bent toward the light and lifted a piece of paper, both in air 
and when immersed in CaCl2 aqueous solution. However, the 
repeatability of the actuators was very poor. It took several hours 
for the string to recover the original conformation by being 
heated at 50  °C in the dark. It only could bend to 45° at the 
second round of photoirradiation. It suggests the possibility to 
design the artificial muscle by self-assembly in molecular level.

Liao et  al. reported a series of hydrogen-bonded polymer 
fibers, which showed excellent photoinduced deformation 
ability in terms of both bending speed and bending angle 
(Figure  4d).[92] The cyanostilbene-based polymers were used 
as photodeformable materials, which underwent an order–dis-
order phase transition when irradiated by UV light. The fiber 
bent toward the light with a high speed of 11.25°  s−1 and a 
stroke of above 130°. Furthermore, by precisely controlling the 
incident directions of the lights and spot locations on the fiber, 
the fiber bent into 3D appearances such as a box. The defor-
mation of the fiber could be eliminated via external stretching 
force and deformed again, showing good reversibility. More 
excitingly, the fiber displays reconfigurable shape memory 
effect, which could be shaped by UV light and recovered  
via-heating. For example, fibers were deformed into the shape 
of letters by shining light on specific sites. Even when the  
letters were straightened by an external force, the fibers also 
could recover to the shape of the letters by heating. This  
process enables information writing, encryption and reading 
in fibers by light, mechanical force and heat, respectively, pro-
viding a new level of information security by fiber actuators.

The light-responsive fiber is possible to form an automatic 
closed-loop system. Because when the fiber is deformed at the 

light spot, the deformation in return changes the location of 
the light spot, leading to fiber deformation again. Self-regulated 
actuation and self-oscillation have been demonstrated based 
on this property.[93] However, the performances of the light-
responsive fibers need to be improved, especially the actuation 
speed, stress and reversibility. The straight-line propagation of 
the light limits the application in unstructured places.

2.2.3. Thermal Actuation

Thermal property is one of the most important parameters 
of the materials, which relates to the reordering, expansion, 
melting, decomposition. Thermally actuated fibers are mainly 
based on order changes of molecule chains, like glass transi-
tion and volume changes along with expansion and melting. 
It has wide applications in temperature sensing and regula-
tion, as well as waste heat recovery. Moreover, the thermal-
responsive fibers can be actuated by electrical Joule heating and 
photothermal effect, showing the advantages of both electric 
actuation and light actuation, such as highly controllable and 
remotely operable actuation.[94,95]

Temperature triggered shape memory materials are based on 
the glass transition of the switching segments. The deformable 
shape memory materials can temporally change the bulky and 
complex structure into small simple pieces for the convenience 
of transportation or implantation.[96] Lendlein et  al. developed 
a biodegradable shape memory polymer (SMP) for minimally 
invasive surgical (Figure  5a).[97] The biodegradability was 
achieved by introducing the hydrolysable ester bonds into the 
thermoplastic polymer. Under physiological conditions, the 
polymers continuously cleaved and linearly lost mass. A smart 
surgical suture line was demonstrated from the biodegradable 
SMP, with important applications in endoscopic surgery where 
manipulating the suture line is difficult and time consuming.

However, the application of SMP is limited by the small 
stroke, low stress and low speed. Elastic energy was addition-
ally stored into the SMP to overcome the challenges by Yuan 
et  al. (Figure  5b).[98] The SMP fibers were isobarically twisted 
at higher temperature and then cooled down to fix the tor-
sional structure. Once the SMP fibers were heated to the glass 
transition temperature, it will be untwisted to recover to the 
original straight shape. Higher energy and faster rotation can 
be achieved by twisting the fibers with greater torque. Further-
more, the trigger temperature was tunable at a wide range, so 
the SMP fibers can be customized and programmed to release 
stroke under predefined temperature for special application. 
As a demonstration, the SPM fibers were served as an engine 
to drive the propeller of a boat. Upon heating, the SMP fibers 
untwisted and propelled the boat to cruise 1 m in only 7 s.  
The limitation is obvious that the fibers only produces a one-
time stroke and need to be twisted again every time. Reversible  
torsional actuation of the SMP fibers was realized by combine 
two SMP crosslinked polymer with a different melting temper-
ature range, producing a two-way fiber actuator.[99] At a certain 
temperature, one component fixed the twisted structure while 
another melted to provide actuation, and vice versa. By repeat-
edly changing the temperature between 10 and 70 °C, the SMP 
fibers repeated the forward and reverse rotations.[99] Besides, 
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Nafion fiber was reported to have multiple shape memory at 
a series of temperatures, but controllable reversibility of the 
multiple shape memory is low and complicated, more efforts 
should be deserved.[100]

Besides the crosslinked SMP, shape memory and reversible 
actuation were achieved through a bilayer structure constructed 
with two materials of different thermal properties. Ionov et al. 
designed a fiber that comprised of two polymers in side by side 
as Janus structure. The fiber was made by dual extruder 3D 
print or melt spinning of two common printing filaments, like 
fusible polycaprolactone (PCL), and acrylonitrile butadiene sty-
rene (ABS) or polylactide (PLA) (Figure  5c).[101] When cooling 
down, the ABS or PLA crystallized and contracted, leading to 
the Janus structure bending toward these materials. At high 
temperature, the Janus structure recovered its original shape 
because the ABS or PLA melt and the nonfusible component 
PCL released the stress. Accordingly, a self-walking tripod robot 
assembled by the Janus fibers with different thicknesses (two 
0.4 mm and one 1 mm) was demonstrated, which moves in one 

direction because of the structural asymmetry. When heated to 
70 °C, the thicker fiber kept still but the two thin fibers moved 
toward it. When cooled to 22  °C, all three fibers outspread 
with the same amplitude. In this way, the tripod moved away 
from the glass bottle step by step. The Janus fiber actuator was 
different from the bilayer metal or bilayer hydrogel actuators 
because it undergoes melting and crystallizing processes, it 
takes advantages of the simple and economical processing, with 
robust, fast, and reversible actuation.

A novel fiber actuator based on coiled fishing line has 
received great attention because of its extremely low cost but 
high performance. The commercially available polyethylene 
or nylon fibers are the most often used precursors.[102,103] The 
polymer chains inside the fiber are highly oriented alongside 
the length. Upon heating, the fiber provides large reversible 
thermal contraction in length and expansion in radial direc-
tion. The thermal actuation process is linearly related to tem-
perature and shows little hysteresis, which is more controllable 
than SMP.[104] The actuation speed, strain and stress are largely 

Figure 5. Thermally actuated fibers/yarns. a) Biodegradable SMP for minimally invasive surgical as smart suture. Reproduced with permission.[97] 
Copyright 2002, The American Association for the Advancement of Science (AAAS). b) Twisted SMP fiber actuator with high strain and stress and 
application in propeller engine. Reproduced with permission.[98] Copyright 2019, The Authors, published by The American Association for the Advance-
ment of Science (AAAS). c) Janus structured actuator made of two ordinary materials with different thermal properties. A tripod walking robot was 
demonstrated. Reproduced with permission.[101] Copyright 2016, American Chemical Society. d) Twisted and coiled polymer fiber actuator from fishing 
line and sewing thread. Reproduced with permission.[105] Copyright 2014, The American Association for the Advancement of Science (AAAS). e) Twisted 
CNTs yarn infiltrated with viscous guest, showing fast and accurate controlling. Reproduced with permission.[109] Copyright 2014, Springer Nature.
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amplified by twisting and coiling the fibers. The coiled fiber 
muscle contracts with high speed and stress by switching 
between cold and hot water bath, which provides active cooling 
and uniform heating. In addition, Haines et  al. reported a 
twisted polymer fiber actuator based on fishing line and sewing 
thread (Figure 5d).[105] The fiber actuators can be woven into a 
smart textile, which contained twelve coiled fibers in parallel 
and silver-plated fibers as heaters. The textile could lift a 3 kg 
object. Accordingly, the fibers were braided into a sleeve. When 
the temperature rose, the fibers contracted, delivering a 20.6% 
change in pore area and 16.4% stroke of the sleeve. These 
sewed threads-based textile actuators have important applica-
tions in smart clothing and wearable robot/prosthesis, but the 
actuating temperature is too hot for wearing (95  °C) and the 
cooling process is too slow.

Low temperature actuation is realized by infiltrating guests 
into the gaps of the twisted nanofibers yarn. The volumetric 
thermal expansion of the guests changes the distances between 
nanofibers, and then deforms the yarns. The guests are usu-
ally low temperature melting materials like wax or liquid metal. 
The wax melts at ≈40  °C and provides a 30% volume expan-
sion, which drives the host yarn to untwist and provide contrac-
tive and torsional actuation. The liquid wax will be confined in 
the gaps of the yarn even without package due to the interfa-
cial energy. Upon cooling, the wax solidifies and shrinks back 
to the original volume, bringing the yarn to restore the twisted 
structure. The actuation that relied on the wax melting shows 
high cycle life, high energy and power densities.[106] Besides, 
the guest also can be filled into a hollow microtube to achieve 
actuation[59] and stiffness change.[107,108]

The infiltrated guests play a key role in the dynamic torsional 
actuation of the yarn. Chun et  al. investigated the dynamic 
properties of the yarn infiltrated with mixtures of wax and poly-
styrene–poly(ethylene–butylene)–polystyrene (SEBS) copolymer 
(Figure  5e).[109] The resultant yarn with large viscosity had an 
overdamped dynamic response and minimum dynamic oscil-
lations, which was of importance to realize fast and accurate 
control. As an example, the yarns were used to control the mir-
rors of an optical switch. The mirrors were attached to the yarn 
and rotated concurrently. Controlled by Joule heating, the mir-
rors rotated from horizontal to vertical in 0.13 s without oscil-
latory. These fast and accurate controls of the mirrors can be 
used for image display or laser scanner with an acceptable  
refresh rate.

The limitation of the thermally actuated fiber is the low 
cycling rate due to the poor heat diffusion/dissipation, espe-
cially during the slow cooling process. Besides, the high 
working temperatures usually influence the thermal stability 
of materials, causing the possible discomfort and injuries for 
human, thus limited demonstrations were achieved for wear-
able applications.

2.2.4. Solvent and Vapor Actuation

In addition to thermal expansion of the infiltrated guest, porous 
fibers made of hygroscopic materials are actuated by adsorbed 
and desorbed guests like solvents or vapors. The fibers are 
deformed because of the mass exchange induced volume 

change, like swelling and shrinkage as the small molecular spe-
cies are transported in and out.[110–112]

Chen et  al. and Deng et  al. showed that CNTs fiber 
responded to solvent and vapor with high speed and stroke 
(Figure  6a).[113,114] In contrast to the electric current induced 
distance change and infiltrated guests’ thermal expansion, the 
CNTs fiber actuator here emphasized the mass transport. The 
CNTs were twisted and coiled into a helical fiber with hierar-
chical structure, which contained a lot of nanoscale and micro-
scale gaps. The fiber strongly imbibed the solvent and vapor 
due to the hydrophilic property and capillary force, the guests’ 
infiltration in the gaps would enlarge the distance between the 
CNTs and lead to both contractive and rotational actuation of 
the fiber. The CNTs fiber rapidly contracted ≈15% in 45  ms 
upon contact with solvent. The actuation was reversed when 
the solvent and vapor were removed from the fiber due to the 
gaps narrowed down. The optimized fiber generated contractive 
stress of 1.5 MPa and rotary speed of 2050  rpm. By the virtue 
of such high performance, the fibers were used for humidity 
energy harvesting. A copper coil was connected to the fibers 
and placed in a magnetic field. The fibers rotated when sprayed 
with ethanol, which drove the generator output an alternating 
current of 0.11 mA. Besides, the fibers were strong and flexible 
enough to be woven into a smart textile. Upon spraying with 
ethanol, the smart textile can lift a 240 mg ball up 4.5 mm. The 
actuation process of the fiber was tunable and programmable 
by changing the fiber materials, helical structures and solvents. 
The fiber actuator promises for artificial muscles and self-pow-
ered sensors.

However, the CNTs fiber used a large number of expensive 
CNTs and the CNTs in the inner core are not functioning, 
which is not economical. Therefore, a sheath-run artificial 
muscle (SRAM) was reported with higher performance and 
cost effectiveness by Mu et  al. (Figure  6b).[115] The core of the 
fiber was made of twisted and coiled CNTs yarn, which was 
replaceable by common commercial yarns like nylon 6 and silk 
to reduce the cost. The CNTs yarn was covered by a layer of 
sheath by drawing through the polymer solution. SRAM was 
achieved by further twisting and coiling the fiber. The sheath of 
the fiber swells and softens by absorbing ethanol vapor, leading 
to the untwisting of the core yarn. The actuation was reversed 
when the vapor was removed, which can be repeated for thou-
sands of cycles. The SRAM generated linearly tensile stroke in 
response to the guest concentration, which can be used as a 
sensor. Owing to the response to certain solvent at fix concen-
tration, the SRAM promises for automatic drug release at the 
lesion site. The SRAMs were woven into a comfort-adjusting 
textile, capable of tuning its porosity in response to water, 
humidity and sweat for improving the human feeling and 
perception. To improve the wettability of the CNTs yarn to get 
larger responses to water, modifications such as oxygen plasma 
treatment and blending with the hydrophilic graphene oxide 
were demonstrated.[116,117]

The hydrophilicity of GO is attributed to the abundant 
oxygen containing functional groups, which can be reduced 
into hydrophobic graphene (G) by laser beam irradiation. A 
GO/G fiber actuator with sophisticated and well-confined 
motion was reported by Cheng et al. (Figure 6c).[118] By rational 
designed and positioned laser reduction, some parts of the 
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GO fiber were reduced to G, forming the predefined GO–G 
patterns. Once exposed to moisture or water, the hygroscopic 
GO regions swelled and expanded because of water infiltration 
while the G regions kept unchanged. In this way, the GO–G 
fiber deformed into a specific shape, which was reversed by 
the desorption of water. The fiber actuation was programmable 
by the arrangement of GO–G patterns. Through changing the 
parameters of the responsive GO regions, such as dimensions, 
positions and angle, the GO/G fibers can deform into different 
shapes including hook, spring and letters. Owing to the revers-
ible and programmable properties, a single GO/G fiber was 
customized into a walking robot. The robot navigated through 
a narrow-slit step by step when humidity periodically changed. 
The GO/G fibers were further woven into a network and a 
fabric, demonstrating the applications in smart cloth and smart 
window that respond to weather with adjustable configurations.

The asymmetric bilayer structure is an effective strategy to 
realize actuation.[119,120] Shin et al. developed a water responsive 
actuator by combining two common materials poly(ethylene 
oxide) (PEO) and polyimide (PI) (Figure 6d).[121] The active layer 

was based on the aligned PEO nanofibers layer produced by 
directional electrospinning. The aligned nanofibers limited the 
expansion along the fiber’s length direction while enhanced 
the swelling in the perpendicular direction. The aligned fibers 
demonstrated a faster and stronger response, which was proved 
by both experiment and theory. A hygrobot was constructed by 
the bilayer actuators. The legs of the hygrobot were designed 
into asymmetry configuration. The hygrobot moved in a single 
direction by reversible bending of the actuator under periodic 
humidity change. Besides, the hygrobot automatically and con-
tinually crawled through a place where existed vertical humidity 
gradient, by periodically bending upward (low humidity) and 
downward (high humidity). This self-sustaining automatic 
robot designed by asymmetric structure and materials shows 
the possible application for cleaning wet surface or sanitizing 
skin.

More complex and logical actuations are desirable, which 
can be achieved simply through the composition and structural 
organization. Jiang et al. reported an actuator system that auto-
matically responded to multiple stimuli with embedded logic 

Figure 6. Solvent and vapor actuated fibers/yarns. a) Hierarchically arranged helical CNTs fiber actuators driven by solvents and vapors. Reproduced 
with permission.[113] Copyright 2014, Springer Nature. b) Sheath-run artificial muscle composed of PEO–SO3 guest and a CNTs yarn host. Reproduced 
with permission.[115] Copyright 2019, The Authors, published by The American Association for the Advancement of Science (AAAS). c) Laser patterned 
GO–G fiber actuator and robot. Reproduced with permission.[118] Copyright 2013, Wiley-VCH. d) Aligned nanofibers based self-locomotive hygrobot. 
Reproduced with permission.[121] Copyright 2019, The Authors, published by The American Association for the Advancement of Science (AAAS). e) A 
smart flytrap automatic respond to multiple solvents with embodied logic. Reproduced under the terms of the CC-BY Creative Commons Attribution 
4.0 International License (https://creativecommons.org/licenses/by/4.0/).[122] Copyright 2019, The Authors, published by Springer Nature.
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(Figure  6e).[122] The bistable and anisotropic structures were 
printed by direct ink writing. Two materials that respond to 
different stimuli were used, a PDMS-aligned glass fibers com-
position (respond to nonpolar solvents) and a hydrogel-aligned 
cellulose fibers composition (respond to water). The response 
time was tunable by changing the thickness of the structure. 
As a demonstration, a Venus flytrap like box was designed. The 
box had two locks that were controlled by two actuators. Upon 
nonpolar solvent, the flytrap was unlocked by the first actuator 
and able to close if a mass is placed on it, while the second 
actuator was designed to relock it after 10 s delay when the fly-
trap will not respond to the mass. In addition, a smart box was 
designed and printed, who had a lock that responds to water 
and a lid that responds to toluene. Only when the box encoun-
tered with both water and toluene, the box opened the lock and 
the lid to release the objects inside.

Fibers actuators that respond to solvent and vapor have wide 
applications, because water covers 70% of the Earth’s surface 
and makes up 70% of human beings. It can be used to sense 
the humidity and harvesting energy from stream, rain, ocean 
wave, achieving self-powered platform and self-regulating actu-
ation system, especially at the harsh conditions. In addition, 
it is implantable for body fluid sensing and drug release con-
trolling, showing great potential as fiber robots for biomedical 
diagnosis and therapy in vivo.[123]

2.2.5. Magnetic and Pneumatic Actuations

Apart from the aforementioned stimuli-responsive actuators, 
there are two kinds of actuation that play a key role in soft 
robotics, magnetic and pneumatic actuation. The pneumatic 
soft actuator consists of a series of elastomer chambers and is 
deformed by pressurized fluid expanding the chambers. Fibers 
and fabrics which could limit the expansion of the chambers, 
are widely used to program the deformation process of the 
pneumatic actuators.[124,125] Fibers composed of magnetic mate-
rials are actuated in response to the external magnetic field. 
The magnetic fiber actuators play an important role in unteth-
ered robot, because they take advantages of fast, dexterous, 
large force, and offers high compliance.[126–128]

To produce the magnetic fibers, several methods are devel-
oped, such as coating,[129] electrospinning,[130] and 3D printing 
of the magnetic microparticles–polymers composition. Lee 
at al. reported a remotely driven torsional magnetic fiber 
actuator that could be operated at any temperature and in 
any environment.[131] Kim et  al. reported a direct ink writing 
system to extrude silicone-magnetic particles composite fiber 
(Figure 7a).[132] The magnetic domains of the fiber can be tuned 
by the printing direction and applied field direction. A printed 
filament that with patterned magnetic domains changed its 
shape very quickly in response to the external magnetic field. 
Different kinds of planar structures were printed with specific 
designed ferromagnetic domains. Under the magnetic field, 
the planar structure bent and folded into complex 3D shapes 
by the magnetic forces according to the origami design. Fur-
thermore, 3D structured magnetic metamaterials were printed. 
The metamaterials were designed to have negative Poisson’s 
ratio, which shrunk in both length and width in magnetic field. 

Applications such as picking robot and jumping robot were 
demonstrated.

Fibers architecture of many animals and plants serves to pas-
sively restrict the expansion of local elastic matrix to achieve 
programmable motion. The fibers reduce the active compo-
nents and simplify the control strategy. Inspired by elephant 
trunk and octopus, pneumatic soft actuators are developed by 
embedding fibers to define the morphological information.[133] 
A multimaterials 3D printing platform was developed by Schaf-
fner et al. to directly print both the elastic expansion matrix and 
the strain limiting fibers with precisely preprogrammed archi-
tectures (Figure 7b).[134] Altering the arrangement of fibers, the 
actuators were regulated to perform bending, elongation, con-
traction, or twisting and more complex motion. The 3D printed 
actuator could generate a large strain to support a load of 500 g. 
Furthermore, there were no pressure instabilities in the actu-
ator because of the structured topology and stress–strain char-
acteristics of materials. Through elaborate design and digital 
fabrication, the programmed pneumatic soft robotic is close to 
the practical application.

However, the printed pneumatic soft robot is predefined 
to certain motion permanently. Reprogrammable versatile 
robotics are more attractive. Kim et  al. reported a reprogram-
mable pneumatic soft robot based on the self-adhesive fiber-
constrained unidirectional prepreg (Figure 7c).[135] The motion 
of the pneumatic soft robot was governed by the prepreg, which 
can be easily detached and reattached to another one to recon-
figure inflation trajectories. Multiple prepregs were stacked up 
to achieve combined movements. By attaching the prepregs, 
an ordinary balloon was programmed to perform bending, 
twisting and wrapping motions. Particularly, a versatile gripper 
and a rolling robot were demonstrated.

In summary, the fiber actuators consisted of various mate-
rials are tabulated in Table 1. The fiber actuators take advantages 
of being simple, light, actively stimuli-responsive, with high 
specific power and high efficiency. Especially the CNT fiber 
can be actuated by several kinds of stimuli and has excellent 
performance in terms of strain, stress, reversibility and cycle 
life. By comparison, nylon thread actuators are extremely cost 
effective but have decent performance Fiber actuators can be 
produced by the well-established textile engineering techniques 
such as melt extrusion, wet spinning, microfluidic spinning, 
cold/thermal drawing, electrospinning, or depositing/coating 
process. The fiber/yarn actuators are highly cost-effective with 
spatially advantageous, enabling flexible operation with com-
plicated motions like a muscle in the limited spaces. Under 
external stimuli, fibers/fabrics perform the bending, contrac-
tion or twisting to manipulate the objects such as lift and pull. 
Efforts should be made to improve the mechanical perfor-
mance of fibers/yarns, including improvement of the actuation 
displacement and actuation force, enabling fast responses and 
feedback-controls. To this end, different strategies have devel-
oped, for example, twisting a bundle of many individual fibers 
together into a single aggregate yarn, coiling hierarchical hel-
ical bundle. This assembled thread with increased surface area 
to volume ratio could have higher sensitive responses to the 
external stimuli such as light, heat, solvent, vapor, magnetite, 
etc., delivering faster actuation with higher actuation force. In 
addition, customizable and programable actuation is one of the 
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most favorable strategy. Composites that respond to different 
stimuli are spatially patterned to perform predefined actuation 
with embedded logic, showing mechanical intelligence.

3. Fiber/Fabric-Based Actuators for Artificial 
Muscle and Smart Clothing

The fiber actuators are similar to biological muscle in structure, 
function and performance, exhibiting potential applications in 
humanoid robotic and even for disabled patient rehabilitation. 
Furthermore, despite their apparent simplicity, actuating fibers 
allow very complex actuation behavior by being weaved and 
knitted into fabric/textile, representing a promising strategy to 
develop novel wearable devices for human–robot interaction.

3.1. Fiber-Actuator-Based Soft Grippers

Fiber actuator, attributed to its flexibility, is promising for the 
soft gripper. A fiber gripper can grasp and manipulate objects 
by the actuation of fiber, such as bending, elongating, stiff-
ening. Compared to rigid grippers, a fiber gripper can grasp or 

manipulate a larger variety of objects with complex shapes and 
different softnesses due to its excellent mechanical compliance, 
allowing reduced operation complexity and higher safety.[140,141]

A tendril-like gripper based on pneumatic microtube was 
developed by Paek et  al. to handle delicate, soft, and fragile 
micro-objects (Figure 8a).[142] The long and thin PDMS micro-
tube was built by a direct-peeling technique, which spiraled 
several turns when pressured. The microtentacle was able to 
grab and hold an egg of a fish and an ant by winding around 
them conformally. However, the 1D fiber may not easy to 
steadily hold the objects. To increase the stability, the gripper 
should have multiple fingers to balance the force and the fingers 
are preferred in ribbon shape to increase the contact area when 
catching objects. Wang et  al. developed a preprogrammed 
gripper via 3D printing polymer filaments (polyester) on paper 
substrate to form a bilayer composite ribbon. The polymer fila-
ments contracted in length direction when heated, causing the 
ribbon to perform bending, spiral, and helical distortions based 
on the different printed geometries. The tentacle-type gripper 
with spiral and helical deformation could twin and grasp cylin-
drical objects with weight of ≈8.2 N, about 1557.7 times its 
weight. But this tendril-like gripper needs a suitable host for 
twinning around and anchoring. To grasp a spherical object, a 

Figure 7. Magnetic and pneumatic actuators. a) 3D printed fiber actuator with patterned magnetic polarity. Reproduced with permission.[132] Copyright 
2018, Springer Nature. b) 3D printed programmable pneumatic actuator. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/).[134] Copyright 2018, The Authors, published by Springer Nature. c) 3D printed 
reprogrammable pneumatic actuator. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/).[135] Copyright 2019, The Authors, published by Springer Nature.
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gripper with four self-bending ribbons arranged in a cruciform 
shape was constructed to catch a ping-pong ball by caging it. 
The actuation processes and the generated forces of the three 
types of grippers were compared in Figure 8b.[143] The authors 
also demonstrated a hinge-like gripper that produced large 
angular deformation and large amount of force, as well as an 
outward bending gripper (Figure 8c).[144]

In addition, Deng et  al. demonstrated a light-manipulated 
robotic arm. The actuator was fabricated by covering a layer of 
aligned CNTs/paraffin wax composite on a polyimide substrate 
(Figure  8d).[145] The bending motion, arose from the thermal 
expansion of the paraffin wax, was highly tunable by the pat-
terns of the CNTs and the illumination. A robotic arm was 
assembled, which consisted of one phototropic helix actuator 
as the telescope arm and four apheliotropic bending actuators 
as the claw. When applying photothermal heating, the claw 
released and the telescopic arm elongated to reach an object on 
the table. When the light was removed, the claw grasped and 
clenched the object, and then the telescopic arm contracted 

to lift the object up. CNT and GO are important materials in 
the fiber actuators, because of its multiple-responsiveness and 
high-performance actuation. Moreover, the CNT sponge-based 
gripper which was actuated by both electrothermal and elec-
trochemical effect has been reported.[146] And a GO fiber-based 
claw like gripper, that was actuated by humidity, temperature 
and light, could pick up and release a foam block.[147]

Apart from direct actuation, fibers were utilized to enhance 
the catchability of gripper by increasing the friction and contact 
area, inspired from the fibrillar adhesives of gecko.[148] How-
ever, the fiber actuator is used not only as a gripper but also as 
means to fabricate the fabric robotic, leading to grasping, loco-
motion, morph control, and thus enable key functions of smart 
fabric. Shah et al. developed a morphing robot that consists of 
a common Spandex fabric stitched with multiple tendon actua-
tors. The fabric robot was able to overcome obstacles during 
locomotion, and adapted environments to perform variable 
tasks.[149] Fiber-based grippers are inherent lighter, simpler, and 
more universal, but the actuation force is small and the speed 

Table 1. Performances of fiber/fabric-based actuators enabled by different materials.

Stimulus Material and 
geometry

Principle Stress Strain Time Frequency [Hz] Work density Cycle life Rotate Refs.

Electric (±500 V) Piezo fiber Order – 20 µm – 10 – – 1.7°–2.5° [66,67]

Electric (300 V) PVDF fiber Order 2–4 kPa 8%, 80 µm – 158.3 – – – [69]

Electric (600 V) PVC gels fiber Distance 300 kPa 53% – – – 180k – [72]

Electric (1.3 V) Activated 

carbon fiber

Volume – – 25 min – – – 500° [79]

Electric (2 V) PPy Volume 0.50 MPa 0.075–3% 250–510 s 0.05 – 8k – [136]

Electric (5 V) CNT fiber Volume 17.8 MPa 1.3% 0.95 s 0.8 – 100 53° mm−1 [80]

Electric (5 mA) CNT fiber helix Distance 10 MPa – 0.4 s 0.17 – 2.4k 51° [63]

Light (365 nm) Molecular 

motor

Order – – 60 s – – – 90° [91]

Light (365 nm) P4VP(Z-TCS)x Order – – 8 s – – – 135° [92]

Light (488 nm) LC Order – – – 0.5–90 – >50 min – [93]

Thermal (40 °C) SMP fiber Order 1.6 N 200% 20 s – – – – [97]

Thermal 80–140 °C SMP fiber Order – – 2 s – 1.8–2.8 kJ kg−1 – 6123 turns m−1 [98]

Thermal 4–65 °C Janus filaments Order 0.8 MPa 16–30% 2–20 s – – – – [101]

Thermal (240 °C) Nylon PE Order 10–35 MPa 50% – 1–5 27.1 kW kg−1 1.2 million – [105]

Thermal 160 °C PET Order 368 MPa 12.1% 10 s – – – – [104]

Thermal 83 °C CNT wax Distance 5.7–16.4 MPa 3–5.6% 15–30 ms 20 27.9 kW kg−1 1.4 million 12.6° mm−1 [106]

Thermal 150 °C LCE/CNT Order 840 kPa 12% 5 s – 97 kJ m−3 100 – [94]

Thermal 40–90 °C CNT wax SEBS Distance – – 0.13 s 0.5 – 40k 80° mm−1 [109]

Solvent CNT helix Distance ≈1.5 MPa ≈15% 45 ms 26.7 J kg−1 50 ≈41 turns [113]

Solvent PEO–SO3 CNT Distance 42 MPa 8.5% 0.1–12 4.44 W g−1 3k 143° mm−1 [115]

Solvent GO/G fiber Volume 100 MPa 5% 10 s – – 1k 140° [118]

Solvent Silk fiber Distance 12.5 MPa 47% 67 s – 73 J kg−1 500 547° mm−1 [137]

Solvent Alginate fiber Distance 95 MPa 13.8% 12 s – 14.8 kW kg−1 400 400 turns [138]

Magnet NdFeB 

elastomer

– – 15–25% 0.1–0.5 s – 309.3 kW m−3 – – [132]

Magnet NdFeB CNT – – 0.3% 0.67 s – 8.42 Nm kg−1 8k 71.2° mm−1 [131]

Pneumatic Rubber – – 23% 4–13 s – – – 112° [139]
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is low, urging the need to develop new advanced materials. 
Besides, sensors are indispensable for the interaction control, 
high integration of the different devices is pursuing.[150]

3.2. Artificial Muscle for Exoskeletons and Humanoid Robots

One of the most promising applications of fiber actuators is in 
artificial muscle. The fiber actuated exoskeletons and robotics 
are more flexible, adaptable and safe, and versatile to accom-
plish different complex tasks.[151] These features are extremely 
important in human–robot cooperation, such as the exoskel-
etons for assisting disabled and aged people, and high-intensity 
workers.[136]

Harouka et  al. reported a thermal responsive coiled fiber 
actuator for index finger movement assisting (Figure  9a).[152] 
The fiber actuator was made from low density polyethylene 
(PE), which operated at low temperature (60 °C) and generated 
higher stress and strain several times than skeletal muscle. The 
fiber was coated with conductive elastomer for Joule heating to 
improve heat transfer and actuation speed. Six fiber actuators 
were braided and attached to an index finger. When heated, the 

actuator pulled the index finger to bend about 3  mm. Due to 
the low actuating temperature, the fiber actuators could be inte-
grated with daily fabrics/textiles to form power-assisted clothes.

Choe et  al. applied fiber actuators as artificial muscle for 
robotic fingers. The polyacrylonitrile (PAN) fibers contracted 
when exposed to the acid solution and expanded when exposed 
to basic solutions due to the mass exchange. The 3D printed 
fingers were driven to perform bending and unbending 
motions and generated 0.36 N force and 15 mm displacement 
at the tip.[153] Both stress and stroke are relatively small. Nev-
ertheless, it is inconvenient to alternatively contact the PAN 
fibers with acid and basic solution. Maziz et  al. demonstrated 
a polypyrrole coated cellulose-based soft artificial muscle with 
tunable force and strain (Figure  9b). An assistive fabric with 
increased output force and amplified strain was constructed by 
knitting and weaving. The fabric actuator was used to move a 
LEGO lever arm, which generated 125 mN force and lifted a 2 g 
weight. By replacing the electrolyte with ionic liquid, the fabric 
actuator can operate in air or dry condition, allowing for wear-
able exoskeleton suit.[136]

Besides, fiber actuators were used to control an underactu-
ated humanoid hand. The three finger joints were driven by 

Figure 8. Fiber actuator for soft gripper. a) A tendril like pneumatic gripper catching a fish egg and an ant. Reproduced under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).[142] Copyright 2015, Springer Nature. b) A 
variety of grippers constructed from the 3D printed tendril like actuators. Reproduced with permission.[143] Copyright 2018, American Chemical Society. 
c) Hinge-like gripper and the outward bending gripper. Reproduced with permission.[144] Copyright 2019, Elsevier. d) A robotic arm with a telescope arm 
and a claw. Reproduced with permission.[145] Copyright 2016, American Chemical Society.
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two fiber actuators, which served as flexor and extensor artifi-
cial muscles. The bending and unbending motions of the fin-
gers were achieved by heating agonist and antagonist actuators, 
respectively.[154] Thanks to the mechanical compliance of the 
fiber actuators, the underactuated humanoid hand could rapidly  
and firmly grasp different kinds of objects with diversity in size, 
shape, weight, and rigidity.[155] Spandex was reported to have 
a larger strain than Nylon. Kim et al. developed a new double 
helix fiber actuator by twisting and coiling nylon and spandex 
together (Figure  9c).[156] The double helical fiber actuators 
combined the advantages of the large strain spandex and the 
silver-plated conductive nylon. The fiber showed fast actuation 
and good reversibility. Several fibers were connected in parallel 
to enhance the force, and then attached to fingers and elbow 
of a humanoid hand. When the fibers were actuated by Joule 
heating, the tendon-driven fingers bent and grasped a bottle. 
The fibers were also proved to drive the forearm to extend and 
flex, showing wearable potential for human motion assistance.

For real application, the motion of the artificial muscle and 
limb needs to be accurately controlled. Controller model was 
developed for the twisted and coiled polymer fibers.[158] Yip et al. 

developed an electro-thermal-mechanical model to fast control 
the dynamics of the 3D printed robotic hand, which was actu-
ated by super coiled nylon fiber actuators (Figure 9d).[157] Upon 
the Joule heating that was controlled by the model, both the 
force and displacement of the fiber actuator were regulated to 
the desired value within a very short time. Three fiber actuators 
were attached to the robot arm to act as bicep muscle. Based 
on the open-loop lead-compensated control, the robotic upper 
limb precisely bent to 90° flexion. It took only half a second 
for the fingers to fully bend and make a fist. Therefore, fiber 
actuator based artificial muscle has the potential to replace the 
traditional motors in robot and exoskeleton, achieving bionic 
functions. Before that, the limited stress, strain, human friend-
liness, and controllability need to be addressed.

3.3. Smart Clothes for Human Assistance and Augmentation

The fiber/yarn actuators can be conveniently sewed or weaved 
into textile using the mature textile engineering technolo-
gies, which are promising for wearable rehabilitation, human 

Figure 9. Fiber actuator as artificial muscle for disabled human and humanoid robots. a) A low-working-temperature PE fiber actuator for human finger 
motion assisting. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/).[152] Copyright 2016, The Authors, published by Springer Nature. b) Soft artificial muscles made by weaving and knitting with tunable 
force and strain. Reproduced with permission.[136] Copyright 2017, The Authors, published by American Association for the Advancement of Science 
(AAAS). Reprinted/adapted from ref. [136]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of 
Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.  
c) A robot limb actuated by double helix nylon and spandex fiber to perform finger grasping and elbow bending. Reproduced with permission.[156] 
Copyright 2018, Wiley-VCH. d) Electro-thermal-mechanical model controlled robotic hand powered by super coiled nylon fiber. Reproduced with per-
mission.[157] Copyright 2017, IEEE.
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motion assistance and human power augmentation, as well as 
comfort adjustment and fashion ornament.

Tonazzini et al. developed a stiffness tunable fiber for finger 
rehabilitation. The fiber was made by filling the silicone rubber 
tubes with low-melting-point alloys (LMPA) (Figure  10a).[159] 
Upon Joule heating, the LMPA changed from solid to liquid 
quickly. The melting of the LMPA enabled the fiber to switch 
between high-load-bearing rigid state and deformable soft state. 
The fibers were assembled into an adaptive splint for finger 
rehabilitation, which provides adequate strength to immobilize 
the injured articulation at a stiff state. When applying heating, 
the fiber-woven splint became soft and allows the finger to prac-
tice extension/flexion. The soft splint shows reconfigurable 
merit to be shaped into a new structure for other usages upon 
applying heating and cooling in sequence. Moreover, the fibers 
can be customized into smart fixtures with different stiffness 
and shapes by weaving or knitting, delivering breathable and 
comfortable tool for wearable rehabilitation of injured fingers. 
The fibers with tunable stiffness also exhibit the potential appli-
cations in adaptive seating and orthopedic corsets.

For ordinary people, comfort is the most basic and important 
requirement of smart clothes. Wang et  al. prepared a natural 
alginate fiber actuator (Figure  10b).[138] When contacted with 

water or moisture, the fiber underwent reversible contraction 
and rotation. The rotation of the fiber controlled the opening-
closing motion of the fabric stomas. These breathable and 
fast-dry clothes enable smart comfortability for human body. 
Jia et al. reported a moisture-responsive textile (Figure 10c).[137] 
The actuators were fabricated by twisting and coiling silk fibers, 
which contracted and rotated in response to perspiration, water 
and humidity. As a demonstration, the silk fiber actuators were 
weaved into the sleeves of cloth in the warp direction. When 
humidity increased because of sweat or rain, the sleeves rolled 
up due to the contraction of the fiber actuators to enhance 
the evaporation, delivering cooling feeling. The sleeves were 
pulled down when the environment gets dry, presenting intel-
ligent clothings that respond to the humidity and perspiration 
conditions.

In addition to humidity, temperature also takes a signifi-
cant part in the wearable comfortability. Roach et al. developed 
a thermally responsive liquid crystal elastomer (LCE) fiber by 
direct ink writing. The LCE fibers were made into smart textiles 
by traditional textile fabrication processes like sewing, knitting, 
weaving (Figure 10d).[160] The LCE fibers would contract when 
temperature rises to about 80  °C, the pores of the textile will 
open to increase the heat dissipation and sweat evaporation. 

Figure 10. Smart clothes for human assistance and augmentation. a) Actuating fiber based smart splint for injured finger rehabilitation. Reproduced 
with permission.[159] Copyright 2016. The Authors, published by Wiley-VCH. b) The breathable and fast-dry clothes. Reproduced with permission.[138] 
Copyright 2018, Royal Society of Chemistry. c) A moisture-responsive textile for breathable quick-dry clothes. Reproduced with permission.[137] Copyright 
2019, Wiley-VCH. d) Thermal management clothes with functions of passive heat dissipation enhancement. Reproduced with permission.[160] Copyright 
2019, American Chemical Society. e) A metatextile with smart and dynamically adaptive IR optical properties. Reproduced with permission.[167] Copyright 
2019, The Authors, published by The American Association for the Advancement of Science (AAAS).
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When the temperature cools down, the LCE fibers elongated 
and closed the pores. The fibers were demonstrated to sew into 
a common shirt daily life. The smart shirt shows fast response, 
which opened pores after the wearer stayed in the warm envi-
ronment for 10  min, then returned to the original configura-
tion when the wearer moved to a cool place for 5 min. In addi-
tion, thermal regulation textiles are reported by Cui and Hu’s 
groups, designing textiles with nanophotonic structures to 
tailor infrared (IR) emission. The photonic textiles were able to 
perform both passive heating and cooling functions.[161–166]

However, the IR property of a textile is permanently pre-
defined due to the fixed materials with certain weaving struc-
ture. Dynamic tunable thermal management is attractive for 
developing more intelligent garments. Zhang et  al. produced 
a metatextile with smart and dynamically adaptive IR optical 
properties by combining the concept of fiber actuators and 
nanophotonic effect in a textile (Figure 10e).[167] When hot and/
or wet, the yarn collapses and gets close together. The distance 
change induced resonant electromagnetic coupling and gated 
the IR radiation of the textile to enhance heat convection. At 
cold and/or dry conditions, the yarn responds in an opposite 
manner to reduce heat dissipation, enabling dynamic thermal 
management. Moreover, the active cooling shirt becomes pos-
sible owing to the torsional refrigeration effect of twisted fiber, 
namely, electrocaloric effect.[168] In addition, the textile pat-
terning technology, originally developed for aesthetical rea-
sons, is able to integrate a wider spectrum of functions into 
the smart clothing, like dynamic decoration, color change, and 
displays.[169–171] Textile processing permits scalable, rational 
and precise production. These mass-produced fabric actuators 
showed good repeatability and controllability, paving the way 
for industrialization.[172] The many inherent advantages of tex-
tiles—omnipresence, pliability, wearability, and washability, are 
promising for the development of smart textiles, which can be 
integrated with the functional fiber/fabric actuators, sensors, 
energy sources and processor system.

3.4. Fiber-Based Actuators with Sensors

The integration of fiber actuators and fiber sensors is aimed to 
construct a standalone smart fibers/yarns system. Such mul-
tifunctional fibers system monitors specific signals and auto-
matically respond to it.[173,174] A stimulus-responsive fiber is a 
simple passive self-control system, which senses the change of 
environment and makes a mechanical response.[175,176] Besides, 
sensors endow the soft actuator with proprioception[177,178] and 
perception,[179–182] which are very importance for controlling 
and interactions between human–robots. Liu et  al. fabricated 
a sheath–core conducting fiber with the core of elastomer 
and the sheath of carbon nanotube, it acted as both a capaci-
tive strain sensor and an electrical torsional actuator. The fiber 
generated torsional rotation under Joule heating. Although the 
resistance did not change under stress, the capacitance of the 
fiber changed linearly related to the strain with very high sen-
sitivity.[183] Yuen et al. sewed the shape memory alloy fiber actu-
ator and liquid metal-based sensor into a fabric separately. The 
fabric was deformed by the actuator and the deformation can be 
measured through the resistance change of the liquid metal.[184]

Yang et al. reported an origami robot integrated actuator, con-
figuration sensor, and communication antenna (Figure 11a).[185] 
The metallic paper was synthesized by using graphene oxide 
coated cellulose paper as a sacrificial template. The metallic 
paper showed similar fiber structure network, which served 
as Joule heating resistor and strain sensor. Origami robot was 
demonstrated based on the metallic paper. When applying cur-
rent, the metallic fiber backbone heated the shape memory alloy 
(nitinol) wires. The nitinol wires straightened out and brought 
the origami robot to bend about 60°. Besides, the metallic fiber 
network was an intrinsic strain sensor, whose electrical resist-
ance was linearly related to the bending angle. The configura-
tion of the robot can be monitored through the sensor in real 
time, allowing the feedback control of the movement. Further-
more, the metallic backbone also worked as a reconfigurable 
dipole antenna, which could receive and send electromagnet 
signals. Through the actuators, sensors and antennas, two 
robots communicated and cooperated with each other to fulfil 
obstacle avoidance and navigation tasks. The integration of 
actuating, sensing, and communicating enables the robots with 
multifunction and a wide range of applications.

Furukawa et  al. described a master–slave robot system, 
which has potential applications in the field of welfare and 
surgery where the operator’s sense and intent are important 
(Figure 11b).[139] The slave robot was configured with fibers rein-
forced pneumatic actuators and thread sensors. The slave robot 
performed bending and torsional movement under the control 
of the master robot. The bending and twisting motions of the 
slave robot were recorded by the encoders of the thread sensors 
to form close loop feedback control. The slave robot followed 
the master robot traces with small error and delay. The master 
robot can be worn or fixed on the operator’s hand to control 
the slave robot remotely by gesture, demonstrating a wearable 
human–robot interacted platform.

Kanik et  al. developed an artificial muscle that integrated 
both actuating and sensing functions (Figure  11c).[186] The 
bimorph tendril like fiber was made of cyclic olefin copolymer 
elastomer and polyethylene through thermally drawing. The 
fiber was covered by a layer of conductive nanowire mesh as 
a resistance strain sensor. Upon heating, the fiber contracted, 
while the resistance of the electrode monitored the contrac-
tion and elongation based on the piezoresistive feedback. The 
sensorized fiber actuators were affixed to a humanoid limb. 
The fiber actuators contracted when heated by hot gun, which 
brought artificial limb to bend. The bending angle of the limb 
was measured by the resistance change of the electrodes. For-
oughi et al. investigated the actuating and sensing performance 
of the spandex/carbon nanotube composite yarns and demon-
strated the application of the yarns in smart knee sleeve.[187] 
In summary, although the fiber actuators and fiber sensors 
have made great processes individually, seamless integration 
of them remains challenging. The feedback signals of the sen-
sors are usually electrical, while the stimuli of actuators can be 
very diverse. The conversion between different physical quanti-
ties is important. A standalone system of fiber/fabric actuators 
requires integration with more delicate and compatible sensors 
that avoid cross-talk, and may be feasible to realize fiber/fabric 
based mechanical computing. More detail advances on various 
fiber/fabric-based sensors will be introduced next.
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4. Fiber/Fabric-Based Sensors for Wearables and 
Human–Robot Interface

Soft-robots are inspired from the living organisms in terms 
of materials and mechanics, showing superiorities than 
rigid robots in adapting various complicated scenarios such 
as curved/irregular surfaces, random channels, and under-
water.[6,188] Important progresses have been demonstrated 
in human–robot interfaces, manipulation, locomotion/
exploration, wearables/rehabilitation, and minimal invasive 
or non invasive medicine. All these functions are applicable to 
enhance the perception and response capabilities of soft-robots 
to realize terrains navigation, space exploration, accurate opera-
tion, perception and coordination with humans.[189–194] Human–
robot interfaces strive for more safe, friendly, highly perceptive 
and collaborative interactions. Robotic fiber/fabric enables 
minimal damages and excellent compatibility for human and 
environment.[195–197] Traditional merits of comfortability, skin 
affinity, and washability enable extensive applications fibers/
fabrics in wearables and smart clothing. As one of the ideal 
mediums, fiber/fabric is promising to bridge an intelligent 
interface between soft-robots and human, realizing feedback-
controlled interactive systems such as perceptive soft robots 

assisted with sensors/power sources, and wearable sensors for 
human to remotely operate or interact with the soft robots.

As an important part of the robotic fibers/fabrics, crucial role 
of the actuators is mechanical response to the external stimuli. 
Accurate actuations highly rely on the sensor modules, which 
are indispensable function for feedback-control of the robots’ 
motions, improving the response time and manipulation accu-
racy by recognizing the touching/contacting fore with different 
objects which are hard or soft.[198–200] Some simple sensors 
have been demonstrated for improved controls of actuations in 
Section  3.4. More facile and compatible incorporation of sen-
sors and actuators are being pursued to improve the interac-
tive safety and human wearing perception. For instance, a per-
ceptive garment could sense the interface conditions between 
clothes and human body such as temperature, moisture, and 
frictional coefficient, self-actuate to realize smart thermal man-
agement[201–203] and humidity tuning[204] to improve the com-
fort, delivering safer and high-quality interactions for human–
machine. Therefore, development of fiber/fabric-based sensors 
with meticulous designs and good integrabilities is significant 
for perceptive robots and human–robot interfaces.

Human–robot interactions are expected to have safe touch 
interface and favorable user experience. Wearable sensors 

Figure 11. Fiber-based actuators and sensors system. a) Origami robot integrated actuator, configuration sensor and communication antenna. Repro-
duced with permission.[185] Copyright 2019, The Authors, published by The American Association for the Advancement of Science (AAAS). b) Master–
slave fiber robot system that controlled by operator. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/).[139] Copyright 2019, The Authors, published by MDPI. c) Silver nanowire plated bimorph tendril like 
fiber for humanoid limb as artificial muscle and angle sensor. Reproduced with permission.[186] Copyright 2019, The Authors, published by The American 
Association for the Advancement of Science (AAAS).
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based on fibers or fabrics exhibit advantages in skin affinity and 
integrabilities with human skin, gloves, and clothes, enabling 
remote manipulations with good safety and comfortability. 
A few of the examples have been demonstrated. Cheng et  al. 
developed a polyurethane (PU) fiber strain sensor, by moni-
toring the complicated movements from movable joints such as 
elbow, waist, and knee in robotics, showing a real-time detection 
of the movements during the robot dancing “Gangnam Style” 
(Figure 12a).[205] Zang et al. reported a fiber sensor for detecting 
the subtle deformation of epidermis and muscles, promising 
real-time motions feedback to humans and soft robots.[214] Gong 
et al. designed a tattoo like piezoresistive sensor integrated with 
glove, detecting the finger motions to control a robot arm for 
manipulating the objects (Figure 12b).[206] Lee et al. reported a 
capacitive pressure sensor perpendicularly stacked by Kevlar 
fibers, demonstrating incorporation with garments to remotely 
operate drone and hexapod robot.[215] In addition, efforts were 
attempted to realize more functions in one fiber/fabric sensor 
to adapt the complex conditions, such as Liao et  al. designed 
a PU/ZnO nanowires fiber sensor for strain, temperature 
and UV detection.[216] Chen et  al. realized a waterproof ionic 

liquid/poly(dimethylsiloxane) (PDMS) core–shell helical fiber 
for detecting the strain, pressure, and temperature.[217] These 
sensors provided multiresponsive platform on wireless smart 
gloves and clothes to simplify the robotics operation and  
human–robot interactions.

In addition, fabric/textile electrodes are emerging to replace 
the traditional Ag/AgCl gel electrode[218,219] in electrocardio-
gram (ECG),[220] electromyogram (EMG),[221] and electroenceph-
alogram (EEG),[222] achieving continuous health monitoring for 
recording the important bioelectrical information from cardiac 
activity, skeletal muscles, and brain.[223–227] Lee et al. developed 
a stretchable PU fiber to individually control a hand robot 
through resistance response, as well as monitor the expansion 
(volume) of an artificial bladder for controllable liquid extrac-
tion. (Figure 12c),[207] It promises healthcare monitoring for the 
patients who suffered from the neurogenic lower urinary tract 
dysfunction resulted from the spinal cord injury. Park et  al. 
demonstrated a combined piezoelectric/piezoresistive strain 
sensor for interactive patient-wheelchair control system.[228] 
These examples show multifunctional designs of wearable 
sensor for on-demand integration with human body.

Figure 12. Fiber-based mechanical sensors. a) A stretchable graphene-coated PU yarn piezoresistive sensor for robots and human motions detecting. 
Reproduced with permission.[205] Copyright 2015, Wiley-VCH. b) PANI/AuNW patches integrated textile glove for robot arm manipulation. Repro-
duced with permission.[206] Copyright 2015, American Chemical Society. c) Ag-rich shelled PU fiber piezoresistive sensor for a hand robot control and 
deformation monitoring of an artificial bladder. Reproduced with permission.[207] Copyright 2018, American Chemical Society. d) Post-coated rubber 
latex thread/PU fibers/P(VDF-TrFE) nanofibers/AgNWs integrated piezoresistive strain sensor. Reproduced with permission.[208] Copyright 2016, Wiley-
VCH. e) In situ polymerizated PEDOT coated polyester fiber piezoresistive strain sensor. Reproduced with permission.[209] Copyright 2017, American 
Chemical Society. f) Extruded ionic liquid/silicone elastomer concentric piezoresistive strain sensor. Reproduced with permission.[210] Copyright 2015, 
Wiley-VCH. g) Wet-spun CNTs/silicone elastomer piezoresistive core–shell fiber sensor. Reproduced with permission.[211] Copyright 2018, American 
Chemical Society. h) Microfluidic spinning technique with multichannels. Reproduced with permission.[212] Copyright 2018, American Chemical Society. 
i) Thermal drawing fibers with multiple components. Reproduced with permission.[213] Copyright 2019, Wiley-VCH.
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Soft robots and human–robot interfaces are highly-
integrated and complex engineering systems which rely on  
multifunctional sensors with delicate designs, high accuracy 
and multiresponse to various stimuli from human body or 
environments. In realizing self-managing fiber/fabric-based 
electronics with high-integration and compatibility, meticulous 
design and fabrication of the sensors using textile engineering 
technologies are effective approaches. Fiber/fabric sensors 
with desired shapes, matching mechanical and electrical com-
pliances for the targeted substrates, easy integration of the 
devices can be achieved by the mature processing of fibers and  
textiles.[16,17] Here, we summarize the progress of fiber/fabric 
sensors with responses to the stimuli from human body and 
environments around, including mechanical (piezoresistive and 
capacitive), thermal, humidity, and electrochemical metabolite 
sensors, concentrating on their configuration designs, fabrica-
tion methods, mechanisms and functions for applications 
in motion detection, physiological monitoring, environment  
perceptions and human–robot interfaces.

4.1. Fiber/Fabric-Based Mechanical Sensors

Mechanical sensors that require additional power sources gen-
erally include piezoresistive and capacitive sensors, capable of 
converting the random mechanical stimuli into electrical sig-
nals such as changes in resistance, capacitance, current, etc., 
detecting the pressures, deformations, and motions.[229–231] 
Sensors in forms of fiber, yarn and fabric show their respective 
advantages in seamless system integration. But their features 
with differences in dimensions, material components, mechan-
ical strengths, and application scenes, making it challenging to 
integrate with a same processing method. For example, fabrica-
tion of fiber sensors should consider more about the fiber mate-
rials and mechanical properties, either for direct application or 
subsequent sewing/weaving. In comparison, direct processing 
of sensors from fabric/textile should maintain permeability and 
comfortability of the devices. Here we concentrate on the fabri-
cations and properties of a number of representative mechan-
ical sensors in the forms of fibers/yarns and fabrics/textiles, 
respectively.

4.1.1. Fiber-Based Mechanical Sensors

Fiber-based sensors normally can be designed by winding, 
coating or deposition with functional layers, or direct spin-
ning of fibers with active composites, which show advantages 
in accurate designs for further twisting into yarn sensors or 
sewing into fabrics/textiles as patterns.[173] Chen et  al. devel-
oped a highly stretchable fiber strain sensor for electronic 
smart gloves (Figure 12d) using electrospinning nanofibers.[208] 
Typically, a highly elastic rubber latex thread as core, was 
winded around by cross-wised PU fibers to construct an elastic 
scaffold. Under prestretching state, the PU fibers, which were 
further coated with poly(vinylidene fluoride-co-trifluoroethylene) 
P(VDF-TrFE) nanofibers and Ag nanowires, attained a highly 
stretchable and conductive fiber after releasing to the initial 
state. The fiber shows sensitive resistance responses to tensile 

strain for monitoring human motions and subtle physiological 
signals (pulse and phonation). A sensor integrated smart glove 
for finger gestures detection in real time was presented. In 
addition to the post-coating, in situ polymerization of poly(3,4-
ethylenedioxythiophene) (PEDOT) was applied by Eom et  al., 
fabricating a piezoresistive polyester fiber strain sensor sewed 
on a fabric glove (Figure 12e),[209] showing high sensitivity and 
reliability for body-motion monitoring, touch sensing, and 
multilevel strain recognition. The smart glove can wirelessly 
express American Sign Language via predefined hand gestures, 
promising to the user-interfaces for soft robotics.

In addition, extruding and injecting processes were feasible 
for accurate fabrications of fiber sensor. Frutiger et al. demon-
strated a multicore–shell fiber capacitive strain sensor by an 
extruding set-up shown in Figure  12f.[210] Ionically conductive 
fluid and a silicone elastomer serve as the conductor and dielec-
tric encapsulant, constructing a customized fiber with four con-
centric components by varying the inner/outer nozzle size, ink 
flow rates, and print speed, presenting a flexible and program-
mable manner for fiber sensor, which can be sewed in textile to 
monitor the walking gait and hand motion. Similarly, an injec-
tion process was applied by Yu et al. to fabricate a piezoresistive 
core–shell microfiber sensor for physiological monitoring,[232] 
where a conductive liquid metallic alloy (eutectic gallium 
indium, (eGaIn)) was enclosed by a home-made PDMS elasto-
meric microtube. The elastomeric layer enables the fiber sensor 
was stretchable and washable to resist degradation, which are 
significant properties for wearable textile devices.

Traditional textile manufacturing process is also effec-
tive for electronic fiber/fabric fabrication, such as wet spin-
ning that could produce fibers with unlimited-length and  
micrometers/millimeters in diameter. Tang et al. demonstrated 
a coaxial stretchable fiber strain sensor by one-step wet-spinning 
assembly strategy (Figure  12g).[211] Two channels were used for 
extruding out carbon nanotubes and silicone elastomer, respec-
tively, the extruded hybrid ink would maintain its filamentary 
shape and solidify in several minutes through a coagulation 
solution of a higher-viscosity silicone oil (1000 cs) at ≈100  °C, 
completing the vulcanization process to form an elastomeric 
conductive fiber winded on a spool. The piezoresistive core–shell 
fiber sensor shows high stretchability (300%) and fast response 
with low hysteresis, excellent stability (>10 000 cycles) and wash-
ability were demonstrated, which can be attached on skin, or 
woven in gloves and garments, detecting both subtle and large-
scale human movements, exhibiting application potential under 
harsh conditions. It provides a good candidate for wearable elec-
tronics, human–robot interfaces, and soft robotics.

Fiber sensors show advantages in accurate designs of 
their structures and performances, which could be also real-
ized by microfluidic technique integrated with wet spinning 
(Figure 12h), and thermal drawing technology (Figure 12i) with 
multichannels, enabling a fiber/yarn integrated with various 
components, such as metallic electrodes, semiconductors, die-
lectric materials, and polymer claddings, etc. Considering the 
subsequent processes such as twisting, sewing or weaving, the 
sensing fibers should have certain properties including a con-
sistent diameter, low elongation and good flexibility to allow 
formation of small loops but without tangles or kinks, ensuring 
excellent integrability with textiles and garments.
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4.2. Fabric-Based Mechanical Sensors

Fabric sensors with larger areas and functional patterns are to be 
realized, enabling the touch sensing functions with higher opera-
bility and accuracy. Tremendous efforts have been made to directly 
fabricate the sensors based on fabrics or textiles, which are ideal 
substrates for wearables, also compatible for integration with the 
robotic fiber/fabric.[233,234] Wang et al. developed a stretchable and 
wearable strain sensor by facilely carbonizing silk fabric as the 
electrode (Figure 13a),[235] they confirmed that the plain-weave silk 
fabric shows the best performance, exhibiting high sensitivity, fast 
response of 70 ms, wide sensing range from 0% to 500% strain, 
as well as excellent durability (10 000 cycles). The fabric sensor can 
detect both large and subtle human motions. Meanwhile, Zhang 
et al. from the same group demonstrated a dry-Meyer-rod-coating 
process to coat graphite flakes on the silk fibers, as conductive 
component for the fabric strain sensor (Figure  13b).[236] These 
superior performances to some extent depend on the encapsula-
tion in virtue of additional Ecoflex elastomer, rendering blocked 
fabric holes with sacrificed air permeability. For ultimate weara-
bles and human–robot interfaces, durable device with better  
wearability and comfortability is pursued.

Therefore, electronic dyeing method was exploited to over-
come the shortcomings of breathability of fabric/textile sensors. 
Yang et al. presented a polyester fabric strain sensor with in-situ 
reduced graphene at high temperature of 200 °C,[237] showing a 
distinctive negative resistance variation with increasing strain due  
to the tunable weaving structures of fabric, in which horizontal 
and vertical interwoven structures contribute different detection 
sensitivities with long-term stability. Li et al. developed a stretch-
able polyester textile with silver nanoparticles by in situ reduc-
tion at mild temperature of 90 °C (Figure 13c), as a piezoresis-
tive sensor which was proved for multiresolution motion moni-
toring.[238] Lan et al. proposed a more precise one-step strategy 
to produce yarns for textile pressure sensor (Figure  13d).[239] 
Prestretched double-twisted yarn with complete coating of 
metallic MoS2 nanosheets was immersed into hexachloroauric 
acid (HAuCl4) for spontaneous growth of popcorn-like Au archi-
tectures, and weaved into a plain textile sensor array with high 
sensitivity (0.19 kPa−1) and fast response (93  ms). These sen-
sors with no polymer encapsulations show great comfort and 
mechanical compliance, indicating that the electronic dyeing 
process is a simple and effective way to maintain the intrinsic 
merits of textiles, improving the breathability and comfortability.

Figure 13. Fabric-based mechanical sensors. a) Carbonized silk fabric piezoresistive strain sensor. Reproduced with permission.[235] Copyright 2016, 
Wiley-VCH. b) Bar-coated graphite silk piezoresistive strain sensor. Reproduced with permission.[236] Copyright 2016, American Chemical Society. c) In 
situ reduced AgNPs coated polyester textile piezoresistive strain sensor. Reproduced with permission.[238] Copyright 2017, Wiley-VCH. d) In situ grown 
AuNPs textile piezoresistive pressure sensor. Reproduced with permission.[239] Copyright 2020, American Chemical Society. e) Adhesive thermally bonded 
robust Ag-plated textile capacitive strain sensor. Reproduced with permission.[240] Copyright 2017, Wiley-VCH. f) Brush-printed PEDOT:PSS patterned 
knitted textile capacitive touch sensor. Reproduced with permission.[241] Copyright 2016, Wiley-VCH. g) Laster patterning and electroless deposition 
enabled Ni/CNT functionalized polyester/cotton fabric as piezoresistive pressure sensor. Reproduced with permission.[242] Copyright 2017, Wiley-VCH.
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Mechanical strength of electrode of the fabric sensors is 
another concern. Atalay et  al. addressed this issue in a fabric 
capacitive sensor using a commercial conductive textile 
(Shieldex Medtex-130) as electrode (Figure  13e),[240] consisting 
of two silver-plated knit textile electrodes with a dielectric layer 
of silicone elastomer (Ecoflex 00-30) in between. The fabric 
can be tightly integrated into a glove for hand motions moni-
toring. Importantly, robustness of this device was significantly 
improved due to the commercial textile electrode with good 
mechanical properties, and the authors introduced a flexible 
and robust electrical connection between coaxial cable and 
fabric electrode using instant adhesive by thermal bonding, 
promising to solve the external connection issue which is a 
known challenge for the current fabric wearables.

For human–robot interfaces, advanced touch sensing  
functions are required to address more accurate manipula-
tion with fast responses. Touch patterns design on the fabric/
textile is effective to fabricate the sensor arrays, realizing effi-
cient responses to the spatially map tactile stimuli. Takamatsu 
et  al. demonstrated a brush-printing method to pattern the 
polymer poly(3,4-ethylenedioxythiophene)-doped polystyrene 
sulfonate (PEDOT:PSS) ink on a fabric, followed by covering a 
thin dielectric layer of PDMS, resulting in a fabric capacitive 
touch sensor with 30% stretchability (Figure 13f).[241] It can be 
worn on human arm as a keyboard for more accurate sensing, 
showing improved wearability as the fabric was partially coated 
with polymer. Moreover, Liu et  al. developed a large-area all-
textile piezoresistive pressure sensor by combining processes of 
laser patterning, electroless deposition, and dip-coating based 
on polyester and cotton fabrics (Figure  13g).[242] A patterned 
Ni deposited polyester fabric and a CNT-coated cotton fabric 
were stacked to construct the sensor, an optimized cotton-
based device shows high sensitivity of 14.4 kPa−1 for pressure 
below 3.5 kPa, 7.8 kPa−1 for pressure range of 3.5–15 kPa, low 
detection limit of 2 Pa and fast response time of ≈24 ms with 
1000 cycles. The textile pressure sensor could be attached on 
human skin to monitor various vibrations and real-time pulse 
wave, pressure mapping was presented using the textile sensor 
arrays incorporated with garment.

Compared with fiber/yarn-based mechanical sensors, sen-
sors based on fabric/textile present performance superiorities 
in larger sensing area and desirable sensing arrays. Owing to 
the good mechanical properties of fabric/textile, various facile 
nano-/micro-coating processes such as dip-coating, spin-
coating, spray-coating, electro/electroless deposition, in situ 
growing, and pattering techniques can be applied, showing 
low-cost, high operability/applicability, and potential of large-
scale production. Compared with the traditional planar poly-
meric or elastomeric mechanical sensors, fabric/textile-based 
sensors by these functional finishing/dyeing techniques can  
optimally maintain the porous woven structures, keeping 
the air permeability and comforts for wearables and human-
touching applications.

4.3. Fiber/Fabric-Based Thermal Sensors

Besides the mechanical motion detection, temperature sensor 
is another important tool for robots and human to sense 

the thermal conditions around or realize healthcare moni-
toring.[243–246] Thermal sensing mechanism commonly relies 
on the thermally sensitive polymer matrixes loaded with con-
ductive materials to have electrical resistance response upon 
changing the temperature, or semiconductors with tempera-
ture-dependent conductivity, and upconversion materials which 
have responses in light emission intensity dependent on the 
temperature.[247] A few of studies have been exploited to develop 
the thermal sensors in forms of fibers or fabrics, improving the 
integrability of devices for robotic fibers/fabrics and allowing 
wearables have higher compatibility with human body.

He et al. applied the dyeing process of in situ polymerization 
to produce a polypyrrole (PPy)-coated thread, which was winded 
on an elastomer PU fiber to assemble a stretchable tempera-
ture sensor (Figure 14a).[248] Dacron thread was found to have 
higher mechanical stability during dyeing process than cotton 
and nylon threads, showing longer-term application potential. 
As PPy shows higher conductivity upon the increase of envi-
ronmental temperature due to mechanism of hopping conduc-
tion, the fiber sensor can respond to the temperature change 
from 35 to 95  °C. A glove integrated with fiber thermal sen-
sors could perceive the temperatures at different regions of a 
cup of hot water. Utilizing the capability of PPy for converting 
near-infrared (NIR) irradiation to thermal heat, the sensor was 
also capable of detecting the NIR irradiation intensity. PPy was 
also incorporated into the thermoplastic polyurethane (TPU) 
to enhance the mechanical and electrical stabilities of fiber, 
delivering both thermal sensor and strain sensor, length of 
20 m was proved through the conventional melting extrusion 
and dyeing processes (Figure 14b).[249] Wet-spinning technique 
was employed by Trung et  al. to fabricate the thermal sensor 
based on a freestanding reduced graphene oxide (rGO) fiber, 
showing fast response time (≈7 s) and quick recovery (≈20 s) 
to temperature, it was compliantly integrated into socks and 
undershirts for environmental and skin temperature moni-
toring (Figure  14c).[250] These examples promise important 
applications for improving the perceptions of robots, serving 
for healthcare and human–robot interactions.

Dependency of light emission intensity of fiber on the 
thermal changes is also an effective route to produce fiber 
thermal sensor. Guo et  al. developed an interesting stretch-
able and temperature-sensitive step-index PDMS optical 
fiber incorporated with upconversion nanoparticles (UCNPs) 
(Figure  14d).[251] Typically, thermally sensitive UCNPs with 
core–shell structure (core, NaLuF4:Yb,Er, shell, NaLuF4) were 
predoped into PDMS precursor with higher reflective index 
(RI = 1.424), as core material which was injected into a mold 
of silicone tube for curing, the resultant core PDMS fiber was 
dip-coated with another PDMS precursor with low-RI (1.417) 
to generate a cladding layer, which was cured to assemble 
into a step-index core-cladding PDMS optical fiber. The ther-
mally coupled 2H11/2 and 4S3/2 energy states of Er3+ rendered 
ratiometric readout of emission intensities of the upconver-
sion optical fiber at different temperatures around, enabling a 
fluorescent sensing probe with optical alternatives for environ-
mental sensing and health monitoring, such as temperature of 
skin, mouth, breath, etc.

In addition, multifunctional textile sensors to simultane-
ously detect the temperature and pressure was reported by Wu 
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et al., silkworm fibers-sheathed polyester (PET) yarns were inte-
grated with CNT/ionic liquid conductive components to allow 
resistance response to the temperature change, thus as thermal 
sensor. Silk fiber-wrapped polyurethane (PU) yarn coated with 
Ag NWs electrode was applied as a fabric capacitance pressure 
sensor. Thus, a dual-mode sensor with sensing abilities for 
both temperature and pressure could be realized by weaving 
two fabrics with distinct functions (Figure  14e).[252] Besides, 
Zhao et  al. innovatively integrated supercapacitor and tem-
perature sensor together as a single yarn by 3D printing, ena-
bling wearable yarns for both energy storage and temperature 
monitoring (Figure 14f).[253] These hybrid fiber/yarn-based sen-
sors show great potential in intelligent integration with robotic 
fiber/fabric and human–robot interactions.

4.4. Fiber/Fabric-Based Humidity Sensors

Humidity is another considerable factor for soft robots and 
wearables in addition to temperature. Humidity sensor ena-
bles robots with additional ability to sense and response to 
the moisture conditions in real-time, realizing more accurate 

operations.[254] For human, humidity sensor integrated with 
garments, hats, masks, and bandages, could detect the human 
perspiration, respiration, and moisture level at the skin-textile 
interface, figure out the status and properties of the used 
masks, delivering the progress of wound recovery, it is highly 
useful to indicate the wearing comfort of human body and the 
frictional strength of textile for skin. Commonly, mechanisms 
of changes in electrical resistance or capacitance were applied 
to design the humidity sensor based on fibers/fabrics.[255]

Choi et al. developed a nitrogen-doped graphene fiber by wet-
spinning and thermal annealing, which was further decorated 
by ultrathin (≈2 nm) platinum nanoparticles (Pt NPs) through 
optical sintering technique (Figure 15a).[256] The Pt NPs possess 
effective dissociation ability for water molecules, crucial for 
enhancing the humidity sensing performance of the rGO fiber, 
realizing increased sensitivity from 3.53% to 4.51%. A breath 
sensor was presented by integrating with a portable sensing 
module. Zhou et al. applied wet-spinning technique to fabricate 
an ultratough CNT/PVA fiber, based on the swelling effect of 
PVA molecular chains upon adsorbing water molecules, the 
fiber stitched onto a hydrophobic textile shows good sensitivity 
to the humidity through resistance changes (Figure 15b).[257] It 

Figure 14. Fiber/fabric-based thermal sensors. a) Stretchable PU fiber temperature sensor winded by thread coated with in situ polymerized PPy. 
Reproduced with permission.[248] Copyright 2016, Wiley-VCH. b) PPy incorporated TPU fiber thermal sensor. Reproduced with permission.[249] Copyright 
2018, Wiley-VCH. c) Wet-spun rGO fiber temperature sensor. Reproduced with permission.[250] Copyright 2018, Wiley-VCH. d) Upconversion nano-
particles enabled stretchable PDMS temperature-sensitive optical fiber. Reproduced with permission.[251] Copyright 2019, Wiley-VCH. e) Dual-mode 
fabric for temperature and pressure sensors. Reproduced with permission.[252] Copyright 2019, Wiley-VCH. f) 3D printing hybrid yarn integrated with 
supercapacitor and temperature sensor. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/).[253] Copyright 2018, The Authors, published by Wiley-VCH.
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could be used to detect water leakage of a high hydrophobic 
textile, or as biomedical textile for sweat level or blood leakage 
monitoring.

Mechanism of capacitance response is also effective for 
humidity sensor in addition to resistance changes. Ma et  al. 
proposed a yarn-sensor by winding the hydrophobic yarns 
(polyester, Coolmax, Pentas, and Cleancool) with high specific 
surface area and abnormal cross-section on a copper wire, 
the grooves of the fibers enabled abundant gas between the 
fibers and yarns, inducing enhanced capillary effect to accel-
erate adsorption of water molecules on the fibers, resulting in 
increases in capacitance. The device shows quick response time 
of 3.5 s and recovery of 4 s, and was demonstrated as smart 
mask for human breath detection (Figure  15c).[258] Besides, 
thermal-drawing is also an attractive technique for realizing 
functional fibers with precise designs and configurations. 
A porous polyetherimide (PEI) fiber with two copper wire 
electrodes inside was developed by Tousi et  al. for capacitive 
humidity sensor (Figure  15d).[259] In addition to fibers, fabric 
was also proved for direct fabrication of humidity sensor, Li 
et  al. patterned the nickel interdigital electrodes on silk fabric 
using electroless plating, followed by spraying coating with a 
layer of graphene oxide (GO), the resultant Ni-GO silk fabric 
can be applied as mask for human respiration monitoring in 
real-time (Figure  15e).[260] Additional humidity sensing ability 

renders fibers/fabrics with more potentials in applications of 
soft robots, wearables, human–robot interfaces, and biomedical 
applications.

4.5. Fiber/Fabric-Based Metabolite Sensors

In addition to the parameters such as mechanical motions, 
temperature, and humidity of robots, human body and around, 
wearable electrochemical sensors such as colorimetric and 
potentiometric ion sensors have become a class of exciting 
analytical platforms, which encompass material, chemical and 
electronic efforts to supply physiological information during 
certain human activities, promising to build more effective 
human–robot interaction.[261–263] Compared with traditional 
film-based devices with special microfluidic channels, fabrics/
textiles show superiority in sweat uptake from sweat gland due 
to their higher specific surface area and excellent mechanical 
adaptability which are more compatible with skin.[264]

Individual sweat level indicates a person’s physical status 
and comfort level. It is interesting to realize the self-actuating 
garments for perspiration monitoring and human percep-
tion improving. Promphet et al. reported a noninvasive colori-
metric textile for detection of sweat pH and lactate, realized by 
depositing three functional layers including chitosan, sodium 

Figure 15. Fiber/fabric-based humidity sensors. a) Wet-spun nitrogen-doped graphene fiber humidity sensor. Reproduced with permission.[256] Copy-
right 2018, Wiley-VCH. b) Wet-spun CNT/PVA fiber humidity sensor. Reproduced with permission.[257] Copyright 2018, American Chemical Society. 
c) Abnormal cross-sectioned hydrophobic fibers winded humidity sensor. Reproduced with permission.[258] Copyright 2019, Wiley-VCH. d) Thermal 
drawn polyetherimide fiber humidity sensor. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/).[259] Copyright 2018, The Authors, published by MDPI. e) Nickel/GO electroless plated silk fabric 
humidity sensor. Reproduced with permission.[260] Copyright 2018, Royal Society of Chemistry.
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carboxymethyl cellulose, and indicator dye (methyl orange 
and bromocresol green) or lactate enzymatic assay on a cotton 
fabric (Figure  16a).[265] The pH indicator (pH = 1–14) fabric 
gradually changed from red to blue as the pH increased, the 
intensity changes of purple color indicate the concentration 
variation of lactate ((0–25)  × 10−3 m) in the sweat. This is a 
visual approach to monitor the physiological conditions from 
wear during activity. To transmit the sweat information into 
visible signals on user interfaces, Jia et al. designed a conduc-
tive thread-based textile sensor for constant perspiration level 
monitoring (Figure  16b).[266] The sensor consists of three con-
ductive threads, each of them was surrounded and fixed by a 
braided cotton cover, helping to adsorb the sweat to change the 
resistance between threads, indicating the sweat quantity thus 
deducing the perspiration levels. An integrated smart wireless 
t-shirt consisted of sweat sensor, thermal/humidity sensor, bat-
tery, MCU, WIFI, etc. was proposed as Figure 16b, showing the 
possibility to construct an intelligent garment with actuation 
function for real-time feedback of the sweat levels, improving 
human perception and comfort.

5. Self-Powered Fiber/Fabric for Robots and 
Wearables

Although the majority of wearable thermal, humidity, 
mechanical, and electrochemical sensors are available for 
assisting soft robotics, human–robot interfaces, activity  
detecting and health monitoring, challenges still remained 
on further improving operability and applicability of these 

fiber/fabric-based sensors for light-weight robotic system 
seamless integration. One of the daunting challenges is 
power source, which is a bulky and unhandy but indispen-
sable module with high control precision for both sensors 
and robots.[270] Therefore, tremendous efforts have been made 
to realize the self-powered systems at multiscenarios around 
human body, enabling self-powered sensors and wearable 
power sources with promises to realize the health monitoring 
for human in real-time, and more accurate electrical controls 
for robotic systems.[271–274] To date, representative techniques 
including biofuel cell, thermoelectric generator (TEG), piezo-/
triboelectric nanogenerator (PENG/TENG), and solar cells are 
available for developing the self-powered fibers/fabrics. These 
techniques are interesting to utilize the energy from human 
body or from surrounding environments, promising the wear-
able power sources and self-powered sensors as potential plat-
forms for robotic fiber/fabric integration, building interactions 
between human and soft robots by means of fibers and fabrics.

5.1. Biofuel Cell Self-Powered Fibers/Fabrics

Biofuel cell is a kind of electrochemical device, utilizing the bio-
secretions or metabolites in sweat, tears, or saliva, as electrolytes 
to trigger the devices to generate electricity, useful in energy 
harvesting and sensing during strenuous exercises.[275–277] With 
designs in terms of biofuel cell, fabric or textile could serve 
as both power source and wearable sensors of metabolites. Lv 
et al. presented the first stretchable and wearable textile-based 
hybrid supercapacitor–biofuel cell (SC-BFC) by screen-printing 

Figure 16. Fiber/fabric-based metabolite sensors. a) A colorimetric textile by functional depositing with indicator dye or lactate assay for sweat pH 
and lactate detection. Reproduced with permission.[265] Copyright 2019, Elsevier. b) A three conductive threads-based textile for constant detection of 
perspiration level. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/).[266] Copyright 2018, The Authors, published by MDPI. c) A stretchable power textile with screen-printed hybrid supercapacitor-biofuel 
cell. Reproduced with permission.[267] Copyright 2018, Royal Society of Chemistry. d) A textile biofuel cell for self-powered source. Reproduced with 
permission.[268] Copyright 2014, Royal Society of Chemistry. e) A stretchable textile biofuel cell for self-powered sweat sensor. Reproduced with permis-
sion.[269] Copyright 2016, Royal Society of Chemistry.
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with functional ink of MnO2-CNT/CNT/PEDOT:PSS. The 
hybrid system can harvest biochemical energy from sweat of 
wearers by BFC and store in SC module for convenient use 
(Figure 16c).[267] Lactate in the sweat was utilized for enzymat-
ical oxidation to produce electricity, which is an irregular power 
dependent on the perspiration of user. Storage of this intermit-
tent electricity into the SC is a promising route to provide stable 
output for long term use.

The self-powered application of textile biofuel cell was 
reported by Jia et al. by thick-film printing technology, a biofuel 
cell driven by sweat lactate and dissolved oxygen can generate 
electricity of 100 µW cm−2 at 0.34 V, which was integrated into 
a headband and a wristband assisted by a printed-circuit board 
(PCB)-based energy storage device, the textile biofuel cell was 
demonstrated to power a LED or a digital watch (Figure 16d).[268] 
Furthermore, Jeerapan et  al. addressed a stretchable textile 
biofuel cell as wearable self-powered sensor. Synergistic effect 
of nanomaterials inks (PU/CNT/mineral oil, or Ecoflex/Ag/
AgCl) and a serpentine circuit by screen printing were applied 
to realize the deformable device, showing good endurance for 
stretching, indentation, and torsional twisting (Figure 16e).[269] 
Glucose and lactate as the biofuels can produce the maximum 
power density of 250 µW cm−2 at 0.46 V, exhibiting stable power 
output after 100 cycles of 100% stain. This textile biofuel cell 
could generate power signals proportional to the sweat fuel 
concentration, acting well as a selective self-powered sensor for 
physiological information detecting.

Screen printing is an effective method to realize the accu-
rate and deformable electrode patterns on fabrics or textiles, 
constructing the wearable biofuel cells for incorporation with 
garments. The challenge is design of the conductive inks with 
matched surface tension and mechanical compliance with the 
fabric/textile substrates. Surface tension is crucial to ensure 
the quick cure of printed ink on the textile without spreading 
or shrinking, guaranteeing high accuracy. Good deformability 
of the ink could accommodate well with the textile substrate 
during working under various deformations. Commonly, con-
ductive fillers such as silver flakes, silver nanowires, silver 
nanoparticles, carbon black, and carbon nanotubes, graphite, 
graphene, conductive polymers, etc.[278–287] could be incorpo-
rated with elastomeric polymers such as poly(dimethylsiloxane) 
(PDMS), styrene–ethylene–butylene–styrene (SEBS), ethylene-
vinyl acetate (EVA), fluoroelastomer, functional polyurethanes 
(FPUs), and various elastomers, realizing stretchable or self-
healing conductive inks with good physical penetrability and 
mechanical stability for printing on fabrics/textiles.[221,288–294]

5.2. Thermoelectric Self-Powered Fibers/Fabrics

As biofuel cell relies on the bio-secretions as electrolyte, the 
individual biofuel cell usually generates intermittent electricity, 
thus more suitable during strenuous exercises, it is expected 
to be further improved as continuous power sources. Textiles 
and garments are mostly in contact with human body, thus 
fiber/fabric-based thermoelectric generator (TEG) for con-
verting human body heat into electricity is an attractive self-
powered wearable technique.[295] Kim et  al. developed a glass 
fabric-based TE generator by screen printing with precursors of 

Bi2Te3 (n-type) and Sb2Te3 (p-type) pastes, annealing at 530 °C 
to achieve the flexible TE device (Figure  17a). Shortcoming is 
that the glass fabric is not a good substrate for wearable applica-
tion.[296] Wu et al. designed a sandwiched TEG with 3D fabric 
substrate and yarns coated with thermoelectric materials as 
legs, allowing temperature difference in the fabric thickness 
direction for body heat conversion.[297] But the 3D fabric is too 
thick and coated with many conductive paint electrodes that 
would reduce comfort.

For wearables or human–robot interfaces, the devices should 
be flexible, conformable, and stretchable for adaptative integra-
tion with garment on a large scale. Challenges remained on 
effective assembly of both n-type and p-type segmented fibers/
yarns in the fabric/textile, realizing architecture with multiple 
units of thermoelectric (TE) modules that enables thermal gra-
dient in the textile thickness direction, instead of the in-plane 
direction, harvesting heat flowing between human body and 
environment. π-type TE modules woven in fabrics/textiles was 
demonstrated an effective method to address this concern. Ito 
et  al. fabricated a CNT/polyethylene glycol (PEG) conductive 
thread by wet spinning, which was winded around a long and 
narrow plastic plate, followed by dropping the doping agent 
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]
PF6) onto only side of the plate, producing alternating n- and 
p-type segments in the thread (Figure 17b).[298] As thermoelectric 
module it can be woven into a fabric as repetitive units of π-type  
structure for thermal energy harvesting from human body.

Lee et  al. fabricated aligned polyacrylonitrile (PAN) 
nanofibers (≈600  nm) using electrospinning with collector of 
counter electrodes, gold, Sb2Te3 (p-type), and Bi2Te3 (n-type) 
were sequentially sputtered on both sides of a PAN nanofibers 
sheet by stencil mask-based method, then twisting the sheets 
into flexible yarns (tiger yarns, 300–380  µm) containing alter-
nating n- and p-type segments (Figure 17c).[299] When the tiger 
yarns were woven as a plain fabric separated by insulating 
yarns, higher power density (2.3 × 10−5  mW cm−2 K−2) was 
realized than that of the zigzag- (3.6 × 10−6 mW cm−2 K−2) or 
garter-stitch (3.0 × 10−6 mW cm−2 K−2) textiles assembled with 
separately prepared n- and p-type TE yarns with no insulating 
yarns. It indicates that the textile thermoelectric performance 
could be realized by increasing the density of TE couples and TE 
yarns through improving the weaving structure. Accordingly, 
Sun et al. designed a stretchable 3D fabric by weaving the ther-
moelectric fibers (Figure  17d).[300] Typically, carbon nanotube 
(CNT) films were twisted into CNT fibers/yarns (CNTF), alter-
nating p- and n-doping for the CNTF were performed by dip-
coating with PEDOT:PSS and electrospray with oleamine using 
shadow mask, respectively. The TE yarns were further wrapped 
into thermal insulating acrylic fibers, developed as π-type TE 
modules for weaving into a freestanding 3D TE generator by 
means of the elasticity of the interlocked yarns. It requires only 
the CNT yarns segments without doping expose on both side of 
the fabric, maximizing the thermal contact with the hot or cold 
source, such as human body and ambient environment. The 
peak power density of 70 mW m−2 at a temperature difference 
of 44 K was demonstrated even at stretching of 80% strain. This 
TE fabric could be facilely integrated with garments, showing 
excellent potential to harvest human body heat for driving the 
wearable electronics. In addition, thermoelectric device has 
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been widely used for self-powered sensing,[301–304] transplanting 
the technique on fibers or fabrics would be an alternative route 
for realizing perceptive robots, smart garments, and wearables 
for continuous healthcare monitoring.

5.3. Piezo-/Triboelectric Self-Powered Fibers/Fabrics

Effective thermoelectric fabrics/textiles normally require cer-
tain thickness to allow the available temperature difference 
for favorable conversion efficiency. In comparison, nano-
generator such as piezoelectric nanogenerator (PENG)[305–307] 
and triboelectric nanogenerator (TENG),[308–310] are low-cost, 
lightweight, but possess high performance to convert various 
mechanical energy of low frequency (vibrations, deforma-
tions/displacements) into electricity, such as energy from 
human motions, water, wind, etc., showing extensive applica-
tion scenarios to harvest the distributed energy from human 
activities or environments,[311–316] delivering various self-
powered systems for recognizing force, deformation, and 
properties of solids, liquids and gases.[317–323] Here we sum-
marize the representative nanogenerators designed in forms 
of fiber/yarn and fabric/textile, suitable for self-powered wear-
able applications and intelligent robots with high adaptivity to 
various environments.

PENG operates based on the mechanical deformation of 
piezoelectric component, thus reliable configurations are 
required on the devices in forms of fibers/yarns and fabrics/
textiles that have complex structures. Chang et al. applied near-
field electrospinning to direct-write poly(vinylidene fluoride) 
(PVDF) nanofibers, realizing in situ mechanical stretch and 
electrical poling to produce piezoelectric fibers (Figure 18a),[324] 
which can generate consistent electricity (≈30  mV, ≈3 nA) 
upon repeatable stretching, exhibiting higher outputs than 
the traditional PVDF films due to lesser defects in the written 
nanofibers which have a higher degree of crystallinity and 
chain orientation. Li et  al. reported a pressure-driven piezo-
electric fiber based on carbon fiber with growing of ZnO 
architectures, which generates voltage of 3.2  V and current 
density of 0.15 µA cm−2, promising to harvest energy in gas/
oil pipes and blood vessels for medical sensing (Figure 18b).[325] 
Higher piezoelectric output can be realized on the fabric/tex-
tile devices, Zeng et  al. applied electrospinning to produce a 
PVDF-sodium niobite (NaNbO3) nanofibers nonwoven fabric, 
fabricating a PENG after integrating with two elastic electrodes 
of conducting knitted fabrics (consisted of polyurethane and 
silver coated polyamide yarns), the device with PDMS clad-
ding can produce voltage of 3.4 V and current of 4.4 µA under 
cyclic compression (0.2 MPa, 1 Hz) (Figure 18c).[326] Soin et al. 
applied PVDF monofilaments as 3D piezoelectric component 

Figure 17. Thermoelectric self-powered fibers/fabrics. a) A wearable thermoelectric glass fabric. Reproduced with permission.[296] Copyright 2014, 
Wiley-VCH. b) A π-type structured thermoelectric thread by wet spinning. Reproduced with permission.[298] Copyright 2017, Royal Society of Chemistry. 
c) Thermoelectric yarns twisted by electrospun PAN nanofibers sheet sputtered with Sb2Te3 (p-type), and Bi2Te3 (n-type). Reproduced with permis-
sion.[299] Copyright 2016, Wiley-VCH. d) CNT films twisted yarns deposited with PEDOT:PSS and oleamine for stretchable 3D thermoelectric fabric. 
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).[300] 
Copyright 2020, The Authors, published by Springer Nature.
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inserted by silver coated polyamide fabrics, delivering consid-
erable power density of ≈5.1 µW cm−1.[332] To realize a PENG 
with a fully woven structure with good breathability, Zhang 
et al. fabricate a piezoelectric fiber of barium titanate/poly(vinyl  
chloride) (BaTiO3/PVC) by wet spinning, which was woven with 
copper wires and cotton threads, constructing a piezoelectric 
fabric as wearable power source and self-powered sensor 
(Figure  18d).[327] In addition, hybrid fabrics/textiles combined 
with configurations of PENG and TENG have been exploited 
to further improve the electrical outputs.[333–338] In comparison, 
operation of TENG depends on the frictions of two surfaces is 
more compatible for interaction with human body.

Various TENGs have been also designed in forms of 
fibers,[339,340] yarns,[341–343] and fabrics/textiles[344–346] by the well-
established textile manufacturing technologies such as dyeing, 
twisting, winding, sewing, and weaving, etc.[347] Applications 
such as pressure-sensitive bedsheet,[348] gases sensing mask,[349] 
and touch and gesture sensors[350] have been well demonstrated, 
indicating the reliability of TENGs as self-powered textiles/gar-
ments with active responses to human body and environment. 

However, in view of manufacture feasibility and practicability 
of fiber/fabric-based TENGs, important concerns should be 
considered, such as good woven properties of fibers/yarns 
TENGs, favorable air-permeability, skin-affinity and washability 
of fabrics/textile TENGs, which are important properties for 
improving the human perception, ensuring safe and friendly 
interactions with soft robots. A few typical studies have been 
exploited to conceive these challenges for long-term vision.

Small size, favorable softness, and good mechanical proper-
ties are important features for fiber/yarn TENG, ensuring the 
weaving operation. Recently, utilizing a continuous electro-
spinning technology, Ma et al. realized large-scale manufacture 
of core–shell fine yarns (diameter ≈350.66 µm) that consisted 
of PVDF/PAN hybrid nanofibers (shell) and sliver yarns 
(core), which shows high triboelectric output (Figure 18e).[328] 
It renders facile weaving process to produce triboelectric tex-
tile, a typical textile TENG delivers electrical outputs of 40.8 V, 
0.705 µA cm−2, and 9.513 nC cm−2 under pressure of 5 N 
with 2.5  Hz, showing high sensitivity for monitoring subtle 
contacts from humans and insects. More interestingly, the 

Figure 18. Piezo-/triboelectric self-powered fibers/fabrics. a) A direct-written PVDF piezoelectric fiber. Reproduced with permission.[324] Copyright 2010, 
American Chemical Society. b) Carbon fiber/ZnO nanostructures fiber PENG. Reproduced with permission.[325] Copyright 2011, Wiley-VCH. c) A PVDF-
NaNbO3 nonwoven fabric-based PENG. Reproduced with permission.[326] Copyright 2013, Royal Society of Chemistry. d) A fully woven PENG based 
on BaTiO3/PVC fiber. Reproduced with permission.[327] Copyright 2015, Elsevier. e) A continuous triboelectric yarn based on PVDF/PAN nanofibers. 
Reproduced with permission.[328] Copyright 2020, American Chemical Society. f) A washable triboelectric all-textile sensor for arterial pulse waves and 
respiratory monitoring. Reproduced with permission.[329] Copyright 2020, The Authors, published by American Association for the Advancement of Sci-
ence (AAAS). Reprinted/adapted from ref. [329]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of 
Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. 
g) A skin-actuated sandwiched all-fabric TENG with high sensitivity for both voluntary and involuntary contacts with human skin. Reproduced under the 
terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).[330] Copyright 2018, The 
Authors, published by Springer Nature. h) A wearable all-fabric TENG with capability for moisture screening and water energy harvesting. Reproduced 
with permission.[331] Copyright 2017, Wiley-VCH.
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variation in electron affinity energies allow the triboelectric 
yarns to identify textile materials, such as fabrics of cotton, 
silk, viscose, nylon, PET, and PET/PU. Good properties of tri-
boelectric yarns render which can be facilely woven or knitted 
into triboelectric fabrics/textiles with wider applications. Fan 
et  al. proved a washable all-textile sensor with full cardigan 
stitch texture, rendering enhanced triboelectric interaction 
between Nylon yarn and stainless steel yarn. The sensor can 
be stitched into garments for simultaneously monitoring of 
arterial pulse waves and respiratory signals, demonstrating 
an intriguing wireless mobile health monitoring system for 
noninvasive assessment of cardiovascular disease and sleep 
apnea syndrome (Figure  18f).[329] To improve the reliable 
power density and sensitivity of textile for both voluntary and  
involuntary contacts with human skin, Xiong et  al. devel-
oped a skin-actuated washable all-textile-TENG, a unique 
hydrophobic cellulose oleoyl ester nanoparticles (HCOENPs)-
coating was applied to encapsulate the precoated black phos-
phorus (BP) layer on a PET textile for alleviating degradation, 
together with a permeable textile electrode and a waterproof 
textile to configurate a sandwiched TENG (Figure  18g).[330] 
Due to the high charge induction of HCOENPs as well as the 
enhanced electrons trapping capability by BP layer below, the 
textile-TENG exhibits ultrahigh output voltage (≈880  V) and 
stable electricity performance regardless of various mechan-
ical deformations, severe washing, and long-term exposure 
(4 months) to ambient condition. It was an unprecedented 
demonstration to enhance the triboelectric output of textile 
but maintain its breathability and washability, highly suitable 
for daily interaction with human skin for power generation 
and self-powered sensing.

Water is an inexhaustible source distributed everywhere 
around us, capable of contributing mechanical energy and 
electrostatic energy to trigger TENGs,[351–354] but also carry 
moisture with sensitive negative effect to suppress the tribo-
electric output. Thus, Xiong et al. proposed the first all-fabric 
TENG to screen the moisture/wetting effect for water energy 
harvesting. The fabric was treated by the HCOENPs nano-
coating to construct a dual-mode fabric-TENG, exhibiting 
excellent self-cleaning and anti-biofouling performances, ena-
bling both electrostatic energy and mechanical energy scav-
enging from kinetic water, generating maximum electricity of 
22 V and 8 µA with a 3 cm × 3 cm device. The all-fabric TENG 
can be facilely designed as a wristband or be incorporated into 
cotton glove for on-demand water energy harvesting to drive 
the commercial electronics (Figure  18h).[331] This eco-friendly 
hydrophobic nanocoating technique renders great potential 
for ordinary textiles such as cotton, silk, flax, etc., for self-
powered applications in water condition, opening up a new 
consideration of wearable electronics to resist the moisture 
effect for outdoors applications. Therefore, piezoelectric or tri-
boelectric textiles exhibit great role in wearable power sources 
and self-powered sensing, promising for robot manipulation 
assisting and human–robot interaction. In addition, utilizing 
electrochemical mechanism, Kim et  al. managed to convert 
tensile or torsional mechanical energy of yarns into electrical 
energy without external bias voltage.[355] 41.2 J kg−1 electrical 
energy can be generated per mechanical stretching cycle, the 
maximum electrical power of 250 W kg−1 was achieved when 

stretching the coiled yarns with 30  Hz. This yarn-twisting 
energy harvester promises to harvest ocean wave energy, 
showing an alternate self-powered technique for yarns apart 
from the thermoelectric generator and piezo-/triboelectric 
nanogenerators.

5.4. Photovoltaic Self-Powered Fibers/Fabrics

In addition to the energy sources from human body and water 
around, fibers/fabrics also are capable of scavenging energy 
from environment, such as solar irradiance. Tremendous 
efforts have been made to develop the photovoltaic self-powered 
fibers/fabrics.[356,357] It provides additional energy source for 
wearables, especially for the soft robots which would operate 
individually or perform task remotely. Here we summarize 
the fibers/fabrics solar cells with representative fabrication 
methods, combinations, and adaptabilities to various extreme 
conditions.

Chen et  al. reported a solar cell firstly based on the highly 
aligned nanotubes (CNTs) fiber, this 1D solar cell allows energy 
conversion to the light from all directions, showing power con-
version efficiency of ≈2.6%.[358] As wearable application ulti-
mately requires device in forms of fabric or textile that have 
higher integrability and conversion efficiency, Lee et  al. devel-
oped a textile battery by coating method as shown in Figure 19a 
with encapsulation by a battery pouch, an additional thin film 
solar cell was incorporated onto the pouch, enabling a flexible 
battery chargeable by solar energy.[359] However, this textile 
device is not permeable due to the pouch and the additional 
solar cells coverage. Pan et al. proposed a textile dye-sensitized 
solar cell (DSC) by stacking electrodes with liquid or solid elec-
trolyte (Figure  19b).[360] Typically, titanium textile grown with 
aligned TiO2 nanotubes as working electrode, stacking with a 
CNT fiber textile as the counter electrode, which was obtained 
from twisting of CNT films that consisted of the aligned CTN 
sheets by spinnable pulling process. Compared to the 1D fiber 
solar cell, this stacked textile DSC shows superior energy con-
version efficiency (≈3.67%) due to its woven structure inde-
pendent of the angle of incident light.

For consideration of practical applications, Zhang et  al. 
demonstrated a colorful all-solid textile solar cell by weaving 
method, 1.3% efficiency for a single cell unit was achieved 
(Figure  19c).[361] A lot of efforts were made in incorporating 
the energy harvesting and storage modules as multifunctional 
hybrid photovoltaic fabrics/textiles, achieving sustainable 
power systems. For example, by interlocking the fiber-shaped 
photoanodes and counter electrodes, Chai et  al. presented a 
tailorable all-solid power DSC textile with integration of fiber 
supercapacitor, promising a scalable production technique of 
self-powered textile for both solar energy harvesting and storage 
(Figure 19d).[362] In addition, energy harvesting techniques were 
also pursued as effective combinations to enhance the har-
nessing efficiency of various energy. Chen et  al. proposed an 
unique micro-cable hybrid textile for simultaneous solar and 
mechanical energy harvesting (Figure  19e).[363] A power textile 
(4  cm by 5  cm) with electricity output from both energy can 
continuously drive a digital watch, directly charge a cell phone 
and trigger water splitting, allowing more choices for energy 
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requirement during daylight and night. Moreover, Wen et  al. 
demonstrated a self-powered fabric integrated with TENG, 
solar cells, and supercapacitors (Figure  19f),[364] rending elec-
tricity energy harvest from human motions and outdoor solar 
irradiances and storage as chemical energy for timely usages, 
showing a high integrability with textiles and garments. Con-
sidering the outdoor applications of the photovoltaic fabrics/
textiles, washing stability,[365] and reliabilities of textile solar 
cells at freezing (−40  °C) and high-temperature conditions 
(160  °C)[366] were also studied by Jinno et  al. and Xu et  al. 
(Figure  19g), promising the self-powered operations of weara-
bles or robotic fabrics/textiles under harsh environments.

In short, the abovementioned self-powered fabrics/textiles 
can generate electricity converting from human metabolites, 
human body heat, human motions, mechanical impacting/
vibrations around, and water (liquid) as well as sunshine from 
environment, capable of adapting various harsh conditions for 
extended application scenes. So far, self-powered fibers/fabrics 
could serve as wearable power sources to drive some micro- or 
portable electronics, avoid the presence of power sources and 
the frequently charging/discharging, reducing the burden for 
human. Meanwhile, these fibers/fabrics allow self-powered 
sensors for human motion detection and noninvasive health 

monitoring, and sensing for robots to provide the feedback-
control and enhance the operation accuracy or remote manipu-
lation. For robotic fibers/fabrics, currently some of them have 
been designed for self-responsive actuation systems to the other 
stimuli such as thermal, light, moisture, magnetic field, etc., as 
summarized above. In contrast, electrical stimulus is the most 
accurate control for robotic system operation, although there is 
no report about using the power of fabrics/textiles via interac-
tion with human body to trigger the corresponding actuations 
of smart responsive garments or robots, some interesting exam-
ples of self-powered actuators by triboelectric effect have been 
demonstrated to uncover the possibility, such as micro actuator 
for optical modulation,[367] dielectric elastomer actuator with 
tunable optical properties,[368] elastomeric optical grating modu-
lator,[369] cantilever system,[370] gripper as well as microfluidic 
transport system,[371,372] exhibiting important applications for 
self-powered micro electromechanical system. Therefore, we 
envision that it is possible to further improve the self-powered 
efficiency of fibers/fabrics, which is not only capable of driving 
the wearable sensors and microelectronics, but also improving  
the electrical manipulation degree for the future fiber/fabric-
based human–robot interfaces and self-managing robotic 
systems.

Figure 19. Photovoltaic self-powered fibers/fabrics. a) A textile battery covered with film solar cell. Reproduced with permission.[359] Copyright 2013, 
American Chemical Society. b) Wearable solar cell by stacking CNT-textile electrode. Reproduced with permission.[360] Copyright 2014, Wiley-VCH.  
c) A colorful all-solid woven textile solar cell. Reproduced with permission.[361] Copyright 2016, Wiley-VCH. d) A tailorable all-solid power solar cell tex-
tile integrated with fiber supercapacitors. Reproduced with permission.[362] Copyright 2016, American Chemical Society. e) A microcable hybrid textile 
for simultaneous solar and mechanical energy harvesting. Reproduced with permission.[363] Copyright 2016, Springer Nature. f) A self-powered fabric 
integrated with a TENG, solar cells, and supercapacitors. Reproduced with permission.[364] Copyright 2020, The Authors, published by The American 
Association for the Advancement of Science (AAAS). Reprinted/adapted from ref. [364]. © The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) 
http://creativecommons.org/licenses/by-nc/4.0/. g) A solar cell textile with stability at a working temperature range of −40 to 160 °C. Reproduced with 
permission.[366] Copyright 2016, Royal Society of Chemistry.
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6. Fiber-Robots for Biomedical Applications 
in Vivo

In addition to human–robot interacted applications of fibers 
and fabrics for wearables and soft robotics in vitro, 1D mate-
rials of fibers or yarns also exhibit exciting potential as soft 
robots for biomedical application in vivo, showing a bright 
prospect for the traditional textile engineering community.[373] 
For example, a continuum fiber-robot which can be delivered 
to the targeted nidus for on-site detecting and on-demand 
therapy, exhibiting great significance for realizing minimal 
invasive or noninvasive surgery. Chautems et  al. reported a 
magnetic continuum fiber device with variable stiffness, which 
was fabricated based on an ultrafine silicone tube, assem-
bling with low melting point alloy (LMPA) and heaters inside, 
spacers were applied to separate the inside components as seg-
ments to enhance flexibility and operability (Figure  20a).[374] 
Each segment can be independently softened by electrical cur-
rent to realize controllable softness and freedom of actuations, 
rendering the fiber-robot remotely navigated by magnetite. 
A minimum fiber-robot with diameter of 2.33  mm was dem-
onstrated for several therapeutic scenarios such as radio-fre-
quency cardiac ablations and interventional endoscopy in the 
gastrointestinal tract, showing high degrees of freedom with 
minimal invasive surgery.

To further reduce the diameters of the soft continuum 
robots with more flexible manipulations and overcome the 

friction issues of robots with surrounding environments (e.g., 
vessels) during navigation, Kim et al. developed a submillim-
eter-scale, self-lubricating ferromagnetic fiber-robot, exhibiting 
capabilities to be omnidirectionally steered and navigated by 
magnetite (Figure  20b).[375] Specifically, a kind of hard mag-
netic material of neodymium–iron–boron (NdFeB) micropar-
ticles with high coercivity can be magnetically saturated to 
maintain high remnant magnetization against the external 
force, which was mixed with soft polymer matrixes such as 
polydimethylsiloxane (PDMS) or thermoplastic polyurethane 
(TPU) to obtain the ferromagnetic composite ink. A strong 
impulse of magnetic fields was applied to magnetically satu-
rate the dispersed NdFeB particles to change the freely flowing 
ink into a thixotropic paste with high formability. Accordingly, 
the ink could be extruded through a micronozzle by pres-
sure via printing or injection molding, forming the magnetic 
fiber after solvent evaporation or thermal curing, followed by 
grafted-coating a cross-linked hydrophilic polymer of polydi-
methylacrylamide (PDMAA) as hydrogel skin, resulting in the 
soft continuum robot. This fiber-robot consisted of uniformly 
dispersed ferromagnetic microparticles in a soft polymer 
matrix shows advantages of miniaturization and lower sur-
face friction, capable of navigating through a simulated tor-
tuous cerebrovascular phantom with multiple aneurysms, 
enabling steerable laser delivery for targeted therapy which 
is a promising way to minimally invasive robotic surgery and 
healthcare.

Figure 20. Fiber-robots for biomedical applications in vivo. a) A magnetite remotely navigable multisegmented continuum fiber robot with controllable 
softness. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/
by/4.0/).[374] Copyright 2019, The Authors, published by Wiley-VCH. b) Hydrogel skin enabled self-lubricating ferromagnetic fiber-robot. Reproduced with 
permission.[375] Copyright 2019, The Authors, published by The American Association for the Advancement of Science (AAAS). c) An injectable helical-
CNTs-yarn electrochemical sensor for multiple disease biomarkers monitoring in vivo. Reproduced with permission.[376] Copyright 2019, Springer Nature.
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Besides the precise manipulation and navigation of the 
fiber-robots in vivo, the tools carried or functions realized on-
site are of great significance to enrich the applicability of the 
robots. An attractive example of versatile helical-yarns of carbon 
nanotubes (CNTs) as electrochemical sensors was demon-
strated by Wang et al. to monitor multiple disease biomarkers 
in vivo (Figure  20c).[376] CNTs synthesized by chemical vapor 
deposition were twisting into mechanically compliant helical 
bundles (yarns) to mimic the hierarchical structure of muscle. 
The yarn can be delivered into the blood vessels and vulner-
able tissues such as tumors or the pig brain, but one end of 
the yarn remained outside the tissue for convenient external 
connection. It is highly compliant with low deforming stiffness 
which would not damage the surrounding tissues, suitable as 
implantable electronics for health monitoring. By tailoring four 
kinds of electrochemical sensors based on the CNT yarns, the 
sensors can be implanted in tumors in mice to spatially resolve 
and monitor H2O2. Integrated with a wireless transmission 
system as an adhesive skin path, sensors are capable of moni-
toring calcium ions and glucose in the venous blood of cats for 
28 d. Delicate combination of these biofunctional fibers/yarns 
and the accurate manipulations of fiber-robots in vivo promise 
targeted implantable electronics for tools delivery and minimal/
noninvasive surgery.

In general, for biomedical application, developing the 
fiber/fabric-based soft robotics integrated with sensing func-
tions as tools for diagnosis and therapy in vitro or in vivo 
is needed, especially the latter which is not easily acces-
sible by the traditional items. The applications could cover 
drug delivery, smart diagnosis and target therapy. Excellent 
achievements of fiber/yarn-based 1D devices such as energy 
harvesters, self-powered sensors, electrochemical sensors, 
and wireless transmit networks are demonstrated, capable 
of highly enriching the functions of soft continuum robots 
in vivo. Of course, many challenges still existed in this 
emerging field. We envision that multiple factors have to 
be considered, such as materials should be biocompatible 
with biological body, device design should be allowed for 
the implantation process,[377–384] such as magnetic steering 
and injection. Besides, adaptivity and stability of the robots 
required to be good enough for real-time and long-term 
monitoring. For some special cases which only require a cer-
tain time of monitoring or transient therapy, biodegradable 
devices may play important role, executing the appointed 
tasks and degrade subsequently without toxic and side 
effects generation.[385–389]

7. Challenge of Fiber/Fabric-Based Wearables and 
Robotics

In summary, active functions such as actuation, sensing, 
and power source are expected to be endowed on the con-
ventional fibers/yarns and fabrics/textiles by reasonable 
functionalization, exhibiting great potentials for soft robots, 
wearable electronics, human–robot interaction, and bio-
medical diagnosis and therapy. By integrating the actuation  
and sensing functions, preliminary robotic fibers/fabrics 
could be realized with responses to the external stimuli such 

as electricity, heat, light, moisture, magnetic field, etc., real-
izing perceptive soft robots, remote manipulators, and intel-
ligently regulated clothes adaptive to the wear feelings. 
Energy harvesting ability of fibers/fabrics from human body 
or environment around enables various self-powered sensors 
for wearables and promises self-managing robotic systems. 
Moreover, biomedical fiber-robots emerged to be precisely 
navigated in vivo across the complex and incommodious 
scenes of nidus, showing excited potential for drug delivery, 
smart diagnosis, and target therapy. In addition, functions 
such as camouflage, display, data storage/processing, and 
sensorimotor nervous system integration are also important 
for enriching the robotic system and wearables, which rely 
on the developments of fibers/fabrics-based devices with per-
formances such as color changes (structural coloration,[28,29] 
electroluminescence,[30–33] light-emitting electrochemical 
cells,[34] and organic light-emitting devices,[35] memories and 
artificial synapses,[36] mimicking biological synapses in the 
human sensorimotor nervous system to realize the autono-
mous and intelligent robotics and wearables. At present, a lot 
of challenges associated with device design and integration 
as well as safety concerns remained, impeding their practical 
implementations.[390,391] Here we envision a few challenges 
and solutions for future development of robotic and wearable 
fibers/fabrics. It includes compatibility between fabric/textile-
devices with human skin, connection between devices and 
textile substrates, attachment between devices and skin, and 
wireless sensors network integration, autonomous and intelli-
gent fiber robot, as well as the relationship between actuators, 
power sources and sensors based on fibers/fabrics.

7.1. Skin Affinity of Fabric/Textile

As substrates of the wearable devices, fibers/fabrics required 
frequent contact with human skin. Majority of the fabrics/tex-
tiles are compatible with human skin, especially natural fibers 
woven textiles, such as cotton, silk, flax, etc., which commonly 
show unilateral good affinity with human body. However, the 
affinity of fabric/textile additionally depends on skin hydration. 
As revealed by Gerhardt et al., moisture and liquids at the skin-
textile interface would increase the friction and shear interac-
tion, often cause discomfort feeling for human, and even lead 
to severe skin irritations, mechanical trauma and wounds.[392] It 
is an important concern for designing the fabric/textile-based 
wearable devices or soft robotics for human–machine inter-
faces. To precisely monitoring the skin hydration, Yokus et al. 
proposed a design of a capacitive hydration sensor for integra-
tion with textile electronics (Figure  21a),[393] capable of moni-
toring the moisture microenvironment between robotic fabric/
textile and human body for improving human perception and 
feeling.

In addition, adhesion and biocompatibility between wearable 
devices and biological surface (e.g., human skin) are important 
to ensure the stable electrical signals under various mechanical 
deformations during exercises. Seo et  al. applied calcium (Ca) 
ions to improve the mechanical interlocking of silk fibroin, 
developing a strong adhesive for enhancing the interfacial 
stability of the device with skin. Therefore, wearable devices 
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including capacitive sensor, piezoresistive strain sensor, ECG 
sensor, and hydrogel-based drug delivery were realized with 
reliable performances on skin even under frequent deforma-
tions (Figure  21b).[394] This adhesive hydrogel with good reus-
ability, biocompatibility and acceptable conductivity, is a good 
candidate for well incorporation of wearable sensors with 
human skin and soft robots.

Some of the individual wearable devices are not allowed 
to be directly fabricated on the complex surface of fabrics/
textiles, hampering certain special functions realized on tex-
tile for wearable applications. Yoon et  al. proposed an inno-
vative artificial cilia-assisted transfer printing technique to 
overcome this issue (Figure  21c),[395] which was introduced 
in the periphery of flexible electronic devices as adhesive ele-
ments, not only conformally wrap the surfaces with arbitrary 
complex shapes, but also confine a small amount of glue (e. g. 
PDMS) for releasing mechanical stress from various mechan-
ical deformations. It is proved an effective way to conformally 
transfer devices on a textile, maintaining reliable electronic 
performance regardless of various mechanical deformations, 
daily wearing and washing.

7.2. Integration of Wearable Sensors Network

Seamless integration of sensors and smart responsive devices 
as functional networks onto human body provides convenient 
operations in health monitoring, human–machine interfaces, 
and biomedical diagnosis.[399–404] Compared with the tradi-
tional wiring integration with poor monitoring continuity 
and hampered physical activity,[405] wireless networks strategy 
exhibits advantages in integrating the discrete devices with 
improved wearability, realizing robotic textiles/garments 
for multifunctional and long-term health monitoring in real 
time.[406–409]

Near-field communication (NFC) as a kind of highly safe 
communication protocol allowing electronic devices commu-
nicating with each other within a few centimeters by electro-
magnetic waves transmission, enabling battery-free, low-cost, 
and secure devices against intercepting, has great potential for 
wireless body sensor networks.[410] Lin et  al. integrated con-
ductive threads as near-filed-responsive inductor patterns onto 
daily garment by computer-controlled embroidery technique, 
showing a battery-free NFC clothing competent in wireless 

Figure 21. Challenge of fibers/fabrics for wearables and soft robotics. a) A simulation method for designing a capacitive hydration sensor incorpo-
rable with textile. Reproduced with permission.[393] Copyright 2016, Cambridge University Press. b) A calcium-modified silk fibroin strong adhesive 
for enhancing interfacial stability between device and skin. Reproduced with permission.[394] Copyright 2018, Wiley-VCH. c) An artificial cilia-assisted 
transfer technique to adhere devices onto textile. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/).[395] Copyright 2016, The Authors, published by Springer Nature. d) A battery-free NFC clothing with 
body sensor network for wireless power and data connectivity around the human body. Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).[396] Copyright 2016, The Authors, published by Springer Nature. 
e) A self-regulated light-driven artificial flytrap. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License 
(https://creativecommons.org/licenses/by/4.0/).[397] Copyright 2017, The Authors, published by Springer Nature. f) A reflex like sensorimotor nervous 
synapse. Reproduced with permission.[398] Copyright 2018, The Authors, published by American Association for the Advancement of Science (AAAS). 
Reprinted/adapted from ref. [398]. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. 
Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/.

Adv. Mater. 2021, 33, 2002640

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


© 2020 The Authors. Published by Wiley-VCH GmbH2002640 (34 of 43)

www.advmat.dewww.advancedsciencenews.com

communication between multiple sensors and a reader up to a 
meter around human body, which was demonstrated for spinal 
posture monitoring and continuous recording of temperature 
and gait during exercise (Figure 21d).[396] To further improve the 
transmission safety with lower-energy consuming, Tian et  al. 
designed a clothing with metal fabric patterns, enabling sur-
face-plasmon-like modes at radio communication frequencies 
to allow propagation of radio-waves around the body, showing 
an energy-efficient and secure wireless interconnected body 
sensor network for power transfer and touch sensing.[411] Wire-
less connections between devices placed near metal textiles was 
demonstrated through the surface waves propagation instead 
of wireless signals radiating, enabling enhanced transmission 
efficiency by three orders of magnitude (>30  dB) compared 
to traditional radiative networks. It proposes a daily wearable 
metal textile as highly efficient and inherently secure personal 
sensor networks for continuous health monitoring and reliable 
human–robot interaction.

7.3. Challenges of Autonomous and Intelligent Fiber Robot

Inspired by the living organisms, fiber robot that self-regulates, 
autonomous and intelligent excites a great deal of interests.[412] 
Constructing an intelligent fiber system remains among the 
grand challenges and only recently several related research are 
reported. An autonomous fiber actuator is able to reversibly 
transduce external constant stimulus into sustainable, periodic 
mechanical actuation without human intervention, such as the 
aforementioned self-locomotive hygrobot.[121] Among the stim-
ulus-responsive fiber actuators, the most significant examples 
of self-regulation are reported by using light-actuated liquid 
crystal, through self-shadowing-enabled negative feedback 
loop. Based on this property, light-fueled freestyle self-oscilla-
tors and self-sustained soft phototactic swimmer were demon-
strated.[93,413] One impressive example is the artificial Flytrap 
as shown in Figure  21e.[397] The LC was attached to the tip of 
an optical fiber, which exhibits autonomous fast closure action 
to catch an approaching object because the light was reflected 
back to the LC. And it can distinguish between different micro-
targets by sensing their reflectance feedback properties. How-
ever, the self-regulation light actuator is limited in complex 3D 
system and unstructured environment, because the light prop-
agates in straight line and easily be shadowed. Recently, the 
autonomous and intelligent pneumatic soft robots are reported, 
such as the soft ring oscillator and autonomous octobot.[414,415] 
But it is not easy to construct such complex pneumatic struc-
ture in a long homogeneous fiber. Many efforts are needed to 
optimize the self-regulation and oscillation structure and mate-
rials design, and finally achieve the self-powered and self-sus-
tainable autonomous fiber robot.

Besides, structural embedded logic in stimulus-respon-
sive materials is still at the infancy of exploration toward 
complex mechanical computation, reflex and intelligent. 
Multistable structure and multiresponsive materials are the 
most common strategies to achieve structure logic, such as 
the example in figure  6d.[122] In addition, Lee et  al. reported 
a reflex like sensorimotor nervous systems, as shown in 
Figure  21f.[416] The self-powered photodetector generated 

a pulsed voltage triggered by optical signals, which gated a 
stretchable organic nanowire synaptic transistor, and con-
trolled an artificial muscle fiber contracts. This work showed 
the possibility to integrate more complex sensor–processer–
actuator fiber system. Such intelligent fiber system can dis-
tinguish multiple signal from different fiber sensors and 
process the signal with the embodied computational methods 
to make appropriate decisions and actuation response. This 
complex system hybridizes different kinds of signal and 
stimuli, the signal transduction and energy transformation 
are very challenging. Nevertheless, it holds great promise to 
achieving autonomous and intelligent fiber robots for future 
development of soft robotics, neurorobotics, and intriguing 
wearables for human–robot interfaces.

7.4. Correlation Building between Fiber/Fabric with Human 
Body and Environments

Figure  22 proposes a relationship representation for fibers/
fabrics application in actuators, sensors, and power sources, 
which perform with different responses and functions to the 
external stimuli including electricity, heat, light, solvent, and 
vapor condition, magnetic, and pneumatic. First, actuations 
of fibers/fabrics can be realized relying on single or mul-
tiple stimuli above through different designs. In comparison, 
electrical actuations have more accurate operations and con-
trollability. Fibers/fabrics sensors normally could response 
to mechanical deformation, temperature change, humidity 
variation, solvent/metabolite or optical stimuli, etc., they 
could assist the actuators operations and use for healthcare 
monitoring, but the detections usually rely on an additional 
electrical power, which increase the difficulty of system inte-
gration. Energy harvesting ability of fibers and fabrics from 
thermal conduction, mechanical motions, water, solar irra-
diance, etc., could be an effective way to provide power for 
both actuators and sensors, achieving certain self-powered 
fiber/fabric electronics, improving the system integration. It 
requires that the fibers/fabrics possess high power density in 
energy harvesting and storage. Hybrid devices which could 
scavenge energy from multiple stimuli and store in capacitors 
or batteries for on-demand usages, would be a more effective 
way to power the sensor and assist the actuators. Sensors with 
multiresponsive capabilities for various stimuli are required 
to improve the accuracy of feedback-control for actuators. In 
the form of fibers or fabrics, actuators often encounter chal-
lenges in the limited displacement and force, but show good 
comfort and safety for human–robot interfaces. Especially it 
promises as threadlike robots across the complex scenes in-
vivo for biomedical applications, such as target diagnosis and 
therapy.

In a nutshell, integration of fiber/fabric-based devices of 
actuators, sensors, and power sources, or integrating the 
enriching multifunctions such as displays and sensorimotor 
information communications in a same fiber or fabric as all-in-
one robot or wearable is highly desirable and yet challenging. In 
this realm, intensive efforts combining material, chemical, elec-
trical and textile engineering techniques are being pursued. It 
is envisaged that the robotic fibers or fabrics in the near future 
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can be rollable, and customized with active origami capability, 
providing daily services like the conventional static fibers and 
textiles. It is time that the most common fibers/fabrics accom-
panying human for thousands of years to embrace regener-
ated new activities for the soft robots, wearable electronics, and 
human–robot interfaces.
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