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Soft materials and actuators enable applications that are 
not possible using traditional rigid robots and actuators. 
Owing to their flexibility and compliance, soft actua-
tors can adapt to complex and dynamic environments, 
which makes them exceptionally advantageous for 
physical interaction with fragile objects or living organ-
isms. However, despite great advances in the field of soft 
robotics, both replicating the performance of biologi-
cal actuators and the implementation of soft robots in 
industrial applications remain a challenge owing to the 
high- level complexity of biological actuators. Biological 
muscle and animal limbs have long served as inspira-
tion for the design of soft actuators featuring a range 
of complex actuations (such as reversible contraction, 
expansion and rotation) and motions (such as bending 
and twisting), as well as specific strain, force, energy and 
power performance metrics1–3 (Box 1). However, biologi-
cal muscles have evolved to operate robustly in dynamic 
environments with high performance (efficiency, speed 
and power) and complex actions (including sensing, 
tunable stiffness or repair mechanisms), all of which are 
challenging to replicate in synthetic systems.

Individual performance metrics can be particularly 
useful for specific tasks and are thus usually designed 
for specific applications. However, combining the per-
formance and physical intelligence of biological sys-
tems (such as self- healing and self- adaptive behaviours) 
would greatly advance the integration of soft actuator 
and robot technology in multiple fields (for example, 
health care4, agriculture5,6, industry7,8 and mobility9).

In this Review, we discuss materials and soft actu-
ation methods that can enable advanced physical 
intelligence10, function and performance in soft actuator 
technology. We first examine promising soft actuation 
methods, including tethered, untethered and biohybrid 
actuation, and then discuss actuation strategies based 
on programmable soft materials that improve the per-
formance and multifunctionality of soft actuators. We 
highlight state- of- the- art demonstrations of soft actu-
ators towards real- world applications, including soft 
grippers, artificial muscles, sensor- integrated soft robots, 
haptic displays and biomedical applications. Lastly, we 
discuss challenges and opportunities for next- generation 
soft actuators, including integrating physical intelli-
gence, encoding adaptability, manufacturing scalability 
and reproducibility, and improving the durability of 
soft robots.

Promising soft actuation methods
Material selection, structural design and fabrication 
techniques are key factors in designing soft actuators 
that can convert multiple energy inputs into mechanical 
energy outputs using tethered, untethered or biohybrid 
approaches.

Tethered synthetic soft actuation
Tethered soft actuators are usually actuated through 
a change of fluidic pressure in hollow channels of the 
soft actuator body, by electrically driven shape change 
or through passive deformation produced by motion 
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transmitters (for example, cables and tendons) attached 
to external motors.

Fluidic soft actuators. Fluidic soft actuators, which are 
the most prevalent soft actuator type, work by con-
trolling the fluid pressure inside the hollow channels of 
their soft body (Fig. 1a). On top of basic gripping and 
locomotion capabilities, advanced functions are being 
explored; for example, a single pneumatic input can 
control the actuation sequence of multiple actuators by 
exploiting the nonlinearity of soft body deformations 
and passive flow restrictions. The physical intelligence of 
this actuation sequence allows a robot with 8 degrees 
of freedom (8- DOF) to walk without any active control 
or fluidic valves11. Accessing passive flow resistance 
(viscous resistance) can be used to program not only 
the sequence but also the time and degrees of actuation 
of soft robots12. Additionally, dynamic locomotion gaits, 
such as jumping, can be realized by harnessing snap- 
through instabilities of pneumatically inflated shells13. 
Fluidic actuators are highly compliant, easy to fabricate, 
and can provide large deformations, but they require 
bulky pumps, valves and tubes. Moreover, their actuation  
is typically slow, inefficient and not very precise14,15.

Electrically driven soft actuators. Electrically driven 
actuation is the second- most common tethered soft actu-
ation method. Electrically driven soft actuators exploit 
the Maxwell stress to induce a mechanical shape change 

in dielectric soft materials. For example, dielectric elasto-
mer actuators (DEAs) have opposing flexible electrodes 
on both sides of an elastomer sheet, which can contract 
along the thickness (direction of the electric field) and 
expand in the area orthogonal to the thickness direction 
(Fig. 1b). Shape- morphing DEAs can be designed with 
embedded internal electrodes between layers of elasto-
mer sheets16, and interdigitated DEAs can be 3D- printed 
to enable multi- axial actuation17. Nevertheless, to deliver 
large strains, DEAs often require a rigid frame and a pre- 
stretch step18. DEAs without rigid frames have lower out-
put force, smaller strain and lower energy density, unless 
they feature multilayer strain- stiffening elastomers19. As 
an alternative to isotropic elastomers, DEAs can benefit 
from the anisotropic elasticity of liquid crystal elasto-
mers to achieve high anisotropic strains, because the 
molecular alignment of liquid crystal elastomers can be 
programmed; for example, monolithic dielectric liquid 
crystal elastomers can achieve a strain rate of >120% 
per second20. DEAs offer high electrical control and 
electromechanical actuation performance; however, 
they can suffer from dielectric breakdown at elastomer 
defects, hindering their large- scale fabrication.

Hydraulically amplified self- healing electrostatic actu-
ators. Hydraulically amplified self- healing electrostatic 
(HASEL) actuators incorporate the advantages of DEAs 
and fluid- driven soft actuators7,21,22. Using both electro-
static and hydraulic forces, HASEL actuators can actuate 
in different modes (such as expansion, contraction and 
rotation), self- sense their deformation, and electrically 
self- heal after a dielectric breakdown. They are classi-
fied as electroelastic and thermoplastic actuators, and 
can be scaled up to achieve impressive force outputs22. 
Electrohydraulic HASEL actuators offer all- round mus-
cle performance with actuation stresses of 0.3 MPa, con-
traction strains of 24% and energy densities of 70 J kg−1 at 
resonance. The only limitation remains their operation 
lifetime, which is less than that of natural muscles by 
a factor of about 1,000 (reFs7,22). Similar to DEAs, the 
main challenge for safely operating HASEL actuators in 
close proximity to the human body is the requirement of 
very high voltage (of the order of kilovolts). Safety could 
be ensured by carefully limiting the maximum electrical 
current flow at the expense of actuation speed22.

Electrohydrodynamic actuators. Electrohydrodynamic 
actuators use high electric fields to induce motion 
in dielectric fluid enclosed in elastomeric channels. 
Stretchable soft pumps based on charge- injection 
electro hydrodynamic mechanisms enable bi- directional 
pumping23 and have low power consumption (about 
100 mW), low mass, and performance metrics (specific 
pressure of 10 bar kg−1 and specific flow rate of about 
103 ml min−1  kg−1) that are comparable with those of 
commercial bulky pumps, making them ideal portable 
tools for soft robots and fluid- driven wearable devices.

Electrothermal actuators. Electrothermal actuators 
are tethered systems that use electrical current pass-
ing through an electrically resistive material to gener-
ate Joule heating for expansion or contraction (Fig. 1c). 

Box 1 | soft actuator performance metrics

Actuator performance metrics are related to actuation strain (changes in length or 
geometry upon actuation), actuation force (force generated during actuation), energy 
(output work generated by the actuator) and power (output work normalized by 
actuation timescale). The relevant performance metrics for skeletal muscle1 are 
included for context.

strain
Actuation strain, ε (%) = (Lactuated − Lnon- actuated)/Lnon- actuated (skeletal muscle: 20–40%)
Actuation strain rate (% s−1) = actuation strain/actuation time (skeletal muscle: 
10–50% s−1)
Hysteresis = change in strain over actuation cycles
Locomotion speed = body length/time (for mobile and untethered actuation)
Actuator density (kg m−3) = mass/initial volume (external components are typically 
neglected) (skeletal muscle: 1,037 kg m−3)

Force
Force output (N)
Actuation torque (N m)
Actuation stress (Pa) = force output per area (skeletal muscle: 0.1–0.35 MPa)
Torsional stroke (deg m−1) = rotations per displaced length
Torsional speed (rpm) = rotations per unit of time (minute)

energy
Work (J) = mlift g Δy (mlift: mass of the lifted object; g: gravitational acceleration, Δy: 
vertical displacement of the lifted object)
Specific work (J kg−1) = work per mass (skeletal muscle: 8–39 kJ kg−1)
Work density (J m−3) = work per volume (skeletal muscle: 8–40 kJ m−3)
Efficiency, η (%) = work per energy input (skeletal muscle: 35–40%)
Cycle life = maximum actuation cycle before mechanical failure (skeletal muscle >109)

Power
Frequency (Hz) = actuation cycle per second (skeletal muscle: 1–10 Hz)
Power (W) = work done per actuation time
Specific power (W kg−1) = power per mass (skeletal muscle: 48–274 W kg−1)
Power density (W m−3) = power per volume (skeletal muscle: 50–248 W m−3)
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Thermal actuators can be based on shape memory 
alloys24, shape memory polymers25 or twisted fibres and 
yarns26–29, which have high specific power (up to about 
100 times more power than human muscles30). However, 
thermo- responsive twisted fibres usually suffer from low 
actuation efficiency and low frequency owing to slow 
heating and cooling cycles.

Passive deformation. Although not an actuation mecha-
nism, soft machines can also be designed on the basis of 
passive mechanisms, that is, deformation caused by ten-
sion transmitted through tendons from external motors 
(Fig. 1d). Here, complex deformations and locomotion can 
be achieved by using multiple motors connected by ten-
dons to different parts of a soft body. Such tendon- based 
mechanisms are similar to biological tendons and are  
thus especially suitable for wearable (assisting and 
rehabilitating) devices. For example, tendon- driven 
soft wearable gloves can generate high enough forces, 
while maintaining a small form factor, to enable rehabil-
itation of patients with spinal cord injuries31. Similarly, 
soft machines with discontinuous or architected bod-
ies, which cannot use fluidic pressures, are suitable for 
tendon- driven actuation32. Other applications include 
soft, multi-fingered grippers33, continuum robotic 
arms34, soft pumps35 and efficiency enhancement of flu-
idic robots36. Using compliant tendons along external 
rigid motors, tendon-driven soft robots can provide fast 
and accurate deformations with high output forces, while 
maintaining an overall compliant structure. These sys-
tems, however, are not suitable for scaling down in size, 
because they require motors, and they cannot be easily 
scaled up in degrees of freedom, because two motors 
are required for each degree of freedom to achieve an 
agonist–antagonist actuation system.

The requirement of motors, pumps or cords for teth-
ered actuation methods constrains device miniatur-
ization and mobility, as well as applications in certain 
environments. Research is in progress to overcome these 

miniaturization and mobility constraints, while main-
taining the overall softness and performance of the sys-
tem. Tethered actuation can further be transformed into 
untethered actuation for specific target applications by 
integrating external actuation instrumentation (such as 
fluidic pumps and valves, and high- voltage electronics 
and batteries), into the actuated robot or device, particu-
larly for centimetre- scale, palm- size or larger soft robots 
in fluidic37,38 and electrical soft actuation39.

Untethered synthetic soft actuation
Tethered actuators, including those triggered by onboard 
electronics40 or soft pumps41, have promising features, 
such as large force output and agile deformation; how-
ever, for certain applications, soft actuators powered 
by untethered stimuli are preferred. Untethered soft 
actuators can be roughly categorized according to their 
stimuli: magnetic, light, acoustic and chemical.

Magnetic stimuli. External magnetic field- controlled 
soft actuators are being intensively investigated, because 
they can operate in a fixed- volume workspace (for 
example, a human body) and they can be applied via 
minimally invasive surgery and targeted drug delivery. 
The amplitude, gradient and direction of the magnetic 
field can be modulated with high temporal resolution, 
enabling deep tissue penetration. Magnetic actuators 
are actuated by the torques or forces generated by the 
interaction between controlled external magnetic fields 
or gradients and the magnetic properties of the actuator 
(Fig. 2a). With sophisticated control of external magnetic 
fields and actuator magnetization profiles, composite 
devices can achieve multimodal locomotion on various 
terrains42,43, bio- inspired movement and functions44,45 
and complex time- varying deformations46,47. By combin-
ing magnetic properties with other material attributes 
and structural designs, more advanced functions can 
be achieved48–50, such as shape memory, environmental 
self- adaptation, mechanical tunability and logic circuits, 
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among others. Magnetic actuators can further be 
encoded with programmed diverse local magnetization 
profiles51–53 to achieve desired multiple complex defor-
mations under different homogeneous magnetic fields; 
in addition, the arrangement of the magnetic domains 
can be reconfigured by heating ferromagnetic materials 
to their Curie temperatures54 or by re- aligning embed-
ded magnetic particles55. High- frequency magnetic 
fields can also excite magnetic particles and remotely 
generate heat to activate soft actuators without any 
physical contact56.

Light stimuli. Light is also commonly used as a wireless 
stimulus for soft actuators. In contrast to magnetic fields, 
light can be modulated with both high temporal and 
high spatial resolution using established equipment57, 
such as optical choppers, lenses and photomasks. 
Depending on the chemistry and optical absorptive 
properties of the light- active components in the actuator, 
the light that stimulates the soft actuator can either be 
wavelength- selective (provided by an ultraviolet source, 
a single- colour light- emitting diode (LED) or a laser) or 
it can be wide- spectrum (provided by white light or solar 
radiation). The working principle of synthetic light- 
responsive actuators is usually based on photochem-
ical reactions and/or the photothermal effect (Fig. 2b). 
In light- responsive liquid crystal networks, the order-
ing change is often introduced by photoisomerization 
of azobenzene derivatives58–60 or by photonic–thermal 

energy conversion59,61,62. In other materials, light can 
also trigger macroscopic deformation and motion via 
(including but not limited to) a shape memory effect63,64, 
an inequivalent thermal strain65,66, water desorption67,68, 
a change of hydrophobicity69,70, a change of surface 
tension71, a phase transition72–74 or a change of magnetic 
properties75,76.

Acoustic stimuli. Acoustic waves are a viable energy 
source for mechanical soft actuation, owing to their deep 
penetration into biological tissues and fluidic media. To 
efficiently convert acoustic energy into motion, mechan-
ical resonance is required, which can be provided, for 
example, by integrating oscillatory elements, such as 
gas bubbles77,78 (Fig. 2c) or sharp, flexible structures79,80, 
into the robot body to produce propulsion. Bubble- 
based actuators can exert a large thrust force in fluidic 
medium under a low- amplitude acoustic field; however, 
the long- term stability of the trapped bubble cannot be 
guaranteed. By contrast, flexible oscillating structures do 
not have bubble stability problems, but usually require a 
higher acoustic energy input for actuation owing to the 
over- damped displacement response of soft materials. 
By designing oscillators with well separated resonance 
frequencies, each oscillating actuator could be selectively 
addressed by ultrasound waves. Regardless of the type 
of oscillatory element, an acoustically powered actua-
tor should be in the focal plane of ultrasound waves to 
enable efficient resonant energy transfer.
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Temperature stimuli. In addition to electric field-, mag-
netic field- and light- induced heating, environmental 
temperature changes can be used in air and liquids 
to heat and actuate thermo- responsive soft materials 
(Fig. 2d). Before heating, several strategies can be applied 
to accomplish target functions, achieve better output 
performance, or perform heterogeneous deformation, 
including optimization of the structural design81, aniso-
tropic alignment of the material82, patterning of material 
properties83, assembling of parts with different thermal 
responses84,85 and mechanical pre- treatment of the 
actuators28,29.

Chemical stimuli. Environmental stimuli, such as 
humidity, ionic strength and chemical substances (liquid 
or vapour), can also actuate stimuli- responsive soft 
materials and, thus, serve as energy inputs for actuation 
(Fig. 2e). Hygroscopic actuators exploit the volumetric 
swelling behaviour of anisotropically or heterogene-
ously designed water- absorbing materials to achieve 
locomotion86 and programmed shape morphing87,88. 
Actuators can also respond to changes in ionic strength85, 
pH89, change of solvent90,91, the presence of solvent 
vapours27,92, the products (such as gas and heat) of 
chemical reactions93,94, the surface tension gradient95,96 
and selective DNA sequences97.

Such untethered actuators are entirely soft or have 
only very few rigid parts. Furthermore, they can be 
easily scaled down in size and are wirelessly controlled, 
which renders them highly mobile in complex and 
hard- to- reach environments, such as inside the human 
body. Untethered actuators can further use ubiqui-
tous energy sources and respond to environmental 
changes, such as light illumination, temperature change 
and humidity gradients. However, their work density and 
force output are usually smaller than those of their teth-
ered counterparts. Also, deformation and motion are 
dynamically coupled to their relative position from 
their energy source; for example, in a steady magnetic 
field, a magnetic actuator experiences different torques 
or directions of force depending on its orientation and 
location; and a light- triggered actuator has a different 
effective illumination area after it deforms because of the 
self- shadowing effect and incidental angle change. These 
dynamic changes make deformation more difficult to 
model and predict and thus, an inverse design strategy 
is more difficult. Despite these challenges, proper design 
will enable minimally modulated or even static stimuli 
inputs to trigger dynamic motions, such as self- sustained 
oscillation74 and continuous rotation75.

Biohybrid soft actuators
Biological cells and microorganisms have evolved to 
convert chemical energy into mechanical work with 
high efficiency and control. Owing to material and 
fabrication technology limitations, the synthesis of soft 
robots with sophisticated control and actuation path-
ways at the length scales of cells and microorganisms 
remains challenging. Alternatively, biohybrid devices98,99 
can be designed in which biological actuating and sens-
ing functions are combined with synthetic structures. 
For example, cardiomyocytes, smooth muscle cells 

or skeletal muscle cells contract either spontaneously 
with a chemical fuel (such as adenosine triphosphate, 
ATP) or through electrical stimulation (Fig. 2f). These 
cells can be optogenetically modified to remotely and 
wirelessly respond to light100,101. Muscle cells can further 
be co- cultured with neural cells to form neuromuscu-
lar units, whose contraction can also be triggered by 
light102. Such modified muscle cells can be seeded on 
different substrates or in matrices (including hydrogels, 
elastomers and extracellular matrices), and their con-
tractile movement can be exploited to perform different 
functions103, such as in artificial muscles104, pumping105, 
sensing106 and locomotion100,107,108. Living organisms 
that can propel themselves (for example, Escherichia 
coli, sperm cells, jellyfish and insects) can also be com-
bined with control components (Fig. 2f), allowing the 
design of devices that can be steered to follow desired 
trajectories109–112 or stimulated on demand to improve 
motion efficiency113. In addition, biological cells can 
be used as carriers for abiotic functional dopants, such 
as micro- or nanoparticles and drugs114,115, to perform 
biomedical functions.

Integrating biological units into soft actuators ena-
bles the design of small- scale devices that combine 
actuation, sensing and controlling functions without 
going through an overly complicated miniaturization 
and integration process. As a trade- off, these biohybrid 
devices are normally not as robust and durable as abiotic 
devices, and so the maintenance of the biological activ-
ity of cells, tissues and microorganisms requires specific 
environmental conditions (for example, temperature, 
proper nutrients, pH and hydration), which limits their 
potential applications.

Real- world applications
With advances in materials design and fabrication tech-
nologies, soft actuators and devices or robots have grown 
more sophisticated and are now applied in various areas. 
The mechanical properties of soft actuators are more 
similar to those of biological tissues than those of their 
rigid counterparts, making them suitable for replicating 
the functions of biological appendages, organs and actu-
ators, such as hands, intestines and muscles. The softness 
of these actuators also allows integration into wearable 
devices to achieve sensing capabilities, conformability 
and user comfort. Soft actuators can further interact 
with humans to provide haptic feedback, not just for the 
sensing of rigid textures and vibrations, but also to feel 
continuous surface contours and the softness of textures. 
In biomedical applications, in particular, for in vivo 
devices, patient safety is a key priority. Soft actuators 
have the advantage of being minimally invasive, while 
enabling contact and interactions with delicate tissues. 
Here, we discuss real- world applications of soft actuators, 
ranging from object manipulation and human–machine  
interactions to biomedical devices (TaBle 1).

Soft grippers
Traditional rigid robotic grippers are superior to human 
hands in terms of strength and durability, but are out-
performed by the compliance, dexterity and conform-
ability of human hands. To prevent damage of fragile 
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objects upon contact or during manipulation, rigid grip-
pers require precise feedback control of their forces and 
locations. By contrast, the conformability of the soft 
tissue of human hands enables the gripping of delicate 
objects, such as a tomato or an egg, without crushing 
them. Mimicking the soft tissue of human hands, soft 
constituent materials provide intrinsic compliance 
and continuum deformation for soft robotic grippers, 
enabling the high number of degrees of freedom nec-
essary for under- actuated and conformal grasping of 
arbitrarily- shaped 3D objects.

Soft robotic grippers can perform grasping by actu-
ation, controlled stiffness or controlled adhesion116. The 
most common strategy is actuation; here, the fingers of 
the gripper bend around the object to grip it. Fluidic 
actuation (using positive or negative fluid pressure), 
which is the most common actuation- based gripping 
method, can provide high output forces with simple 
control; for example, an origami- inspired lightweight 
vacuum- driven soft gripper can lift up to 1,000 times 
its body weight14. Fluidic actuation is a versatile actua-
tion method, compatible with grippers across size scales 
(gripping objects with dimensions from around 100 µm 
(reFs117,118) to around 1 m (reF.119)), and is currently the 
only commercially available gripping technology (Soft 
Robotics Inc.). Electroactive polymer- based grippers 
can provide large forces as well as a quick response 
(as fast as about 12 ms; reF.21). Shape- memory polymers 
cannot produce stresses as large as those of fluidic or 
electroactive actuators, but can be wirelessly actuated 
by thermal stimulation. Similarly, soft grippers fabri-
cated with other stimuli- responsive materials can be 
triggered by pH120, humidity121, solvent122, light123 and 
magnetic fields124. Most of these untethered stimuli 
induce an indirect, volumetric change- based defor-
mation. Alternatively, magnetic forces and torques can 
be directly applied to actuators125. Untethered small 
soft grippers have mainly been applied in biomedical 
applications thus far, such as targeted drug delivery126 

and active biopsy127. Micro- grippers that can operate 
at approximately human body temperature and can 
spontaneously grip onto a tissue have also been applied 
in vivo for sustained drug release128 or to excise cells 
from tissue129.

Materials or structures of variable stiffness can be 
applied to enable gripping by controlled stiffness. This 
method has the advantage that low forces are applied on 
the object during gripping (soft state), and high forces 
(stiff state) allow holding of the object, ensuring a con-
formal grasp. Various materials can be used to modulate 
the stiffness of the gripper, such as shape memory poly-
mers and low- melting- point alloys130. Shape memory 
polymers can achieve a substantial stiffness change, ena-
bling the development of grippers that can grasp objects 
around 925 times heavier than their body weight123. 
Shape memory polymers, however, have long actuation 
times (on the order of minutes), whereas granular jam-
ming enables fast gripping (about 0.1 s) at the expense 
of lower holding forces131.

Grippers with controlled adhesion can control the 
surface force between itself and the gripped object. Using 
electro- adhesion, lightweight, fast and versatile soft grip-
pers have been developed that are capable of gripping a 
wide variety of objects, from a water- filled balloon to 
a flat sheet of paper5. Such grippers have a very short 
response time and can be used on both smooth and 
rough surfaces; however, they require very high electric 
fields (on the order of kilovolts) to generate electrostatic 
attractive forces high enough for gripping. By contrast, 
grippers covered with gecko- inspired, fibre- based dry 
adhesives do not require power to operate and can 
achieve high loading capacities (about 280 times their 
body weight132) and versatile gripping of objects of dif-
ferent shapes133 (Fig. 3a). Micro- crater (sucker cup)- based 
dry adhesives retain their adhesive strength even in 
humid conditions and underwater134, but they cannot 
match microfibres in terms of adhesion strength.

Particularly in industrial settings, soft grippers need 
to provide fast yet precise movements to enable high 
productivity. The precision and accuracy of soft grippers 
can be improved by incorporating soft sensors to create 
a feedback loop. However, although progress has been 
made, the robustness and sensitivity of rigid electronic 
sensors have not yet been achieved with soft sensors. 
In addition, most current soft grippers lack versatility; 
the same gripper is unable to manipulate objects across 
different size scales and under various conditions (such 
as ambient, dry, wet or vacuum). This capability would 
pave the way for commercialization and wide adoption 
of soft grippers.

Artificial muscles
Replicating the performance of biological muscles — 
actuation stresses of up to 0.35 MPa (reF.135), strains of 
40% (reF.1) and energy densities of 40 J kg−1 (reF.136) — 
including their versatility, self- sensing and self- healing 
capabilities, remains challenging in an artificial soft 
construct. A range of artificial muscles have been 
designed, including DEAs19,137, fluid- driven actuators14,56 
and stimuli- responsive polymers27–30, based on a vari-
ety of working mechanisms2,138. Despite substantial 

Table 1 | application- specific desired abilities and properties (challenges)  
for soft actuators

applications Challenges

Soft grippers Precise movement, gripping accuracy, versatility, 
manipulation across different size scales, adaptability  
to environmental conditions (dry, wet, vacuum)

Artificial muscles Performance metrics close to those of biological muscles: 
actuation stress, actuation strain, strain rate, energy density, 
actuation frequency, life cycle, versatility

Sensor- integrated soft 
robots and wearables

Proprioception and exteroception: sensing shape, position 
and state; sensing external stimuli (light, heat, sound and 
electromagnetic fields); stretchable conductive wires  
and electrodes

Haptic displays Sensing surface properties (texture, friction, softness, 
tackiness and viscoelasticity); sensing bulk properties 
(elasticity, elongation and hardness)

Biomedical devices Rehabilitation and surgical devices: safe contact, 
adaptability, conformability

Soft milli- and microrobots: navigation in complex 3D 
environments, biocompatibility, controlled actuation, 
localization
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achievements, artificial muscles can only reach or 
surpass natural muscles in some respects; for exam-
ple, thermo- responsive polymer fibres have a high 
specific power, but their actuation efficiency and fre-
quency are low1,27. Fluid- based actuators, which require 
external pumps and tubes to operate, can morph into 
complex 3D shapes, but lack speed and efficiency14,15. 
DEAs have excellent electrical actuation control, but 
require rigid frames or multilayer stacked designs to 
achieve high force output and large strains19. HASEL 
actuators offer all- round muscle performance (Fig. 3b), 
but their operation cycle falls behind that of natural 
muscles by three orders of magnitude7,22. The impres-
sive overall muscle- like performance of HASEL actu-
ators stems from the combined benefits of DEAs and 
fluid- driven actuators, which make such electrohy-
draulic soft actuators great candidates for scaling up to 
practical applications.

Sensor- integrated soft robots and wearable devices
To be comparable with biological systems in terms of 
autonomy, soft robots need to incorporate sensory com-
ponents and achieve closed- loop control. The sensory 
feedback of soft robots can be based on proprioception, 
that is, being able to sense their own shape, position and 
state, or on exteroception, that is, being able to sense 
different types of external stimuli. Depending on the 

application, sensing stimuli, such as light, heat, sound 
and electromagnetic fields, can be exploited; however, 
physical and mechanical cues remain the most impor-
tant signals with which soft robots can navigate their 
surroundings.

Proprioception is especially difficult to achieve in 
soft robots owing to their high number of degrees of 
freedom. Proprioceptive capabilities are usually based 
on sensing the curvature or strain at discrete points 
along the soft body, using different types of stretcha-
ble strain sensors (such as resistive139, capacitive140 and 
piezoresistive141). Alternatively, optoelectronic sensory 
foams can be applied and combined with machine 
learning algorithms to predict types and degrees of 
deformation (such as bending and twisting) of a soft 
actuator142. Similarly, an optical sensory system can be 
designed using stretchable optical fibres and neural net-
works to sense volumetric structural deformation during 
compression143. Such optical fibre- based proprioceptive 
systems have been used in a soft robotic glove, which can 
distinguish between all types of finger joint movements 
in real time144 (Fig. 3c). Liquid metal- based stretchable 
sensors have also been used to reconstruct the deforma-
tion (from actuation as well as from contact with other 
objects) of soft actuators in real time145.

Most soft actuators capable of proprioception also 
have exteroceptive capabilities; that is, the same sensors 
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Fig. 3 | state-of-the-art soft actuators with potential industrial applications. a | Dry microfibrillar adhesive- covered 
soft gripper, shown gripping various objects, that combines 3D surface conformability and high adhesion strength by 
controllable equal load sharing at the interface133. b | Schematic of a linear hydraulically amplified self- healing electrostatic 
(HASEL) actuator. c | A high- resolution soft sensor with optical output, fabricated with elastomeric light guides, can be 
used to differentiate and quantify the location, amplitude and type of mechanical deformation, as demonstrated with a 
wireless, soft wearable glove144. d | The softness of an object can be perceived by finger touch by optimizing the geometric 
and material properties of micropatterned pillars163. SLIMS, stretchable lightguide for multimodal sensing; LED, light-  
emitting diode. Panel a reprinted with permission from reF.133, National Academy of Sciences. Panel c reprinted with 
permission from reF.144, AAAS. Panel d reprinted with permission from reF.163, AAAS.
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that measure internal pressures can also be used to sense 
external mechanical stimuli. Additional sensors can 
be added to achieve exteroceptive contact sensing, for 
example, by embedding deep and fine contact sensors 
along with curvature sensors into the soft actuator by 3D 
printing146. Photonic strain sensors can further be used 
as curvature, elongation and force sensors to achieve 
active haptic sensing of shape, texture, softness and even 
object recognition147. Other non- mechanical external 
stimuli can be sensed using appropriate soft sensing 
methodologies; for example, a hybrid bio- LED–gripper 
composed of engineered bacteria can sense chemicals 
and convert the chemical signals into optical feedback 
to make autonomous decisions during a pick- and- place 
operation148.

User- friendly interactions can improve patient 
compliance towards wearable assisting and rehabilita-
tion devices. Soft actuators are particularly suitable for 
wearable devices, allowing close and safe contact with 
the human body149. Incorporating sensing capabilities 
and closed feedback loops is crucial for the design of 
next- generation smart wearable assisting and rehabil-
itation devices. For example, Exo- Glove Poly, which 
is a tendon- driven robot made entirely of polymers, 
helps people with spinal cord injuries with daily grasp-
ing tasks31. Through a machine learning model and a 
first- person- view camera, the robot can detect the user’s 
intention of object grasping and release and actuate 
tendons to perform grasping150.

Most soft sensors with stretchable conductive mate-
rials provide some form of electronic output, such 
as change of resistance and capacitance. Most poly-
mers used to fabricate soft robots can stretch up to ten 
times their original length, which cannot be matched 
by stretchable conductive wires and electrodes151. 
Moreover, the use of wires inherently excludes unteth-
ered applications. Although wireless communication 
can be applied for untethered sensors, it requires rigid 
electronics, decreasing the overall softness of the robot. 
Modelling the response of such soft sensors to external 
forces, motions and stimuli is also challenging, because 
mechanical coupling between the soft robot and the 
sensor, and, consequently, the sensor response, changes 
with the actuation state, such as inflation or stretching 
of the actuator152.

Haptic displays
The field of haptics aims to deliver an artificial sense 
of touch for humans, mainly through tactile (sense of 
touch) and kinesthetic (sense of motion and force) feed-
back. A variety of materials and technologies have been 
explored for haptic displays153, including soft actu-
ators for tactile displays and remote surgeries. Soft 
materials offer mechanical compliance, which can be 
tuned to match human skin, and are easy to produce 
in different forms153,154. The bulk mechanical proper-
ties of soft materials can be manipulated by different 
transduction mechanisms, including pneumatic155, 
hydraulic156, electrostatic157,158, electromagnetic159, 
thermal160 and phase transition161 effects, to enable 
soft tactile displays. However, to capture a full spec-
trum of object feeling, the surface properties, including 

texture, friction, softness and viscoelasticity, must be 
considered, which can be achieved by controlling the 
molecular structure of materials162. For example, by 
independently controlling indentation depth and con-
tact area, the softness of an object can be perceived by 
finger touch163 (Fig. 3d). Moreover, multi- material 3D 
printing allows high- resolution voxel- by- voxel control 
of softness properties at soft actuator interfaces164,165. In 
addition to mechanical stimulation, electrical stimula-
tion can be used to stimulate mechanosensory neurons 
by integrating conductive soft materials166,167. Future soft 
tactile devices should integrate the desired bulk and sur-
face properties of real objects and aim to achieve haptic 
feedback comparable to what RGB displays and speakers 
have achieved for vision and hearing.

Biomedical robots and devices
Biomedical tools and drug delivery devices must operate 
safely in vivo. Thus, soft surgical robots should be flex-
ible enough to navigate through tortuous in vivo envi-
ronments, yet stiff enough to counter fluidic flow and 
overcome obstacles; they should also possess efficient 
force transmission and high dexterity to enable them 
to perform surgical tasks after arriving at the targeted 
locations4. For example, soft actuated catheters can be 
guided and navigated through complex structures to 
reach target locations that are difficult to access with 
traditional endoscopes or minimally invasive surgical 
tools. Various functions and designs have been explored 
for soft catheters to make them easier to deploy and 
navigate, and to solve specific physiological problems.

Magnetic navigation is contactless with a high num-
ber of degrees of freedom, allowing magnetic catheters 
to be steered in small and confined 3D spaces168,169. 
Flow- driven navigation enables a micro- catheter (with 
the smallest part having a diameter of 25 μm) equipped 
with a magnetic head to automatically advance in blood 
vessels and to be magnetically steered at the bifurca-
tion position170 (Fig. 4a). This method is particularly 
promising for navigating in branching and tortuous 
small vessels, reducing the risk of iatrogenic damage 
and the need for human intervention. A flexible sensor 
array can be integrated with a balloon actuator, which 
can then be deployed using a catheter; after actuation, 
the stretchable sensors conform to the cardiac surface, 
which may allow the design of an entirely soft and con-
formal electrophysiological device for sensing and ther-
apeutic purposes171,172 (Fig. 4b). Capsule endoscopes, 
which can be magnetically oriented and anchored to a 
tumour, can even perform under- tissue biopsy using 
a fine- needle biopsy tool173 (Fig. 4c).

Biomedical assistive devices can greatly bene-
fit from the soft nature of soft actuators, which allow 
user- friendly and safe interactions with the human body 
ex vivo and in vivo by providing robotic conformability 
and adaptivity. For example, a ventricular device can 
assist the recovery of heart function after heart failure. 
The bracing soft pneumatic actuators apply a rhythmic 
compressive force to the ventricle- free wall to promote 
blood ejection volume from the target ventricle (Fig. 4d). 
This device was tested in vivo in a porcine model, 
showing potential for future clinical studies174.
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Soft untethered milli- and microrobots can also serve 
as drug carriers. These robots can be navigated to targeted 
locations and release the loaded drug locally on demand, 
which is especially desired for the treatment of tumours 
to increase local drug concentration and avoid side effects 
in healthy cells and tissues. A biohybrid soft microswim-
mer based on red blood cells and Escherichia coli can 
swim with bacterial flexible flagella and can be loaded 
with magnetic nanoparticles and drugs; it can be steered 
under magnetic fields and used as a biocompatible drug 
carrier114 (Fig. 4e). On- demand drug release by milli- and 
microrobots is commonly triggered by non- invasive 
stimuli, such as magnetic fields175, light176, enzymes177, 
ultrasound178 and pH89. Soft microrobots can also be 
3D- printed with a zwitterionic photoresist, so that they 
can be propelled magnetically in a physiological environ-
ment without being detected by macrophages as a foreign 
threat (Fig. 4f). A drug loaded into these microrobots can 

then be released on demand under light radiation176. 
Magnetically inert objects can further be made mag-
netic by applying a magnetic spray, for example, for 
the design of a drug- loaded capsule that can locomote 
in a stomach- mimicking environment; application of  
an oscillating magnetic field then causes disintegration  
of the capsule shell and release of the drugs179.

A key challenge for surgical and assistive devices is to 
enable soft contact with human tissue, while maintain-
ing their shape adaptability and conformability in com-
plex environments. They should also be compatible with 
imaging tools to allow in vivo visualization. In addition, 
precise control of 3D locomotion, efficient movement 
in a complex biofluidic environment (fluidic flows and 
non- Newtonian, viscous biofluids), biocompatibility, 
on- demand drug release and biodegradability are being 
intensively investigated for micro- and millirobots 
(TaBle 1).
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Outlook
Although a variety of promising soft actuator technol-
ogies have been developed, large- scale deployment and 
wide acceptance of soft actuators and robots in commer-
cial settings remain limited. To address this inadequacy, 
the soft robotics community has tapped into the fields 
of materials science, computer science, biology and 
mechanical engineering to seek solutions for real- world 
problems and challenges.

Encoding physical intelligence in the material design
As common mechanical components — such as rigid 
gears, pin joints and silicon- based electronics — cannot 
be used in soft actuators, intelligent material designs 
are being explored to encode physical intelligence10 in 
soft robots and to implement features that cannot be 
achieved by bulk constituent materials180. For example, 
the bistability of spherical membranes can be exploited 
to create entirely soft valves, which can be used as 
switches181 to enable binary logic computations182, and 
to create a soft oscillator183. Similarly, bifurcation- based 
buckling allows the design of soft actuators that can 
respond to environmental stimuli in a programmed way 

based on their encoded logic91. Snap- through instabil-
ities (Fig. 5a) can impart fast motion to soft robots for 
gripping184 and locomotion185. The distribution of body 
stiffness can further be programmed in soft swimmers to 
enable undulatory swimming in the intermediate- flow 
regime186.

In addition to mechanical instabilities, kirigami and 
origami principles can be applied to encode intelli-
gence in soft robot bodies (Fig. 5b). Rationally designed 
kirigami cuts can introduce frictional asymmetry to 
cylindrical sheets, allowing a soft robot to crawl187. 
Kirigami- cut sheets can also be used to develop shape-  
morphing inflatable structures capable of mimicking a 
desired target shape188. Moreover, vacuum- based actua-
tors with large linear contractions of origami skeletons 
can operate as artificial muscles14 and grippers189, with 
high power densities.

Bilayer structures with different composites can 
further be used to encode motion and shape in soft 
structures (Fig. 5c). For example, a bilayer structure 
made of hygroscopic polyethylene oxide film experi-
ences directional expansion in humid environments 
and can be used as a low- weight, crawling soft robot86. 
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Pre- stretching one layer in a bilayer system creates actu-
ators with spontaneous curvatures that are capable of 
zero- power holding (exerting forces in non- actuated 
states) with programmable shapes and actuation 
sequences184,190. The property of liquid crystal elastomers 
to show large deformations under thermal stimulation 
could be explored in the design of bilayers with different 
liquid crystal elastomer director alignments to enable 
untethered shape morphing and propulsion84.

Even without specialized design tools, such as 
mechanical instability or origami, soft robots demon-
strate physical intelligence simply by virtue of their 
soft bodies. Soft robots have a high number of degrees 
of freedom, and, although not all of them may be 
addressed, they can still be deterministically actuated 
with fairly simple control algorithms. For example, a soft 
gripper can conformally grip a rigid object owing to the 
compliance of its body without the requirement to pre-
cisely control each contact point. This capability stems 
from the physical intelligence of soft robots, which 
greatly simplifies their external control, because the 
desired functions are encoded in their body materials, 
structures and mechanisms191–193.

Multimodality, multifunctionality and reconfigurability
Biological actuators show great adaptivity; hands 
can grab objects of different sizes and shapes; octopi can 
squeeze and pass through tight tunnels; plants can react 
to environmental stimuli to protect themselves and pro-
mote proliferation. It is desirable for robots to be able 
to adapt to different tasks and environments either pas-
sively or actively with human intervention and feedback 
control. Soft actuators resemble their biological counter-
parts in many mechanical aspects, but deformation of 
their continuum body cannot be as easily controlled as 
in rigid robots, whose movements are highly discretized 
with motors and gears.

Moreover, adaptivity is crucial for the safe operation 
of soft actuators, in particular, for human–machine 
interfaces, haptics and biomedical devices. In complex 
and hard- to- predict physiological environments, soft 
actuators should perform their designated tasks without 
posing any danger. Thus, mobile soft robots should be 
able to locomote with multimodalities (such as walking, 
rolling, jumping and swimming) to reach their target 
locations in an unfamiliar, changing and multi- terrain 
environment and to overcome obstacles. Switching 
modalities usually involves a change of external controls 
or reconfiguration of shapes; for example, a legged robot 
performs a walking motion, whereas a helical shape is 
better for rolling and swimming. Reconfiguration can be 
triggered by intentionally changing the external stimuli 
(such as magnetic fields42, light61, electricity194 and air 
pressure195) and/or passively through environmental 
changes (such as humidity gradient86, temperature196 
and the presence of certain chemicals197). Soft robots 
that can reconfigure their shapes and respond to stimuli 
can perform different tasks and become multifunctional. 
Multifunctionality without sacrificing the performance 
of individual functions allows the same soft robot to 
be reapplied in a different task without having to be 
replaced.

Adaptability can be achieved by designing the phys-
ical or chemical properties of materials so that they can 
change in response to external stimuli. Alternatively, 
materials can be assembled into different structures, 
which, in turn, react differently to different stimuli. In 
addition, origami and kirigami, deployable geometries, 
heterogeneous stiffness and anisotropic material align-
ment can be applied as structural strategies. Modular 
designs can further be employed by assembling individ-
ual building blocks into groups with changing geometries 
or functions based on different needs, such as magnetic 
swarm robots. Moreover, tethered or untethered feed-
back loops can be implemented so that a robot can adapt 
and change its controlling signals; for example, inte-
grated sensors can provide electrical or optical signals, 
which can change the control signals148, or light- activated 
robots can have self- shading effects and oscillate74. To 
coordinate these design parameters, simulations can be 
performed; in particular, machine- learning and neural 
networks can help to address the inverse design problem 
for application- driven problems.

Reproducibility and manufacturing scalability
Repeatability, reproducibility and scalability of manu-
facturing and operation processes are key for the indus-
trial commercialization of soft actuators. Repeatability 
measures the consistency of fabrication and operation 
conducted by the same operator under the same condi-
tions, whereas reproducibility describes how precisely 
others can replicate the same manufacturing and opera-
tion process. Manufacturing repeatability and reproduc-
ibility involve material and structural consistency. The 
properties of many soft materials are affected by even 
slight environmental changes; for example, the volume 
and stiffness of hydrogels may be sensitive to tempera-
ture and humidity; the mechanical properties of elasto-
mers can vary owing to variations in the temperature 
under which they are crosslinked; and the magnetiza-
tion profiles in magnetic actuators can differ depending 
on particle alignment and doping fraction. However, 
using the same materials and fabrication protocols, 
the manufacture of actuators should be consistent and 
reproducible, resulting in consistent performance. 
Usually, automated processes with well controlled con-
ditions and repeatable workflows, such as 3D printing, 
laser cutting, lithography and roll- to- roll processing, 
provide better material and structural consistency than 
do manual assembly.

Manufacturing scalability is important for indus-
trial commercialization. Most soft actuators have 
been demonstrated in the laboratory with only lim-
ited large- scale production thus far. Scalability is chal-
lenging, because materials processed in large batches 
can have different properties to materials processed at 
smaller scales. For example, the fabrication of biohybrid 
devices, synthetic biomaterials and complex microfab-
ricated devices is highly dependent on human interven-
tion and experience, which limits reproducibility and 
scalability. Scalability can be achieved by integrating 
established fabrication techniques for large- scale soft 
materials with actuating mechanisms using hierarchical 
designs. For example, soft actuators can be combined 
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with textile technology198 to build wearable devices; here, 
yarn materials can be varied, the microscale structures 
of individual yarns can be engineered, various woven 
or knitting methods can be applied, and functional 
patches can be patterned. However, a challenge in the 
fabrication of soft devices with hierarchical designs is 
the lack of compatibility of fabrication techniques with 
materials at different length scales; for example, soft 
micropatterns may be destroyed during roll- to- roll pro-
cesses, and stimuli- responsive yarns made of soft mate-
rials may be too fragile for knitting machines. Although 
many techniques have been established for soft mate-
rial fabrication, more efficient and more reliable fabri-
cation tools and methods will be required to improve 
reproducibility and allow large- scale fabrication for the 
commercialization of soft actuators and robots.

Lifetime, self- healing and degradation
The generation of electronic waste is rapidly growing 
and has become a global environmental challenge, with 
a predicted 52 million tons of electronic waste in the 
year 2021 (reF.199). Despite current efforts in legislation, 
collection and recycling, 80% of electronic waste is dis-
posed of by incineration or in landfills, releasing toxic 
materials (such as volatile organic chemicals and heavy 
metals) into air, water and soil200. Soft actuation and 
robotics present an opportunity to mitigate electronic 
waste generation by avoiding traditional actuator tech-
nology. However, widespread application of soft actua-
tors will require consideration of their life cycle as well 
as sustainable design.

The typical end- of- life of an actuator operating 
in dynamic environments is caused by injuries that 
reduce its structural integrity, change its properties or 
terminate its function. Soft actuators are especially 
vulnerable to injuries, because soft materials and com-
ponents are sensitive to mechanical impact and punc-
ture. Self- healing materials can recover their properties 
after damage, providing a promising way of repairing 
the function of actuators after catastrophic damage 
and extending their operational lifetime. Self- healing 
materials can be divided into extrinsic and intrin-
sic materials. Extrinsic self- healing materials consist of 
external healing agents embedded in a material matrix, 
typically by microencapsulation or vascularization201. 
Upon damage, the capsules are ruptured, releasing the 
healing agent to the damaged areas, thereby triggering 
a healing reaction. For example, soft actuators can be 
designed with extrinsic self- healing by encapsulating 
liquid metal droplets in a soft elastomeric matrix202. 
However, extrinsic healing provides only a limited 
number of healing cycles, needs access to a reservoir of 
healing agents, which may be toxic and can leak, and 
fabrication is challenging. Intrinsic self- healing materi-
als, by contrast, do not require external healing agents, 
but rely on dynamic covalent bonds and supramolecular 
chemistry203. For example, self- healing pneumatic soft 
grippers and muscles use hydrogen- bonded networks204, 
dissociative Diels–Alder bonds205 or disulfide bonds206, 
which can recover their function after damage. Similarly, 
self- healing electronic skins can be designed based on 
metal- ion coordination207 and ionic interactions208. These 

intrinsic self- healing properties are inherent to polymer 
networks, providing an indefinite number of healing 
cycles (reversibility). However, intrinsic healing relies on 
poly mer chain mobility and reaction rates, and, there-
fore, healing is limited by kinetics and may require an 
external activation trigger, such as temperature or light.

Despite progress in the engineering of self- healing 
materials, their application in soft robotics remains 
limited, with many challenges ahead209. To design the 
most suitable self- healing strategy and materials for a 
soft robot, its end application, performance, function, 
environment and types of possible damage need to be 
considered. Healing from mechanical204, electrical7 
or thermal damage210, and recovery of mechanical204, 
conductive211 or thermal properties212 of the robot may 
require different (and often opposed) strategies. The 
volume (micro versus bulk) and severity (mild versus 
catastrophic) of the damage may also determine pos-
sible approaches. Furthermore, fast- healing kinetics204 
will be required to recover the robot’s function quickly 
and minimize offline repair time. Overcoming these 
challenges will extend the lifetime of soft actuators and 
robots and expand their use in real- world applications 
in demanding environments.

When actuators are damaged beyond repair or at 
the end of their programmed lifetime, their end- of- life 
handling needs to be considered to avoid waste gener-
ation and environmental impact; in particular, sustain-
able approaches should be pursued, such as recycling 
and degradation213. Degradation of transient actua-
tors can bring added value beyond responsible waste 
management; for example, actuators for medical soft 
robots can be made to be degradable to avoid the need 
for recovery and retrieval operations. In addition, pro-
grammed and controlled degradation can add func-
tionalities to robots, such as structural changes and/or 
the release of drugs upon degradation95,214,215. Materials 
can be degraded by various mechanisms, including 
hydrolysis216, composting217, enzymatic cleavage218,219 
or reversible crosslinking204, enabling the integration 
of end- of- life management and transient functionali-
ties into soft robotics. However, in addition to degra-
dation mechanisms, the environment surrounding the 
robots (that is, degradation stimuli or reactive species), 
degradation kinetics (minutes, weeks), and applica-
tion and performance in different phases (original, 
transient and terminal functions) need to be considered.

Despite recent advances, soft actuators cannot yet 
completely replicate biological behaviours and perfor-
mances. However, the development of new robotic mate-
rials will push the limits of current soft robots and help 
them to achieve life- like performance. With the objective 
of bringing robots closer to living things, soft robotics is 
evolving into a multidisciplinary research field, which  
is reflected in the very active transdisciplinary soft 
robotics research community. We hope that the chal-
lenges and breakthroughs discussed in this Review will 
serve as an inspiration for future research and provide 
a roadmap of materials- based solutions to current and 
emerging technological roadblocks in the field.
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