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Recent Advances in Perceptive Intelligence for Soft

Robotics

Zhuofan Lin, Ziya Wang,* Wenyu Zhao, Yingtian Xu, Xiaopu Wang, Tianwei Zhang,
Zhenglong Sun, Lan Lin, and Zhengchun Peng*

Over the past decade, soft robot research has expanded to diverse fields,
including biomedicine, bionics, service robots, human-robot interaction, and
artificial intelligence. Much work has been done in modeling the kinematics and
dynamics of soft robots, but closed-loop control is still in its early stages due to
limited sensory feedback. Thanks to the advancement in functional materials,
structures, and manufacturing techniques for flexible electronics, flexible and
stretchable sensors are developing rapidly. These sensors provide feedback
for closed-loop control tasks and enable soft robots to effectively explore the
unknown and safely interact with humans and the environment. Herein, recent
advances in perceptive soft robots that utilize flexible/stretchable sensors and
functional materials are outlined. The perceptive functions of soft robots from
two different aspects, that is, proprioception and exteroception, are summarized.
Furthermore, the constructions of autonomous soft robots by integrating both
proprioceptive and exteroceptive capabilities for closed-loop control tasks and

other challenging tasks in the real world are discussed.

1. Introduction

Biology has long been a source of inspiration for building
increasingly capable machines. Distinguishing features of bio-
logical systems include flexibility and physical compliance,
and they exhibit low complexity in their interactions with the
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environment."! Traditional, rigid robots
are used extensively in manufacturing
and can be specifically programmed to per-
form a single task efficiently. Nevertheless,
rigid robots often with limited adaptability,
interactivity, and safety because of the rigid
links, motors, sensors, controllers, and
joints.”! These limitations are reflected in
some tasks, such as interacting with
humans in pathology and nursing, per-
forming search and rescue tasks in
unstructured obstacles, and underwater
exploration tasks. Fortunately, soft robots
offer an opportunity to fill these gaps.!
Soft robots were defined as systems capable
of autonomous behaviors primarily consist-
ing of materials with moduli in the range of
the moduli of soft biological materials.™!
Their main body is made of intrinsically
soft or extensible materials (e.g., silicone
rubbers, gels, and polymers) that can
deform and absorb energy from collisions. These materials
exhibit many of the same elastic and rheological properties of
soft biological matter and allow the robot to remain operational
even as it is stretched and squeezed. Furthermore, soft robots
have a continuously deforming structure with relatively many
degrees of freedom (DOFs), which has the potential to exhibit
unprecedented adaptability, sensitivity, and agility. Because of
the near absence of rigid materials and their similarities to nat-
ural organisms, soft robots may be considered a subdomain of
the more general fields of soft matter engineering or biologically
inspired engineering.”!

In the last few years, soft robots have been rising as an emerg-
ing research topic with some remarkable achievements.!*®! They
rapidly open new possibilities for typical robotic tasks building
on intrinsically soft materials or compliant mechanisms.
However, the control of soft robots is much more complex than
rigid robots, because they have almost infinite DOFs and can be
deformed by both internal driving and external loads. Moreover,
it is difficult to accurately predict the response of a soft robot
because of the complex behavior of the hyperelastic materials
used, such as nonlinearity, hysteresis, viscoelastic effect, large
strain, or deformation. In the early years, researchers predicted
the movement of soft robots based on an established precise
model through open-loop control. The finite-element method
(FEM) is the most general method of open-loop modeling
because it can be applied to any shape or actuation mechanism.!’
However, open-loop control is limited to situations in which the
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environment and properties of the objects that the robot will
interact with are already well known. In the absence of feedback,
small nonidealities in taking time-varying materials properties
into account can propagate and result in large errors through
sequential actuation tasks.'” Therefore, a soft robot cannot
perform a task accurately with open-loop control even in a
well-constructed environment.""! The lack of precise control
on soft robots significantly weakens the advantages of intrinsi-
cally soft materials and compliant mechanisms and seriously
hinders future applications. Interestingly, deformable shape con-
trol is also a very active research topic in the field of robotics in
recent years, where rigid robots are used to control soft objects
(such as ropes, tablecloths, and sponges).'” The difference
between soft and rigid robot control is whether the robot itself
is soft or not, but the goal of control is the same: both are shape
control of deformable objects.

Closed-loop control on soft robots is necessary when the envi-
ronment or task is varied or uncertain and sensing is essential for
the soft closed-loop control system. Obtaining autonomy and
going beyond open-loop control requires the integration of mul-
timodal sensors into these soft-bodied systems to provide sensory
feedback. In the human physiological perception system, accord-
ing to the classification system described by Sherrington,* a
person’s bodily sense of self consists of three interrelated physi-
ological systems: proprioception (sensory input generated by the
body itself), extrasensory (sensory input generated from the
surrounding environment), and interoception (awareness of sen-
sations within the body). Sensor feedback of the actuator’s defor-
mation state and its contact state with the surrounding
environment is the basis of the closed-loop control of the soft
robot. However, there are many challenges in manufacturing
perceptive soft robots. Although a great deal of work has been
done on modeling the kinematics, statics, and dynamics of soft
robots, closed-loop control is still in its early stage, owing to the
limitations of sensors to feedback on a robot’s shape in real-
time." Conventional sensors suffer from poor-quality signal
transduction due to their rigidity in capturing analytes for soft
targets.’! In addition, traditional sensing techniques (e.g.,
embedding magnets and Hall sensors in soft robots!'®) intro-
duce unnecessary stiffness in soft robotic systems and hinder
soft robot actuation and deformation. Notably, sensing has been
investigated since the birth of soft robots,!"”) sustainable progress
has been achieved, benefiting from advances in soft materials
and structures, flexible and stretchable sensors, fabrication tech-
niques, and flexible electronics. Flexible and stretchable sensors
are prominent in emerging electronic fields, demonstrating a sig-
nificant mainstay during the evolution of soft robotics sens-
ing.™® Especially self-sensing technology for soft robots has
dramatically advanced the development of integrated systems
of actuation and perception, benefiting from the development
of advanced and functional materials. Nevertheless, soft robotics
sensing could be more developed than actuation and stiffening in
soft robotics.

In the past decade, a large number of review papers have been
published, focusing on the design,m material,[*®! fabrication,®
and control™ of soft robots. A few review articles have discussed
the sensing aspects of soft robots, for example, Wang et al.*"!
published a review article on understanding the physical percep-
tion of soft robots. However, the closed-loop control frame of soft
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robots based on sensory feedback has yet to be discussed in
depth. Recently, Shih et al.™! published a review focused on elec-
tronic skin and machine learning (ML) for soft robots and briefly
touched on haptic feedback. This review did not cover the pro-
prioceptive aspect of soft robots. In this review, we present a com-
prehensive review of the recent development of perceptive soft
robots, focusing on the advanced perceptive intelligence in soft
robotics, including both proprioception and exteroception. We
also summarize the advancement of closed-loop control of soft
robots based on perceptive intelligence. Furthermore, we identify
the key obstacles and provide a perspective in this research field.

2. Sensory Feedback for Soft Robotics

Several different types of soft robots have been developed to per-
form closed-loop control tasks such as motion, manipulation,
reaction, and exploration (Figure 1). Their capabilities could
be significantly enhanced by enabling both proprioception and
exteroception,m] including bending, twisting, stretching, pres-
sure, temperature, etc. For example, when a softjaw robot is
in a closed-loop manipulation task, compressive and tensile
strain distribution can be used for closed-loop control of its loco-
motion. Tactile contact helps the soft-jaw robot recognize the
objects” physical properties and shape, and contact pressure
helps the soft-jaw robot adjust its gripping force to improve
stability.

Compared with rigid robots, soft robots can change their
shape actively and passively due to inherent material compliance.
This property enables soft robots to be safer, more adaptable, and
more effective in environment-robot interaction.'’! However,
the high-dimensional deformations of soft robots increase the
difficulty of control. Specifically, the response of soft robots is
difficult to track under certain conditions due to the complex
deformation of the hyperplastic materials or compliant struc-
tures. In addition, external loads and force can also change soft
robots’ shape, position, and status of motion passively. To solve
these problems, developing sensors and enabling technologies to
provide diverse potential solutions for soft robot perception is
essential.’” Integrating sensors into soft-bodied systems to sup-
ply the ability of sensory feedback is of critical significance for the
realization of the autonomy and intelligence of soft robots.*"!
Sensory feedback allows the soft robots to track their shape-
deformation and motion, sense the state of the surrounding envi-
ronment, and enable closed-loop control of the soft robots.
Generally speaking, there are two strategies to achieve sensory
feedback. One is to integrate sensors into soft robot systems,
which need to have qualities such as stretchability, low modulus,
easy integration, and high accuracy. This strategy is the simpler
and the more common one. Another is self-sensing actuators
(SenActs), which refer to a system where the same piece of mate-
rial is simultaneously used for actuation and sensing.*?! The
“smart materials” or “smart structures” are utilized to achieve
accurate synergistic sensing and closed-loop control systems with
no additional cost.”*! In general, the state information of a sys-
tem considered to be self-sensing is provided by reading the
behavior of the input signals, using special input signals, or add-
ing additional cues to existing hardware.*?
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Figure 1. Demonstration of bioinspired soft robots with proprioception and exteroception for performing different closed-loop control tasks.

Robots have been developed as automated machines with
some human or biological-like intelligence (e.g., perception,
planning, movement, and collaboration) to simulate or replace
humans in performing various tasks. In biological systems, dif-
ferent receptors are used to convey information about numerous
parameters,*” like temperature, sound, force, pain, etc.
Therefore, for clarity and convenience in discussing soft
robot perception, we focus on the subsystems of the perceptual
system—sensory input generated by the body (proprioception)
and sensations from the surrounding environment
(exteroception). The distinction between these senses is for better
understanding in this review. In reality, there may be consider-
able overlap between proprioceptive and exteroceptive systems to
ensure a central representation of the body.

2.1. Proprioception

Proprioception is the ability to feel inputs (e.g., position, shape,
force, and locomotion) generated by the body, which is a valuable
trait in complex robotic systems.**) By convention in biological
systems, proprioception consists of four senses:*® 1) the sensa-
tion of movement and limb position (kinesthesia); 2) the sensa-
tion of tension or strength; 3) the sensation of effort, and 4) the
sense of balance. Kinesthesia refers to sensations of limb posi-
tion and movement (e.g., bending, twisting, and stretching).l®”)
In the human sensory system, the two senses of limb position
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and movement share input from the same mechanoreceptors
within the muscles, the muscle spindles.”® The corresponding
feedback is projected to the cerebral cortex to provide informa-
tion about body posture and whether or not it is moving. In soft
robotic systems, due to the soft, flexible, and stretchable nature of
the soft actuator material and the different compliant structural
designs within the soft actuator, the connection between the
input power source and the soft actuator output is difficult to esti-
mate and measure. The kinesthetic perception method of the soft
robot is proposed to solve the nonlinearity and nonreciprocity
between the power input and the action output of the soft robot.
It allows soft robots to quantify their position and motion infor-
mation and use them as feedback signal inputs to the controller
to compensate for soft robots’ uncertain deformations.
Therefore, kinesthetic perception is crucial for soft robot propri-
oception and closed-loop control, which has been extensively
studied. Therefore, we focus on kinesthetic perception as the
main line to better elaborate the proprioception of soft robots.
Based on the available literature, we discuss kinesthetic percep-
tion in three categories: bending perception, twisting perception,
and stretching perception.

2.1.1. Bending Perception

Bending is the most widespread movement pattern in soft
robots. To date, soft robots with bending motion as the primary
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movement mode have been developed and used in a large num-
ber of applications, such as soft bending actuators,**" soft grip-
pers,*? and crawl robots.**) Soft robots are more pliable than
rigid robots because they are made of low-elastic-modulus mate-
rials and are more compatible with human tissue and soft
objects. However, many of these flexible actuators need more
sensing capability to monitor the movement of the actuator in
real time. In addition, the lack of effective feedback loops may
even cause difficulties in improving adaptability and interactivity.
One strategy to achieve bending sensing of the soft robots by sen-
sory feedback is to integrate several stretchable sensors into soft
bending actuators to measure the curvature, such as fiber optic
sensors,** microfluidic sensors, and®®! conductive elastomer
sensors.’®*”! In addition, several research groups have embed-
ded different flexible bending sensors on soft robots to improve
their ability, such as sensing bending deformation with high
accuracy,®® bending deformation in multiple directions,>"!
and curvature estimation with fast response and high robust-
ness.’% So far, bending sensing methods used for soft robots
can be roughly categorized into three groups: optical, microflui-
dic, and electrical.

Optical methods have been proposed that integrate optoelec-
tronic sensors (e.g., optical waveguide sensors,*® and fiber optic
sensors®*) into soft robots for bending sensing. The optical

sensors appear as a class of soft sensors that detect motion
through changes in the emission and reception of light. Due
to the high quality, low price of fibers and optoelectronic com-
ponents, and compatibility with these large strains caused by soft
actuators, optical sensors have broad applications in sensing cur-
vature.l"! For example, Zhao et al.*® reported using stretchable
optical waveguides for bending sensing in a fiber-reinforced
prosthetic hand. They measured the light power loss of the wave-
guide using a photodetector to indicate the deformation of the
prosthetic hand. The 3D integration of the sensors and actuators
means that the waveguides are parts of the body and they will
deform when the actuator does, serving as proprioceptive sen-
sors to feel the bending of the fingers like the natural hand
(Figure 2a).

Microfluidic sensors, as a liquid-based approach, possess a
high degree of deformability.**! Several materials can be chosen
to make microfluidic sensors, including carbon greases,[“] ionic
liquids,*>**** liquid metals (LMs),***! etc. For example, Xie
et al.l*? designed a liquid metal (EGaln) microfluidic stretch sen-
sor as a transverse elongation (EL) sensor and an expansion (EP)
sensor and crossed them to form a combined sensor that can
acquire 2D accurate sensing feedback (Figure 2b). This com-
bined sensor was integrated into a flexible pneumatic jaw to
simultaneously obtain sensory feedback on EL and EP caused
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Figure 2. Demonstration of soft robot with bending perception. a) Optical waveguide strain sensors are integrated into fiber-reinforced soft robotic hands
for bending sensing. Reproduced with permission.’8 Copyright 2016, American Association for the Advancement of Science (AAAS). b) Liquid metal
(EGaln) microfluidic combined stretch sensors integrated into a pneumatic soft-touch hand can obtain 2D bend-sensing feedback. Reproduced with
permission.[*?l Copyright 2020, Institute of Electrical and Electronics Engineers (IEEE). c) Active material strain sensors are integrated into pneumatic
soft grippers for multidirectional bending sensing. Reproduced with permission.®*! Copyright 2020, American Chemical Society. d) Bending self-sensing
ion soft actuator. Reproduced with permission.*>! Copyright 2019, Wiley-VCH. e) Bending self-induction electrothermal actuator. Reproduced with
permission.?l Copyright 2021, Institute of Electrical and Electronics Engineers (IEEE).
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by pneumatic EP. They experimentally verified the sensory
response, as well as the accuracy of the bending sensing system
and model under air-pressure bending, external pressure bend-
ing, and gripping conditions. However, fluids with high viscosity
and resistivity may be difficult to be injected into microchannels
during the manufacturing process and may affect the response
time of the sensor, leading to complicated measurements.**
The electrical methods integrate sensors made of sensitive
materials with good electrical conductivity and the ability to with-
stand a wide range of deformation (e.g., conductive polymer sen-
sor>”#)) into the soft robots for bending sensing. In recent years,
several types of skin-mountable and wearable sensors have been
proposed using nanomaterials coupled with flexible and stretch-
able polymers./*”) Flexible strain sensors based on the elastic sub-
strate of the conducting nanomaterial, including carbon
nanotubes (CNTs),[*®! reduced graphene oxide (rGO),[*>°% Ag
nanowires(AgNWs),*”) and metal nanoparticles,*" have been
widely reported. These sensors maintain good performance
under large deformation and adapt to the bending motion of flex-
ible robots. For example, Yeo et al.*® integrated a conductive
elastomer strain sensor, which has an extremely high sensitivity
to strain displacement, into a soft pneumatic actuator, to mea-
sure the bending motion of the actuator. The strain sensor com-
prises a thin layer of screen-printed silver nanoparticles (AgNPs)
on an elastomeric substrate, which provides the sensor with
excellent electrical conductivity and robust electrical properties
even under high strain conditions. Furthermore, these sensors
have a similar modulus as the soft robots with no impact on their
actuation.”? Banerjee et al.’”) proposed an ultraelastic, ultrasoft
natural rubber composite containing multiwalled CNTs to pro-
duce a conductive elastomer sensor with striking properties such
as low electroosmotic flow, ultrasoftness, elastic modulus in the
kPa range of 100% EL, ultrastretchability, and high tensile
strength. In addition, the ease of fabrication and customization
makes these sensors valuable for bending sensing in soft robots.
Compared with traditional manufacturing, 3D printing technol-
ogy benefits from the diversity of raw materials, precise struc-
tural design, and simplified preparation process, providing a
promising method for manufacturing flexible strain sensors."*!
For instance, Mousavi et al.** used 3D printing to integrate a
multidirectional, anisotropic, and shrinkage-resistive strain sen-
sor directly into the interior of a soft pneumatic robot (Figure 2c).
The sensing elements and conductive interconnections of the
sensor system were 3D printed using carbon nanotube-
reinforced polylactic acid (PLACNT). The ability to fabricate sen-
sors with customized footprints and directional selectivity during
3D printing of soft robotic systems paves the way for highly
customizable, highly integrated, and versatile soft robots that
are better able to bend sensing and proprioceptive perception.
Another strategy for bending sensing in soft robots is the
application of a self-sensing system. The SenAct is the most cen-
tral part of this system, in which sensing and actuation are inte-
grated within a single component for real-time monitoring of the
actuator movement.”® The self-sensing capabilities of soft robots
likewise include proprioception and exteroception, which are
classified according to the properties of the functional materials.
Functional materials that are sensitive to deformation (sensing)
and responsive to specific stimuli (actuation) are often used to
manufacture proprioceptive self-sensing soft robots. Moreover,
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the actuation and sensing of a self-sensing soft robot are realized
by the same component, so the function of sensing is usually
related to the actuation method, for example, a self-sensing robot
with mainly twisting motion senses deflection. However, the
functional materials that make up exteroception self-sensing
soft robots are usually sensitive to environmental information
(sensing) while corresponding to the stimulus (actuation), and
the environmental information and stimulus cannot be the same
to avoid coupling of actuation and sensing, for example, an elec-
trically actuated humidity self-sensing soft robot.

The most commonly used bending self-sensing methods are
resistive self-sensing, and the selection of the sensing strategies
largely depends on the correlation between the measurands and
the features of the actuator. Resistive self-sensing mechanisms
require the indirect measurement of bending by simultaneously
measuring resistance along the actuator electrodes during actu-
ation.”® One approach is to measure the voltage drop across the
electrodes of the movable portion of the actuators and compare it
to the voltage drop of the fixed portion to quantify the resistance
change and thus estimate the curvature of the actuator. For exam-
ple, Punning et al.”® described a novel bending self-sensing
ion-conductive polymer metal composite (IPMC) actuator. The
curvature of the actuator was estimated by measuring the voltage
drops along the electrodes in the movable section and comparing
it with the fixed section to quantify the resistance change.
However, the accuracy of the indirect curvature measurement
is compromised by the inevitable differences in the physical
and geometric properties of the fixed and moving portions.””]
This approach by measuring the voltage drop between electrodes
is also used for ion self-sensing soft robots, where the curvature
is estimated from a sensing signal consisting of the electrodes-
induced potential and the ions-induced potential. Tabassian
et al.P%! developed a self:sensing ion soft actuator that uses
3D graphene mesh electrodes to precisely sense the bending
motion during actuation (Figure 2d). The graphene mesh elec-
trode is permeable to moving ions within the ion-exchangeable
polymer, shows low resistance, and maintains high conductivity
over large bending deformations. At a very low drive voltage of
0.1V, the deformation can be estimated accurately using a
SenAct system even if the resulting displacements are very small.
However, inferring the resistance value by measuring the voltage
drop along the active element is still a complex task. An alterna-
tive approach is to use patterned electrodes to measure the resis-
tance change during actuation. In this approach, the electrodes
are split into separate sensing and actuating parts, and the resis-
tive sensing signal is obtained from the electrode part that is not
connected to the active element. Kruusamie et al.®® proposed a
self-sensing ionomer-metal composite actuator by special pat-
terning of the relative metal electrodes of IPMC strips. An actua-
tor and a sensor are formed on a piece of material, and bending
self-sensing is achieved by measuring the changing resistance of
the sensor part of the structure. The electrodes are split into sep-
arate sensing and actuating sections by patterning techniques,
which reduce the crosstalk effect between adjacent segments
to some extent. However, the split electrodes require the connec-
tion of additional wires to collect sensing signals, resulting in an
increase in actuator size and undermining its ability to be used in
tiny systems. Depending on the properties of different functional
materials, the relationship between curvature and resistance for a
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particular self-sensing soft robot can also be obtained by other
approaches, such as indirectly measuring the resistance by mea-
suring the temperature of the actuator® and estimating the
actuator resistance by vision signals.®®®" For example, Cao
et al.”® proposed a resistive self-sensing method based on elec-
trothermal actuators, which achieves bending self-sensing of the
actuator by measuring the temperature to estimate the change in
resistance of the embedded microfilament heater (Figure 2e).
Zhao et al.*” proposed a resistive bending SenAct with electrical
and visual dual-channel signal feedback functions. Cellulose
paper and polyimide tape are assembled as a bimorphic actuator
layer, on which an MXene/graphene bilayer is coated for electro-
thermal actuation function and electrical signal feedback, and a
thermochromic sandwich layer is used for real-time visual sens-
ing signal estimation of the curvature of the actuator. These two
approaches provide ideas for specific bending self-sensing soft
robots that eliminate the crosstalk effect of electrodes between
actuation and sensing. Nevertheless, the challenge of low accu-
racy of curvature sensing limits the performance of sensing soft
robots and further quantification of the relationship between
bending-induced changes (temperature or vision) and curvature
is the key to developing intelligent bending self-sensing soft
robots.

2.1.2. Twisting Perception

Soft robots with twisting movements as the main mode of action
have been used in many different fields, especially in the bionic
field (e.g., bionic torsional artificial muscles,*>*4 and bionic
vine soft robots!®®)). Furthermore, because of the infinite DOF,
twisting movements also occur in the bodies of most soft robots.
In the biological system, natural muscles achieve torsional rota-
tion by combining with the skeleton, and they are integrated with
sensory and signaling functions to form a feedback loop.°®
However, currently developed torsional soft robots or artificial
muscles and sensing devices always work under external stimuli
and require a separate control and signaling system, increasing
the complexity of muscle design. These are two strategies to
achieve twisting sensing and proprioception for soft robots,
which aim to improve their ability to move and bionic degrees.
The first strategy is to integrate flexible sensors into the body of
the soft robot, which usually have a strong correlation with the
response to twisting and are well suited to the twisting motion of
the soft robot. They can provide sensory feedback without using
external infrastructures.®”) The introduction of sensors into soft
robot systems for twisting sensing can improve various aspects of
soft robot capabilities, such as estimation of torsion angles for
precise positioning of continuous soft robots; acquisition of
key information such as external disturbances and target object
parameters; reconstruction and closed-loop control of complex
shapes of soft robots; etc. Notably, a major limitation for most
existing sensors is that they can only measure a single curvature
for a circular shape of soft robots due to their working princi-
ple.®® In reality, however, soft robots can have arbitrarily 3D
shapes and therefore usually require a sensor network for the
perception of twisting motion. Several common approaches
are summarized for twisting sensing of soft robots, including
optical, microfluidic, and electric methods.

Adv. Intell. Syst. 2023, 2200329 2200329 (6 of 27)

Optical methods integrate the optical sensors (e.g., fiber optic
sensors(®>%>97% into the soft robots for twisting sensing, and
these methods have been demonstrated. For soft robots with pre-
dominantly twisting motion, in general, there are two methods
for deflection estimation here: the twist sensor method and the
sensor network method. The simplest method is to embed twist-
ing sensors inside the soft robot body for direct measurement of
deflection. For example, Yang et al.l’"! designed a soft robot spiral
gripper inspired by twisted plants that require only a single pneu-
matic control to execute the twisting motion and firmly grasp the
target object. This soft-body robotic spiral gripper has an embed-
ded high-birefringence (HiBi) fiber in a Sagnac loop configura-
tion to effectively sense the twisting angle (Figure 3a). The
second one is sensor network methods, which are to design a
series of flexible sensors as a sensor network and derive a com-
plex analytical model or apply ML techniques for direct deflection
estimation. Van Meerbeek et al.l”) described an internally illumi-
nated elastic foam trained to detect its twisting by ML techniques
(Figure 3b). Optical fibers beam light into the foam while receiv-
ing diffusely reflected waves from internal reflections. The dif-
fuse reflected light is interpreted by ML techniques to predict
whether the foam is distorted or not, and ML techniques are also
used to predict the size of the distortion. At the new data point,
the model predicted the type of distortion with 100% accuracy,
with an average absolute error of 0.06° in the magnitude of the
distortion. This capability could give the soft robot more com-
plete proprioception.

Microfluidic methods realize the twisting sensing for soft robots
by embedding the microfluidic sensor network, which is applied to
decouple twisting from other motion states (disturbances). For
example, Lin et al.’? developed an embedded fiber-based microflui-
dic displacement sensor network based on a similar high-density
sensor design for measuring the torsional state of the robot
(Figure 3c). Flexible but nonstretchable/noncompressible nylon
fibers are placed in air-filled microchannels with flexible elastic
fingers. These passive sensors transmit information from the soft
robot to a nearby display assembly where a digital camera records
displacement and pressure data. This physical approach is accom-
panied by hysteresis loops (drive paths do not overlap with release
paths), which are due to the internal characteristics of the sensors.

Electrical methods embed conductive materials sensors (e.g.,
conductive elastomer sensors,”?! and conductive hydrogel sen-
sors”#7%)) into soft robots to achieve twisting sensing. An ideal
soft sensor should provide state information along the body of a
soft system with minimal effect on the dynamics of the
system.”® Wang et al.”* designed a highly stretchable hydrogel
resistive sensor for multimodal sensing of soft fingers, which is
simple and low cost to fabricate. The hydrogel has a maximum
tensile strain of up to 1200%, which ensures that it can withstand
large deformations of pneumatic actuators. The sensor can sense
twisting in actuator state estimation with high sensitivity, low
hysteresis, and high reliability (Figure 3d). However, there are
no adequate studies on how the hydrogel sensor simultaneously
estimates the robot’s kinematic configuration and the external
forces applied to it. Moreover, due to the twist and other motions
of the elastomer sensor being coupled, the sensor cannot make
an accurate calculation of the deflection, only a rough estimate of
the twisted state in the electrical approach.
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Figure 3. Demonstration of soft robot with twisting perception. a) Fiber optic sensors are embedded in the foam to detect twist deformation. Reproduced
with permission.[® Copyright 2018, American Association for the Advancement of Science (AAAS). b) Fiber optic sensor embedded in the spiral gripper
of a soft robot senses the angle of twisting. Reproduced with permission.l®®! Copyright 2020, Optica Publishing Group. ) Microfluidic displacement
sensors to measure the twisting state of the robot. Reproduced with permission.’? Copyright 2021, MDPI. d) Hydrogel resistive sensor in pneumatic
actuator sensing twisting. Reproduced with permission.l’*l Copyright 2021, Elsevier. e) Self-sensing magnetically anisotropic films. Reproduced with

permission.”®! Copyright 2021, American Chemical Society (ACS).

Twisted self-sensing is usually based on twisted and coiled
actuators or artificial muscles using Joule heating for actuation
and sensing. The actuation principle is represented by twisted
and coiled polymer muscles (TCPMs)””7® and twisted string
actuators (TSAs).””! They are known for their low weight, low
cost, high-energy efficiency, and large linear strain and stress
outputs. The operating principle of such actuators is based on
the torsional effect of twisting fibers with substructures (e.g.,
polymer chains or CNTs) that are highly aligned in the direction
of the fibers, which can produce spirally aligned substructures.
The radial EP of said twisted fibers and the entropic contraction
of the helical substructure produce a torque opposite to that of
said twisting.®% The principle of twisted self-sensing is precisely
to create twist actuators using conductive functional materials
and to indirectly measure twists by detecting the relationship
between the electrical parameters of the twist actuator construc-
tion and the deflection. For example, Ding et al.”® reported a
facile preparation method for self-sensing magnetically aniso-
tropic films, in which magnetic and conductive materials can
be predesigned. In this method, magnetically active films of var-
ious shapes with complex chain-like oriented structures, are used

Adv. Intell. Syst. 2023, 2200329 2200329 (7 of 27)

to achieve advanced driving functions. It is experimentally
verified that the samples coated with sensing layers can achieve
torsional self-sensing (Figure 3e), which will facilitate further
exploration and development of directionally responsive intelli-
gent actuation systems and soft robotics applications. However,
there are a limited number of twist sensors that improve the effi-
ciency of sensing by forming twisted and coiled shapes to obtain
a certain twist amplitude and direction, which are not considered
to be self-sensing because they are passive sensing with a lack of
actuation. This category of sensors can be well integrated into the
cylindrical continuum soft robots to provide proprioception due
to their helical shape. For example, Xu et al.*” integrated heli-
cally wrapped fiber Bragg grating sensors into a needle-shaped
continuum robot for torsion estimation, and the results showed
that accurate and sensitive torsion could be obtained from this
sensor and a corresponding model.

2.1.3. Stretching Perception

Biological muscles are organic soft tissues that are lightweight,
compact, and capable of producing linear forces and
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displacements in response to electrical stimuli. Muscles are com-
posed of millions of contractile microdots (muscle segments)
that are connected in series and parallel to provide human-scale
contractile forces. The neural control scheme uses embedded
organic sensors to detect the current state of the muscle.
These sensors, called mechanoreceptors, detect the stretch of
the muscle fibers without increasing the overall shape factor
of the muscle. The primary muscle sensory receptors are the
muscle spindle (which detects muscle stretching) and the
Golgi tendon organ (which detects the pressure generated by
the muscle).®!! These sensors work in concert to provide the
body with a continuous stream of sensory data that is used to
provide effective motor control of the muscular system.

For soft robot systems, stretching sensing is shown as an
estimate of the displacement generated by the actuator, which
is critical for accurate closed-loop motion control. Stretching
sensing is easy to implement for conventional rigid robots,
but very difficult for soft robots due to the compliance of the
materials that make up the soft robot and the nonlinear response
of the actuators due to the inputs (pressure, electricity, and light).
Integrating rigid sensors into soft robots is a viable approach,®?
including linear displacement gauges and encoders and adding
bulk and unnecessary stiffness to the overall system. But for soft
robots, these rigid devices can interfere with their work and even
destroy their internal structure. The first strategy is to integrate
stretchable sensors into the interior of the soft robot to sense its
uniform amount of stretch. There are several common
approaches to configuring stretch sensors into soft robots for
stretching sensings, such as optical methods, microfluidic meth-
ods, and electrical methods.

Optical methods to sense stretch by integrating soft optical
sensors (e.g., optical waveguides®) into the parts stretched by
soft robots are realized. Soft optical waveguides cause an optical
power loss in transmission when stretched.®* In particular, fiber
optic intensity modulation (FOIM) is a common method that
refers to changes in the light emitted and received in a photocon-
ductor. In this technique, light escapes from the light guide, and
the change in intensity is then measured in response to a stretch-
ing stimulus.”® For example, Kim et al.®*! reported an optoelec-
tronic approach to individually detect single-mode deformation
(stretch) and a versatile soft sensor that combines a heteroge-
neous sensing mechanism to decouple different deformation
modes. This approach was applied to a four-chamber soft pneu-
matic robot for high-sensitivity stretching sensing (Figure 4a).

Microfluidic methods take advantage of the fact that the chan-
nel diameter of the microfluidic sensor is sensitive to stretching
motion. They have been demonstrated in several works to be fea-
sible as a stretching sensor to embed in soft robots for stretching
sensing.®2#58% For example, Wirekoh et al.®® designed a per-
ceptual, flat, pneumatic artificial muscle (sFPAM) with stretching
feedback control to better mimic organic muscles by embedding
microfluidic sensors into the pneumatic artificial muscle
(Figure 4b). To achieve precise control of the stretch, they devel-
oped a plasticity model and validated it against the mechanics of
the experimentally characterized sFPAM. The sliding mode
controller is used to verify the feasibility of the embedded sensor
to provide feedback during operation. The result shows that they
have designed a lightweight and compact actuation system with
precise stretching feedback and control.

Adv. Intell. Syst. 2023, 2200329 2200329 (8 of 27)

There are electrical methods to monitor stretching motion by
integrating flexible tensile sensors made of stretch-sensitive
functional materials (e.g., conductive hydrogels,®”! and
Ecoflex/CNTs!®®)) into soft robots. Several prior works®*% show
high stretchability and high gauge factors of strain sensors, and
some of them have demonstrated complete integration of a soft
strain sensor package with a soft robot. For example, Goldoni
et al.®® reported a comprehensive study of materials, mechanics,
and electronics to develop highly stretchable strain sensors inte-
grating with a soft robotic earthworm. With the sensor package,
this robot can have the capabilities of stretching proprioception,
which enables the control of its deformation (Figure 4c). The
overall system was mechanically compliant, which facilitates
integration with the soft robot.

For stretch-based soft robots (such as artificial muscles and
origami robots), it is desirable to develop multifunctional soft
backbones to achieve tight integration of desired robotic func-
tions (such as stretch sensing). But this contradicts the ultimate
goal of creating versatile, light, compliant, energy-efficient, and
ultimately untethered robots.”"*?  Stretching self-sensing
methods offer an opportunity to achieve these goals based on
the principle that changes in electrical parameters (e.g., resis-
tance, inductance, and capacitance) caused by the EP and con-
traction of the material used to manufacture the actuator are
highly correlated with the length of the actuator.®®”%?*%* For
example, Yang et al.””! developed a graphene oxide (GO)-enabled
templating synthesis to produce reconfigurable, compliant, mul-
tifunctional metallic backbones for fabricating origami robots
with built-in strain sensing (Figure 4d). Compared with tradi-
tional paper and plastic materials, the reconfigurable Pt back-
bones were more deformable and the conductive Pt-elastomer
backbones (Pt robots) demonstrated distinct capabilities—such
as stretching sensing—without the need for external electronics.
Developing multifunctional soft robots that couple actuation and
sensing enriches the material library for soft robotics fabrication
soft robotics toward high functional integration.” For example,
Wang et al.l®! developed artificial muscles with tensile and tor-
sional effects using twisted natural rubber fibers coated with
buckled carbon nanomaterials and sensed stretching by a single
electrical signal (Figure 4e). During actuation, the contact area of
the CNT sheet increases, causing a decrease in resistance
through a thermal piezoresistive effect. A feedback circuit was
designed to connect or disconnect the current by measuring
the change of resistance related to the length of the artificial
muscle.

2.2. Exteroception

The special senses of the human body are divided into three
main categories: tactile, telepresence (visual and auditory), and
chemosensory (olfactory and gustatory). These senses are consid-
ered exteroception because they give value to sensations from
outside the body, such as the value of an odor or the intensity
of an auditory stimulus. Their role in the construction of bodily
representations is to define the boundaries of the organism con-
cerning the external environment.!*%!

Sensory receptors in human skin transmit a large number of
signals from the external environment to the brain. This external
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Figure 4. Demonstration of soft robot with stretching sensing. a) Photoelectric sensors are applied to a four-chamber soft pneumatic robot for tensile
sensing. Reproduced with permission.¥! Copyright 2020, American Association for the Advancement of Science (AAAS). b) Liquid metal (EGaln) micro-
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[88]

Copyright 2020, American Chemical Society (ACS). d) Origami robot with stretch self-sensing. Reproduced with permission.”® Copyright 2019,

American Association for the Advancement of Science (AAAS). e) Artificial muscle with stretch self-sensing. Reproduced with permission.

Copyright 2020, American Chemical Society (ACS).

information acquired through sensation helps humans to better
adapt and explore their environment. The subcutaneous layer of
the human skin is littered with tactile receptors called mechanor-
eceptors, which provide a sense of touch to humans. There are
four types of mechanoreceptors buried under human skin that
respond to different types of tactile stimuli and cause the skin to
respond: fast-adaptive receptors FA I and FA II and slow-adaptive
receptors SA I and SA 11.°7) When people touch an object, the
mechanoreceptors give them continuous tactile feedback,
enabling them to touch, caress, grasp, squeeze, or execute other
actions. Discriminative touch signals from the hand are transmit-
ted to the cerebral cortex along ascending pathways that include
synapses in the brainstem and thalamus. Ultimately, touch sig-
nals project to the primary somatosensory cortex, where behav-
ioral features associated with the object (its shape, size, texture,
and movement) are encoded in the responses of individual
neurons.”® In soft robotic systems, several flexible sensors
and electronic skins have been developed to mimic the human
sense of skin. Although soft robots are not yet able to achieve

Adv. Intell. Syst. 2023, 2200329 2200329 (9 of 27)

[66]

human-like precision recognition and dexterous manipulation
because of hardware limitations, these sensory feedbacks have
significantly enhanced the capabilities and applications of soft
robots.

2.2.1. Pressure Perception

Pressure perception is spread throughout the skin of the organ-
ism because of the presence of mechanoreceptors, which gener-
ate feedback pressure signals that are transmitted to the brain to
help the organism obtain information about the external world
and respond to external environmental stimuli. The use of
exploratory and informative actions, such as stroking and sliding,
to refine the acquired sensory information is known as tactile
perception.* For example, humans often use pressure percep-
tion to recognize the collision of body and environmental objects
and to identify the material properties, texture, and weight of the
grasped object. Similar to humans, soft robots need pressure
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perception for external information to improve their capabilities
and intelligence.

The strategy for external sensors is to integrate flexible pres-
sure sensors (e.g., tactile sensors,’® and electronic skins!**!)
into soft robots for pressure sensing. On the one hand, tactile
sensors have unique advantages over traditional rigid sensors
of target information acquisition for specific manipulation tasks
(e.g., grasping, in-hand manipulation), which are compliant for
adapting to different shapes of objects. However, obtaining
enough information about the target object is a major challenge
for the resolution of the pressure sensors. On the other hand,
some works based on electronic skin have been done to improve
the resolution to obtain the desired target information (magni-
tude and position of the pressure) by arraying pressure sensors.
For example, an active matrix containing soft pressure sensors
and transistors is used,'®” and object geometry and texture
are obtained through an array of pressure sensors covering
the entire interior of the hand to improve resolution.!"*
Based on flexible pressure sensors, several methods are summa-
rized to demonstrate pressure sensing for soft robots: microfluid
methods and electrical methods.

Microfluidic methods apply microfluidic sensors to soft robots
and exploit the principle that microchannels deform when sub-
jected to pressure.'*"1%* For example, Truby et al.'®* reported a
method for creating soft-body somatosensory actuators (SSAs)
via embedded 3D printing, which enables the seamless integra-
tion of multiple ionic-conductive microfluid sensors into an elas-
tic matrix to produce SSAs with desired proprioceptive and
pressure sensing (Figure 5a). A three-finger soft gripper con-
structed from SSAs was used to estimate the mass of different
objects under the same shape utilizing a microfluidic pressure
sensor at the fingertips.

The electrical approach is based on the integration of stretch-
able electronic-based sensors into the soft robots, which takes
advantage of the correlated changes in electrical parameters
(resistance and capacitance) when the sensitive layers of these
sensors are subjected to pressure.'® On the one hand, the dense
array of sensors provides ideas for pressure sensing in soft
robots, but the number of sensors in the array decreases, placing
high demands on the accuracy of individual sensors.[**:196-108]
For example, Roh et al.'®! reported a millimeter-scale soft
grip based on shape-memory polymers (SMPs) and a high-
performance cracked soft sensor is integrated into the soft grip-
per for sensing the pressure (Figure 5b). In particular, the ability
to firmly grasp soft cells and organs without mechanical damage
is essential for identifying the target condition and monitoring
meaningful biosignatures (e.g., the pressure produced by heart-
beat and breath). On the other hand, data processing methods,
with the help of sensor arrays covering the working area, can
reduce the dependence on the performance of a single sensor
to get satisfactory results. For example, Shen et al."*®! integrated
a robust soft touch skin that combines ionic hydrogels within a
soft bionic hand. The touch skin provided an amputee with
robust tactile feedback when handling delicate objects, illustrat-
ing its potential applications in next-generation human-
in-the-loop robotic systems with tactile sensing (Figure 5c).
Furthermore, the amount of information and data that can be
acquired is enormous for ML, which enables more complex sen-
sory functions and further increases the intelligence of soft
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robots. For instance, Sun et al.''! integrated the developed array

sensing system with patterned electrodes tactile triboelectric
nanogenerator (I-TENG) and length triboelectric nanogenerator
(L-TENG) into a 3D-printed triple soft gripper to achieve object
recognition. A total of 15 tactile sensors on three fingers covering
the gripping area and the gripper were successfully demon-
strated to achieve object recognition using ML technology for
data analysis of pressure.

Pressure self-sensing methods utilize the capabilities of soft
matters (e.g., conductive elastomers and hydrogels) with both
actuation and pressure sensing.®'13] These soft matters
are often used to achieve intelligence in autonomous soft robots
at the material level without computer-based intelligence and
rigid electrical control units. For example, Ji et al.?” designed
and fabricated a 2D metal molybdenum disulfide (MoS,) soft
actuator with the functions of dual response and pressure
self-sensing (Figure 5d). The actuator and a flexible contact
sensor achieve real-time pressure self-sensing by exploiting
the piezoresistive properties of the MoS,~CNT composite film.
Intellectual ability is often possessed by living things, such as
most animals and a few plants (e.g., Mimosas, and flycatchers).
Biosensory phenomena are good inspiration for researchers to
build intelligent executive systems. For instance, Ma et al.''?
reported a fully soft actuator with embedded sensing, actuation,
and control at the cellular level by synergistically exploiting the
mechanosensing and electrothermal properties of LM to drive
thermally responsive liquid crystal elastomers (LCEs). Using
an easy-to-use method based on magnetoprinting, they have cre-
ated versatile LM circuits on the surface of the LCE, enabling
bionic autonomous actuation in response to mechanical stimuli
such as pressure (Figure 5e). Inspired by the fact that Mimosa
simplifies information processing by not using a central proces-
sor when processing external mechanical stimulus signals, Zhou
et al."! reported a novel pressure SenAct composed of a CNT
filament composite and a biaxially oriented polypropylene
(BOPP) film that integrates sensing, actuation, and decision-
making functions at the material level without complex combi-
nations. This research uses the tactile pressure sensing unit as a
control unit providing a new avenue for developing intelligent
soft robots and next-generation logic devices.

2.2.2. Temperature Perception

In the biosensory system, there are lots of temperature receptors
in the skin or spine and many central thermosensitive neurons
receive synaptic inputs from the skin and spinal thermoreceptors
pathways. This indicates that such neurons are capable of ther-
mal integration, increasing the likelihood that these neurons
function in thermoregulation.''*! However, traditional widely
used thermometers often suffer from slow response times, lack
of sensitivity, low accuracy, and most importantly, the inherent
stiffness of the material making it very difficult to integrate them
into soft robots.!"!

Flexible temperature sensors with advantages of high sensitiv-
ity, good accuracy, fast response, and friendly interface
have attracted a lot of attention, such as resistance temperature
detectors (RTDs),!'*® thermocouples,''”) thermistors,''® and
thermochromic.''®*?%  Electrical methods are the main
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permission.l"'*! Copyright 2022, Wiley-VCH.

approaches to integrating these flexible temperature sensors into
soft robots. Electrical methods integrate stretchable elastomer or
hydrogel sensors into soft robots, taking advantage of the fact that
the sensitive materials of these sensors produce associated
changes in electrical parameters (usually resistance and capaci-
tance) in response to changes in temperature gradients.!"*'~'*’]
For example, Liu et al.'**! designed and synthesized an anti-
freeze hydrogel artificial skin based on a zwitterionic poly (ionic
liquid) to soft gripper for temperature sensing (Figure 6a). This
artificial skin responds well to temperature, and the sensitivity is
11.3%°C™" at relatively low temperatures (—20 to 25°C) and

Adv. Intell. Syst. 2023, 2200329 2200329 (11 of 27)

2.1%°C" at 25-60 °C. The temperature sensor enables the soft
robot to obtain one more dimensional information, especially in
obtaining the properties of the target object (e.g., the surface tem-
perature of the object, object material recognition, surface texture
differentiation, etc.). For instance, Yang et al.l'®? designed
a multifunctional soft robotic finger with a built-in nanoscale
temperature—pressure haptic sensor for material identification.
The flexible multifunctional tactile sensor integrates a nanowire
temperature sensor and a conductive sponge pressure sensor to
simultaneously measure the temperature change and contact
pressure rate to perform accurate material recognition
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Figure 6. Demonstration of soft robot with temperature sensing. a) Temperature sensor made of ionic hydrogel that responds well to temperature is
integrated into a soft robot hand for temperature sensing. Reproduced with permission.'”"! Copyright 2020, American Chemical Society (ACS).
b) Nanoscale temperature—pressure haptic sensor fabricated via flexible printed circuitry is integrated into a multifunctional soft robot finger for mea-
suring temperature change rates and material identification. Reproduced with permission.l'?? Copyright 2021, Wiley-VCH. c) Magnetic soft robot inte-
grated with a variety of flexible circuitry frictional electric nanogenerators with onboard temperature sensing and self-powered charging. Reproduced with
permission.['?* Copyright 2022, Elsevier. d) Miniature soft robot with integrated thin-film structural temperature self-sensing. Reproduced with permis-
sion.'?! Copyright 2020, Wiley-VCH. e) Magnetically driven soft robot equipped with a temperature-sensing module that visualizes colorimetric sensing
based on temperature changes. Reproduced with permission.'® Copyright 2022, Springer Nature.

(Figure 6b). Temperature sensing can improve the efficiency and
capability of soft robots, in addition to the bionic capability of
bionic robots. Because living organisms can sense and respond
to their environment through reflex-driven pathways, the great
challenge of mimicking this natural intelligence in bionic robots
lies in achieving highly integrated body functions, drive, and
sensing mechanisms.!'*! Inspired by the gray field slug, Peng
et al.l'?* developed a slug magnetic soft robot fully integrated
with a TENG for onboard sensing and self-powered charging.
The soft robot integrates a variety of flexible circuits allowing
for a response to high-temperature stimuli as most animals
do (Figure 6c).

Temperature self-sensing provides the opportunity to realize
an integrated soft robot with temperature sensing and actuation.
In biological systems, insect thermosensors are generally

Adv. Intell. Syst. 2023, 2200329 2200329 (12 of 27)

distributed throughout the body, with the densest pack in the
tarsal segments and antennae, so they are often aware of small
changes in environmental temperature.’** In soft robotics
systems, some functional materials [e.g., photothermal
polydopamine rGO (PDG)/poly(vinylidene difluoride) (PVDF)/
graphite-CNT composites (graphite-CNT),["* and graphite-filled
polyethylene oxide/PVDF/graphite!**”)] that respond to tempera-
ture gradients are used in the design and fabrication of self-sens-
ing soft robotic systems to mimic the biological systems. The
principle of these functional materials to realize the self-sensing
function of temperature can be divided into two kinds. One is to
use the pyroelectric effect of temperature-sensitive materials
(e.g., PVDF and PDG). The temperature change generates volt-
age or current at both ends of the material. The other is to detect
the temperature by the piezoresistive properties of the functional
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materials (e.g., graphite—CNTs and graphite). The dual-parame-
ter sensing promotes real-time sensing and decoupling of the
readout signal. Based on the above principles, these functional
materials are compactly integrated into the actuation and sensing
system for temperature self-sensing. For example, Wang
et al.'**! used integrated thin-film structures that include ferro-
electric PVDF, PDG, and graphite-CNT to demonstrate a cus-
tomizable, miniature soft robot with temperature self-sensing
feet (Figure 6d). These temperature self-sensing feet enable
real-time feedback of walking gaits and assessment of terrain tex-
tures. Furthermore, these thin-film structures can be easily con-
verted into 3D robots by kirigami technology and integrate
arbitrary patterns of sensors and actuators at the material level.

Notably, temperature-sensitive color-changing materials can
be used in temperature visualization self-sensing. For instance,
Dong et al.'*® embedded a temperature-sensing module into a
soft crawl robot with programmable magnetization profiles and
geometries. The temperature self-sensing module provides the
soft robot with bio-like environmental-sensing and detection
capabilities (Figure Ge).

2.2.3. Humidity Perception

The ability to detect variations in humidity is critical for many
animals. Birds, reptiles, and insects all show preferences for
specific humidity that influence their mating, reproduction,
and geographic distribution.'*! Humidity measurement in
the hygrometer type of sensors is accomplished by measurement
of either the electrical impedance (conductance) or capacitance of
the sensing matters, which are widely used in industrial produc-
tion and rigid robots."**!

Flexible humidity sensors based on active materials, such as
CNTs-coated polyelectrolytes,'*" graphene and palladium nano-
particles,'*? poly(3,4-ethylene dioxythiophene) (PEDOT),!"*?
and poly(3,4-ethylene dioxythiophene-poly(styrene-sulfonate)
(PEDOT:PSS),["*" have been developed for humidity-sensing
applications. These sensors utilize changes in the physical and
electrical properties of the sensitive elements when exposed to
the different atmospheric humidity conditions of the surround-
ing environment and provide a measure of the humidity due to
some amount of adsorption and desorption of water vapor mol-
ecules. For example, Wang et al.l'**! integrated a flexible active
material-based relative humidity sensor into a light-driven
mimetic ruler looper soft robot based on a hydrophilic GO film
and communicated through a wireless module (Figure 7a). This
soft robot integrates actuation, sensing, and communication into
one, providing an innovative strategy for integrating multifunc-
tional robots and showing great potential. Ma et al.*®! reported a
flytrap-inspired intelligent insect-trapping robot based on MXene
and GO and the sensor is connected to a control circuit, serving
as a humidifier switch. A tiny signal caused by any insects would
turn on the humidifier. Then the rapidly increased localized
humidity would trigger the nine smart “fingers” to bend, trap-
ping the target insect immediately (Figure 7b).

The second strategy is the humidity self-sensing method,
which utilizes humidity-sensing mechanisms (e.g., TENG
sensing!®”) and humidity-sensitive functional materials
(e.g., PEDOT:PSS"*® and MXene/GO™%) that allow soft robots
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to sense environmental humidity changes during motion with-
out the need for additional sensors. On the one hand, designing
actuators with sensor-like structures and humidity-sensing
mechanisms is critical to building humidity-sensing soft robots.
For example, Tian et al."*”! designed and fabricated a soft multi-
legged millirobot with a polydimethylsiloxane (PDMS) layer
modified by acetylene black particles and iron powders, which
can be excited by near-infrared irradiation (NIR) light and
magnetic fields. The robot itself can act as a millirobot TENG
(millirobot-TENG) and the voltage intensity is highly fitted to
the relative humidity variation, which can be used to achieve
humidity self-sensing (Figure 7c). On the other hand, introduc-
ing humidity-sensitive functional materials in the actuators can
add humidity-sensing functions while safeguarding the soft
robot motion functions. For instance, Shrestha et al."**! designed
a humidity sensor incorporating a dielectric elastomer actuator
(DEA) capable of operating in high-humidity environments.
This new humidity sensor consists of a “relatively water-free”
acrylic dielectric elastomer layer and a DEA using plasticized
PEDOT:PSS electrodes. The shape change of this hygroscopic
bilayer with humidity is easily visualized like the scales of a pine
cone (Figure 7d).

Despite advances in our understanding of sensory systems
such as mechanical and thermal sensing, it remains challenging
to replicate these unique sensory features in the sensing func-
tions of soft robots. Recent efforts to develop exteroception of
the soft robot using flexible pressure, temperature, and humidity
sensors offer promising routes for sensor-based bionic systems
with limited integration, detection range, and spatiotemporal res-
olution. What is of concern is that a variety of flexible exterocep-
tive sensors (such as gas, chemical, light, and magnetic sensors)
have been developed, which gives the potential for perceptive soft
robots to acquire sensing capabilities beyond those of living
beings and promises to replace humans in dangerous tasks.
For example, Oh et al.’®”! developed a soft robotic hand that
mimics a human finger and surpasses the sensing capabilities
of a human finger by integrating gas sensors. The soft robotic
finger is powered by a thermally responsive elastic composite
material (including capsules of ethanol and LM) through an elec-
trothermal phase transition. A hydrogen sensor is integrated into
the soft robotic hand for real-time hydrogen concentration detec-
tion. The high level of integration of gas sensing and actuation
capabilities of this soft robotic hand is a promising strategy for
next-generation robots monitoring explosive gases in disaster
areas and moving in contaminated environments.

Organisms often possess multiple sensory abilities simulta-
neously to maximize information about their shape and environ-
ment. For example, humans possess manual dexterity, motor
skills, and other physical abilities that rely on feedback from both
proprioceptive and exteroceptive perceptual systems. Currently,
bionic intelligent soft robots with the ability to fully perceive their
deformation and acquire information about their environment
like humans have not been proposed. However, soft robots with
partial proprioception and exteroception have been reported.
Truby et al.l'® reported a method to fabricate an SSA by embed-
ded 3D printing technology, which enables both proprioception
(bending perception) and exteroception (pressure perception and
temperature perception) through the integration of multiple con-
ductive materials. This new fabrication method enables the
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Figure 7. Demonstration of soft robot with humidity sensing. a) Active material-based relative humidity sensor is integrated into a soft inchworm robot
for humidity sensing. Reproduced with permission.l'**! Copyright 2022, American Chemical Society (ACS). b) Soft intelligent insect trap device with
humidity self-sensing function. Reproduced with permission.!'*® Copyright 2022, Elsevier. ¢) TENG millirobot for humidity sensing. Reproduced
with permission.'*” Copyright 2021, MDPI. d) Humidity sensor incorporating a DEA capable of operating in high humidity environments.

Reproduced with permission.['*® Copyright 2021, Elsevier.

seamless integration of multiple ionic conductive and fluidic fea-
tures into an elastic matrix to produce SSAs with desired bioins-
pired sensing and actuation capabilities. The multimaterial
manufacturing platform enables complex sensing patterns to
be easily integrated into soft actuating systems to achieve
closed-loop feedback control.

3. Closed-Loop Control Tasks of Soft Robots

Soft robots are inherently safe and flexible to a range of tasks due
to the passive adaptation of their elastic body to the objects they
interact with. The inherent material compliance of soft robots
can protect both the robot and the environment from damage
in a nonstructural environment.®) This property makes soft
robots attractive in environments such as human-robot interac-
tion (HRI) and robotics operations where safety around
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vulnerable objects may be necessary.*%*% Although soft robots
have such excellent intrinsic characteristics, there are great diffi-
culties in the design of closed-loop controllers. Some studies
have used open-loop control schemes to meet the practical appli-
cation requirements of soft robots. For example, from a practical
point of view, some motion control of soft robots can be realized
through the rational design of soft robot mechanisms and feed-
forward controllers based on ML technology.**!! It is possible to
track preprogrammed tasks with soft robots executed through an
open-loop control strategy, which is not suitable for tasks with
high-precision requirements, such as minimally invasive sur-
gery, positioning, and tracking. Therefore, closed-loop control
for soft robots is needed, which has the advantages of anti-inter-
ference capability (suppression of uncertainty and automatic
adjustment), reduced accuracy requirements for the forward
path, and insensitivity-specific nonlinear effects. The design of
accurate closed-loop controllers for soft robots is still an ongoing

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

5180/ SUOWUWLIOD SAITERID 3|qedljdde aU) Ag peuRAOB a2 31 VO 88N JO'S3|NI 0} ALRIGIT 8UIIUO AB]IM UO (SUO1IPUOD-PUE-SWLBIWO0™AB| 1M AJeIq pu|UO//SAIY) SUOTIPUCD PUE SWiB | 3U) 865 *[£202/20/60] U0 AleIqi auliuo A81im ‘AISIBAIUN UsLZuBUS AQ 628002202 AST/200T OT/10p/wiod" A M ARe1q1[Bu Juo//SdIY WOl papeoiumod ‘0 */9Gh0v9z


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

research topic, and it is worth noting that difficulties in sensing
are an important reason for these challenges."**! Thus, solving
the problem of sensor-based closed-loop control of soft robots is
crucial and urgently needed.

Smart materials and stretchable sensors have great potential to
enable soft robots to interact intelligently with their environment.
In addition, proprioceptive and exteroceptive information
obtained through sensing is essential for a variety of general
robot control tasks. The type of sensor modality to be used,
the control strategy, and the response from the body all depend
on the soft robot’s task. The classification of tasks is determined
by clarifying the main body through the flow of information and
energy in closed-loop control.

3.1. Motion

Precise motion control is one of the proprioceptive sensors’ most
fundamental manipulation tasks. In a closed-loop motion task, the
information flow path is the controller—actuator—sensor—controller.
Energy flows from the controller to the actuator, so the main body
is the actuator. Here, the goal of control is to estimate the shape of
the body so that the body remains stable while performing the
behavior. The proprioceptive sensors can be further classified
according to their use for motion control. The first category is
the indirect variable measurement of actuators, such as the internal
drive pressure measurement of fluid actuators™**! and the current,
voltage, or temperature of electrically driven actuators (self-sensing
feedback).*>'* These indirect variable measurements respond to
the input value of the actuator, and sensors are usually used and
integrated into the actuator mechanisms for internal variables. For
example, Wirekoh et al.®®! chose a control scheme for simplicity to
control sFPAM using its embedded sensors. In this control
method, the embedded sensor signals were sent to a custom ampli-
fier circuit to measure small changes in the resistance of the
sFPAM. This amplification circuit was used to implement a sliding
mode controller and implemented a proportional control scheme
that alternated between a large and small proportional gain for both
force and position depending on the size of the error between the
current state and desired state. However, since the valves are bulky
and expensive, it is difficult to precisely control the pressure or flow
rate of air inside each actuator.*”!

Another category is the measurement of external variables such
as curvature, torsion, and tension, which provide direct informa-
tion about the deformation state of the actuator. As sensors for
these variables should be mounted on the soft robot actuator struc-
ture, closed-loop control of soft robots is achieved by developing
soft sensors and integrating sensor and actuator manufacturing
methods.>*1%1%%l The early work was achieved by the controller
compensating for the elasticity of the actuator connection to gain
precise motion control.™*” In a recent work, soft robots with inte-
grated sensors for bending sensing and force sensing have been
demonstrated for position closed-loop motion control™*® and
force closed-loop motion control,™* respectively. Liu et al.**®!
developed a somatosensory thin-film soft-body crawling robot
driven by artificial muscles with position closed-loop control.
An arch-shaped membrane skeleton with a twisted fiber artificial
muscle connected to the membrane skeleton was coated with
strain sensors to detect body deformation. A controller is designed
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to implement position closed-loop motion control based on the
deformation of the body detected by the stretch sensor as input
(Figure 8a). Yang et al.'*” fabricated a soft robotic finger using
a multi-intelligent material substrate composed of SMP and con-
ductive elastomeric thermoplastic polyurethane (TPU) by 3D
printing to achieve controllability of flexibility and closed-loop con-
trol of the position. In particular, the actuation of different
knuckles was controlled by temperature-regulated changes in
the elastic modulus of the SMP material around the glass transi-
tion temperature (Tg), and the bending sensing of the finger was
achieved using the piezoresistive effect of the conductive TPU.
Then, theoretical modeling of finger position feedback and stiff-
ness modulation is performed and the feasibility of closed-loop
control of the finger position of the soft robot is experimentally
verified. Wang et al.l*®! developed an artificial muscle with tensile
and torsional effects using twisted natural rubber fibers and coat-
ing them with snap-fit carbon nanomaterials. The muscle was
used in a soft crawling robot to control the movement by measur-
ing changes in the resistance of the artificial muscle to connect or
disconnect electrical currents for a force closed-loop control
(Figure 8b). It is worth noting that the availability of both position
and force feedback functions can help improve the maneuverabil-
ity of perceptive soft robots. For example, Zhou et al.">!! proposed
a design method for a proprioceptive bellows actuator based on
3D-printed conductive materials and 3D-printed deformable struc-
tures. The conductive bellows exhibited effective resistance varia-
tion and structural deformation, and the conductive bellows-based
design of the proprioceptive bellows actuator achieved effective
position feedback and real-time output force estimation. This work
provides a promising solution to the challenge of perceptive soft
robots requiring integrated actuation and sensing to perform com-
plex motion closed-loop tasks.

Materials known to be capable of autonomous oscillation in
biological systems (e.g., heartbeat) provide ideas for developing
soft robots with autonomous motion and have been demon-
strated in some soft robots with closed-loop control through
self-sensing.*>"%% Ge et al"®? described a way to create a
thermal-mechanical-thermal feedback loop for a polymer actu-
ator based on a thermal phase change (Figure 8c). This thermally
driven solid polymer produced continuous motion by sensing
and responding to its temperature without switching to temper-
ature rise/fall. Inspired by soft structures that have the intrinsic
sensory stimulus-response of biological organs, Karipoth
et al.">* proposed a magnetically driven soft robot based on a
soft body structure that provides intrinsic strain sensing through
the “seamless embedding” of graphite paste-based sensor mate-
rials. The graphite paste-based sensor material provides imme-
diate feedback regarding deformation, and the cyclic motion of
the soft worm-like robot utilizes the hyperextension of the
developed strain sensor to achieve precise closed-loop feedback
control (Figure 8d). These results demonstrate new possibilities
for using soft robots with self-sensing capabilities in applications
such as delicate surgery inside the body.

3.2. Manipulation

Robotic manipulation involves controlling the movement of the
body to alter the state of an external object to the desired set point
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Figure 8. Motion tasks based on closed-loop control of soft robots. a) Somatosensory thin-film soft crawling robot driven by artificial muscles, with

closed-loop control of motion by position. Reproduced with permission.['*8 Copyright 2021, Royal Society of Chemistry (RSC).

b) Artificial muscle with

sensing is used to build a soft crawling robot, controlled by closed-loop control of forces. Reproduced with permission.!® Copyright 2020, Royal Society of
Chemistry (RSC). c) Motion and principles of a polymeric crawling soft robot based on a thermal-mechanical-thermal feedback loop with thermal-phase
change. Reproduced with permission.['*? Copyright 2017, Royal Society of Chemistry (RSC). d) Magnetically driven soft robot equipped with stretching
self-sensing for precise closed-loop feedback control by stretching. Reproduced with permission.l'*®! Copyright 2022, Wiley-VCH.

using internal actuators.I"” This is a widespread task in industry
and is often based on the control of visual feedback—visual servo.
Many related studies apply visual feedback information directly
to the controller."® In the closed-loop manipulation task, the
information flow path is controller-actuator—environment—
sensor—controller. Energy flows from the actuator to the environ-
ment, so the main body is the environment. Here, the goal of
control is to estimate the state of the body—environment interac-
tion to keep the manipulation stable. Closed-loop power of
manipulation relies on sensory feedback of the deformation
state of the actuator and its contact with the surrounding
environment. For soft robots, different drive mechanisms and
a wide range of physical structures allow for various sensing
strategies.
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The soft robot’s feedback control during the manipulation task
is based on both proprioception and exteroception. From the per-
spective of sensing, manipulation has two closed-loop control
steps. The first step is a proprioception closed-loop control based
on sensors for controlling the feedback of the deformation state
of the actuator. The role of proprioception is mainly to obtain
state information of the internal actuator, which depends on
flexible strain sensors. However, closed-loop control based on
proprioception is difficult to achieve for continuum soft robots
with flexible stretch sensors considering the special mechanism
of continuum robots. Although some theoretical models of soft
continuum robotic systems have been proposed as a basis for
closed-loop control, few studies have been able to tackle
model-based manipulation tasks. Mo et al.***! reported a study
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on the use of a tendon-driven continuum robot to deform soft
objects to accommodate constrained objects. A visual predictive
controller (VPC) with a reference trajectory was used to ensure
smooth operation. A linear extended state observer (ESO) is fur-
ther designed to measure the state of the robot so that the con-
troller can compensate for the estimation errors (Figure 9a). The
second step is a sensor-based exteroception closed-loop control
for obtaining environmental information and feedback on the
state of the interface for interaction with the environment. A con-
trol system needs to be connected between the actuating system
and the sensing system to process the environmental informa-
tion from the sensing system on the one hand and to control
the actuator according to the results of the information process-
ing, on the other hand, forming a closed-loop control. As energy
flows to the actuator, the stability of the actuator is of deep con-
cern. One of the most basic manipulation tasks involving tactile
sensors is grasp adaption. To perform robust grasping, a multi-
fingered robotic hand should be able to adapt its grasping con-
figuration, that is, how to grasp the object, to maintain grasping
stability. Such a change in grasp configuration is called grasp
adaptation.’*® Grasp adaptation depends on the controller,
the employed sensory feedback, and the types of uncertainties
inherent to the problem. Early works were built on real-time feed-
back on the state of the soft robot’s grasping process!'*®! (real-
time feedback control has remained a priority until now) and esti-
mated normal and tangential forces on the hand to detect slip
and react accordingly.'*”! Closed-loop control based on haptic
sensing provides great convenience for adaptive gripping.
Chen et al."™®® proposed two simple sensors were used in a soft
pneumatic gripper (SPG) control system to give it an adaptive
gripping capability similar to innervation. The control system
is characterized by two sensors, where the pneumatic sensor
can detect the gripping force and the bending sensor can detect
the bending degree by testing the pressure versus size. The adap-
tive gripping control process is shown in Figure 9b. The test
results show that the SPG can maintain a stable gripping state
for a long time based on the size-sensing recognition capability.
Guo et al."** developed an intelligent, shape-adaptive pneumatic
electroadhesive actuator (PneuEA) handling system that com-
bines two soft touch sensors with an electro-adhesive pneumatic
soft gripper. Information about the contact state of the two tactile
sensors sensing the soft gripper is used to control the opening of
the pneumatic valve to form a closed-loop control (Figure 9c).
The PneuEA gripper is capable of gripping and placing not only
flat and flexible materials but also delicate objects. This work is
expected to expand the applications for soft gripper adaptive grip-
ping and motorized adhesive technology. Recent results used
learning-based methods for slip onset prediction with adjust-
ment and grasp failure detection with adjustment because of
the ability of these methods to handle complex multimodal sen-
sory information™®® and their generalizability.*®"

One of the most complex manipulation tasks for soft robots is
in-hand manipulation. Dexterous in-hand manipulation usually
requires precise planning and control of finger movements based
on models of objects and fingers during robotic execution. This is
due to the complex contact interactions between the fingers and
the object and the minimal passive adaptation to object changes.
This imposes stringent requirements on actuators, controllers,
and sensors. In-hand manipulation advances in soft robots are
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mainly limited to nonlocal sensing feedback.'*?! Even though,
external vision tracking systems have achieved significant
progress in-hand manipulation using external vision tracking
systems.!"®® However, control strategies trained using vision
alone are scene dependent and require large training data.*”!
Reinforcement learning (RL) can potentially find effective control
strategies, but it is often infeasible to train RL using physically
soft-bodied robots.!"®® To accelerate research on the control and
RL of soft-body robotic systems, Graule et al."**! introduced a
software toolbox that can help train and evaluate controllers
for continuum robots. Further studies have been proposed on
the use of haptic sensing in-hand manipulation to improve grasp-
ing robustness. Notably, in a recent work, Jamil et al.l'®”
designed an inductive soft body pneumatic gripper using hybrid
power. A rigid optical fiber with low optical loss was used for
optical signal transmission to measure the curvature deforma-
tion and the contact force on a specific part of the finger. The
curvature and contact force are passed as inputs to a proportional
integral differential (PID) control program to control the force
applied by the actuator (Figure 9d). The results show that the
actuator has good tracking performance and can reject disturban-
ces, due to the robustness of the gripper’s PID control.

Biologically superior manipulation capabilities depend on the
sensory movements of the biological neuromuscular system. It is
valuable to achieve multifunctionally and locally sensing soft
robots to achieve capabilities close to natural organisms. Zhao
et al.'® reported a soft-body sensory actuation material that uses
a conductive and photothermally responsive hydrogel that
combines piezoresistive and pressure-sensing functions. This
two-in-one functional hydrogel exhibits both the extrinsic sensa-
tion of perceiving the environment and the proprioception of
sensing its deformation in real time while being actuated with
nearly infinite DOF. When connected to a control circuit, the
muscle-like material achieves self-sensing closed-loop control
(Figure 9e).

3.3. Reaction

Soft robots perform various tasks often within unstructured
scenarios and need to face different external disturbances and
stimuli. In a closed-loop response task, the information flow
path is controller—actuator-environment-sensor—controller, with
energy flowing from the environment to the actuator, so the body
is the actuator. Here, the goal of control is to estimate and
respond to the external environment’s forces to ensure the body’s
stability in action and the safety of the external agent. Soft robots
need to react to active mechanics imposed by external agents to
perform tasks safely and stably.!"®”! Covering the entire surface of
the robot with microsensors capable of measuring local pressure
and transmitting data over a network is an ideal solution to pro-
vide the robot with artificial skin to improve mobility and
safety.'*®! Another possible approach is the development of soft
robots with self-sensing capabilities, where the actuators use their
sensing capabilities for feedback control for rapid response and
strategy selection after the reaction. Sun et al.'*! investigated
the integrated sensing and actuation of twisted-and-coiled actua-
tors (TCAs) with self-sensing functions. Closed-loop PI control of
individual TCAs was achieved, and an innervated soft claw that
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Figure 9. Manipulation tasks based on closed-loop control of soft robots. a) Continuum soft robot for performing visual servoing manipulation closed-
loop tasks. Reproduced with permission.[**! Copyright 2021, Institute of Electrical and Electronics Engineers (IEEE). b) Two simple sensors are used in
the soft pneumatic gripper to give it adaptive gripping capabilities. Reproduced with permission.['>® Copyright 2018, Elsevier. c) Sensory adaptive electric
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responds to external loads without additional sensors was built
(Figure 10a). The soft claw can automatically respond to stimuli
generated by external agents and perform specified motions.
However, when the external agent is a human, which usually
involves human-robot interaction, the security of the external
agent is more important than the stability of the robot. The secu-
rity, context prediction, and adaptation issues associated with
human-robot interaction make the soft robot’s response task
more challenging, and distinct from the manipulation task.['”%
In human-robot interaction scenarios, the reaction task can
often be performed in parallel with the manipulation task to
ensure the smooth execution of the task as well as the security
of the external agent. Furthermore, at the control level, one of the
main issues to be addressed by reactive tasks is how to dynami-
cally, safely, and task consistently adapt, keeping in mind the
overall plan and the respective constraint texts.'’!) Wang
et al.’”? proposed a self-sensing soft electrohydraulic pneumatic
actuator (SEHPA) with a dual-drive mode. The self-sensing capa-
bility of the SEHPA can be used specifically to monitor and
ensure accurate output. The SEHPA has the potential to be
mounted on the fingertip and provide accurate tactile sensation
once the manipulator touches an object through teleoperation

—Active reaction

www.advintellsyst.com

(Figure 10b). The excellent response behavior and accurate haptic
feedback prove to be a candidate in the field of teleoperation. It is
worth noting that noncontact human-robot interaction response
tasks play an important role in the field of soft robotics in addi-
tion to haptic tasks, and the feasibility of these response tasks has
been demonstrated. For instance, Liu et al.'”? integrated a
flexible bimodal smart skin based on TENG and LM sensing into
soft robots for reacting the touchless and tactile stimuli.
Furthermore, they proposed a closed-loop control method that
enables soft robots to react to the humans’ approaching-leaving
actions so that humans can teach them movements via bare
hand-eye coordination (Figure 10c).

The main challenges for large-area electronic skins for
covering soft robots are higher mechanical deformation and
robustness, improved skin compatibility, and higher device den-
sities.'””* Recent research has demonstrated an intrinsically
stretchable polymer transistor array with an unprecedented
device density of 347 transistors per square centimeter. The tran-
sistor array constitutes intrinsically scalable skin electronics,
including an active matrix for sensor arrays, as well as analog
and digital circuit elements.'”* Then there is the challenge of
organizing and calibrating many spatially distributed multimodal
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Figure 10. Reaction tasks based on closed-loop control of soft robots. a) Soft claws can automatically respond to stimuli with closed-loop feedback
control. Reproduced with permission.I"® Copyright 2020, Institute of Electrical and Electronics Engineers (IEEE). b) Self-sensing SEHPA can provide
closed-loop control of haptic feedback during HMI. Reproduced with permission.l'’? Copyright 2022, MDPI. c) Soft manipulator with closed-loop control
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haptic sensing elements. The latest and comprehensive
whole-body haptic sensing study was able to self-organize and
self-calibrate 1260 multimodal sensing units and implement a
hierarchical task manager consisting of a fusion of a balance con-
troller, a self-collision avoidance system, and a skin compliance
controller.!”®!

3.4. Exploration

The exploration task is a process of autonomous body movement
of the robot based on control and sensory feedback. In the closed-
loop exploration task, the information flow path is controller—
actuator—environment-sensor—controller. Energy flows from
the environment to the sensor, so the body is the sensor.
Here, the goal of control is the extraction of features of the envi-
ronment by the sensor for planning the following behavior of the
body. Exploration is the process of voluntary motion of the body
based on the somatosensory feedback for identifying environ-
mental properties.’””) The feedback is performed not only on
sensory data but also on complex processed sensory data.l'”®!
According to the processing complexity of sensory data in feature
extraction, environmental properties can be divided into low-level
features and mid-level tasks.

Environmental properties of interest can be low-level features
such as surface texture,l'”” contact force,"*”! or temperature.''”!
Exploiting low-level features relies on the direct utilization of sen-
sor data. Therefore, they only require simple closed-loop control
and data-processing algorithms, such as support vector machine
(SVM)."™®Y For instance, Yu et al."”” described an ingeniously
constructed and simply fabricated soft pneumatic actuator with
self-sensing capability for force and vibration feedback. This
SenAct embeds a stable, fast-responding capacitive sensor
that can simultaneously generate output force and monitor
changes in capacitance. SenAct features lightweight, soft, fast-
responding, and repeatable self-sensing and closed-loop control
to recreate precise force and vibration feedback based on an exter-
nal force or vibration signals to generate tactile feedback and
thereby obtain target object geometric information of the target
object (Figure 11a). The environmental attributes of interest can
also be mid-level tasks such as object classification!'®?! or object
recognition."8!1# Mid-level tasks require complex processing of
sensory data and therefore require relatively complex data proc-
essing algorithms, including SVM!'®* and more advanced neural
networks such as convolutional neural networks (CNNs).'8318%]
For example, Jin et al.'®¥ reported an innovative soft-robotic
gripper system based on TENG sensors to capture the continu-
ous motion and tactile information for the soft gripper. The tac-
tile sensors can perceive the contact position and the sensory
information collected during the operation of the soft gripper
is further trained by the SVM algorithm to identify diverse
objects (Figure 11b). Based on the above work, Sun et al.'*”!
reported a smart soft robotic manipulator consisting of TENG
tactile sensors and a PVDF pyroelectric temperature sensor,
and a three-layer 1D-CNN was constructed for data feature extrac-
tion and automatic recognition to verify the sensing ability of the
proposed intelligent manipulator system. Recently, Huang
et al.l"®! proposed a framework for variable-stiffness object rec-
ognition using tactile information collected by force-sensitive
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resistors on a three-finger soft gripper. A 3D palpation process
was used to generate a spatiotemporal tactile image. A CNN and
a Naive Bayes classifier were used to identify objects. The detec-
tion of shapes and sizes of hard objects underneath soft tissues is
considered extremely important for breast and testicular cancer
early detection, a field where soft robots can shine with inexpen-
sive and ubiquitous devices.

Achieving full autonomy in exploration requires active explo-
ration, which is a higher-level process than mid-level tasks that
select the best action to better sense information.!"! The first step
toward active exploration control architecture is considered to be
tactile servoing."®*? This includes tracking or maintaining a
touched object, tracking an object’s pose, and tactile object explo-
ration. For example, Li et al."®”) presented a novel hierarchical
control framework on tactile servoing with visual-servoing
approaches to allow for surface exploration of unknown objects.
The framework was divided into three layers: a joint-level layer, a
tactile-servoing layer, and a visual-servoing layer. The tactile-
servoing layer provided “blind” surface exploration skills, main-
taining desired contact patterns and acquiring a tactile point
cloud. The visual layer monitored and controlled the actual object
pose, providing high-level fingertip motion commands that were
merged with the tactile-servoing control commands. Common to
all the actions was a tight feedback loop maintaining optimal
object contact using tactile-servoing controllers. Furthermore,
tactile servoing provides closed-loop control of exploratory move-
ments of an unknown object using tactile sensors for feedback.
Additional tactile information obtained during the process was
then used to estimate the compliance of the object."®®! The next
step to develop active exploration strategies is that they run
simultaneously and are regulated by the tactile feature extraction
process.!*”) For example, Low et al.'®*® presented a versatile soft
robotic gripper whose capability was optimized by integrating
vision and tactile sensing facilities for food handling. On the
one hand, a vision module was developed to identify food sam-
ples and the pose of each food item. An object detection algo-
rithm based on You Only Look Once (YOLOv3) was applied
in the vision system and a pretrained weight file was used as
a CNN feature extractor on the dataset. On the other hand, tactile
sensors were integrated into a real-time grip pose exploration
technique (grip pose comparator) to automatically reconfigure
and search for a stable pose to handle food samples of different
shapes and sizes. The sequence of robot controllers comprised
robot arm controller, gripper controller, and closed-loop force
feedback system (Figure 11c). The next challenge in this area
is to further develop exploration methods for active tactile learn-
ing based on the tactile feature extraction process to efficiently
learn and characterize objects based on their physical properties
(shape, stiffness, mass, surface texture, etc.) of unknown objects.
The prior knowledge gained in active tactile learning is used to
guide soft robots to make decisions to acquire information more
efficiently in unknown environments to achieve optimal local or
even global exploration strategies.!'?*%%!

4. Challenges and Future Perspectives
The approaches to provide perception capabilities for intelligent

soft robots show differences in the applicability for differing soft
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Figure 11. Exploration tasks based on feature attraction and closed-loop control of soft robots. a) Soft pneumatic self-sensing actuator with precise force
and vibration feedback. Reproduced with permission.'’? Copyright 2022, Elsevier. b) Soft-robotic gripper system based on TENG sensors to identify
diverse objects. Reproduced with permission."® Copyright 2020, Springer Nature. c) Soft robotic gripper system by integrating vision and tactile-sensing
facilities for active exploration. Reproduced with permission.'® Copyright 2021, Institute of Electrical and Electronics Engineers (IEEE).

robots in addition to being promising within a specific sensing
range and accuracy as summarized in Table 1 and 2. Despite
these efforts, many challenges remain, and we have highlighted
some of the most important ones below. 1) The challenge of
proprioception is to develop proprioceptive sensors with
high stretchability, high sensitivity, and high dynamic range.
Soft robots experience strains of varying sizes (e.g., large
bending and stretching deformations and small twisting defor-
mations) and complex deformations (multiple deformation com-
plexes), and key challenges include increasing the stretchability
of the shape-sensing skin and improving the resolution of the
sensor to detect small curvatures. Second, the challenge also lies
in the introduction of multimodal proprioception, where the
deformation of a soft robot is often a composite of multiple
motions and is 3D rather than planar and single. One way of
thinking is to obtain as much information as possible about
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the topographic variation of the soft robot body through multiple
sensor bundles, and then use ML methods to analyze and decou-
ple the large amount of data information, which will inevitably
introduce a large amount of computational consumption. Once
reliable soft robot proprioceptive solutions are available in this
area, it is conceivable that shape feedback will enable controlled
shape changes in robots. With current soft robots unable to
morph into specific configurations, the next challenge is to refine
closed-loop kinematics, shape control, and force control to allow
soft robots to switch between morphology and corresponding
motor gaits as needed. 2) The challenge for exteroception is
the development of highly stretchable and high-bandwidth sens-
ing arrays. Achieving full-spectrum environmental sensing often
requires sensing arrays throughout the body, which challenges
the stretchability of sensing arrays. In addition, different
body regions have different bandwidth requirements, so high
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Table 1. Summary of methods and their relative applicability for implementing proprioception on different types of soft robots discussed in this review

(H: high, M: medium, L: low).

Proprioception Methods Sensors Soft robot Applicability Ref.
Bending Optical Optical waveguide Pneumatic prosthetic hand H [38]
Microfluidic Liquid metals Pneumatic tentacle L [42]

Electrical Conductive elastomer Pneumatic gripper M [54]

Self-sensing Resistive self-sensing Electrothermal actuator H [59]

Twisting Optical Fiber optic Pneumatic gripper H [71]
Microfluidic Fluid Elastomeric finger M [72]

Electrical Hydrogel Pneumatic finger L [74]

Self-sensing Inductive self-sensing Twisted and coiled polymer muscle H [78]

Stretching Optical Optical waveguide Pneumatic robot H [83]
Microfluidic Liquid metals Pneumatic artificial muscle H [86]

Electrical Conductive nanomaterial Soft robotic earthworm M [88]

Self-sensing Resistive self-sensing Origami robot H [95]

Table 2. Summary of methods and their relative applicability for implementing exteroception on different types of soft robots discussed in this review

(H: high, M: medium, L: low).

Exteroception Methods Sensors Soft robots Applicability Ref.
Pressure Microfluidic lonic conductive fluid Pneumatic robotic gripper H [104]
Electrical Silver nanowires Shape memory polymer gripper M [109]

Self-sensing Resistive self-sensing Electrothermal polymer actuator H [113]

Temperature Electrical PEDOT:PSS nanowires Pneumatic robotic gripper L [122]
Hydrogel Pneumatic robotic gripper L [124]

Self-sensing Pyroelectric self-sensing Light-driven thin-film robot H [125]

Humidity Electrical Graphene oxide Light-driven crawling robot H [135]
Self-sensing TENG self-sensing NIR light or magnetic field-driven crawling robot H [137]

bandwidth is required. Second, other exteroception capabilities
(e.g., gas sensing, light sensing, magnetic sensing) are required
to be introduced into soft robots, and these types of sensors have
been proposed but still need further application in soft robots.
Multimodal exteroception helps soft robots acquire environmen-
tal information more efficiently. This further increases the
difficulty of information processing and computational models
to extract useful information from the sensor array are the next
challenges. However, the details of how to develop and imple-
ment such algorithms are not yet clear, for example, how to select
the most efficient algorithm for classification, regression, and
detection tasks for different signal inputs; the use of neural net-
works in different situations; and the balance between efficiency
and reliability are all issues that need to be addressed. 3) The
challenges of closed-loop control of soft robots can be categorized
Dby their tasks. Current soft robots cannot be morphed into spe-
cific configurations for motion tasks. The key challenge is pro-
viding comprehensive shape feedback through integrating
multiple proprioceptive functions to allow the robot to switch
control between morphology and corresponding motion gaits
as needed. For manipulation tasks, the next challenge is the
fusion of proprioceptive and exteroceptive multisensor informa-
tion based on the controlled shape of the soft robot. Furthermore,
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the introduction of exteroceptive multimodality (including
sensing pressure, shear, and vibration, and even detecting the
presence of chemical and biological markers in the environment)
will greatly enhance the manipulation capabilities of soft robots,
which will be available for a wide range of applications, including
hazardous environment manipulation, disaster response, and
manufacturing. For response tasks, haptic responses may
require minimal spatial discrimination. The challenge is to
develop sensing arrays throughout the body for low-level
control to help soft robots respond to external stimuli promptly
while contributing to the safety of human-robot interaction.
Notably, introducing noncontact sensing methods (frictional
electrical, magnetic, temperature, light, gas, etc.) into soft robots
can help further enhance the responsiveness of soft robots. For
exploration tasks, exploration may require the highest spatial res-
olution as evidenced by the dense distribution of mechanorecep-
tors at human fingertips, and the key challenge lies in the
interpretation and learning of information through knowledge
gained from active haptic exploration. This relies on the improve-
ment of information processing capabilities. Solving these prob-
lems requires collaboration across interdisciplinary areas, such
as computer and data science, materials science, control science,
and neuroscience. The result will be soft robots that understand
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themselves, their environment, and their interactions with
humans better, resulting in more intelligent soft robots and
richer, more efficient experiences for humans.

5. Conclusion

In this review, we discussed soft robots with proprioceptive and
exteroceptive functions and summarized the closed-loop control
tasks based on these sensory feedbacks. These sensing capabili-
ties are the basis for developing autonomous, intelligent soft
robots. We analyzed two strategies for developing perceptive
soft robots: 1) by integrating flexible/stretchable sensors into soft
robots and 2) by designing and fabricating self-sensing soft
robots with functional materials capable of both actuation and
sensing. Self-sensing soft robots have the advantage of a
seamless fusion of actuation and sensing functions. However,
the coupling of actuation and sensing also poses great challenges
in data analysis and information extraction. In the context of the
two strategies, we classified perceptive soft robots based on sens-
ing functions, including proprioception (bending perception,
twisting perception, and stretching perception) and exteroception
(pressure perception, temperature perception, and humidity per-
ception). In addition, we summarized design ideas and imple-
mentation methods for perceptive soft robots with different
closed-loop control tasks (motion, manipulation, reaction, and
exploration).

Lately, researchers have developed soft robots with sensing
capabilities that mimic natural organisms. We believe this bio-
mimicking approach will become the dominant trend in the
future advancement of perceptive robotics. The next step in this
direction will most likely focus on the integration and fusion of
multimodal perceptive functions in soft robots for more
stable and reliable closed-loop control and the incorporation of
customized ML to further improve the perceptive capabilities
of soft robots. In the long run, soft robots comparable to natural
systems will be around in our daily life, capable of exploring the
unknown world like living creatures and working closely with
humans.
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