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scientific community.[1–7] Regardless, every 
time a living being reveals novel adaptive 
and dynamically reactive mimicry behavior, 
it inspires and fosters futuristic and unex-
pected technological outcomes.[8–12] At the 
biological level, the visual crypsis is the 
ability of a species to resemble the sur-
roundings by matching the coloration and 
the geometrical patterns of the habitat. In 
this sense, a living being can control its 
appearance optically (thanks to arranged 
and optimized structures at the mesoscopic 
scale, by means of pigmentation, or emis-
sive elements) and morphologically (it can 
show wrinkles and textures on the body to 
evade detection or observation).[13–18] Both 
these mechanisms are characterized by a 
time response that ranges from millisec-
onds to hundreds of seconds. In nature, 
several species take advantage of cryptic 
abilities, as, e.g., in cephalopods,[7] crus-
taceans,[19] reptilians,[1,20,21] insects,[22,23] 
birds,[24,25] shells,[26,27] plants,[28,29] among 
many. The biotic color changing and body 
patterning relate to reproductive, commu-

nicative, and defensive and/or predatory strategies. Unfortu-
nately, the nervous or central control-chain system that steers 
these behaviors in animals and plants, is still somehow fogged 
for scientists.[7,30–32] A complete knowledge about their central 
information process systems, can open to astonishing devel-
opments in many scientific branches, from neurobiology[33,34] 
to quantum biology.[35] Undoubtedly, the most debated case of 
study in the natural world are cephalopods, which not only are 
highly evolved and specialized in fast adaptive color changing 
displays, but also are able to actuate their skin to generate 3D 
patterns, when exposed to specific mechanical, thermal, optical, 
or chemical stimuli. Soft muscular arrangements,[36–38] spatially 
distributed and expandable absorbing components (namely 
chromatophores),[39,40] iridescent elements (namely irido	
phores),[41,42] and bright white scatterers (namely leucophores)[43] 
are responsible for textural, postural and color changing. More-
over, octopuses are a remarkable intelligent species, able, for 
example, to open a jar or avoid predators in the order of sec-
onds.[44] Thus, cephalopods are usually regarded as a perfect 
example of embodied intelligence,[45] thanks to the symbiosis 
between their body’s mechanics and morphology, and the dis-
tributed sensory neuro-motor-control system. Their “learning”, 
“mechanical” and “material intelligence” will be our lodestars 
along this review, resulting in a fascinating connection between 

Octopus skin is an amazing source of inspiration for bioinspired sensors, 
actuators and control solutions in soft robotics. Soft organic materials, biomac-
romolecules and protein ingredients in octopus skin combined with a distrib-
uted intelligence, result in adaptive displays that can control emerging optical 
behavior, and 3D surface textures with rough geometries, with a remarkably 
high control speed (≈ms). To be able to replicate deformable and compliant 
materials capable of translating mechanical perturbations in molecular and 
structural chromogenic outputs, could be a glorious achievement in materials 
science and in the technological field. Soft robots are suitable platforms for soft 
multi-responsive materials, which can provide them with improved mechanical 
proprioception and related smarter behaviors. Indeed, a system provided with 
a “learning and recognition” functions, and a constitutive “mechanical” and 
“material intelligence” can result in an improved morphological adaptation 
in multi-variate environments responding to external and internal stimuli. 
This review aims to explore challenges and opportunities related to smart and 
chromogenic responsive materials for adaptive displays, reconfigurable and 
programmable soft skin, proprioceptive sensing system, and synthetic nervous 
control units for data processing, toward autonomous soft robots able to com-
municate and interact with users in open-world scenarios.
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1. Introduction

The light-manipulation properties and the 3D surface textures 
of the skin of biological species have always fascinated the 

© 2021 The Authors. Advanced Materials Technologies published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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the biological world and bioinspired industrial and technological 
outcomes.

In the recent years, an interdisciplinary effort among the soft 
robotics[46] and the soft matter communities,[16,47–50] is laying 
the groundwork for innovative bioinspired sensors, actuators 
and control systems aiming at proprioceptive, multi-integrated, 
and autonomous robots (Figure 1). In particular, soft robots can 
be regarded to be prominent examples of a perfect multi-level 
platform. Innovative materials, mechanical design and learning 
control can provide fast, adaptive, and on-demand mechan-
ical and optical displays to tackle various tasks in different 
scenarios.[51] Taking inspiration from biology, by combining 
the basic principles of the cephalopods’ neuro-motor-control 
system and the secrets of their skin, roboticists and researchers 
can develop deformable and compliant materials capable of 
sensing the external light and hierarchically react changing 
the texture and coloration,[52] thus obtaining dynamic learning 
control systems. Such adaptation is of paramount importance 
for a soft robot, which is required to reliably perform in dif-
ferent environments. To the best of our knowledge, there are no 
soft robots coexisting in open-world scenarios with humans or 

other living beings, pointing to the fact that the latter is still an 
open challenge for robotics. Indeed, despite the development 
of many bioinspired soft robotic end-effectors as arms,[53,54] 
graspers,[55–57] or platforms as crawlers,[8,58,59] coilers,[60] multi-
gait[61] and growing robots,[62,63] there is a large demand for 
innovative enabling technologies able to reduce mechanical 
and control complexities. A viable option could come from 
the “material”, “mechanical” and “learning intelligence” of the 
end-effector or robot, furthermore avoiding the presence of ele-
ments that hamper the intrinsic softness of the robot body (e.g., 
wirings, tubes, motors, bulky batteries, rigid skeletons, etc.).[64] 
The concept of “mechanical intelligence” here will be entrusted 
as conformability, morphological adaptability, and the self-
capability to real-time react while interacting with the environ-
ment. Along the perspective, the “material intelligence” will be 
intended mostly as conferring smart mechano-responsive prop-
erties to the soft constitutive materials. Nonetheless, more in 
general, it can regard multi-X capabilities (functional, modality, 
physics, etc.), self-X (adaptation, healing, powering, growing, 
etc.) and taxis (chemo-, pH-, photo-, magneto-, etc.) behavior, 
physical (re)programmability, modularity, and more in general 

Figure 1.  A schematic representation of fusion between bioengineering (robotics and biology) and material science (soft matter physics and chemistry) 
that can drive to develop bioinspired soft proprioceptive robots. Like biological organisms, a new era of machines is expected to act autonomously in 
open-world scenario. To achieve this challenge, they require a physical intelligence (i.e., mechanical and material intelligence) to adapt, conform, be 
resilient and independently behave due to internal and external perturbations, and a computational/ artificial neural intelligence to learn and integrate 
with collective systems. Interdisciplinarity between the soft robotics and the soft matter communities can open to astonishing adaptable autonomous 
and stimuli-responsive bioinspired machines. Biology is a source of inspiration for the bioengineering, and the latter is further trying to translate 
the adaptation principle in robotics. Thus, soft robotics, aimed at developing robots with high deformability, adaptation, gentle interaction with the 
environment, is growing fast, promoting the spreading of such autonomous machines in the open-world day-life. The “material” and “mechanical 
intelligence” of some species as, e.g., cephalopods are inspiring roboticists and scientists to develop adaptive chromogenic and texturing displays to 
effectively communicate with the external environment. At the same time, the responsiveness and ease of computation of the information by means 
of biological nervous system can be a source of inspiration for innovative processing data system, with the aim of innovative biologically inspired 
machine learning architectures. Fusing the “material”, “mechanical” and “learning intelligence” borrowed from biological platforms, in the proximal 
future we envisage new soft adaptable, autonomous and proprioceptive robots able to work in various scenarios. Picture of octopus by NURC/UNCW/
NOAA on Flickr, used in the public domain.
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various stimuli-responsive features.[65] These smart material 
properties have to report reliable and prompt information on 
the status of the end-effector, or on the interactive robotic body 
region, while actuated or while encountering environmental 
stimuli. Finally, a “learning intelligence” is required to pose 
robotic platforms able to measure, interpret and self-adapt to 
complex and real-world scenarios. The learning intelligence 
should formally lie in an artificial control brain that could be 
centralized or distributed. With the concept of learning, we 
gather together the complex system of a distributed network 
of neuromorphic interfaces along the robotic body or fully 
endowed at the end-effector tip, and the computation mecha-
nisms, that should be able to acquire, analyze, recognize, and 
process data and patterns.[66] Thus, the learning and recog-
nition intelligence should act as an encoder of the physical 
intelligence[67] (hereafter an interchangeable term to label the 
combination of mechanical and material intelligence). This  
challenging achievement should drive toward proprioceptive- 
and embodied intelligence-based innovative machines that can 
mediate responses to external stimuli by sensorial capacities, or,  
e.g., optically and mechanically reconfigure to replicate camou-
flage as in the biotic counterpart.[51] Thus, there is an increasing 
demand for miniaturized task-responsive sensor-actuator-
controller solutions, directly embeddable in robotic platforms 
or manipulators, able to communicate and process data in 
efficient computational “artificial brain” programmed to learn 
fast and independently act in a various and unstructured sce-
narios, as, e.g., destroyed buildings due to catastrophes looking 
for survivors, or for cataloguing biodiversity or animal groups 
behavioral.[68] Additional remarkable results could comprise: 
energy on-demand saving,[47,69–72] effective communication 
in the working-task environment responding to the ambient 
stimuli,[73] as, e.g., signaling a danger, a touch occurred, a 
forthcoming breach (for human-machine interaction),[20,74–77] 
providing untethered actuations,[78–80] and/or, more in general,  
infusing the soft robotic system with an effective mechanical 
proprioception.[81] In particular, bioinspired smart chromogenic 
responsive materials and 3D shape changing soft actuators/
platforms are conducive for a broad ensemble of applications  
ranging from behavioral life-science,[82] up to industrial and 
practical use. The case for mimicry and cryptic behavior  
in soft robotics includes exploration, monitoring or even rescue 
in natural environments, where camouflaged robots may hide, 
and be protected from animal attacks, or even approach them 
for studying their behavioral and living world, and consistently 
validate scientific hypothesis.[83] Of course, soft camouflaging 
robots may also support surveillance[84] in harsh or military 
scenario.[85] However, optically and mechanically adaptive 
soft platforms open up to camouflaging electronic displays[86] 
and wearables,[87] or at the same time can find application in 
the field of soft robotic facades with energy-saving feature,[88] 
that can modulate energy harvesting or show heat adaptation 
shields.[89] Further applications can result in soft robots for 
entertainment, fashion, and generic interaction with humans 
or living-beings.[90,91]

In this review paper, we will focus on multifunctional and 
embeddable systems for soft robotics to manipulate income/
outcome optical feedback for communicative purposes, or for 
perceiving the external stimuli in order to modify the shape 

conformation to address a task, addressing efficient bioinspired 
learning approaches. We will do this referring to cephalopods, 
analyzing their biological structure and function, and com-
paring them to the state of the art of their man-made techno-
logical counterparts. Thus, in Section  2 we will firstly present 
some bioinspired soft robots, as platforms on which to embed 
the smart sensors, actuators, designs and control systems, to 
obtain environmentally responsive and adaptable machines in 
unstructured scenario. Section 3 will guide the reader through 
cephalopod’s bioinspired stimuli-responsive and electronics-
free chromogenic optical materials, and dynamic photonic 
structures that can be fully integrated in soft embodiments and 
actuators to obtain a hierarchically light-matter responsive skin. 
In Section 4, we will analyze programmable and reconfigurable 
soft skin for 3D texture patterning, and generic shape-changing 
actuators for locomotion, grasping and environmentally-driven 
tasks. Actuation methodologies will be shown to obtain stimuli-
responsive pre-engineered smart design. Beside the “material” 
and “mechanical intelligence”, we will present in Section  5 
machine recognition approaches to perform advanced activities 
and boost robotic “learning intelligence” toward proprioceptive 
autonomous robots (actually soft robots mostly relies on open-
loop systems). This section will provide the last approaches 
toward a new era of closed-loop proprioceptive soft robots, with 
biologically inspired machine learning approaches and neuro-
morphic elements that can profit from the integration of the 
aforementioned sensors and actuators. Indeed, while the latter 
are responsible for morphological computing reducing the 
controller complexity, for more complex tasks, learning will be 
needed to openly address the interactions between the effector 
and the environment.[51,92,93] Again, solutions can arise from 
soft animals that incorporate a complex network of decentral-
ized control and specialized sensing systems for collecting 
information from the environment.[94] One of the biggest chal-
lenges in soft proprioceptive robots is multimodal sensing and 
the synthetic replacement of a nervous system to perceive mul-
tiple physical parameters and transfer the data to the de-/cen-
tralized control system. Along the section we will discuss how 
a distributed network of embedded soft sensors and neuro-
morphic interfaces can drive proprioceptive information to the 
artificial brain able to compute and process data. Physical intel-
ligence should be respectfully integrated with software algo-
rithms including neural networks, central pattern generators, 
behavior trees and modular architectures, optimized with rein-
forcement learning, evolutionary algorithms and imitation, to 
demonstrate innovative working strategies toward propriocep-
tive autonomous artificial neuro-motor-control systems.[95–97] In 
this vision, we require new materials acting as smart bidirec-
tional transducers that can provide physical intelligence, while 
at the same time integrating sensing, actuation and computa-
tional functions for learning and model-predictive closed-loop 
control.[66] The new paradigm that we will analyze consists in 
the fusion of an artificial physical-intelligence with computa-
tional- and neural-intelligence (hereinafter terms to also refer 
“learning intelligence”). This is a most prominent frontier to 
develop proprioceptive and exteroceptive soft machines with 
capabilities of mimicking and changing optical and mechan-
ical appearance. In the same section, we will summarize and 
comment on current challenges in the area of data-processing, 
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machine learning, and control to address various geometrical 
and optical conformation, while details about control in general 
for soft robotics[98] will be mentioned by means of some repre-
sentative work. In conclusion, along the perspective, the adap-
tation concept in soft robotics will be treated as a multi-level 
approach to “sense”, “conform” and “learn” toward the sought 
embodied intelligence for mechanical proprioception to address 
unstructured environments and tasks.

2. Bioinspired Soft Robots

Soft robotics offers innovative technological platforms able to 
adapt and react to external stimuli, providing safer and more 
robust interaction with the humans and the environment.[98] 
These capabilities overcome the limitation posed by rigid mate-
rials and components, and open to applications impossible to 
achieve with conventional robotic systems.[98,99] For example, the 
latter require high control complexity and do not allow passive 
adaptation. Contrary, for soft robotics the intrinsic intelligence 
of the constitutive materials (granular media,[100] elastomeric 
and polymeric materials,[101] hydrogels,[102,103] showing a vast 
range of compliancy, i.e., from 10 kPa to 1 GPa[104]), and the vast 
range of actuation, allow to adapt to the environment,[105] gently 
interact with unstructured and complex objects,[106] show large 

deformation and shape- and size-changing,[107] self-repairing 
from damages,[108] embed multi-physics properties,[109] and react 
with the external stimuli with (pre)-programmed or real-time 
output,[110] in most of the cases even reducing the complexity of 
the control system (Figure 2a).[69,46,111] In particular, soft matter 
can easily integrate smart multifunctional micro- and nanoscale 
systems, such as multi-responsive chemical embedded units, 
and disruptive transferring-data paradigms. From this per-
spective, robotics borrowed the concepts of “material” and 
“mechanical” intelligence from biology to replicate adaptation. 
Thus, robots with physical intelligence found several applica-
tions in biomedicine,[112] different locomotion modalities[113] as 
crawling on different terrains,[114,115] overcoming obstacles,[116] 
and self-healing.[117] In this regard, several bioinspired solutions 
came from the study of the abilities and characteristics of ceph-
alopods. In Figure 2b-i,ii we report some example of octopuses’ 
bioinspired soft grippers,[118,119] that exploit the flexibility of the 
soft material and the integration of suction cup elements[120–124] 
to firmly grasp objects in confined, constrained,[53] or open 
environments.[125] In such examples, bioinspiration allows to 
solve some critical issues, such as coiling without damaging the 
organic or inorganic support[60,126] (Figure  2c), not interfering 
with the surrounding ecological environment,[127] or avoiding 
obstacles in simulated rescue situations[128,129] (Figure 2d). The 
softness of their body structure, the theoretically infinite degree 

Figure 2.  A selection of bioinspired robots and a representation of their evolution in terms of body compliancy and mechanical intelligence. a) The 
soft robotics evolution, where rigid skeleton and stiff components are going to be substituted to obtain an entirely compliant system. Reproduced with 
permission.[46] Copyright 2016, American Association for the Advancement of Science. b-i) An octopus-inspired soft robotic arm developed to work in 
pipeline-like constrained and confined environment. Reproduced with permission.[53] Copyright 2019, Wiley-VCH GmbH. ii) TentacleGripper based on 
the octopuses’ tentacle for form-fitting grasping Reproduced with permission. Copyright Festo SE & Co. KG, all rights reserved. c) A reversible and 
variable-stiffness tendril-like soft grasper to adaptively and gently coil around soft bodies. Reproduced with permission.[60] Copyright 2019, Nature 
Publishing Group. d) Self-growing robot with embedded additive manufacturing system for locomotion in unstructured and complex environment with 
passive morphological adaptation. Reproduced with permission.[129] Copyright 2019, Mary Ann Liebert Inc.
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of freedoms of soft manipulators, and their adaptability to dif-
ferent objects and terrain are a herald for the development of 
innovative technological machines. Nonetheless, at the pre-
sent stage both soft manipulators and robots still require fur-
ther refinement to succeed in an open-world scenario, with its 
infinite variabilities. In the following sections, we will examine 
multi-responsive soft matter technologies capable to provide 
soft robots with the ability to change their optical and mechan-
ical appearance for communicative or user-machine interaction 
(“material” and “mechanical intelligence”). Finally, we will dis-
cuss different data-transfer and process approaches for open-
world tasks (“learning intelligence”).

3. Smart and Chromogenic Responsive Materials 
for Adaptive Displays in Soft Robotics
In the recent years, several research groups fabricated exem-
plary soft robots comprising smart materials (“material intel-
ligence”) that allowed them to change optical appearance in 
laboratory controlled environments.[130–134] At the same time, 
electronics-free chromogenic mechanosensing have also 
attracted much attention, proposing new technological plat-
forms comprising efficient mechanochemical systems and 
tunable dynamic photonic strategies directly embeddable in 
elastomeric host matrices. In the future, such technology could 
also allow machines to manage optical data on-demand, conse-
quently implementing safe body patterns and texture, and pro-
viding visual feedback to interface and communicate with the 
external environment.

3.1. Cephalopods Camouflage Behavior as an Example  
of Income/Outcome Light Manipulation

The skin of cephalopods shows a hierarchical structure whose 
light manipulation strategy involves chromatophore, iridophore, 
and leucophore organs (Figure  3a-i,ii). Cephalopods’ abilities 
in this regard and the underlying mechanisms were described 
extensively.[7,36–39] At the technological level, the camouflaging 
behavior is a perfect example of multifunctional devices for sen-
sors, actuators and a fast/efficient control of the skin relying on 
light absorption, reflection, transmission and emission light[135] 
(Figure 3b-i). A soft robot endowed with a synthetic light-manip-
ulating skin could provide an optical feedback as a result of a 
mechanical perturbation, that can be used to communicate infor-
mation about its status (e.g., high stretching, mechanical failure), 
or a completed task (e.g., grasping successfully occurred), etc. 
(Figure 3b-ii). In this section, we will pose the attention on the 
organs’ structure, and the state-of-the-art technological counter-
parts. Indeed, scientists developed devices to replicate cepha-
lopod’s chromatophore organ behavior,[136,137] or multilayered 
ordered and mechanically-tunable optical components as coun-
terpart of iridophores,[138,139] or self-assembled nanoparticles 
acting as the leucophores to widely scatter the light.[140–142]

3.2. From Cromatophore as Absorbance Elements through 
Molecular Mechanochromic Devices

In the cephalopod skin, behind a semi-transparent epidermis 
layer, one can find the chromatophores, pigmented sacculi, that 

Figure 3.  The octopuses’ skin hierarchical structure and the importance of colorimetric feedback to communicate with open world-scenario. a-i) Octo-
puses change coloration for communicative, reproductive, defensive or predatory strategies. Picture of octopus by NURC/UNCW/NOAA on Flickr, 
used in the public domain. ii) Hierarchical structure of the octopuses skin (cp = chromatophore, ip = iridophore, lc = leucophore). Reproduced with 
permission.[40] Copyright 2001, Wiley-Blackwell. b-i) Left: pictorial reproduction of the optical behavior of the octopuses’ skin. Chromatophores act as a 
pigmentary absorptive elements, iridophores and leucophores as structural reflective component. Illustrated by Ariel Zych. Right: inset of the behavior 
of the yellowish cromatophore, with internal structural reflection of spherical and lamellar components. Reproduced with permission.[135] Copyright 
2019, Nature Publishing Group. ii) Pictorial representation of a soft robot communicating with the external environment whereas a grasping movement 
is applied. The sensible changing of coloration by mechanosensing can be decoded, e.g., by an applied pressure, or a by the approaching of the mate-
rial failure threshold. The color legend is reported and represents a color-based visual feedback. Color-based outputs are fundamentals for alarming 
or communicating with color-sensitive living being or human-made detectors.
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can assume different colorations such as brown, red, black, 
orange or yellow (Figure 3a-ii).[40] Each sacculus is surrounded 
by about 15–25 radial muscles.[143] A dense and packed system 
of radial nerves is responsible for reconfigurable pigmented 
displays, that continuously change appearance expanding or 
retracting the pigmented area (Figure 4a-i,ii).[7] Technologically, 
a synthetic soft and dense chain-like system can be reproduced 
by polymeric matrices, which show a large range of mechanical 
performances, from elastomeric to brittle. The optical appear-
ance of a polymer can vary by dispersing dyes and pigments or 
by covalently binding them to the main chain.[144] For example, 
Morin et al.,[8] proposed the use of colored solutions in fluidic 
channels in a soft robot to control camouflage in predetermined 
backgrounds (Figure  4b). This classical approach requires 
external pigmented-fluids tank or an entangled network of flu-
idic channels to cover all the surface of the camouflaging body, 
failing an adaptive approach. Other researchers introduced 
optoelectronically active layers into elastomeric matrices to  
electronically control the optical outcomes (Figure  4c).[145] The 

presence of classical electronics (waiting for the advent of reli-
able stretchable electronics) still present issues such as the dif-
ferent compliancy between optoelectronic components and soft 
substrates, brittleness and opacity. However, color changing 
systems with optoelectronic elements showed remarkable 
results in a soft robotic finger for gesture applications, paving 
the way for the scaling up of this approach depending on the 
particular condition.[146]

Hereinafter, we will analyze multifunctional and optically 
responsive solutions for soft robotics and manipulators aimed 
at reducing the use of standard electronics (not compliant with 
the soft body). An example of this comes from smart polymers 
and composites comprising functional units able to show a 
fast and reliable chromatic response to mechanical perturba-
tions without hampering their mechanical performances. In 
the recent years, mechanochromism based on the variation 
of absorption[147,148] or emission[149–151] properties, lead off as 
emergent solutions for optical response in soft material like 
polymers,[152] self-assembled liquid crystals,[153,154] or gels,[155,156] 

Figure 4.  Octopus-inspired pigmentation and artificial strategies for controlled and stimuli-responsive colorimetric behavior. a-i) Internal structure 
of a chromatophore. Radial muscle fibers are responsible for the increasing or decreasing area of the optical filter element. Reproduced with permis-
sion.[40] Copyright 2001, Wiley-Blackwell. ii) Typical palette in cephalopods’ skins. Reproduced with permission.[40] Copyright 2001, Wiley-Blackwell. 
b) Fluid-driven camouflaging soft robot. Reproduced with permission.[8] Copyright 2012, American Association for the Advancement of Science. c) 
Optoelectronically-driven changing coloration for optical signaling. Reproduced with permission.[145] Copyright 2016, American Association for the 
Advancement of Science. d-i) A polymeric soft skin with micropore confined mechanochromic nanoparticles. Reproduced with permission.[161] Copy-
right 2019, Wiley-Blackwell. ii) An encapsulated mechanoluminescent excimer-forming dye blended in a polymeric matrix. Reproduced with permis-
sion.[162] Copyright 2018, Wiley-Blackwell. e) SP-doped Ecoflex for a soft gripper robot. Mechanochromism is exploited for spatial-resolved grasping 
identification regions. Reproduced with permission.[75] Copyright 2015, American Chemical Society. f) Rhodamine-doped PU for mechanochromism 
and photochromism. Reproduced with permission.[178] Copyright 2015, Wiley-Blackwell.
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that find applications in soft robotics.[157] Mechanochromism is 
a macroscopic change in the optical properties of a material or 
device that relies on a selective chemical or structural transfor-
mation at the molecular level. In addition, phenomena related 
to resonance energy transfers (RET) and excimers formation, 
typical of aggregachromic systems, have also been reported 
to be responsive toward mechanical stimuli.[158,159] At the 
technological level, the mechanochromic polymers are often 
regarded as mechanically induced on-off optical switch for 
structural failure or as visual indicator of strain and damage. 
Mechanochromic units can be covalently bonded to polymer 
chains[160,161] or dispersed in the matrix[150,162–164] (Figure 4d-i,ii), 
depending on their working principle. The latter, for instance, 
is typically the case of aggregachromic species where the 
mechanical stimulation can trigger the disruption of aggregates 
triggering a dramatic change in optical properties. Conversely, 
bistable molecular systems, i.e., species that can exist in dif-
ferent thermodynamically accessible states and that can be sub-
jected to interconversion due to external stimuli (such as light, 
heat, solvent polarity, acoustic, electromagnetic radiation, etc.) 
can be incorporated directly in the polymeric chain. Extensive 
reports about the theory and application of such systems can be 
found in refs. [165–168]. One of the most investigated mecha-
nochromic species is spiropyran (SP).[75,169] These compounds 
can switch reversibly to the zwitterionic, blue/violet merocya-
nine (MC) form upon application of different stimuli. By func-
tionalizing the core, SP derivatives can be covalently linked to 
several polymers such as polyacrylate (PMMA,[160] PMA[170]), 
polydimethylsiloxane (PDMS),[169,171] Ecoflex,[75] polyesters,[172] 
polyurethane (PU),[173] and hydrogels,[155] showing reversible 
mechanochromic response over several cycles (Figure  4e). 
Innovative applications of SP-based systems include stretchable 
mechanochromic electronic skins,[161] 3D printed mechano-
chromic materials,[174] and visual-indicators for safe surgery.[175] 
Next to SP, other mechanochromic compounds find applica-
tions as colorimetric strain sensors,[176,177] touch sensors,[178,179] 
chromogenic probes in the visible and near-infrared,[159,180,181] 
and in devices for biological[182] and medical use[183] (Figure 4f). 
Similarly, mechanoresponsive luminescent materials, thanks 
to the high susceptibility of fluorescence emission to chemical 
and environmental variations, often find applications as precise 
probes for mechanical stress, heat, pH, and electromagnetic 
radiation.[184] Aggregachromic systems, usually based on fluo-
rescent molecules able to organize in precise supramolecular 
assemblies with defined optical properties (due to the forma-
tion of excimers or RET from a donor to an acceptor), are an 
interesting platform to obtain a finely-tuned and reversible 
response to several stimuli.[185,186] Upon mechanical stress, the 
aggregates can break or modify their structure which affect the 
optical properties. The nature of supramolecular interactions, 
comprising a large number of weak bonds, allow a broad and 
precise transition between the optoelectronic properties of the 
aggregates and those of the isolated molecules, resulting in a 
high level of sensibility.[159,162,186,187] Interestingly, many of these 
systems could act sinergically with covalently-bound ones, 
yielding to more precise information about the mechanical his-
tory of the devices.[188]

We summarized examples of the most common mechanore-
sponsive units found in the scientific literature in Figure  5, 

organizing them between those moieties that are covalently 
linked to polymers (Figure  5a)[169,170,195–201,178,179,189–194] and 
those molecules that are employed as dispersions in polymeric 
matrices (Figure  5b).[159,162,176,202–204] The list is not exhaus-
tive and for mechanochromic materials we address the reader 
to the comprehensive reviews of Sagara et al.[150] and Chen et 
al.[205] Moreover, several innovative molecular systems which 
can display different colors upon change of conformation or 
crystal structures, could expand the scope of mechanochromic 
materials in the near future, making more colorations available 
and improving the performances of the materials in terms of 
sensibility and reliability.[206–212] Applications such as sensors, 
displays, memories, optical waveguides for hydrostatic or flex 
measurements, and light-emitting fabrics,[151,186,204,213–217] repre-
sent a solid foundation for the spreading of mechanorespon-
sivity in the robotic communities. The self-healing properties 
found in several of the aforementioned systems are also of 
particular interest for soft robotics. We will not discuss them 
here and we refer the reader to refs. [64,150,217]. The technical 
framework is ready to image a scaling up of the mechanochem-
istry in soft machines and grippers, adopting the colorimetric 
feedback and the manipulation of the income/outcome light, 
for communication for signaling a danger, damage, or touch 
occurred or even display some predetermined optical patterns 
or drawings.

3.3. Iridophore as Ordered Physical Nanostructures with  
Structural Reflective Behavior

Behind chromatophores, one may find the reflector cells 
responsible for structural colors ranging from pink, yellow, 
green, blue, silver and white (Figure 6a-i). The nanostructured 
multi-layered (iridophores) or spherical (leucophores) reflector 
structures, acting as photonic crystals, produce iridescent col-
oration by constructive interference or diffraction. Iridophores 
consist in lamellar stacks of spatially periodic membranes[4] 
filled with reflectin proteins and cytoplasm[42] (Figure 6a-ii,iii). 
The lamellar aggregation can vary from serpentine, tilted, and 
parallel assemblies respect to the surface of the skin.[218] The 
nervous system controls the peripheral nerves that act on ace-
tylcholine modifying the thickness and the refractive index (n) 
of the platelets, two physical key-parameters for photonic crystal 
iridescent response (i.e., photonic stop band, PSB).

The iridophores can be physically modelled as 1D photonic  
crystals, namely distributed Bragg reflectors (DBRs).[219] In 
our day-life, a vast range of applications exploit the principles 
of photonic crystals,[220] as antireflective and birefringent coat-
ings,[221] colorimetric solvent vapor sensors,[222,223] tunable 
optical material for smart windows,[224,225] photovoltaics,[226] 
lasing,[227] and telecommunications.[228] The manipulated 
light in presence of 1D photonic crystals is highly angularly 
dependent (Lambertian like air mode emission profile).[229] 
At the technological level, synthetic dielectric mirrors are fab-
ricated by means of alternating layers of oxides or polymers. 
The former periodical structure (which, e.g., makes use of 
alternating high-n TiO2, and low-n SiO2) are usually prepared 
via several deposition techniques (e.g., sputtering, chemical 
vapor, etc.), following the Bragg’s law (namely quarter-wave 
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condition) to generate a broad PSB. Incident light is construc-
tively reflected if the thickness of the periodical layers is com-
parable to the wavelength; whereas the n should be constant in 
the optical range that has to be reflected and show negligible 
absorption, in order to modulate the light deflection for con-
structive interference without losses. Although oxides provide 
a large dielectric contrast in the quarter-wave stacks (nTiO2  ≈ 
2.6, nSiO2 ≈ 1.46, Δn ≈ 1.2) showing large PSB, they are brittle 
and suffer the lack of a dynamically tunable PSB, prohibiting 
the adoption of the aforementioned technology in soft robotics. 
For optically dynamic solutions, mechanically stretchable 1D 
polymeric photonic crystals offer several advantages. During 

the stretching, the thickness of the alternating polymer layers 
diminishes, affecting the PSB and allowing tunable structural 
mechanochromism.[230] However, in the case of polymers, the 
n contrast reduces dramatically, i.e., Δn ≈ 0.1 – 0.3 (Figure 6b-i). 
This narrows the PSB, requiring an increase in the number of 
the periodic couples to improve the performances (Figure 6b-ii).  
In Figure  6b-iii we theoretically compare the optical perfor-
mances of an oxide-based DBR with 7 couple of TiO2/SiO2  
and a dynamic strain-dependent polymeric-based DBR with 
30 couple of polystyrene-polyisoprene (PSPI)/PDMS (Transfer 
Matrix Method). Moreover, fabrications issues such as  
wrinkling, corrugations, defects on surfaces can drastically 

Figure 5.  Functional molecular motifs employed in smart mechanochromic polymers. Here the adoption of mechanochromism is entrusted as mate-
rial intelligence embodiment to replicate cromatophores and muscular-driven natural pigmentation in octopuses. a) Examples of mechanochromic 
dyes covalently linked to polymeric chains where the color change is related to breaking or rearrangements of bonds. b) Examples of aggregachromic 
pigments dispersed in polymeric matrices where the change in absorption and emission is due to the different optoelectronic properties of the aggre-
gated and dispersed form of the molecules.
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affect the performances. The most adopted fabrication process  
is spin coating.[231–234] As example, we report some SEM and 
optical microscope pictures extracted by a spin coated stretch-
tunable polymeric DBR fabricated with PDMS, and PSPI 
(Figure 6b-iv,v). Further fabrication methodologies include photo
lithography,[235] laser-beam diffraction pattern techniques,[236]  

co-extrusion,[237] roll-to-roll doctor blade coating[238] and bar 
coating.[239,240] In the recent years, an innovative extent is to 
fabricate polymeric iridescent devices employing materials with 
a tunable n (i.e., with biotechnological solutions). Remarkably, 
several studies showed the possibility to exploit self-assembled  
nanoparticles in reflectin-based spin-coated solutions[241–245] 

Figure 6.  Cephalopod-inspired 1D photonic crystals and biohybrid iridescent systems. a-i) Identification of iridescent regions in cephalopods’ skin. 
Reproduced with permission.[135] Copyright 2019, Nature Publishing Group. ii) Biological assembly of iridophore in cephalopods. Reproduced with 
permission.[13] Copyright 2019, IOP Publishing Ltd. iii) Tunable iridescence is due to the reversible introduction of water or reflectin flux, resulting in a 
dynamic control on thickness and refractive index of membrane invaginations. Reproduced with permission.[42] Copyright 2013, National Academy of 
Sciences. b-i) Refractive indexes and extinction coefficients of oxide (TiO2, SiO2) and polymeric (PSPI, PDMS) dielectrics determined by ellipsometric 
measurements. ii) Pictorial representation of the polymeric DBR (30 couples of PDMS, PSPI) mechanically tunable by stretching-controlled system 
with thickness derived by quarter-wave Bragg law. iii) Computation of the photonic bandgaps determined by transfer matrix method for a DBR of 30 
couples of PDMS, PSPI under stretching, and a not mechanically tunable DBR of 7 couples of TiO2, SiO2. iv) SEM acquisition for 5 couples of PDMS, 
PSPI fabricated by spin coating technique. v) An optical microscope image of a corrugated and not uniform spin coated PDMS, PSPI polymeric DBR. 
The mechanical stretching underline the blue shifting of some macroregions due to the reduced thickness of the multilayered structure. Yellow cross 
aim is to help the reader in the identification of the regions where there is the structural mechanochromism. c-i) Self-assembled nanoparticles in 
reflectin-based solution that changes coloration due to hydration. Reproduced with permission.[241] Copyright 2016, Wiley-Blackwell. ii) The presence 
of reflectin aggregation change the scattering characteristics of a reflectin-coated film. Reproduced with permission.[246] Copyright 2017, American 
Institute of Physics.
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to obtain layers that react with the external environment 
(Figure  6c-i), and change their coloration[246] (Figure  6c-ii).  
Bioelectronics and biochemistry can lead off to optical and 
mechanical transduction for dynamic devices (actually in vitro), 
controlling injection and extraction of protons altering thick-
nesses and refractive indexes of reflectin-based films.[247] The 
latter can shed light on the biological significance about the 
neural control influx/efflux of ions and water that modify the 
geometry and spectroscopic evidence of lamellar structures. 
Despite these futuristic devices indicate new paths about 
arrangement at the nanoscale of self-assembled protein and their 
macroscopic optical behavior, further investigation for spati-
otemporally control of ion-transportation in biomacromolecules 
and structural mechanochromism are required for the design 
and development of advanced octopuses-inspired technologies.

3.4. Leucophore as Incoherent Structural Scatterers

Behind the iridophores there are the leucophores. These 
broadband scatterers are responsible for white spot in cepha-
lopods[248] (Figure 7a-i,ii). The light is manipulated by a huge 
quantity of proteinaceous spheres with diameter ranging from 
250  to 1250 nm[7] acting as a 3D photonic crystal (cells with 
Mie-scattering spheres, containing reflectin protein).[249] Leu-
cophores are inherently soft and flat, and there are no nerves 
or muscles driving them[250] (Figure 7a-iii). However, behavioral 
experiments suggest an optimal light tunability for adaptive 

background display, modulating brightness and contrast with 
the environment, thus enforcing the necessity to investigate the 
neurobiological circuits driving these reflector cells.

At the technological level, synthetic incoherent scatterers 
were reproduced in various studies.[140,251–254] The role of the 
scattered light is ubiquitous in the commercial and industrial 
markets where spectral coloration purity is required (e.g., smart 
display, fingerprint identification, energy consumption, fashion, 
mimetic fabrics, architecture and civil engineering). In gen-
eral, bottom-up approaches such as self-assembly processes are 
favored to fabricate 3D photonic crystals or ordered microstruc-
ture. For example, di-block copolymers show photonic bandgap 
in the visible range thanks to self-assembled ordered nanostruc-
tures.[255–259] In Figure  7b (from left to right), a self-assembled 
spherical structure of PSPI block copolymer dissolved in toluene 
is reported after a thermal solvent annealing (below 100°C). 
Cao et al.[259] showed a promising way to fabricate large-sized 
nanostructures, investigating the influence of the spin coating 
parameters and solvent vapor annealing on the self-assembly of 
multi-geometrical ordered structure. Further, Jacucci et al.[260] 
investigated the optimization of the morphology of the scatterer 
elements rather than the tunability of their refractive index, 
obtaining silica-based spheroid-cylindrical particles as colloids, 
thus showing a new class of pigment microsphere for ultra-
bright coatings. A vast range of geometrically variable photonic 
crystals (with different inter-domain distances, sub-100  nm) 
can be achieved by di-block copolymers resulting from micro-
phase separation (spheres, cylinders, lamellae).[261] To scale up 

Figure 7.  Cephalopod-inspired 3D photonic crystals and spherical self-assembled polymeric counterpart. a-i) Tunable leucophores and iridocytes 
for reproductive skills. Reproduced with permission.[248] Copyright 2013, Company of Biologists Ltd. ii) Bright incoherent white scattering due to  
iii) spherical aggregation. Reproduced with permission.[251] Copyright 2013, Wiley-VCH. b) From left to right PSPI SEM pictures showing self-assembly 
of spherical nanostructure as for the biological counterpart.
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large devices able to modulate photons in the visible and near-
infrared light range (350–1500 nm), one needs to control some 
parameters such as the order-to-order or order-to-disorder tem-
perature, the molecular weight, the volume fraction of block, 
the neutral solvent dispersion, the film thickness, and the 
necessity to overcome the smaller 150 nm limit of inter-domain 
distances (Bragg’s diffraction law).[262]

3.5. Combined Molecular and Structural Mechanochromism  
in a Soft Robot Inspired by Octopuses’ Hierarchical Light 
Manipulation Strategies

Octopuses exploit mimicry and crypsis as an extent to protect 
their soft body from predators (Figure 8a). Their strategy fuses 
the 3D surface body texturing and the environmental adaptive 
light manipulation (also in benthic zones where light condition 
is poor)[263] as we described in the previous sections.

By referring to the chromatic response mechanisms and 
technological platforms proposed so far, we may envisage a light 
modulating soft robot capable of enhanced mechanosensing 
(with continuous optical read-out), and with communicative 
and energy saving purposes.[264] Smart chromogenic materials 
can be also endowed in soft grippers without requiring external 
power sources, to confer electronics-free reversible optical cues 
for mechanotransduction at a certain pressure threshold, or 
achieved grasping. Thanks to the aforementioned bioinspired 
technologies (counterparts of the cephalopods’ organs), a poly-
meric hosting material could act as a mechanochromic skin, 
combining both molecular and structural mechanochromism, 
to achieve a broad spectrum of colorations and patterns. To 
date, there are very few examples of fully integrated camou-
flaging skin.[10,11,265,266] A promising approach, was reported by 
Clough et  al.[267] In the latter, the authors combined chemical 
and physical mechanochromism to obtain high dynamic range 

mechano-imaging. With a similar approach, we envisage in 
Figure  8b a hypothesis of octopus-inspired soft manipulator 
with a hierarchical soft and adaptive camouflage skin system. In 
Figure 8b,c in place of chromatophores, some mechanochromic 
molecules are cross-linked to soft elastomeric matrixes. Thus, 
the soft robotic skin, employing polymeric materials (e.g., poly-
siloxanes, polyacrylates, polyurethanes, etc.), can be doped with 
different mechanochromic compounds,[268] in its entirety or in 
specific engineered regions, to show multi-color and tunable/
adaptable displays upon mechanical stimulation. In achieving 
this, dopants that do not alter the mechanical properties of the 
host materials significantly should be preferred. Indeed, it is 
known that the addition of small amounts of SP do not affect 
the mechanical properties of bulk polysiloxanes;[180] conversely, 
aggregachromic materials may generate colloidal grains that 
efficiently modifies the structural composition of the soft host 
matrix.[186,269] Stretch-tunable polymeric DBRs can substitute 
organic iridophore. An inorganic counterpart cannot modulate 
n as effectively as a biological structure relying reflectin pro-
teins or water filling. However, examples combining protein 
and polymeric films showed remarkable tunability (Section 
3.3), opening to the possibility of the integration of biotechno-
logical solutions for the addressed task. At the bottom of the 
synthetic camouflaging skin, one may engineer different block 
copolymers blends to increase or modulate the dominant envi-
ronmental wavelengths to replicate leucophores activities. The 
possibility to integrate algorithms and control techniques to 
stretch-tune or mechanically-tune each chromogenic device 
fully immersed in the hosting material, can provide optical 
camouflaging features to the soft platforms or end-effectors. 
As introduced before, such camouflaging devices might be 
adopted for basic biological behavioral studies in animal com-
munities, or as displays for on-demand energy saver in efficient 
machines, or for human-interactive devices, or in the field of 
surveillance or military assets.

Figure 8.  The fascinating bioinspired camouflage behavior can be replicated in a bionic artificial skin for communicative, energy saving, mimicry pur-
poses. a) Cryptic behavior of a cephalopod that camouflages close to a coral reef. Different periods recreate the mechanical and optical camouflage 
behavior. Reproduced with permission.[14] Copyright 2013, The Royal Society. b) A pictorial representation of a bioinspired soft robotic arm, whose skin 
is functionalized with a bottom-up combined and reversible molecular and structural mechanochromic strategy. The polymeric host matrix is endowed 
with mechanochromic molecules acting as chromatophore counterparts, and multilayered and spherical photonic crystals blended as iridophores and 
leucophores. c) A macroscopic movement can afford a mechanical perturbation showing a macroscopic changing coloration due to a changing chemical 
identity of the molecular mechanochromic elements, and different reflectance spectra from the structural mechanochromic modules.
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4. Soft Actuators for 3D Surface Skin Textures  
and Shape-Changing Effectors

Cephalopods are astonishing soft camouflaging machines 
even thanks to their dynamic 3D physical texturing of the 
skin. Their hydrostat muscular architecture allow unparalleled 
cryptic patterns, e.g., the extension of their papillae ranges 
from flat on the skin (dynamically invisible), to rough geometry  

when fully extended (≈cm order)[270,271] (Figure  9a-i,ii,iii). 
Monocular lateral vision (and not tactile) feedback is funda-
mental for the coordination of the 3D fine texture papillae 
expression.[36] Further, the flexibility of the body, the dynamic 
control of the flexible arms, and the absence of a skeleton per-
mits different body shapes and configurations, highlighting 
the role of cephalopods as unique living beings in the animal 
kingdom.

Figure 9.  Taking inspiration from cephalopods’ skin texturing and cryptic abilities, mechanically intelligent soft robots able to conform, adapt mor-
phologically, and real-time react while interacting with obstacles or environmental constraints, can be developed. a-i) Picture of an octopus 3D texture 
patterning shaping as coral reef for defensive or predator strategy. Photo by Elias Levy on Flickr, reproduced under CC BY 2.0. ii) Schematic analysis of 
expression or depression of skin papillae, and iii) periods for the expression in the real octopuses’ skin. ii) Reproduced with permission.[270] Copyright 
2014, John Wiley and Sons Inc. iii) Reproduced with permission.[10] Copyright 2017, American Association for the Advancement of Science. b) 3D texture 
patterning of complex structure fluidic-driven for synthetic camouflaging skin. Reproduced with permission.[10] Copyright 2017, American Association 
for the Advancement of Science. c) A kirigami skin with 3D patterns allowing a soft robot to crawl. Reproduced with permission.[272] Copyright 2018, 
American Association for the Advancement of Science. d) Multimodular 3D shape configuration with and without preprogrammed control on the 
movements. Reproduced with permission.[110] Copyright 2018, Nature Publishing Group. e) Reconfigurable soft skin for various trajectories and com-
plex movements in soft robotics. Reproduced with permission.[275] Copyright 2019, Nature Publishing Group. f) Volume and color change of hydrogel 
architectures by means of temperature and after immersion in deionized water and Na3 citrate aqueous solution. Reproduced with permission.[280] 
Copyright 2016, Nature Publishing Group.
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4.1. Reconfigurable Morphing Soft Skins and Programmable 
Optical Displays

Conformability – the ease of changing shape with program-
mable design – is a skill typical of living beings. To translate 
it to “mechanical intelligence” in machines and end-effectors, 
the designers require expertise in mathematical models for 3D 
structures in space, soft materials, predictive algorithms, and 
control systems to analyze external stimuli and respond accord-
ingly. An important example of a synthetic tissue that obtains 
3D target shapes starting from a 2D steady state is reported 
by Pikul et al.[10] (Figure 9b). They developed a mechanism of 
synthetic tissue groupings consisted of elastomeric membranes 
embedded with inextensible textile mesh, actuated pneu-
matically. The system is independent from the material, thus 
encouraging the investigation of other soft material structures, 
which could tackle different issues of operating in open-world 
conditions. Origami or kirigami techniques are adopted for 
3D programmed texturing and patterning design. Rafsanjani 
et al.,[272] taking inspiration from snake skin, showed a new 
methodology based on kirigami, to replicate crawling move-
ments, unlike adopting modular actuation for locomotion 
(Figure  9c). The mechanical instability induced a transforma-
tion from planar structure to a 3D texture pattern that emerged 
as a promising tool to obtain morphing and highly stretching 
skin structure. The main actuation methodologies for recon-
figurable morphing skins are pneumatically- or fluidic-driven, 
because they are able to sustain high frequency and to provide 
fast movements. Nonetheless, programmable smart design 
approaches for 3D skin texturing can be also applied to soft 
robot and manipulators that are actuated with dielectric elasto-
mers, liquid crystal elastomers, shape memory alloys and poly-
mers, and swelling hydrogels (Figure 9d,e).[110,273–276]

At the actuator level, one may find materials responsive to 
external stimuli, which show complementarity “material” and 
“mechanical intelligence”. Their use in soft skin layers may 
result in both a reconfigurable and pre-programmed texturing 
and patterning, and a time-resolved variable optical appearance 
at the same time.[277,278] For example, Kim et al. patterned on a 
micro mirrors array, a pH- responsive polyelectrolyte hydrogel 
which acted as an artificial muscle, reversibly bending and 
switching from an opaque to transparent state.[279] Temperature 
variations can modify the volume and color of gold nanopar-
ticles colloids in a poly(N-isopropylacrylamide-co-acrylamide) 
hydrogel matrix, resembling the formation of predetermined 
hydrogel architecture (Figure  9f).[280] Electric fields can be 
employed for the actuation of a dynamic plasmonic nanostruc-
tured cell comprising highly ordered gold/silver nanodomes 
to real-time manipulate the light and match environmental 
background, thus working as an active camouflaging dis-
play.[281] Electrothermal actuation can be provided integrating 
transparent and flexible Ag nanowire percolation networks 
for a transparent walking robot and gripper with directional 
movement selectivity.[282] Electrohydraulic transducer can show 
muscle mimetic properties with a fast response speed and 
high positional control, further showing optical transparency 
in liquid dielectric and the ability to self-sense the deformation 
state.[283] Moreover, also by providing light to liquid crystal elas-
tomers is possible to change their surface morphology[284] while 

changing the apparent coloration as well.[285,286] In conclusion, 
the “material” and “mechanical intelligence” is exploited in a 
vast range of demonstrators. However, to obtain a complete 
camouflaging behavior (both in its mechanical and optical fea-
tures), especially in a robotic platform, a scaling-up is required, 
which must also encompass the integration of a “learning 
intelligence”.

4.2. Programmable and Shape-Changing Actuators for Various 
Environment and Task

Nowadays, programmable-design and shape-changing actua-
tors are considered particularly appealing to obtain soft robotic 
platforms capable of expand their competencies, attain multiple 
manipulations, smartly interact with the environment, and 
changing conformation in function of complex variables, other 
than replicate soft reconfigurable morphing skins. For example, 
taking inspiration from nature – in particular from soft under-
water organisms –, researcher studied shape-changing mecha-
nism of actuation able to replicate movement patterns for 
harsh and complex environment.[287,288] One may find a vast 
literature about actuation systems for changing conformation 
and appearance to perform various tasks, and we recommend 
further references to the interested readers.[289–292] One of the 
first approaches to investigate programmability and struc-
tural changes involved the study of small and tiny untethered 
actuators, whose reversible behaviors were driven by external 
stimuli such as humidity, temperature, light, etc.[293–297] How-
ever, here we focus on various examples of shape changing 
soft robots and grippers, and how the latter can improve and 
foster autonomy and adaptation on a proprioceptive robot while 
facing a real-world scenario. These studies have shown highly 
desirable technological advancement for adaptation on dif-
ferent terrains,[107,298] navigation in confined areas,[299] lifting or 
twining around tiny object for precision tasks,[300] and manip-
ulation in remote areas[301] or at the microscale.[302] Thus, the 
“mechanical intelligence” of a soft effector can allow, e.g., to 
replicate the wide deformation of the tongue of a reptile, or 
the winding of vines around objects, opening to bionic results 
in flexible, accurate, and precise operations up to now impos-
sible.[300] In this regard, the changing of shape, conformability 
and self-reaction with the environment is obtained by ultrathin 
electrothermal actuators, whose large deformation movements 
are associate to thermal responsible soft silicone thin film, 
working at temperature below 70°C, showing ability to piece-
wise control (thanks to multiple electrode-system), and with a 
small power input.[300] Nonetheless, a programmable and trans-
formable pneumatic balloon-type soft robot, whose actuation 
can be tuned by means of a shell-structure, can walk, grab and 
move like an octopus showing its adaptability to different and 
variable environment.[299] One of the main advantages of the  
programmable actuator with variable bending direction was the 
lack of necessity to refabricate the structure, that although the shell  
must be repositioned, opens to future real-time metamor-
phosis. The morphing adaptation and conformability of end-
effectors, and not only as reported ahead for programmable 
soft skins, are crucial for future advances in hardware (physical 
intelligence) and software (learning intelligence) embodiments 
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to obtain shape-changing robots that can address environ-
mental-specific shapes, gait, manipulation, or human-machine 
interaction. The necessity to integrate the physical intelligence 
of the effector with the intelligence of the artificial brain will be 
discussed in the following section, giving to the reader the idea 
of proprioceptive synthetic system able to decouple deformation 
and strain-dependent performance, target morphology, optimi-
zation of the shape changing or obstacles encountered. As a 
matter of fact, it is yet unclear how and when the changing of 
the shape should occur due to the lack of efficient and reliable 
neuromorphic and nervous synthetic systems that can transfer 
the proprioception to de-/centralized control system. However, 
it is widely recognized that programmable and shape-changing 
capabilities can increase the efficacy of the soft robotic platform 
and solve control problems.[107] These challenges open to evo-
lutionary and autonomous soft robotics that with the ease of 
multi-materials, and optimized control and algorithms, will 
spontaneously evolve as, for example, reported by Corucci et 
al.[303] showing the possibility to change the behavior of a robot 
from an amphibious to a swimming one.

5. Proprioception and Control System  
for Soft Robots
Cephalopods’ sensorimotor system is neural refined and hier-
archically organized so that they can change their total body 
appearance (both coloration and texture) in hundreds millisec-
onds.[304] In the brain, the optic lobes, the lateral basal lobes, 
and the anterior/posterior chromatophore lobes steer the skin 
patterns (by means of the neural control of the chromatophores, 
iridophores, leucophores and papillae).[305] While the central 
nervous system controls the neural cells connected to chroma-
tophores, the peripheral nervous system dynamically drives the 
papillae responsible for skin texture and the iridescent organs 
(Figure 10a-i). In particular, a peripheral control of the central 
nervous system allows nerves to dip the papillae, while other 
nerves are responsible for their expression.[270] More detail on 
neural control of the skin papillae can be found elsewhere.[306] 
Undoubtedly, while research on cephalopods’ brain is still 
ongoing, technology can move astray, without the need of con-
sistently replicate living beings. Interestingly, there are great 
expectations on the studies related to the learning approaches of 
cephalopods, due to their advanced cognitive abilities, and their 
large nervous system that rivals that of many mammals. Recent 
discoveries reported that, despite these animals show poor pro-
prioceptive senses, the central nervous system uses peripheral 
information about the arm motion as well as tactile input to 
accomplish learning tasks that entail directed control of move-
ment.[34] The biological studies can be adopted also as bench-
mark for innovative proprioceptive strategies in robotics.[307] 
We envisage that the acquisition and transmission of data 
inferred by the sensory-motor system (“mechanical” and “mate-
rial intelligence”), can be provided by stretch-receptive sensor 
network,[308] or unravel soft sensors network,[309] decentralized 
control,[94] neuromorphic systems,[310] toward innovative data 
processing software-based approaches[97] (Figure 10a-ii).

As previously stated, soft robots rely on open-loop control strat-
egies, due to the lack of a distributed mechanical proprioception.[98]  

A relevant part of the research in soft robotics concerns control 
techniques. The topic, however, falls outside of the scope of this 
perspective and we address the reader to refs. [311–317] to access 
details about the actual control-technologies adopted in soft 
robotics and soft manipulators, and the possibilities that those 
studies can provide fostering, favoring and addressing the solu-
tions discussed along the perspective toward efficient autono-
mous proprioceptive soft robots. A distributed mechanical 
proprioception is a fundamental prerogative to achieve autono-
mous systems, and could be conceived through the interplay 
between various “synthetic senses” and “synthetic data process 
systems”. For example, Truby et al.[318] employed a set of sen-
sors for different motions (curvature, inflation, and contact) to 
measure the spatially distributed state of the soft robot and the 
object to be grasped.

Soft robots and grippers can benefit from the aforemen-
tioned income/outcome light manipulating sensors (as elec-
tronics-free counterpart of “vision”), both for communicative 
skill with the external environment (interventionists/users) and 
to acquire and process data from the working environment to 
adaptively conform or generate motion by means of a synthetic 
neuromorphic system. At the same time, mechanochromic 
elements could act as smart “touch” sensor if combined with 
an external vision system or an integrated optical decoder. In 
this section, we would like to provide the reader with a brief 
summary of proprioceptive sensors able to monitor changes 
in shape, motion, and/or touch, and that are also able to send 
reliable data to an artificial control system, thus acting as the 
synthetic counterpart of biological synapses and nerves. This 
issue was debated for a long time in the soft robotic com-
munity; however, the fusion between disruptive technologies 
for sensing and actuation, and a reliable control and process 
system is still largely missing. First, we will discuss examples 
of sensing systems for proprioception, to then proceed with 
neuromorphic elements and computational learning meth-
odologies. An example of the former is offered by stretchable 
photonic elements integrated in a soft robotic body. In these 
prototypes, a waveguide allows for an integrated sensor system 
that does not alter the soft platform or manipulator mechan-
ical structure, while at the same time providing reliable strain-
dependent data. The most studied optical strain gauges are 
fiber Bragg sensor systems (FBG), which act as strain-resolving 
optical fibers for the shape sensing.[319–324] However, the use 
of silica-based materials and the cost of the interrogation sys-
tems limits the scope of this technology. Further investigation 
on polymeric FBGs may allow the spreading of these systems 
in soft robotics by allowing fine tunability of the properties, 
ease of fabrication, and mechanical compliance with the host 
materials. Currently, many researchers have posed attention 
on novel technologies based on elastomeric soft optical fibers 
(Figure  10b-i).[325–329] These latter, can act as pressure, strain, 
and/or touch sensors[330,331] by measuring light losses,[332–337] or 
exploiting the variation of the optical properties of an embedded 
fluorescent dye due to the mechanical perturbation.[338–342] In 
addition, flexible and stretchable electronics-based systems 
for e-skin,[81,343,344] based on resistive[345,346] and capacitive sen-
sors,[347–349] are promising platforms for such applications, but 
they still lack in precision, reproducibility, and signal-to-noise 
ratio (e.g., in harsh environment electromagnetic immunity 
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should be preferred). They also further require a compliant 
integration with the soft host material to real-time feed the sen-
sation in a feedback control loop for soft robotics.[350] However,  

although we considered proprioceptive sensors to provide 
feedback of the body and skin shape variations, soft robotics 
still lack about reliable proprioception and exteroception. This 

Figure 10.  The network distribution of sensing elements that do not interfere with the mechanical compliancy of the bionic end-effector/robot, with 
neuromorphic strategies are the basement for artificial neural learning and computation intelligence toward mechanical proprioception and embodied 
intelligence. a-i) Pictorial representation of the main nervous structures (central nervous system, CNS, and peripheral nervous system, PNS, and sensory 
organs) and of the principal motor organs. Reproduced with permission.[307] Copyright 2020, John Wiley and Sons Inc. ii) A schematic of the proprioception 
closed control-loop architecture. The environment acts as a complex scenario of physical interactions, disturbances, and inputs. Thus, a complex machine 
endowed with “mechanical” and “material intelligence” can transduce these interactions, acquiring and elaborating data by means of a de-/centralized 
synthetic nervous system, adopting stretch-receptive soft sensor network, neuromorphic systems, etc. Those data are processed to recognize the stimuli 
and consistently react, and explore for the environmental task, adopting innovative data processing software-based approaches, obtaining in future a soft 
autonomous proprioceptive robot. Mechanical, material and learning intelligence are bidirectional elements for sensory-motor feedback, and their outputs/
data are mediated by means of a synthetic nervous system as acting in biological neuro-sensory-motor counterparts. Reproduced with permission.[57] 
Copyright 2016, Mary Ann Liebert, Inc. b-i) Proprioceptive sensors based on elastomeric optical fibers for shape, touch and pressure recognition on a soft 
robotic hand. The material of the sensors is fully integrated and compatible with the host matrix, resulting in an electronics-free soft sensor embodiment. 
Reproduced with permission.[326] Copyright 2016, American Association for the Advancement of Science. ii) Representation of a light-sensitive sensor 
system, translating, by means of an artificial nerve, a motor response (exploiting the “material intelligence”). The polymeric actuator drives the optical 
spike in a strain-dependent motion. Reproduced with permission.[365] Copyright 2018, American Association for the Advancement of Science. iii) Biological 
representation of the working functioning of mechanoreceptors. A pressure is mediated by receptor potential changes in multiple nerve fibers that com-
bines synapses actions and contributes to information processing. A neuromorphic electronic system replicate the biological processing information chain, 
helping both in prosthetic and in robotics toward mechanical proprioception. Reproduced with permission.[359] Copyright 2018, American Association for 
the Advancement of Science. c) Photographs and prediction outcomes of a soft robotic arm poses during different actuations. The neural network works 
properly in the reproduction of predicted configurations. Reproduced with permission.[378] Copyright 2020, Institute of Electrical and Electronics Engineers.
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results in machines that actually are not aware about their 
body during movements or whether are completing a complex 
task.[309] Thus, the sense of the body, as regard providing feed-
back on both the end-effector (e.g., mechanosensing, tempera-
ture sensing, etc.), and along the soft body (e.g., position, move-
ment, vision, etc.), is still a remarkable achievement to obtain 
for autonomous systems that control their bodies, adapt while 
growing, access dark and harsh environment, etc. We report 
some representative works in literature addressing some of 
these open issues.[81,145,331,351–356]

In vision to develop “synthetic senses” and “actuators” with 
the aim to replicate biological nerves and motor/control units 
in an autonomous system, the proprioceptive elements should 
require flexibility, mechanical compliancy, low-power con-
sumption, high-density integration, and biocompatibility.[315] 
The scientific debate to design new synthetic learning paths is 
growing fast in the last decades, thanks to more efficient com-
putational machines (that are moving toward “understanding”) 
and innovative discoveries in the biological data processing 
functioning.[69,314] Neuromorphic electronics and different 
sensing/motor elements, such as photo-,[357] pressure-,[358,359] 
and chemical-sensors[360] are going toward matching the per-
formances of biological synapses and nerves in perceiving and 
reacting to various events in real-world scenarios.[361] The most 
promising are light-sensitive synthetic data processing systems 
based on 2D emerging materials,[362] perovskite,[363] biomate-
rials and biotechnological solutions.[364] However, to the best of 
our knowledge, there are only a limited number of examples 
of applications in soft robotics, manipulators, or prosthetics 
(Figure 10b-ii,iii).[365–367] The synthetic synapses to detect strain, 
touch and pressure can be helpful to avoid injuries or damages, 
or for human-machine interactions and communication.[368] 
For example, piezoelectric nanogenerators can link spatiotem-
poral strain information with artificial intelligence to detect per-
ception,[369] but require flexible data storage, with large memory 
capacity, fast processing speed, complex data computation,[370] 
and ultra-low energy consumption.[371] All these features are 
still far from the realization in current soft robots. Unfortu-
nately, it is yet unclear how to embed stretch-tunable network 
of neuromorphic systems to measure and interpret the actuator 
state, the shape of the effector and the environmental condi-
tions acting along the body, but future advances in hardware 
and algorithms can solve these challenges.[107]

As one may imagine, the “synthetic senses” and “actuators” 
introduced so far by means of “material” and “mechanical 
intelligence” require a recognition and “learning intelligence” 
to perform advanced activities and to acquire and process data 
toward an embodied intelligence. Digital intelligence, or as 
well-known artificial intelligence, has been playing an impor-
tant role in the development of different aspects in the robotic 
fields enabling more robust, effective, and autonomous robots. 
For example, Cully et al.[96] demonstrated an intelligent trial-
and-error algorithm that enabled the robot, once deployed in its 
environment, to create a detailed map of the space and adopt 
this learning intelligence to adapt, and consequently perform 
its tasks even if damage occurred. The learning algorithm used, 
comprising a pre-computed space of thousands of different 
behavior-performance, can effectively estimate the behavior 
that a hexapod robot has to perform while walking, and quickly 

discover a way to compensate for the occurred damage. This is 
an example of learning by training, adopting a Bayesian opti-
mization procedure and the data acquired during the robot 
performances by its sensory-motor system. Thus, the machine 
learning technique searches for the maximum approximation 
of the performance function and selects the corresponding 
behavior. In this sense, the presented predictive algorithm rep-
resents an important step toward the tight coupling between an 
agent’s body and artificial brain. In terms of recognition and 
learning, the different training of sophisticated algorithm archi-
tectures can provide a 3D adaptive display, which can confer the 
soft robots and manipulators a conformational and task-driven 
movement in a various scenario. With reliable proprioception 
sensors, neural networks and deep learning methodologies 
could be used to confer the soft robot with mechanical proprio-
ception. Machine learning progresses and studies are reported 
in refs. [311,372–375] for ease of consultation. Remarkably, one 
can find several examples of recurrent neural networks capable 
of predicting several scenarios such as the lateral and twist 
motion in a soft robotic finger,[376] the tip position and contact 
force of a single actuator,[377] and a 3D soft robot configura-
tion for a trunk-like arm by overcoming the hysteresis issues 
related to piezoresistive sensorized skin (Figure  10c).[378] Wall  
et al.[376] investigated a dual solution to decrease the size net-
work of sensing elements to reconstruct the shape of their 
effector, while minimizing the prediction error for 3D specific 
actuator deformation as flexional, lateral and twist. A redundant 
sensor layout for the selected deformations, a set of training 
data and a supervised learning algorithm to map the deforma-
tion and minimize the prediction error, followed by a recursive 
feature elimination automation to exclude the least relevant 
sensor during each iteration, are at the basis of the “learning 
intelligence” of their pneumatic actuated soft hand. Thuruthel  
et al.[377] drew inspiration from the human perceptive system to 
build a soft actuator with a redundant sensor topology, a vision-
based motion capture detector, and a recurrent neural network 
algorithm to model the kinematics of the robotic platform in 
real time. A long short-term memory network was adopted for 
the time series mapping of the spatial coordinate of the actu-
ator tip and the forces applied during the training. Indeed, the 
system learned models on the external force applied predicting 
the contact, e.g., with the hand, using the stress–strain rela-
tionship of the soft body. Actually, redundancy in the sensory 
system is exploited to address robustness on multimodal and 
multi-physics parameters, highlighting its necessity to replicate 
synthetic nervous systems and connect the agent’s body and 
the behavior. However, the adoption of machine learning tech-
niques, recursive analyses and learning-based approach are also 
useful for modeling the system as, e.g., on the design, placement, 
 minimization, and fabrication step of the distributed network 
of embedded sensors, other than time-resolving the behav-
ioral perception/prediction. Further, a model-based controller  
for a complicated non-linear dynamical system, as a non-linear 
actuator with a deep neural network approach was reported.[379] 
Gillespie et al.[379] achieved a position control precision of 2° for 
a one degree of freedom joint angle, adopting a deep neural 
network model predictive control, with constraints about severe 
hysteresis and unknown state interactions. Starting from the 
definition of the state variables and the physical constraints 
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as inputs, the training of the nonlinear neural network (three 
hidden layers each with 200 nodes) fed with a random series of 
steps in both position, velocity, and stiffness at each joint angle, 
can produce a high-performing model-based controller. Estima-
tion and kinetics feedback control are emerging also in regards 
to growing locomotion robotic systems able to perceive external 
stimuli to better address the task-driven movement,[380] or ener-
getically optimize the robotic system.[381]

The fusion between smart materials (“material intelligence”), 
variable actuation systems (“mechanical intelligence”) and com-
plex artificial brain architecture (“learning intelligence”), should 
provide in the proximal future a theoretical embodied intelli-
gence in soft robotics and manipulators, aiming at solving, e.g., 
morphological adaptation to unpredictable environments. Soft 
robots are a prominent platform and the innovative technological 
developments described hereby, can be a disruptive technology 
for safe machine-human interaction, respectful ecological inspec-
tions, and for tasks that can result dangerous for humans.[382]

6. Perspective and Conclusion

In the natural world, optical materials, mechanical designs, pro-
prioceptive senses and decision-making neural systems, evolved 
in millions of years as living beings adapted to effectively sur-
vive in different environments. The scientific endeavor of trying 
to develop comparable technological systems and merge them 
together in a single machine brought together diverse scientific 
disciplines such as biology, material science, chemistry, physics, 
bioinformatics, mechanical design, fabrication, and computer 
science. However, despite the tremendous and unstoppable 

growth that characterized these research fields, there still are 
grand challenges yet to solve to equal the natural adaptability in 
soft robotics and other man-made technological platforms.[383] 
In the future, one should design soft robots and manipulators 
so that they are capable of accomplishing several functions, 
programmable to learn and coexist with the biotic open-world, 
and to relieve humans from dangerous, difficult, expensive, and 
complicated tasks (Figure 11). To achieve a better-responsive bio-
mimicry behavior, we still require further research in functional 
materials, structural mechanics, integrated energy sources, mul-
tifunctional solutions, and software architectures.[288,384] This 
endeavor will require a highly dynamic cooperation among these 
research fields, so that the optimization of single components 
and designs does not go astray from connectivity between them.

At the material level, recent developments in nanotechnology, 
computation, and characterization, can help to improve our 
understanding of hierarchical biological structures at different 
length-scales and their effect on the observed macroscopic 
properties and behavior. However, the replication of many 
biological architectures still prove to be an open technological 
challenge. Although polymeric matrices and soft materials can 
mimic many properties of biological skin and tissues, their 
dynamic interaction with an artificial brain and on-demand 
response are still out of our reach. The human-made devices 
and functionalities developed up to now, are well far from the 
specialization of the molecular components of a biological 
system.[385,386] However, synthetic materials show complexi-
ties and variabilities (i.e., metastructures, blending of different 
elements, mechanical properties on demand, etc.), that can be 
engineered ad hoc for environments where living being cannot 
survive thanks to their biological building blocks, such as high 

Figure 11.  Outlook of soft robots with changing coloration and reconfigurable skins as tools to advance the proprioception in soft platforms. The 
mechanical proprioception in soft robots could come by means of chromogenic devices (material intelligence as, e.g., structural and molecular mecha-
nochromism), integrated with the inherent mechanical intelligence (e.g., morphing texturing or task-oriented adaptation) of the end-effectors. Taking 
inspiration from the natural optical materials, mechanical design, proprioceptive senses and decision-making neural systems these futuristic machines 
can address issues such as: 1) safe-interact with collective animal groups and analyze their behavior, 2) exploit the multifunctional skin to save energy 
and transform incoming light in electric source, 3) safe-interact with humans with most effective communicative skills.

Adv. Mater. Technol. 2021, 6, 2100437

 2365709x, 2021, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202100437 by U
niversita' D

i Pisa, W
iley O

nline L
ibrary on [04/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmattechnol.de

2100437  (18 of 25) © 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

temperatures, high pressure, lack of oxygen, venom environ-
ment (or even if they can survive they are extremely specialized 
for those environments).

At the mechanical level, mathematical and innovative com-
putational techniques to reliably predict the behavior of soft and 
hyper-elastic materials are under development.[387] Mathemati-
cally modelling how a macroscopic actuation affect a chain-like 
and multi-units complex system, i.e., the multifunctional skin, 
is computationally demanding, especially when molecular and 
atomistic details are needed, such as the case of chromophores 
bonded to polymer chains or the properties of the material in 
the interphase surrounding aggregates.[186,388]

Finally, at the learning level, a soft robot requires a distrib-
uted proprioception enabled by a soft, sensorized, and mor-
phing skin capable of communicate with the artificial control 
system and demand for 3D configurations or various advanced 
activities. However, machine learning approaches demand for 
a distributed network of sensors with high sensitivity, cou-
pled with reliable readout electronics at small dynamics or 
motions. Whether the former is a challenge for the “material” 
and “mechanical intelligence” distributed in the soft robotic 
body, the latter can be a bottleneck for the closing of the con-
trol loop system in soft robotics. Thus, to discriminate different 
sensory feedback, one could envision innovative machine 
learning approaches relying on different domains (e.g., time 
and frequency).[389]

In conclusion, multifunctional elements (“material intel-
ligence”), mechanical properties for various geometrical con-
formations (“mechanical intelligence”), and fast learning and 
responsive processes (“learning intelligence”), combined with 
ecofriendly characteristics,[72,390] are the basement to endow the 

future soft robotic platforms with an embodied intelligence able 
to adapt and coexist with ecological environments and human 
users (Figure 12).
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