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Abstract: The intrinsic compliance of soft robots provides
safety, a natural adaptation to its environment, allows to
absorb shocks, and protects them against mechanical
impacts. However, a literature study shows that the soft
polymers used for their construction are susceptible to
various types of damage, including fatigue, overloads,
interfacial debonding and cuts, tears and perforations by
sharp objects. An economic and ecological solution is to
construct future soft robotic systems out of self-healing
polymers, incorporating the ability to heal damage. This
review paper proposes criteria to evaluate the potential of a
sdlf-healing polymer to be used in soft robotic applications.
Based on these soft robotics requirements and on defined
performance parameters of the materials, linked to the
mechanical and healing properties, thedifferent types of self-
healing polymersalready availablein literature are critically
assessed and compared. In addition to a description of the
state of the art on self-healing soft robotics, the paper
discusses the driving forces and limitations to spur the
interdisciplinary combination between self-healing polymer
science and soft robotics.

Introduction

The need for robots that can safely interact witians has
led to the emergence of the field of “soft robdtick 2). This
new class is recently gaining a tremendous intereshe
robotics community, in academid) @nd in industry4, 5). In
soft robots, body parts, or in some cases theesmtibot,
consist of a continuously deformable structure,clvhis in
many cases made out of elastomeric polyn@&rg)(including
silicones 8) and polyurethane®). The soft body parts have a
comparatively large number of degrees of freedeaxdihg to
interesting large-scale deformation mod&g).(Most of these
flexible devices are actuated through variable terigndons
(112), which can be integrated tension cables or shagraory
alloy cables12), or through shape memory polymet8<15),

or they are pneumatically driven by placing theiternal
fluidic channels and chambers under pressl8€l(?) or under
vacuum {8). Being made from flexible material, they have an
intrinsic compliance that leads to interesting dees, such as
resilience to impacts and collisions due to shdzkogbance
(19, 20), and safety 41, 22). Consequently, soft robots are
suitable for applications in uncertain, dynamic ktas

environments and for safe human-robot interacti@3}. In
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addition, due to their high degree of complianoft, actuators
will adapt their shape when in contact with an obj&his
makes them good candidates for grippers and maigsl
that handle soft and delicate objec24,(25), like fruits and
vegetables that are susceptible to bruisigg),(and even
fragile corals 27). Consequently, they are already
commercially available from companies like Softrit® Inc.
(4) and Empire Robotics5( 28), and will be increasingly
operative in the food packaging industr29( 30), in
agriculture, and in industrial pick and place ofesls with
irregular shapes2g, 31). Safe interaction with soft matter is
also required in many biomedical applications. Sofftotics,
consisting of synthetic materials with a compliagelasticity
modulus) comparable to the one found in soft tissuthe
human bodyE = 1¢ — 10 Pa) 82), find many biomedical
applications 83, 34), including minimal invasive surgerg%,
36), prosthetics37), and exoskeleton8§).

Despite the many advantages of soft materialst thsgige in
robotics does present challenges in terms of danesigance.
Due to the flexibility of the synthetic materiat®ft robots are
prone to a number of damaging modes (Figure 1%t,Rine
soft parts are highly susceptible to cuts, teadspmrforations
caused bysharp objects present in the uncontrolled and
unpredictable environments, in which these robgisrate.
This highly limits their lifespan. In case of thensmercial
jamming gripper Versaball of Empire Robotics, ifstime is
reduced from 50000 to 5000 grips in situations whararp
objects can be prese28). When actuating soft robotics using
tendon mechanisms, the hard tendons, which aramyicases
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Figure 1: Damaging modes for soft robotics in unstictured and
dynamic environments



polyamine or Kevlar wires, can cut through the paftts 89).

When a soft robot that is performing a task in d¢ipen field

Thistendon cutcan occur gradually, due to abrasive damage fails, a spare part must be brought to the locatifofailure or

resulting from repetitive friction between the tendand the
soft materials 40), or upon overloading the actuators, when
the tendon slices through the soft material.

As typically a large part of the soft robot’s bodgdergoes
cyclic deformation upon operation, these partssaseeptible
to fatigue, the formation of microdamages due to cyclic
loading, which gradually propagate into larger roacopic
damages and eventually failure of the componeiis [n soft
pneumatic actuators, fatigue results in leaks &wedefore a
decreased efficiency, a change in actuator dynaraics
eventually failure, as described for the soft mesah @2) and
(43). Fatigue occurs more quickly and more pronouratetie
location of the highest local stress. As suchfdkigue life can
be improved by design principles that reduce stsé&ssn
concentrations4d). However, this principle limits the design
freedom for future soft robotics.

When overloading a soft robotic component, the induced
stresses can exceed the mechanical strength efak®mer,
which can lead to rupture of the flexible body bé trobot.
These ruptures can occur when a too high forceoovep
output is requested, due to external impact orisiofi, or
when the parts unintentionally snag on an objesudiace. In
pneumatic actuators the air chambers or channelsuest
upon excessive pressurizing.

Many soft robots are produced through moulding astiag
techniques ). Often multi-step casting or moulding is
required, in particular for manufacturing fluidictaators {7),
where hollow structures need to be produced, archse of
multi-material designs. During a moulding or cagtitep, the
prepolymer cross-links and solidifies in a mouldrt® made
in different moulding steps are joined by an adiesir some
uncured pre-polymer. However, this multi-step maotifring
technique introduces weak (multi-) material inteefs in the
soft robots that rely almost fully on secondary ygibal)
interactions rather than covalent bonds. Upon ekten
loading or multiple actuation cycles, these wea&rfaces fail
andinterfacial debonding occurs. In researchers often refer
to this phenomena as delaminatidt, @5, 46). Delamination

is problematic in fluidic actuators, as it leadsléaks and a
reduced performance.
techniques for soft robots, like fused filament riadtion,
weak interfaces are created between the print dayer
Consequently, delamination at the print layer itesf can
cause failure as welllf, 48). Finally, being constructed out of
organic materials, soft robots will suffer from
photodegradation when exposed to UV radiation. dltih
not reported in robotics papekdy degradation of silicones
(49) or polyurethanes5Q) will affect the properties of soft
robots over time.

Aside from the above-mentioned classification ef ¢higin of
damages, damages can be classifieddatoages that lead to
a loss in performance and efficienmyddamages that lead to
a complete loss of functionality and failure of teenponent
Currently damage in soft robotics systems is sobyegdimply
replacing the damaged component.
manufactured out of relatively inexpensive materittie cost
of replacing a failed component can be high. Thieotic
systems can be complex, consisting out of many cowmpts,
which can complicate repair, leading to long o#flimes. One
way to deal with this is to construct the soft ribsystems
out of modulesq1, 52) thatfacilitate replacing damaged parts.

In some additive manufacturing

the robot must be transported to a maintenancet.pois
transport can add to both the offline time andrtfzéntenance
cost. In addition, replacing damaged componentsoisthe
most ecological solution since it leads to wastmponents,
made from synthetic polymers that are in most cas®s
recyclable.

Looking at biology, there is another approach fealthg with
damaging conditions. A large part of the human bomlhysists
of soft tissue that gets easily injured. To compénsor this
weakness, our body possesses a healing abilityatlats
healing small wounds, like scratches or cuts ingkin, and
even larger injuries, like torn muscles or brokeonds.
Developing soft robotic components out of synthetaterials
possessing a biomimetic healing ability would pérthie
healing of microscopic and macroscopic damages Whild
provide a more economical and ecological solutiorthte
fragility of soft robots. Over the last 20 yeardemists
inspired by the powerful biological healing functidhave
managed to incorporate similar functions into sgtith
materials to creatgelf-healing (SH) polymerg53-55). Since
the pioneering works by C. Dry in 19986 and later by
White et al. §7), a wide range of SH polymers and SH
mechanisms has been developed, based on a vaffiety o
chemical principlesg4, 58-61)

In this review, the potential of diverse SH polymeno
construct soft robotics components with an incoapex
healing ability is investigated. To introduce theH S
technology, the paper starts with a general classién of SH
mechanisms. To evaluate and compare the SH meamanis
five criteria were defined based on the requiresémt future
self-healing soft robotic systems. Next, the mostpsing SH
polymers described in literature are listed andmanad based
on their mechanical properties, healing stimulutherlack of
it, and healing efficiency. Based on this, limitaso general
trends and trade-offs in material properties arentified.
Finally, the few self-healing soft robotic systeah®ady found
in literature and their respective SH mechanisracatically
reviewed.

Classification of self-healing polymers

While healing mechanisms have been incorporatedrammics
(62, 63) and metalsg4-66), most progress has been made in
SH polymers %4, 58-60, 67), due to their higher molecular
mobility, which enhances healing and can providefibxible
characteristic required for soft robotic68]. The healing
mechanisms in polymersl, 69-73) can be classified as
illustrated in Table 1. Based on the need for aarest trigger
to start the healing action, healing mechanismsbeagiefined
as autonomous or non-autonomousAlriionomous systems
the healing mechanism is triggered by the damadgseif.
Many of them closely resemble biological systemsjctv
deliver healing agents to compromised regions @ &5
damage is initiatedNon-autonomous systems require an
external stimulus to activate the healing mechanigiis
stimulus can be in the form of heat, light, mechahforce or

Although being a chemical change. Note that in some conditiores hémling

action may not happen autonomously in SH polymers
classified as autonomousg.g, at very low temperatures.
Conversely, materials from the non-autonomous dasdeal
autonomously in certain environmental conditiaag, when
exposed to heat during normal application cyclestr
irradiation from direct sunlight.



Table 1: Traditional classification of SH mechanisra in polymers.

Non-autonomous
Thermoreversibl covalent bonc
Photoreversible covalent bonds
Exchange reaction covalent bonds
lonic (coordination) complexes
High-temperature transition phase
Intrinsic

Hydrogen bons
n- T stacking
Metal-ligand (coordination) complexes
Mechanochemical covalent bonds

Autonomous
Healing agents encapsulatec
Capsules
Tubes
Vascular systems

Extrinsic

Alternatively, SH mechanisms can be classifiedxsnsic or
intrinsic (Table 1).Extrinsic SH materials have a healing
ability incorporated into the material system tisatot original
to the material, such as healing agents that ar@psalated in
microcapsules/d) or in vascular systemg%). These extrinsic
SH materials are often autonomous, as the trigged uo
activate the healing action is the damaging fonee keads to
the rupture of the encapsulation and the releasieedfiealing
agent.Intrinsic SH materials on the other hand, rely for their
healing capacity on chemical groups and propeirilesrent to
the materiale.g.reversible chemical bondgg).

Requirements of SH polymers for soft robotics

The integration of a healing ability will signifinty reduce
maintenance costs of the robotic system, onlydfrécovery
of functionality is performed completely autonomigus.e.
without human intervention. Considering this, autoonasly
healing polymers are interesting, because theirlirttea
mechanism does not have to be triggered externally.
However, for soft robotics applications, non-autmioos
healing mechanisms should not be excluded. The nigfoa
an external stimulus is not necessarily a big abstas in
most soft robotic systems, a power source, e.bati@ry or
connection to the grid, and a control system aesegmt. A
stimulus providing system can be added to the radfotic
device. For example, a heating system can be mitegdjron
the material level by incorporating conductive oagnetic
fillers in the self-healing matrix for ohmic or indtive
heating {7), by incorporating conductive fibreg§), or on
the actuator level by adding flexible heaters, kintio what

is done in 79, 80) for temperature controlled actuation.
Another approach for untethered robotic systenis isse a
“healing station”. Because of the finite battery capacity of
robotic systems, they need to regularly go to haege point.
This recharge point can be expanded with a systeah t
provides the stimulus required for the healing pesc In
addition, the need for a stimulus can be an adganta
robotic systems, because it enhances the conteal the
healing action, which can be performed at any ddsiime.
This is particularly interesting when damage dosslend to
complete failure and the system can temporarilytioae its
functionality with reduced performance. Healing soft
robots made of autonomous SH polymers should be
performed instantaneously after damage, possilgjyirag
an immediate halting of all operations to ensurerem
healing. To determine the potential of the various SH
mechanisms (Table 1), five criteria (C) were defirikdt
ensure a successful incorporation of a relevartrigeability

in soft robotics.

C1: Macroscopic damage can be healed complefeffjrst
criterion for evaluating SH materials for soft réibe is that
both microscopic and macroscopic damages of adegirs
for the intended application need to be healed ¢etely.
Relevant damage sizes couddg, depend on the expected
size of sharp objects encountered in the robot&remment.
Fatigue damage in soft robotics is in general diffi to

measure at an early, microscopic stage. Remainingticed,
the microcracks propagate during cyclic loading ilatrger,
macroscopic cracki4, 48, 81, 82) that may become more
difficult to heal. Hence healing them at an eathge in their
development would be advantageous.

C2: The healing can take place multiple times at thmesa
location Soft robots will meet various dangerous situations
while exposed to an unstructured and dynamic enwient
and can be damaged multiple times. Similar to thedn
body, specific locations will be more likely to bgposed to
damage events.g, the contact surfaces of soft grippers,
external surfaces, surfaces touching tendons, catitms
having higher stress concentrations during actnatidich
are more prone fatigue and delamination. Consegyentl
damage is likely to, occur multiple times in susbdtion. The
healing mechanism should allow multiple damageihgal
cycles at a single location.

C3: The initial properties are completely recoverafier
healing. The control of soft robotic components depends on
accurate knowledge of the structure and mechanical
properties of the components. In order to maintith
performance and to retain control capabilities, theterial
properties should be completely preserved. Althoungh
preferred, to some extent, an incomplete recoveringd be
compensated by a recalibration. In view of critariG2, also

the healing properties should be recovered complete

C4: It is possible to obtain an elastomeric behaviolie
healing ability will be introduced into soft matas to
construct flexible structural components. Altho&j glassy
thermosets §3) can be used to make healable stiff
components for (soft) robotics, the focus of tleigiew is on
elastomers. Therefore, the SH mechanisms shouddidumin
polymers with an elastomeric behaviour and the ltiegu
elastomers need to meet the requirements for sbfbtic
materials 8)(68). The viscous contribution in their
viscoelastic behaviour should be limited, to avaidiesired
phenomena like stress-strain hysteresis and c68gpwhich
have a negative effect on the energy efficiency mal
dynamics of the soft robotic components. Hence ethstic
recovery should be fast and complete. Preferabihg t
mechanical properties of the elastomers can bedtower a
broad range, to match their intended application high
mechanical strengths can be achieved. A low mechhni
strength will limit the force output that can bengeated by
actuators constructed out of these SH elastomenge T
implementation of a SH mechanism can lead to arased
surface adhesion, leading to tacky or sticky makerthat
might be detrimental to soft robotics operation.

C5: The SH polymer can be reprocessed and/or regylrie
general, the components in soft robotics are okediom to
high degree of complexity. Therefore, manufacturing
techniques like injection moulding, compression dmg,
and additive manufacturing are increasingly usedthese
manufacturing processes, solid pellets or filameate



reshaped into (complex) components and, consegy émsly
require reprocessability of the used polymer. I& t8H
polymer can be reprocessed, processing technigoessling

a high design freedom will be available for future
manufacturing of SH robotic components. In additi&t
polymers that can be reprocessed/recycled, fuctetribute

to the development of a sustainable technology ecamt
friendly soft robotics. Note that the self-healexgion will be
performed at much milder conditions than the (r@)pssing
to ensure mechanical stability of the robotic congu.

Evaluation of self-healing mechanisms for soft robats

Extrinsic healing: encapsulation mechanisms

In extrinsic SH systemshealing agents often reactive
chemical reagents, are stored in the polymer métriough
compartmentalization, usually in the formrafcrocapsules

(57, 70, 84-89). Upon damage, the containers break and the

liquid healing agents are released, filling thectiiae cavity
(Figure 2). The
polymerize and through solidification the craclséaled and
healed. Recently, progress was made towards
encapsulation imanocapsuleq90, 91), which enhances the
dispersion of healing agent in the polymer matnd eeduces
the size an average (micro)crack has upon breakaagsule.
Although high healing efficiencies can be obtai@8), the
healing is limited to microscopic damage, because o
capsule can only contain small amounts of healgeptand
because only healing agent from capsules in thek gtane
is released. This mechanism is mainly used to asae¢he
lifespan of components by repairing fatigue micao&s
before they propagate into larger defects. Largenatje can
be healed by encapsulating the healing agembliow fibres
(92, 93) or vascular systemg94-96), potentially connected
to an external healing agent reserveif, ©8). This allows for
the healing agent to be transported over largeiantes,
increasing the size of the damage that can berezpdising
the encapsulation method, the local capacity falihg is
finite. Once all containers in a certain locatioa broken and
the healing agent is consumed, the local healingnpial is
depleted. Blockage of the channels by solidificatidrthe
healing agent, may limit the locally achievable twem of
healing cycles in vascular networks as well.
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Figure 2: a) SH mechanism that relies on healing agt
encapsulated in micro- or nanocapsules dispersed ithe
polymer matrix. b) Upon mechanical damage the capses
break (c) releasing the healing agent in the cradlsealing), (d)
which repairs the damage upon polymerization (heatig).
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Healing using encapsulated healing agent works veell
hard, brittle polymers, like thermosetting matricEsr the
capsules or channels to crack open, their shelit reimade
from a brittle polymer that adheres well to thersunding
matrix. Furthermore, a necessary condition fordapsules
or channels to rupture is that the matrix matehniad to be

released monomeric agents start to

stiffer than the shell materiabT). If not, a propagating
microcrack will have the undesirable tendency dfedting
away from the capsule or channel. Consequentharsthére
are no records of a successful healing mechanikfimgeon
encapsulated healing agents in elastomers (crite@d).
Alternatively to encapsulating liquid healing agesblid
thermoplastic particles, with a low melting temgere (e.g.
60 °C) can be embedded as solid healing agent in an
elastomeric matrixq9-101). However, these mechanisms are
non-autonomous, as thermal activation is requied. 80
°C) to melt the thermoplastic particles into molfgalymer
that flows into the crackslQ0). This mechanism allows to
perform multiple healing cycles, though completmrery of
the initial properties cannot be achieved@9,(100). In
addition, these composite materials are not regsatde
(C5).

Intrinsic healing

The advantage of intrinsic SH polymers is theiotie¢ically
infinite healing capacity76). Intrinsic healing mechanisms
can be further subdivided depending on the typetefaction

the used to achieve healing, which candoealent or physical

The healing ability of many intrinsic SH polymegdies on
dynamic covalent interactions(102-108). These dynamic
covalent bonds have a reversible nature, they caakband
reform, although a comparatively large amount argm is
required to break them, having bond strengths 6£550 kJ
mol?, in comparison to physicochemical bonds, like
hydrogen bonds, having bond strengths of a fewdJ rnThe
most common approach in intrinsic SH polymers igge the
dynamic covalent bonds as crosslinks, to consaypalymer
network (06, 109). Networks with a relatively low crosslink
density and flexible chain segments will exhibit an
elastomeric behaviour, suitable for soft robotippleation.
SH polymers can also be designed by incorporatymguehic
covalent bonds in linear polymer chairnkl@ 111). This
approach does not lead to a network structure, lwligc
required to achieve elastomeric properties. Thé Hignd
strength of the dynamic crosslinks in the netwodnslates
into a sufficiently high mechanical strength, asoiten
required in soft robotics. Because of this high bstdngth,
dynamic covalent SH polymers are generally non-
autonomous, requiring energy provided by an externa
stimulus, usually in the form of heat(d or light (112).
Dynamic covalent bonds can be eithesversible or
exchangeable bondglepending on the underlying reaction
mechanism that is respectivetissociative or associative
(Figure 3).

Intrinsic healing: Dynamic dissociative covalentios

Intrinsic healability can be achieved using revdescovalent
addition reactions, of which théhermoreversible Diels-
Alder (DA) [4 + 2] cycloaddition reaction is the stostudied
example {13-118). In this case, the crosslinks are formed by
an equilibrium reaction between a diene and diethepboth
present as functional groups on the constitutingengers (or
prepolymers). As the product or adduct formation is
exothermic, the equilibrium will shift to a morermed state
with decreasing temperature. Upon macroscopic danihg
network locally cracks open, breaking reversiblesstinks,
and a void is created between the fracture surfdésr to
the healing, the complementary fracture surfacesilshbe
brought back in close contact, closing the void,ilevh
avoiding misalignment as much as possible. As lasghe
cracks are on a microscopic scale, this may besaetli by
unloading the structure. The healing is activatgethbreasing
the temperature (80 — 130 °C for furan-maleimide DA
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Figure 3: Schematic of the two types of dynamic calent bonds:
dissociative (= reversible) bonds can switch between “open
state” and a “closed state”; associative (= exchaegble) bonds
can link new partners without change in connectiviy.

polymer networks)i19-127), shifting the equilibrium of the
exothermal DA reaction from a major fraction ofrf@d DA
bonds at ambient temperature, towards the breakitigese
bonds, resulting in a higher concentration of rigactiene
and dienophile functional groups at the healingperature
(117). Due to the decrease in crosslink density arifiom
the temperature increase and chemical shift, thieautar
mobility increases, which further facilitates thatablishing
of contact between the fracture surfaces and agdting
microscopic voids. Upon cooling, the shift of trguiibrium

is reversed, resulting in the reformation of thenalyic
covalent crosslinks in the network and across thetdire
interface. At room temperature, the crosslink dgnsi
converges back to the equilibrium value, completesyoring
the initial material propertiesl?5). It has been proven that
with this mechanism macroscopic damages can beedheal
with very high healing efficiency, measured throutjte
recovery of the tensile strength of cut-throughgas (20).
Multiple damage-healing cycles could be performead a
exactly the same damaging location, with only ayhsli
decrease in strength. Recently, room temperatulenbdeas
been shown to be feasible in a pneumatic fingémdadays
though (21). Alternatively, other thermoreversible covalent
chemistries, like diaryl-bibenzofuranon®2@), imine (129),
phenol-carbamatd 80) and ureai31) bonds have been used
to generate elastomers able to heal macroscopiagamith
high efficiencies. The last three reaction mechasisequire
mild heating only€ 50 °C).

Conventional elastomers are crosslinked by irrebbrsi
covalent bonds, which implies that these polymearmot be
melted, reshaped or (re)moulded. Recycling of these
networks is impossible. Conversely, dynamic covalent
networks with thermoreversible bonds are recycldbis).
When heated above their gel temperature, a suffigidigh
fraction of crosslinks will be broken, and the pubr
network falls apart into (branched) chains. Thisutes in
macroscopic mobility and viscous flow. In these ditions

the polymers can be reprocessed by casting or rimgyld
techniques currently used to shape soft roboticpmrants

(7, 17). Viscous flow at high temperatures, opens the
opportunities for additive manufacturing techniquész,
133 to shape these thermoreversible elastomerscasthe

illustrated by fused filament fabricatioh22 134) and direct
ink writing (120 135 of a soft actuators from Diels-Alder
elastomers. In addition, thermoreversible elastsrman also
be reprocessed by dissolving them in an appropsiaiieent
and subsequently performing a solvent castirg$)

Photoreversible bonds can be created and broken in a
reversible fashion by means of irradiation withhtidnaving
the appropriate wavelengthl37). When photoreversible
bonds are used to crosslink networks, damage céedled

by exposing the material (locally) to UV light idiation
(138 139. Examples of photoreversible reactions are the
coumarin [2 + 2] cycloaddition reactiod40-142) and the
anthracene [4 + 4] cycloaddition reactidi8-147). Upon
the occurrence of damage, photoreversible crosslene
mechanically broken. After bringing the fracturerfages
back in contact, in most cases, the damaged sifasis
irradiated with UV-light with a low wavelength & 300 nm),
which leads to further breaking of reversible cliogs in the
network and a (local) increase in mobility and canteations

of reactive functional groups. The crosslinks afesequently
recreated by exposure to light with a higher wavgile (. >
300 nm), healing the damage. Advantage of photoséile
reactions are typical high reaction rates and éxel
temporal and spatial control over the activatioimslus,
making local treatment feasible. However, the théds of
parts that can be healed is limited by the smatlepation
depth of the light required for healing. Coumariaséd
photoreversible elastomers have been developedhinhw
damages with depths of 50-200 um can be healedhigth
healing efficiencies 140  141). Consequently,
photoreversible SH polymers can find applicatiomssoft
pneumatic robotics1@), in which often thin structures are
used. Reprocessing using light irradiation is diffi due to
the limited penetration depth. A few photorevemrsitbvalent
bonds, like anthracene dimers, are also thermasibdler
(145 146), opening opportunities for recycling and
reprocessing using heat treatments. This thermosibility
also allows performing healing procedures, in which
debonding is achieved by heating, while bondingltsgrom
exposure to UV 146). Following this approach, deeper
damages up to 0.5 mm can be healed thermally and
photochemically with high efficiencie446).

Mechanoreversible bonds are covalent bonds that can be
reversibly broken by mechanical force. Breaking ¢hesnds
creates reactive functional groups and surfacesémarebind
when the external force is removed. The healing is
autonomous, since no external stimulus differemntithe
stress release is required for the healing prodegisough
promising mechanoreversible mechanisms have been
reported {48-150), to the authors’ knowledge they have not
been integrated and validated in healable elastriterould

be argued that many reversible dissociative reastiare
mechanoreversible, as it has been shown for DiklsfA
cycloadducts that mechanical force lowers the atitm
energy of the retro Diels-Alder reactiob5(l) and excessive
mechanical force breaks the adduct bonds in a sioler
fashion, allowing subsequent healing without thérma
stimulation @21, 152). Similarly, anthracene photodimers
have been shown to produce mechanoluminescende thee
colour difference between the colourless photodiamet the
yellow anthracene monomer upon mechanical fragtLbg).

The broken dimer bonds can then be restored
photochemically.



Intrinsic healing: Dynamic associative covalent den
Alternatively, to the dissociative mechanisms désad in the
previous section, intrinsic healing can also beieadd
throughexchange reactionsDuring this type of reaction, a
covalent bond is broken while simultaneously thmesaype
of bond is formed with a different reaction partnére
covalent bond is exchanged (Figure 3). In vitrim@rS4-
156), which are dynamic networks that are crosslinkgd
exchangeable bonds, there is no net change inutiméer of
bonds formed as a function of temperature, howdkerrate
of the exchange reactions accelerate as temperatueases.
At room temperature, most exchange reactions awe ahd
vitrimers with low crosslink densities behave likkassical
elastomers 154 with properties suitable for soft robotics.
During the healing of a fracture, the exchange tieas
should take place across fracture surfaces thahamentact,
reinstating the local network across the fractuen@. At
room temperature, in most cases, the kinetics at n
sufficiently fast to perform healing. By increasirge
temperature, the exchange reaction kinetics bedaster,
(additionally) increasing the mobility, which allevhealing
in a reasonable time frame (in the order of houksyvell-
studied example are the transesterification reastit57,
158). In (158), a boronic ester based network is presented in
which large damages can be healed with high effiiés by
heating to 80 °C for 24 hours. Healing can be peréat much
faster at higher temperatures, as demonstratedthfer
hydroxyl ester based networkssQ), which heal damage in 3
hours at 160 °C. The thiol-disulphide exchangetiea¢160,
161) and the metathesis of disulphid&2-164) were used as
well to create healable elastomers. The disulphédetion
has relatively fast kinetics and this allows congnhigh
mechanical strength with high healing efficienqj#§2). At
high temperatures, above the topology freezingsttiam, all
mentioned exchange reaction are fast and the @tsrshow
viscous flow (54). Consequently, they can be reshaped and
recycled using heatl65). However, due to their relatively
high viscosity at these elevated temperatures,-pighsure
reprocessing techniques, including injectiod5%) and
compression mouldindl66, 167), must be used.

The thiuram-disulfide reaction, which exchangesainithe
stimulation of visible light, was used to crossliakphoto-
curable elastomer168). Transparent samples of 1 mm
thickness can recover completely from being cutaif by
exposure to visible light for 24 hours. Becausehef ability

to heal thick membranes and the reprocessabilithigt
temperature, this SH-mechanism has high potential t
integrate healability in soft (pneumatic) robotilts(169), the
metathesis reaction of disulphide in a highly fiéei
elastomer is catalysed by tributylphosphine, facilitating
autonomous healing at room temperature with high
efficiency, without the need of a stimulus.

Intrinsic healing: Physicochemical interactions
Physicochemical interactions are non-covalent bonds
resulting from intermolecular interactions (Figdje Due to

a lower bond energy, these crosslinks are weakerttauns
easier broken than covalent bonds, requiring lessgy.
High concentrations of these bonds in linear ombnad
polymers can lead to the formation of supramolaecula
networks, in which a high amount of physicochemimahds
(physically) cross-links the materid{0-172).

Hydrogen bondsare widely used to crosslink elastomeric
networks that have self-healing capaciti#gQ 171, 173.
The bond strength of hydrogen bonding interactiisms

typically several tens of kJ mgldepending on the hydrogen
donor and acceptor. This relatively low bond sttergeans
that less energy is required to break the bondsirdtyen
bonds can also reform relatively fast, making thespular
for the development of autonomous self-healing melss.
The downside of low bond energy crosslinks is aatieg
impact on mechanical strength, strain recovery argep
behaviour. To enhance the mechanical strengthtamctsral
stability, the strength of the crosslinks can bbhagted by
increasing the number of hydrogen bonds formed per
crosslink, making use of multivalent hydrogen bo(ii&).
An extensive study on complementary quadruple hyeino
bonding in supramolecular co-polymers was perforrngd
Meijer et al (175. Leibler et al (176) presented an
impressive self-healing elastomer based on hydrbgeals.
The flexible polymer can be broken or cut and sqbsatly
healed by bringing together the fractured endsafdiew
minutes to self-heal autonomously at ambient teatpee.
Moreover, it is possible to reconnect the fractavefaces
after a waiting times and still be able to healdlatver L 77).

In general hydrogen bonded SH polymers can be yeasil
reprocessed by increasing the temperature, whshtsein
the breaking of the hydrogen bond crosslinks aratide
eventually leading to viscous flow76).

n—n stackingsbetweenr orbitals of aromatic ringsly2), are
attractive reversible non-covalent interactionst tban be
used to integrate healability{8). However, the bond energy
(8-12 kJ mal) is lower than the hydrogen bond energy, and
even when it leads to inter chain foldirigy @), only relatively
weak crosslinks are generated, which limits maltstiangths
and elastic recovery, both essential in soft raisoti

Hydrogen bond based

Figure 4: Physicochemical interactions can rely oimydrogen
bonding, ionic interactions, or coordination metalligand
complexes.

lonomer

Self-healing polymers based on supramolecular, myma
networks can also made usiogomers(180, 181). lonomers
contain as much as 20% of charged or ionic spesiespart
of their polymeric structure. These ionic groupsadtieto
cluster, forming physical crosslinks, and allowiegersible
formation and reformation of the network structure.
Compared to other types of physicochemical crosslink
ionomeric clusters have a higher aggregation stheng
benefiting tensile strength, fracture resistanattanghness.



As the ionic (cluster) interactions require moreergly to
break, the healing of ionomers often demands eatemergy

in the form of heat, however, lower temperaturige (60 °C
(182) are required for healing than in dynamic covalen
networks. Although classified as non-autonomousprie
example of a ballistic impact healing applicatitire damage
event provided enough energy in the form of hestilteg
from friction, for the material to effectively beled as an
autonomous self-healing material in this applicat{@83,
184). This immediate sealing ability is interesting fine
aerospace industry, where a small penetration @& th
pressurized hull of an airplane, for example caulsgda
bullet, can lead to a loss in pressure with disastr
consequences. Complexes of zinc-dimethacryla&5)(or
ammonia-carboxylatel86) allowed for autonomous healing
at room temperature, the latter relatively fast,omy 20
minutes.

Supramolecular network formation can also be acudwy
metal-ligand (coordination) complexes that act as
reversible physical crosslinksl70 187). Similar to the
clusters in ionomers, coordination complexds3g are
formed between the positively charged metal iond te
partially negatively charged groups on the ligaralenules.
The charge on the ligand molecules is typically msimaller
than the metal ion charge. As a dipole-ion intéoactis

weaker than an ionic interaction, the metal-ligand
crosslinking complexes are much weaker. This allo@aling
macroscopic damages at room temperature withoutebd

of an external stimulus. Similar to hydrogen bondgid
polymers, these weaker crosslinks permit reprongstie
material at mild temperatures, however, also malee=
more likely. Highly stretchable elastomers basedratal-
ligand complex crosslinks, having potential fortsobotics
applications are presented 80-191).

Finally, healing is possible ithermoplastic elastomers
(192-194). These copolymers are physically crosslinked by a
high-temperature transition phase (melting of crystal
phase or glass transition). Upon heating and cgadiiese
physical crosslinks can be reversibly broken aridrmeed.
This thermoreversibility allows healing damages by
performing a heat-cool cycle. The main challengéhisf SH
mechanisms is to heat the polymer, while not losingctural
stability. As the temperature window of the melfgigss
transition can be narrow, most networks loose robsheir
structural stability upon healing due to a high tipor of
viscous response. To increase structural stabitftis
mechanism can be integrated in an interpenetraiétyork
(IPN) (195. In the molten state these polymers can also be
reprocessed.

Table 2: Evaluation of the self-healing mechanisms lsad on 5 criteria (C) for the integration in soft obotics.

Self-healing Mechanism Stimulus C1: C2: C3: C4: C5: Ref Ref
Healing Multiple Recovery  Elastomer  Reprocessable Applied in soft
macroscopic healing of initial with high and recyclable actuators and
damage cycles properties  strenght robotics
Extrinsic
Encapsulation (70)
Micro/nano capsules / (84-91)
Hollow fibers / (92,93
Vascular network / (95, 255
Vascular network + reservoir / (97, 256)
Solid healing agent Heat (99-101) (99
Intrinsic (76)
Dynamic covalent bonds (102-108

Thermoreversible
Diels-Alder Heat (113119 (120-127)

/ (121)(152 (121
Phenol-Carbamate Heat (131
Diarylbibenzofuranone Heat (128
Urea Heat (130 (237
Imine / (129 (129

Photoreversible (137139
Coumarin uv (140-142
Anthracene uv (143-145,147)

Heat+UV (146

Mechanochemical (148-150

/

Exchange reaction (154-156)
Transesterification Heat (157159 (223
Thiol-disulphide Heat (160, 161) (164
Metathesis of disulphide Heat (162-164) (220(231)

/ (169
Thiuram-disulfide Vis Light (168
Physicochemical interactions (170-172
Hydrogen bonds / (170, 174-176) (207, 226,
257, 2598
(239
n—n stackings / 178
Heat 179
lonomers / (185, 186)
Heat (182 (182
Metal-Ligand complex / (188-191) (189 210
Crystals Heat (192-194)
Crystals (IPN) Heat (195 (195
Colour code Criteria not met Criteria met

(major obstacle)

be taken in account

~ Criteria partially met. Limitations need t

(no major obstacles)




Intrinsic SH polymers with potential for soft robotics

An overview of the mentioned SH mechanisms andr thei
evaluation with respect to the five soft roboticgetia is

In contrast to extrinsstd
mechanism, many intrinsic SH mechanisms have patdat
be used for constructing healable soft robotics.t No
surprisingly, many have been used to develop th& fi
healable soft robotics prototypes (details in sectitate of
the art on healable soft robgtsAlthough heat is required,
thermoreversible intrinsic SH mechanisman be used to
repeatedly heal macroscopic damages in elastoniiérigh
healing efficiencies and relatively high mechansaéngth.
Because of the thermoreversible nature of theirstirds
these networks can be easily reproced3kdtoreversible SH
polymershave not yet been used in soft robotics becauge on

recapitulated in Table 2.

damages with limited depths (< 0.2 mm) can be ldedleese
materials might still be useful to introduce hegliim thin

robotic structures, like origami robotk9) or thin membrane
or small scale pneumatic soft roboi®97, 198). However,

reprocessing is not always possible. Like thermenstle

mechanismsexchange reaction-based SH mechanisans
be integrated in elastomers with adequate propeitiesoft
robotics. These can be recycled though heatingetiemonly
moulding
Physicochemically crosslinked elastomers allow teate
autonomous healing in soft robotics; however, thecd
output of these systems will be limited due to rtHewer
mechanical strength.

through

high-pressure

Table 3: SH polymers with high potential for soft rdotics and their characteristics

techniques.

Thermoreversible Ref Gult ult Th tur heamer Mo Ne
SH mechanisms (MPa) (%) (°C) (%) (%)
Dissociative covalent
Diels-Alder (119 26 250 130 10m 1h (60 °C) 69 65
(120 22.5 295 140 10 s (NIR) 3d(25°C 92 93
(123 0.4 144 90 1lh 3d (25 °C) 96! 98
Phenol-Carbamate (130 2.9 240 80 2h 3 h (25 °C) 98 96
Diarylbibenzofuranone (128 0.75 830 50 12 h / 90 90
Urea (131) 0.93 301 37 12 h / 76 87
Associative covalent
Transesterification (159 5.5 750 160 3h / 82 91
(158 2.0 275 80 24 h / 90 85
Thiol-Disulfide (160 0.47 65 60 1h / 99 97
Disulfide (162 22.9 846 100 10m / 91 99
Physicochemical
Hydrogen (259 37.1 702 120 4h 8 h (60 °C) 92 96
(260 0.3 33 50 5m / 100 97
Host-guest interaction (261 13.5 17 120 30m / 85 94
lonic binding (182 7.2 500 60 24 h / 83 90
Combined mechanisms
Transester + Metal-ligand | (262 9.2 650 80 24 h / 98 98
HB + disulfide bonds (209 20 500 90 24 h / 94 90
HB + p-sheets (211 23 300 50 2s / 95 75
HB + z- = stacking (263 1.1 69 45 12 h / 100 93
Autonomous Ref Oult Eult try Mo Ne
SH mechanisms (MPa) (%) (%) (%)
Dissociative covalent
Diels-Alder L (121) | 0.11 365 7d 80 91
Associative covalent
Disulfide (169 0.23 105 24 h 95 96
Thiuram disulfide (168 0.4 202 24 h and visible light 10C 90
Transesterification (264) 4.2 56 72 h (85% RH) 95 93
Physicochemical
Hydrogen (265 1.92 780 24 h 92 90
(176 3.5 600 3h 88 87
Metal-Ligand (190 14 770 3h 99 100
(191 0.67 320 48 h 76 /
lonic binding (266) 0.65 325 20m 100 100
(186) 1.2 1100 24 h 92 /
(267 0.17 1650 24 h (in water) 95 94
Combined mechanism
Metal-ligand + Capsules (268 3.2 90 10 h 90 /
7- = Stacking + Pt complex : (269 0.3 1400 24 h 100 100
HB + transesterification (270 1.6 325 24 h 100 /
HB + Metal-ligand (210 9.4 600 15s 98 92
HB + disulphide (206) 0.81 3100 24 h 95 97
(205 4.2 128 48 h 88 85
HB + lonic (271) 1.35 1800 24 h 88 85
Photoreversible Ref Ouit Euit A texp Mo Ne
SH mechanisms (MPa) (%) (nm) (%) (%)
Dynamic covalent
Coumarin (140 1.2 640 254 350 1m 90 m 100 80
(141) 12.1 457 254 365 10 m 30m 84 90




Based on this evaluation we provide a classificatidn
publications presenting intrinsic SH elastomersaglé for
soft robotics in Table 3. These were selected denisig the
following parameters(i) The mechanical strength, which is
preferentially high and defined by the ultimatess gur) and
the ultimate straing(i) at which fracture occurgii) The
healing efficienciesys and . are defined based on the
recovery of respectively the ultimate stresg and the
ultimate strainsur, which are preferentially near 100%ii)
The healing procedure parameters, like the healing
temperature TH) and the time at this temperaturi),

For many mechanisms healing takes time, oftenerotider
of hours. It is however important to mention thae trecover
and trT, in Table 3, are the times needed to recover the
mechanical strength almost entirely. In many sofiotics
applications this full recovery is not needed tactevate the
system. In normal operation of the soft robots dalastomers
will be exposed to stresses well below the ultingttess,
while a (feedback) controller can address potenltiahges in
elastic modulus. Consequently, operation can baned
well before full recovery and the healing can benpteted
during operationX21, 123). Neverteless, the healing times
are significant and an acceptable duration willsgls\depend
on the application. In soft robotics elastic reagve prefered
to be fast (order of 0.1-1 seconds) and complel#noagh
very important, this parameter is not included um analysis
due to insufficient data in literature. The sampligs to the
tackiness of SH elastomers for soft robotics, whiali
require more attention in future.
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Figure 5: Overview of three performance parametersof
intrinsic SH elastomers with potential for soft rohotics:
healing temperature, healing time, and the mechanat
strength, represented by ultimate stress. For theraditional
SH classes, a general trade-off exists between maaltal
strength, represented by ultimate stress, and healg
temperature/healing time.

General trade-off in SH mechanisms for polymers

In Figure 5, for all elastomers presented in Tahlehree
performance parameters; the ultimate stress, thkhealing
time, and the maximum healing temperature aregquaoftor
the traditional SH classes (Table 1 and Table 2)ade-off
exists between healing temperature and ultimagss$99).

In general, higher bond strengths lead to polyrtess have
greater mechanical strength and stability, as nreoergy is
required to break the bonds. This means that moeegyg
needs to be supplied by the healing stimulus, ngakire

preferably as low as possible and of short duratiesveris
the time the material must stay at a lower tempegato
complete healing. For some thermoreversible systiiss
time is required to reform the crosslinks, whiclséme cases
can take long due to slow reaction kinetics. Fdoaomous
SH mechanisms that proceed at room temperatigte,
represents the total healing duration at 25 °Chdth cases,
trecover and trT are desired as short as possiblie) For
photoreversible SHZ is the specific wavelength of the
irradiation for breaking and bonding of reversibtands, and
texpis the time of exposure.

healing mechanism non-autonomous or slow at ambient
temperature. Moreover, this results in a strongengetition
with the breaking of irreversible bonds, reducihg healing
efficiency. Conversely, the total bond energy of rogen
bond crosslinks and coordination complexes is roarer
(200 and less energy is needed to break them. Therefor
these physicochemical networks can heal damagevat lor
ambient temperature. However, the lower total benergy
has negative consequences for the mechanical pieper
Autonomous, intrinsic SH polymers have lower meatein
strength and, in some cases, creep behaviour alfid se
adhesion are non-negligible and permanent plastic
deformations can lead to non-optimal strain recpvéhe
general trade-off between the requirement of a imgal
stimulus and the mechanical strength, describedbyis
clearly visible in Table 3 and Figure 5. In genef&
polymers that rely on thermo- and photoreversibdsslinks
haveour in the 1 - 100 MPa range, while autonomous SH-
polymers haveur in the 0.01 - 10 MPa range.

Combining multiple SH mechanisms in a single polynre

In search for a combination of fast healing at low
temperatures and excellent mechanical propertidd, S
polymers have been developed that combine multiptbe
above-mentioned mechanism®0(). Double dynamers
contain both strong reversible covalent bondsirfechanical
strength, and reversible physicochemical bondsctieve
fast initial healing 202 (Table 3 and Figure 5, combined
mechanisms). Sordet al. reported a hybrid network with a
fixed amount of hydrogen bonds and a tuneable nummbe
covalent ester bond2@3). The combination of di- and tetra-
epoxy resins allowed for tuning the number of clehi
cross-links and therewith the mechanical propertiéth our

up to 3.7 MPa. The rubber shows full self-healihgrabient
temperature after 24 hours and 78% after theHivst due to
the fast reformation of hydrogen bonds. Hydrogendscand
disulphide bonds were combined by Eital. (204), resulting

in relatively tough SH polyurethane elastomesg: & 20
MPa) and healing at mild temperatures of 90 °C. Axtien
disulphides are also combined with hydrogen bondSHi
polyurethanes, as presented20%) and @06), the latter able

to recover mechanical strengths of 0.7 MPa withio hours
after damage. Alternatively to integrating multipéversible

or dynamic crosslinks in a single network, the diemment

of interpenetrating networks (IPNs), also calledulnle
networks, allows combining stronger dynamic bonfis (
strength) and weaker physicochemical bonds (fott fas
healing) in a single material, each being preseohie of the
interpenetrating network2Q7-209).

The two most impressive SH elastomers were develbge
Wang et al. (210 and Sittiet al. (211), both relying on
combined mechanismaNang et al. (210 used hydrogen
bonds and ferric oxide — catechol (metal-ligandnptexes



to form what they refer to as a hierarchically stowed
supramolecular elastomer. This highly structure@aek has
decent mechanical stability = 9.4 MPa) and exhibits
excellent healing within 15 seconds. Sidt al. (211)
combined high mechanical strength (23 MPa) anchiealing

in a network composed of synthetic proteins thag ar
physically crosslinked by reversible crystallineapbs and
contain extensive hydrogen bonding. Their mechénica
strength is recovered within a single second aft@cing the
fracture surfaces back together at 50 °C. Exaniiieshese,
prove that by combining the best of different SHthanisms,
superior SH polymers can be created.

Limitations of artificial self-healing polymers

The wound healing process of a cut in human skhighly
complex @12) and involves multiple stages, including
hemostasis (blood clotting), inflammation, proli#gon
(growth of new tissue) and maturation. The artficBH
mechanisms discussed above, which involve at mest t
stages, are much less complex. In synthetic polythe
powerful hemostasis step, which relies on complei c
division and growth, has not yet been achievedtdumass
conservation. Microscopic cavities at the fractimerface
can be closed by sufficient molecular mobility de@l by a
released healing agent. However, synthetic mateaahot
grow to fill large damages. Consequently, the hegalm
limited to recombining fracture surfaces that axight back
in contact on a microscopic level.

For relatively small damages in elastomers, thestiela
response of the material after damage, allows theture
surfaces to come back in contact, allowing healitmuvever,
for larger damage the fracture surfaces must bagboin
intimate contact by external intervention. In fgtusoft
robotic system this can be done by the robot tlzates itself
in a configuration in which the fracture surfaces pressed
together. Aiding mechanisms have been developed to
alleviate this problem on the material level, adoay to the
close-then-heal (CTH) two step princip&b). By integrating
extrinsic shape memory polymer muscl@8)(wires 13) or
fibres (LOO), or shape memory alloy wireg14) or springs
(215 in a SH elastomeric matrix, shape memory assgstd
healing (SMASH) can be performestl( 215). Upon heating,
the integrated shape memory effect brings fracturéaces
back together, prior to binding them back togeit24r3) or
curing using a healing agen®q 100 214). Magnetic
particles have been added to SHM to close largeagam
using an applied magnetic field1(6 217). Although not yet
adopted in soft robotics, both SMASH and magnaedéicf
assisted healing are promising to aid healing aofda
damages. Recently, researchers investigated thefigtem
cells for creating growing and living, self-healingbots

(218).

In many soft robotics applications, low or medium
mechanical moduli and strengths are acceptableven e
preferred 8)(68). However, many intrinsic SH networks,
suffer from slow or incomplete elastic recovery doi@ high
viscous component in the viscoelastic behaviouabse of
the dynamic character of their crosslinks, whichll théve a
negative impact on the dynamics of soft robots e be
detrimental for applications in which high actuatispeeds
are desired. On the other hand, undesired creeyeddy the
dynamic crosslinks can compromise the structuiabikty,
specifically in applications where soft robots areler load
for a longer period. As not many report on thesect and

their acceptance is dependent on the soft robagipkcation,
they are not included in this first comparativedstu

For all materials in Table 3, healing can be penfet on
temperatures that deviate from the one preseiitefb( non-
autonomous and 25 °C for autonomous systems). laergen
lower temperatures lead to lower kinetics and iaseethe
healing time. Conversely, higher temperatures lea@gter
healing. The maximum healing temperature is definethe
temperature at which networks lose mechanical ligbi
which is the degelation temperature for dissocéatior
physicochemical systems or the topology freeziagdition
for associative systems. In addition, in soft radmt
application this temperature can be limited by bthe
components in the system, such as electronics.

State of the art on healable soft robots

Although many SH mechanisms have tremendous patenti
to integrate healability, only a limited numbemafblications
demonstrates their use in soft robotics. In 201SHepherd
et al.(219 presented a soft pneumatic gripper that is rasist
to punctures, induced by a needle due to a SH Imlranf a
silicone/Kevlar composite (Figure 6A). The authtatad that
the damage resilience stems from a combinationeoKeviar
fibres preventing crack propagation, the composifestic
behaviour that returns the actuator in the origstape and
the silicone’s tendency to self-adhere. This heafirinciple
is limited to small damages, yet interesting simoany
failures of soft actuators are due to small purstuand
perforations.

Recently, our group at the Vrije Universiteit Brusselported
on various soft grippers and soft robotic handsetdasn
Diels-Alder polymers with the capacity to heal nusmopic
damages 121-123 125 126) (Figure 6B-D). These
prototypes, which are pneumatically actuat&®5( 126), or
tendon driven 123), demonstrated that Diels-Alder
elastomers have mechanical properties, which atiaxe: for
soft robotic applications. The soft robotic profmtg can
recover from large realistic damages, with nearets
restoration of initial characteristics after besypjected to a
healing process. Even very drastic damages, likinguthe
actuators completely in half, could be healed eltirFor
these Diels-Alder soft robotic componeni®? 123 125
126), the healing was controlled by heating (80 - @) the
entire soft robotic part in a healing station (@g.oven). In
search to avoid the need of external heating, farsbbtic
gripper constructed out of a novel Diels-Alder netivwas
reported that can heal large damages autonomotishpm
temperature 121) (Figure 6E). However, to allow efficient
room temperature healing in Diels-Alder polymersghh
molecular mobility is required, which resulted inhighly
flexible behaviour, with a limited mechanical stgém
Consequently, the power and force output of thegrifiper
is limited, emphasizing the trade-off between meats
properties and healing temperature. The dynamicreatf
crosslinks in elastomers can be exploited in martufang, as
demonstrated by the folding & binding techniq@i2g, 220),
a technique that is particularly interesting foft sarigami
(196) and pneumatic robotic4.€). 3D polygon soft robotic
structures are formed out of 2D sheets, by subsdiyue
folding and binding through heat-cool cycles.

As presented in Table 2, many of the intrinsic Siymers
can be reshaped when heated to a temperature ah whi
extensive debonding of the reversible crosslinksiseto a



Figure 6: A) Soft bending actuator, constructed outof a silicone/Kevlar
composite, that is resistant to small punctures du self-sealing based on the
self-adhesion of silicong219). B) A soft pneumatic hand(125 and pleated
pneumatic artificial muscle (127) that are given an intrinsic healing capacity
by constructing them out of Diels-Alder elastomersCuts and perforations are
healed by subjecting the parts to 80 °C for 40 mirtes. C and D) Different
types of soft grippers, pneumatically actuated126) or tendon driven (123,
that are constructed out of multiple Diels-Alder pdymers. Large cuts,
including ones that damage more than one materiakstion, as well as damage
due to delamination at multi-material interfaces, @n be healed by heating the
parts to 90 °C for 30 to 40 minutes. The performare of these robotic
components is not influenced by a damage-heal cyclE) A soft pneumatic
robotic hand manufactured out of a Diels-Alder basé network that can
autonomously heal at room temperaturg(121). Large damages, like cutting
fingers in halve are healed without decreasing theystems performance.

complex shapes. Both the SM actuation and
SH are temperature controlled in this multi-
responsive material by locally irradiating of
a NIR laser. Although actuation is slow, the
combination of SM and intrinsic SHZ21,
222 has recently gained interest in the
robotics communityX5, 223). Among others
(224), J. Coeet al.(207) have reported on the
use of covalent—noncovalent interpenetrating
networks in robotics. The double network is
a humidity responsive SM hydrogel that was
used to construct soft SM actuators. In these
systems, macroscopic damages can be healed
with high efficiency, but actuation is
relatively slow. In 195, a semi-IPN is made
by mixing linear, semi-crystalline e-
polycaprolactone into methacrylate-based
monomers to print a shape-memory-actuated
gripper using stereolithography (SLA)
(Figure 7B). The double network can be
actuated by a heat stimulated SM effect.
Actuation is slow but large damages can be
healed entirely by heating the gripper to 80
°C, for only 5 minutes. SLA was also used in
(164 to manufacture a soft pneumatic
muscle, constructed out of a disulphide based
supramolecular network with healing
capacities (Figure 7C). The muscle can
recover entirely from being cut in halve by
healing it for 2 hours at 60 °C. However, due
to the low mechanical modulus of ~17.4 kPa,
its force output is limited. SupraPolix
presented that FFF can be used to print
elastomers using hydrogen interactions into
high resolution 3D parts with fast healing
capacities at room temperatug2¥®) (Figure
7D). A. Lopez Diazet al. (226 227)
constructed an artificial muscle based on the
commonly used McKibben design out of a
hydrogen-bonded network, allowing to heal
punctures and cuts without the need of a
temperature increase in 24 hours, but with a
limited healing efficiency of around 65 %.

In 2017, J. T. Walliret al. (228 presented a
soft bending actuator developed from
silicone (polydimethylsiloxane) using SLA,
which interior is filled with thiol-ene resins
(Figure 8A). When the membrane of the
actuator is pierced, the resin flows out and is
exposed to sunlight, leading to photo-
polymerisation and the sealing of the hole. In
(210 a soft photo- and magnetoresponsive
actuator is presented with a self-healing
ability due to a combination of metal-ligand
coordination bonds and hydrogen bonds. In a

loss of structure stability and a resulting viscoilmy
behaviour. The solid-liquid transformation at eled
temperatures allows to use these reversible nesforkused
filament fabrication (FFF) 3D printing, as demoasd in
feasibility studies in134 135 and by E. Roelst al. (122
(Figure 7A), who printed three passive soft fingtrat are
used in a soft gripper for food manipulation. Darmgre
healed by heating the entire part to 90 °C. Y. Zhangl.

(120 printed a shape-memory (SM) polyurethane with

reversible Diels-Alder crosslinks using direct imkiting into

publication of Metin Sitti 211), it is
illustrated that the mechanical properties of awoek,
composed of synthetic proteins that are physically
crosslinked by crystalline phases with hydrogen dirog,
allow to construct pneumatic muscles that can tepibalift
weights that are 3000 times heavier than its owssn(gigure
8B). Damages in the soft material of the musclehaaded at
50 °C in only seconds. Y. Wanet al. (210) developed
healable robotic butterfly, which wings actuatatiekly fast
(within a second) in response to the presence serafe of
near infrared irradiation (Figure 8C). The prototye
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Figure 7: A) A soft gripper, of which the three pasive fingers have an intrinsic healing
ability as they are 3D printed out of Diels-Alder éastomers using fused filament
fabrication (120). The reversible characteristic of the Diels-Alder rection allows
reprocessing the network through heat treatments, hich allows reshaping the Diels-
Alder polymer filament into complex 3D robotic commnents. Large cuts can be healed
completely by exposing the gripper to a temperaturef 90 °C for 30 minutes. B) A
gripper based on a double network polymer formed byincorporating a semi-
crystalline polycaprolactone into a methacrylate-baed shape memory polymers
system(195). This gripper can be actuated by a shape memoryfett that is triggered
by heating the gripper above 80 °C. Damages can bealed at 80 °C in 5 minutes. C)
A pneumatic muscle that is 3D printed out of a dislphide based supramolecular self-
healing elastomer using stereolithography164). After being cut in halve and healed
at 60 °C for 2 hours, the muscle recovers its funicnality. D) 3D printed high
resolution parts, out of hydrogen based self-healmfilament using a fused filament
fabrication technique (225). Healing the two halves together takes can be perimed
at room temperature in about 1 hour.

constructed out of a strong netwotki(= 9.4 MPa) relying

low melt point crystalline crosslinks,
with a robust mechanical strength (12.5
MPa) and superfast healing speeds (2 s)
at 18 °C.

Liu et al. (230, combined ionic and
hydrogen bonds in a hydrogel. Although
being hyperflexible dur = 40 kPa), it is
used in a low force soft gripper that can
heal autonomously at temperatures as
low as - 20 °C. Recently, Q. Hs al.
(231) used the metathesis of disulphide
in a liquid crystal elastomer actuator,
that is thermally actuated by hot water
flowing through internal channels and is
used as artificial muscle and in a soft
gripper. The actuators that can generate
relatively high contraction forces, heals
at 180 °C.

SH mechanisms have been implemented
in dielectric elastomer actuators (DEA)
(189 232. A DEA consists of a highly
stretchable dielectric layer that is
sandwiched between two stretchable
electrodes (Figure 8D). When these
electrodes are charged, the dielectric
layer is squeezed leading to a decrease in
thickness and a large increase in surface
area. This actuation principle has
potential for future soft robotic
applications 233, such as grippers
(232 234). The dielectric layer is very
thin and therefore susceptible to physical
damage and manufacturing
imperfections. A hole in the dielectric
layer can lead to near-contact between
the electrodes, which leads to sparking
(dielectric breakdown) that most of the
times destroys the actuator. This can be
prevented if the small defect is healed
before actuation. DEA have been
manufactured with a SH dielectric layer
using an open-cell silicone foam filled
with silicone oil 35), a liquid dielectric
(234, a metal-ligand based 189,
hydrogen based236) and urea based
(237) SH polymer.

Alternatively, to performing healing on
the material level, damage in a robotic
system can be dealt with by
incorporating resilience mechanisms in
robotic systems 238. One way to
integrate this resilience is to add the
ability to learn how to compensate for
damage by a self-thought adapted
behaviour 239-241). These resilient
systems contain trial and error learning
algorithm for compensatory behaviour,
allowing the robot to adapt its

on extensive hydrogen bonds and ferric oxide —ctmfe  functionality as a reaction to damage in one obddy parts.

(metal-ligand) complexes. The combination of thése As such, the damaged robot can continue its taitk, an
types of reversible crosslinks, allows healing éadpmage  adapted behaviour that compensates for the damapyeith
within seconds. The same research gra22g)( developed a reduced performance. The rise of modular and self
light-responsive actuators (bending angle ovendiftin 1.6 reconfigurable robotic system24@), will facilitate self-

s) from a material containing extensive hydrogendiog and repair in robotic systems in the future, by repigcfailed
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Figure 8: A) A soft pneumatic bending aé:tuator mantactured out PDMSsing stereolithography(zz&.NDurmg the manufacturing

-

process, uncured thiolene resin is encapsulated. &lactuator is hydraulically actuated by pressurizilg the unreacted resign. When the
membrane is perforated, the thiolene resin escapeB contact with oxygen and in the presence of visie light the thiolene resin
polymerizes and acts as a healing agent, sealingttiamage. B) Squid-inspired synthetic proteins wengsed to generate supramolecular
networks that are physically crosslinked by crystdine phases with extensive hydrogen bond&11). The networks have high
mechanical strength and can heal large damages & 8C in the order seconds. These elastomers wereedgo develop the first protein-
based self-healing actuator. C) Y. Wangt al. developed multi-stimuli responsive actuators witthealing capacities relying on both
hydrogen bonds and ferric oxide — catechol (metalgand) complexeg210). The combination of these physical crosslinks alles healing
at room temperature as illustrated in a butterfly prototype that is actuated by local heating throughrradiation of near-infrared light
and due to mismatch in the coefficient of thermal xpansion between different layers in the materialD) A self-healing dielectric
actuator in which the dielectric layer is a Fe(lll}pdca (metal-ligand) based self-healing elastomdd89). Defects in the dielectric

medium are healed before they propagate can prevedielectric breakdown.

modules with new ones completely autonomously. dlth
this approach allows full recovery of the robotigstem,
extending the lifetime of the overall system, ingeates
damaged modules, which if not fully recyclable, ao¢ eco-
friendly.

Future perspectives and challenges

Including a healing capacity will only be a reliaband
sustainable solution to the vulnerability of softbots in
future applications, if the healing is performedllyfu
autonomously, without external or human intervamgijo
which are in general cost inefficient. As illuserdtin this
review, this goal currently pushes material redsens to
obtain SH polymers with improved mechanical behawio

and autonomous healing in application conditionsweler,

on a system level, the embodiment of stimulus-pliog

devices (e.g. an integrated flexible heater), peronachieve
a robot that heals without external interventioingsSH

polymers that are classified as non-autonomousrebat

autonomously to partially or complete damage, thieot

should be able to detect the damage, using intetjs&nsors.
The healing is most effective when the SH polynaesin

unloaded conditions, especially at the start of hiealing

process. Consequently, the detection of damage dthead

to the scheduling of a healing period in whichggstem is at
rest.

Soft sensors are already integrated in soft robatiuator
designs to establish feedback motion controllerd state



estimation 243 244). Similarly, there have been reports on
flexible damage detection senso@4%-247) and flexible
heaters 79, 80). The integration thereof, does not
compromise the flexible characteristic of the baafythe
robot. However, being flexible, these soft sensarsl
electronics are also prone to the damaging comditio
previously mentioned in this review. Adding a heglability

to these integrated components is essential tolajesoft
robots that are entirely healable. With these fitur
applications in mind, conductive SH polyme2A8-251)
have been used to construct self-healing electso@is2),
including sensors and heater25%. However, creating
healable soft sensors that are reliable, spedificédr
application environments in which the conditiongtgly
vary, remains a challenge.

To achieve the final goal of a soft robot that detend heals
damage autonomously, multiple technologies like SH
polymers, SH sensors, health monitors, smart motion
controllers and potential integrated stimulus pdow
devices must be combined in a single intelligerdteay.
Although, the recent fast progresses in the sulsfiedre
promising, combining them is a challenge for thentw
years. On a material level, for the SH polymersdesd in
this paper a thorough analysis of the dynamic bieliabased

on the static and dynamic loads these materiald wil
experience during actuation, is still lacking itetature.
Based on the determined dynamic properties suclaasce
recovery, viscoelastic and creep behaviour, a rooneplete
evaluation of the SH polymers can be made, as inedes
dynamic effects can be detrimental for many softots
applications.

Conclusion

Robotics is a highly multidisciplinary field in whicvarious
technologies are imported from other research dosnai
Fields like power supplies, sensors, processing and
communication systems are brought together in icfot
Recently, smart materials also have been introduced,
integrating additional functionalities, new actoatimethods
and embodied intelligence, particularly in the egiey soft
robotics community 254). Literature shows that the latest
developments in self-healing (SH) materials hav&hpd the
mechanical and healing properties to a higher Jaligwing

to construct 3D objects capable of healing macnaisco
damages. As a result, SH elastomers recently nhesitefirst
appearance in soft robotics academia, in which taeyoffer

a solution to the vulnerability of these soft syste The
susceptibility of soft robots to damages cause bars
objects, fatigue, tendon cut, overloading and fatsal
debonding will be an obstacle to the effective néesoft
robots, particularly when functioning in dynamic,
unstructured environments. This stressed the needaf
healing ability which allows to recover from thes@mages
and consequently reduce maintenance in future iesband
their ecological impact.

This paper builds the bridge between the self-hgglblymer
research field and the soft robotics communitypamof of

concepts found in literature clearly demonstrat th high
level of transdisciplinary collaboration is requin@ this new
line of research. Because this combination is qytithge, the
capabilities of the materials and requirements hef soft
robotics applications are not yet attuned. To askithis, we
proposed five basic criteria for effective integpat of a

healing function in soft robots. Although the rejgoon SH

robotics are still limited, a careful investigatiaf the
different SH mechanisms based on these five aitenakes

it clear that many recently published SH elastomegst the
requirements. Potential candidates were listedcantpared,
based on performance parameters, including mechlanic
strength, the required stimulus, healing time amdlihg
efficiency. There exists a general trade-off betwee
mechanical strength/stability of the elastomeritwoek and
the intensity of the healing stimulus or the heglituration.
This is translated into soft robotic prototypesttban heal
autonomously but have a limited force and powepuatutiue
to their hyperelastic bodies and others that havegher
mechanical performance but require thermal or
irradiation in order to heal. Driven by combinindgin
mechanical strength and autonomous healing, rdssarc
started integrating multiple SH mechanisms in aglsin
elastomeric network. This led to a next generatbrSH
elastomers, with mechanical moduli in the tens &fdcale
and extraordinary healing capacities at mild or nmoo
temperatures. Some of these are already used &irgoh
impressive proof of concepts of healable soft rbot
actuators.

uv

Although the soft robotics poses several requireésfam SH
polymers, it is a very suitable application fieldot only
because the clear need for a healing function &b ith the
vulnerability of the flexible bodies, but also baesa the
robotic system provides a framework where additiona
systems required for autonomous healing, sucltasteolled
stimulus providing device and sensors for healtimitooing,
can be conveniently integrated. Through the adopifoSH
polymers in robotics, the SH technology can firdvilay to
other industries like automation, automotive andmmzes.
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