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a b s t r a c t 

The lifetime of soft robots is limited by their susceptibility to damage. Recent breakthroughs in healable soft 

robots have overcome this issue by manufacturing systems from self-healing polymers. However, to operate 

and recover autonomously, compatible sensors need to be embedded. We show that innovative healable soft 

sensors to measure strain, force, and damage, based on a self-healing conductive elastomeric composite, were 

developed and integrated with near-perfect interfacial strength in a healable soft gripper. The paper details the 

complete development of the gripper, including the selection of the conductive composite based on carbon black 

and nanoclay, sensor and actuator characterization, and its manufacturing. The gripper with embedded sensors 

recovers its actuation, sensor function, and damage detection after being severely damaged, and this multiple 

times. 
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. Introduction 

Soft robots, with their designs often inspired by nature, are currently

nder development for various applications, such as minimally invasive

urgery [1] , universal grasping [2] or locomotion on rough terrains [3] ,

n which they often outperform their ‘rigid’ counterparts. Their inherent

exibility is key to their adaptability, enabling them to deform around

bstacles. This gives them the advantage of being safe to work with hu-

ans and delicate objects. Their bodies usually consist of soft elastomers

 10 4 − 10 9 Pa) [4] , providing inherent flexibility. However, the soft be-

avior also makes them vulnerable to different types of damage [5] .

harp objects [6] , interfacial debonding [7] , and fatigue [8] all pose a

hreat to soft robots, and limit their lifetime. Moreover, thermosetting

lastomers are the main type of material used to manufacture soft robots

nd these are non-recyclable. The combination of a limited lifetime and

 non-recyclability has led researchers to investigate various types of

esilience [3,9] . A promising solution is to make these soft robots self

ealing. This can either be done by making smart use of materials [10] ,

r by manufacturing them out of self-healing elastomers [11] . When

amaged, these soft robots can heal, effectively prolonging their life-

ime. However, not all self-healing polymers are suitable for use in soft

obotics [5] . One type of self-healing mechanism that is deemed suitable

re dynamic covalent bonds, like Diels–Alder (DA) based elastomeric
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etworks [12] . When damaged, these polymers enable soft robots to

eal upon mild heating (80–90 ◦C). 

Recently, we have proven that DA materials that heal at room

emperature can also be synthesized [13] . The choice for either an

utonomous (room-temperature) or non-autonomous (mild heat) self-

ealing polymer depends largely on the application. Whereas au-

onomous healing needs no intervention other than recontacting the

racture surfaces, non-autonomous healing gives more control over the

ealing process, as the healing can be postponed and started whenever

he temperature is increased (e.g., after re-alignment of shifted pieces)

13] . As they can be reprocessed and recycled, self-healing polymers

lso have an additional ecological advantage over traditional materials

sed in soft robotics, e.g., silicones [14,15] . 

Soft robots can bend, stretch, and twist around obstacles, which

ives them the advantage of being safer, but the disadvantage of be-

ng harder to control due to their infinite degrees of freedom. Knowing

he state of a soft system becomes almost impossible without propri-

ceptive sensors. However, in some applications, extensive control is

ess important and the robot does not always need to know its precise

hape and state, as, in contrast to rigid robots, the morphology of soft

obots takes care of a part of the computation [16] . It enables for exam-

le to grasp unknown objects without positioning the actuators exactly

2] . In many applications, morphological computation is not enough,
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Fig. 1. Self-healing soft sensors are embedded in a soft self-healing gripper. The developed soft finger can fully heal from severe damage and the sensors can recover 

their sensing properties after damage. 
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nd sensors are embedded to extend the capabilities of soft robots. For

oft robots to continue benefiting from the advantages of their intrin-

ic flexibility, the embedded sensors need to be flexible as well. These

eformation and force sensors enable the use of feedback motion con-

rol algorithms [17] . The sensors can be either proprioceptive (e.g., per-

eive whether its fingers are bent [18] ) or exteroceptive, sensing the

nteraction with the environment (e.g., detection of an object in space

19,20] ). 

Creating sensors for soft robots remains challenging as the sensors

hould be soft, and can have only a limited influence on the mechan-

cal properties of the actuator. Although flexible sensors have already

een embedded in soft robotics to detect deformation and damage, they

re, like the actuator in which they are embedded, vulnerable to dam-

ge [21–23] . This vulnerability is the motivation for the development of

ealable soft sensors made from self-healing materials like the DA based

olymer networks [24] . Moreover, both for excellent sensor properties

nd robustness, the sensor and actuator materials should be compatible

o enable a strong interface between both. This can be an issue for tradi-

ional elastomers where the interface between different materials mostly

elies on weak physical interactions. Aside from introducing a healing

bility, the reversible covalent bonds in the DA-based network enable

he formation of strong (covalent) bonds across the multi-material inter-

ace, given that both materials are based on the same reversible chem-

stry [25,26] . This implies that not only the field of self-healing soft

obotics sees great technological challenges in developing soft robots

nd their sensors, so does the field of material science. Novel elastomeric

composite) materials having a great potential for soft sensors used em-

edded conductive particles such as carbon (carbon black [27,28] , car-

on nanotubes [29–31] ) and silver (nanowires (AgNW [32] ), nanoparti-

les (AgNP) [33] ). Also liquid metal [34,35] , or intrinsically conductive

aterials can be used [36–38] . 

This work describes the development of innovative healable soft

rippers with embedded sensors, in which all soft parts, including actu-

tors as well as sensors, can recover from severe damage ( Fig. 1 ). Both

he conductive sensor material and the matrix material, in which this

ensor is embedded, are self-healing. The four soft actuators show full

ecovery of mechanical and sensor properties after undergoing several

odes of fatal damage. This approach does not only prolong the lifetime

f the soft gripper, but it also removes the problem of delamination at

he multi-material interface, a common cause of failure for soft robots

5] . As both the sensor and the surrounding matrix are self-healing and
2 
ased on the same chemistry, they form a strong covalent interface,

hich is shown in Fig. 1 . The whole development path from material

o application is described. First, a conductive property is introduced in

 self-healing polymer and its sensor properties are verified. The (non-

onductive) DA polymers on which this work is based, have already

roven their advantage in soft robots [12–14,25,26] . These materials

re based on a thermo-reversible equilibrium reaction, often requiring

ild heat to trigger and continue the healing process. To make these ma-

erials conductive and incorporate sensing properties, (hybrid) carbon

lack and nanoclay fillers were added. The influence of the filler content

n the mechanical and healing properties is studied and discussed. The

ost promising composition is studied in detail and processed into dif-

erent sensors by incorporating them into a non-conducting DA matrix

aterial. We show that the interface between sensor and matrix mate-

ial is nearly perfect, thanks to strong covalent bonds forming over the

nterface. 

Two types of sensors are developed: piezoresistive strain sensors and

apacitive touch sensors. Both piezoresistive sensors to measure strain

39] , bending [40] and even force [41] , and capacitive sensors to detect

ouch [42] or measure force [43] have already proven their use in soft

obots. As will be shown, the developed sensors can recover their func-

ion and mechanical properties after fatal damage by subjecting them

o a heat-cool cycle. Although studies have been published on healable

ensors [24,44] , to the authors’ knowledge, most focus on the recovery

f the electrical properties in unloaded conditions and in-depth analysis

f the sensor property recovery is still lacking. The reason is that these

ealable soft sensors are difficult to model using analytical approaches

ue to their non-linear behavior and time-variant response. We show

hat the recovery of the actual sensory property is investigated in quasi-

tatic and dynamic loading, based on the model of the sensory behavior.

First, we describe a thorough characterization of the developed ma-

erial in Section 2 . Afterwards, Section 3 does not only describe the char-

cterization of the strain and touch sensor, but also provides the man-

facturing process and the implementation in a healable soft gripper

hat recovers from fatal damage (see Fig. 1 ). Also on the actuator level,

he recovery of the sensory behavior in cyclic operation is investigated

n depth. The tendon-driven gripper is equipped with strain sensors that

an measure the bending motion of the fingers as well as detect damage.

hese embedded sensors are soft, such that they do not compromise the

exibility of the soft gripper, preserving the adaptability and safety of

he system. 
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. Materials 

.1. Self-healing polymer 

The self-healing property of the polymers used throughout this

ork, results from the Diels–Alder (DA) reaction between furan

nd maleimide functional groups, forming thermoreversible covalent

rosslinks through the formation of two stereoisomeric DA adducts

called exo and endo isomers) [45] . The thermoreversible polymer net-

ork consists of the bismaleimide DPBM and the six-functional furan-

unctionalized Jeffamine FT5000. More details on the reagents and the

ynthesis can be found in supplementary information A. The DA reaction

ends to a temperature-dependent equilibrium. The retro Diels–Alder re-

ction becomes increasingly important upon heating: the equilibrium

hifts towards the reactants, DA bonds are progressively broken, and

he mobility in the polymer network increases ( Fig. 1 ). At the gel tran-

ition temperature ( 𝑇 gel ), extensive debonding leads to the degelation

f the polymer network, and the elastomer is transformed into a vis-

ous liquid oligomer melt, which can be (re)processed. When cooling

own, the DA adducts are favored again, and crosslinks are reformed,

ventually restoring the initial material properties. Upon mechanical

amage, the DA bonds are broken preferentially, as these are the weak-

st covalent bonds in the network. The healing process starts by recon-

acting the fracture surfaces, which often occurs automatically by elas-

ic recovery of the elastomer. Mildly increasing the temperature (e.g.,

o 80 ◦C) increases the mobility of the polymer network by reducing

he crosslink density, and increases the number of reactive maleimide

nd furan groups, providing the mobility and reactivity required to seal

nd heal the damage ( Fig. 1 ). When cooling down to room temperature

about 20 ◦C), the DA crosslinks are reformed throughout the network

nd across the fracture interface, restoring the full performance of the

aterial. In theory, this enables the material to heal an infinite number

f times at the same location. In practice, previous work has shown that

he DA polymers have a healing efficiency of up to 98–99% per cycle,

ven after 30 thermal cycles [12] . 

By changing the network design parameters such as the monomer

olecular weight, the stoichiometry of the reactive groups, and the

onomer functionality, a wide range of material properties can be

chieved and tuned to the requirements of the application [46] . The

aterials range from hard and brittle thermosets (Young’s modulus 𝐸

1–10 GPa) to soft and flexible elastomers ( 𝐸 ≈ 0.1–100 MPa) suit-

ble for an application in soft robotics. DPBM-FT5000-r0.5 was selected

s the matrix material in which the sensor is embedded (Details in

upplementary information A). Its hyperelastic mechanical properties

 𝐸 = 0.65 ± 0.03 MPa, fracture stress of 0.37 ± 0.02 MPa, fracture

train of 184 ± 14%) make it an ideal candidate to be applied in soft

obotics. This material was therefore used to manufacture the tendon-

riven actuators in the soft grippers (yellow material in Fig. 1 ). Due to

he lower maleimide/furan stoichiometric ratio 𝑟 of 0.5, the crosslink

ensity is lower than in a stoichiometric system, resulting in higher seg-

ental chain mobility, and in an excess of furan groups that acceler-

tes the DA reaction kinetics, which enables this material to heal at

oom temperature and recover from damage within a few minutes up

o a week, depending on the location and magnitude of the damage

13] . The healing can be sped up further by subjecting the polymer net-

ork to a heat treatment. For healing robotic parts, the healing tem-

erature should be kept below the 𝑇 gel to ensure mechanical stability

f the polymer network and the retention of the 3D structure of the

ensor and soft robotic actuator. The 𝑇 gel determined using dynamic

heometry is 95 ◦C (see supplementary information A). Healing tests

 Fig. 2 F) at a temperature of 80 ◦C for 40 min on samples that were

ut in half and brought back in contact, show that the material reaches

n average healing efficiency of 96% based on fracture stress. For the

ntire strain window, the hyperelastic relationship between stress and

train is regained, illustrating an excellent recovery of the mechanical

roperties. 
3 
.2. Electrically conductive self-healing composites 

To produce healable sensors for soft robotics, a conductive self-

ealing material is required that not only recovers its mechanical per-

ormance, but also its electrical and sensor properties. By adding carbon

lack (ENSACO 260G, Imerys, noted as CB260) as a conductive filler to

 DPBM-FT5000-r0.6 material, an electrically conducting self-healing

lastomer with a stoichiometric maleimide/furan ratio 𝑟 of 0.6 was pre-

ared. Different filler loadings were used to evaluate the effect of the

resence of the filler on the viscoelastic and mechanical properties, and

n the electrical conductivity of the formed composites. The elastic mod-

lus of the composites increases with filler loading, while the electrical

onductivity shows a percolation threshold, as the conductivity sharply

ncreases by almost four orders of magnitude from 25 to 30 wt.% of

arbon black in Fig. 2 A. According to literature, the optimal piezoresis-

ive sensor response is found in composites right above the percolation

hreshold [47,48] . Therefore, the composite with 30 wt.% carbon black

s the most promising based on these results. 

The incorporation of carbon black into the self-healing polymer ma-

rix has a stiffening effect on the mechanical properties. All composi-

ions were tested in two healing conditions, both at room temperature

nd 80 ◦C or 90 ◦C. Room temperature healing is not feasible for these

aterials (see supplementary information A). Unfortunately, with heal-

ng efficiencies all below 60%, even when heating, none of the materials

eaches a satisfactory level of healing. The presence of high loadings of

arbon black drastically reduces the segmental mobility of the polymer

hains, which negatively impacts the healing behavior. 

Nanoclay To overcome this issue, a small amount (1 wt.%) of an

rganomodified nanoclay (Cloisite 15A, Southern Clay Products Inc.,

oted as C15A) was added to the composite formulations. The addi-

ion of nanoclay has been described in the literature to result in a

aloing effect, where the carbon black particles are no longer homo-

eneously dispersed in the matrix, but form a halo around the nanoclay

49] , leading to an increase in conductivity and a shift in the perco-

ation threshold. We observed a similar effect at higher CB filler load-

ngs by the addition of a small amount of nanoclay. The percolation

hreshold can be observed as the sudden increase of electrical conduc-

ivity of several orders of magnitude from about 10 −2 to 10 2 S m 

−1 .

ig. 2 A shows that the composites with 1 wt.% nanoclay all have a

igher conductivity for the same carbon black load than those with-

ut nanoclay. This results in a shift of the percolation threshold from

5–30 wt.% to 15–20 wt.%. The composite with 20 wt.% carbon black

nd 1 wt.% nanoclay was selected as the new candidate to manufac-

ure self-healing sensors, having a conductivity similar to the composite

ith 30 wt.% carbon black. Furthermore, the material with hybrid filler

hows an improved healing efficiency (based on fracture stress) of 98%

hen heated to 90 ◦C for 1 h (see Fig. 2 H). Therefore, this composite

s deemed suitable to make sensors and is the one used throughout this

tudy. 

.3. Interface 

Having confirmed the healing ability of the matrix and the conduc-

ive composite individually, the interface between the non-conductive

nd conductive self-healing elastomers is investigated. High interfacial

trength at multi-material connections is of high importance for creating

ustainable multi-material soft robots which are robust to delamination.

xcellent bonding between sensor and matrix, also increases the sensi-

ivity of the sensor, as the sensor follows the deformation of the soft

obot in which the sensor is embedded. The matrix polymer (DPBM-

T5000-r0.5) is based on the same DA chemistry as the conductive com-

osite (DPBM-FT5000-r0.6 + 20 wt.% CB260 + 1 wt.% C15A) and, the

wo materials can thus be joined via covalent bonds using a heat-cool cy-

le. To illustrate this, multi-material samples were prepared where both

etworks were joined by subjecting them to a heat-cool cycle at selected

emperatures, below their 𝑇 gel to preserve the shape of the specimens.
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Fig. 2. Material properties of DA polymer composites. ( A ) Properties of materials filled with carbon black and a combination of carbon black and 1 wt.% C15A. 

( B–E ) Images of the fracture zone of different samples: (B) unfilled polymer matrix, (C) 20 wt.% carbon black and 1 wt.% nanoclay, (D) fracture at interface between 

matrix and composite for parts joined at 80 ◦C, (E) fracture not at interface between matrix and composite for parts joined at 90 ◦C. ( F–I ) Tensile healing tests of 

DA polymers: (F) unfilled polymer matrix, (G) 30 wt.% carbon black, (H) 20 wt.% carbon black and 1 wt.% nanoclay, (I) samples of the matrix connected to the 

composite show a stronger interface when connected at 90 ◦C instead of 80 ◦C. 
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y raising the temperature, gradually thermoreversible bonds break that

an be reformed across the interface between the two materials ( Fig. 1 ).

oreover, at higher temperatures, the chemical reaction kinetics be-

ome faster, leading to a faster and more effective connection across

he interface. 

For healing and fusing purposes, it has to be taken into account

hat the neat polymer matrix and the conductive composite show differ-

nt rheological behavior. The slightly higher stoichiometric ratio of the

omposite leads to a gel transition temperature 𝑇 gel of 105 ◦C, whereas

hat of the neat matrix material is 95 ◦C (see supplementary informa-

ion A). The healing temperature should be kept below the lowest 𝑇 gel 

o ensure that both materials keep their mechanical stability. Samples

ere fused at 80 ◦C or 90 ◦C, for 45 min. After cooling down and wait-

ng for at least 24 h, each sample was strained at a rate of 60% min −1 

ntil failure. Fig. 2 I shows that the samples fused at 90 ◦C do not only

ail at higher strains, they also do not fail at the interface between the

wo materials, while the samples fused at 80 ◦C failed at the interface

see Fig. 2 D and E). This indicates a near-perfect bond formed at 90 ◦C,
 s

4 
ne that is stronger than the weakest of the two materials, i.e. the neat

olymer matrix, as was the case in previous work [25] . A good interface

nhances the sensor response as it avoids unwanted interactions [50] . 

. Results 

.1. Self-healing strain sensor 

Combining the self-healing polymer and the self-healing electri-

ally conducting composites, a self-healing strain sensor was devel-

ped. Numerous types of soft strain sensors exist based on different

eometries [21] . For this first demonstration of the self-healing sen-

or technology, a simple strain sensor geometry was selected: a straight

onductive fiber integrated into a non-conductive insulating matrix

 Fig. 3 A). A thin sensor fiber provides good conductivity without stiff-

ning the matrix material and the soft robot in which this material is

mbedded, such that the sensor is nearly mechanically invisible to the

ystem. 
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Fig. 3. Manufacturing and characterization of the self-healing strain sensor. ( A ) Self-healing conductive fibers are embedded in a matrix of self-healing DA polymer 

using a mold enabling fiber alignment. The fiber ends are fitted with crimp connectors to ensure a good electrical contact. The final strain sensors have a cross 

section of about 5 mm × 2.3 mm. ( B ) The sensor can be applied for human motion detection, it is attached to the dorsal side of the index finger. The sensor responds 

to repetitive bending and straightening of the index finger. ( C ) To analyze the sensor response, the fiber and sensor were strained at a rate of 10% min −1 while 

measuring their resistance. Four operating zones can be identified, zone IIa is chosen as the main operating zone for the sensor. 
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Straining the fiber changes its electrical resistance, from which the

train can be deduced. The conductive self-healing composite was ex-

ruded into fibers with a diameter ( ≈0.5 mm) using a customized piston

xtruder. Although in literature fibers with smaller diameters are used

e.g., 0.3 mm [27] ), the choice of a larger diameter is a design considera-

ion aimed at reducing the probability and impact of misalignment dur-

ng the healing process. With such a fiber embedded in a non-conductive

atrix material, not only the deformation can be measured, but it can

lso be determined whether the matrix or fiber is damaged [51] , as

amage that interrupts the current path will lead to a sharp increase

n resistance. First, the different steps in the manufacturing process of

he self-healing strain sensor will be elaborated. Next, the sensor will

e characterized electrically and mechanically, before illustrating the

ecovery of these properties after the healing process of macroscopic

amages. 

.1.1. Manufacturing of the strain sensor 

The strain sensors are manufactured using a two-step process: fiber

xtrusion followed by embedding. First, the fibers are extruded in a

ustom-made piston extruder, equipped with temperature control and

 0.5 mm die. The extrusion is performed at 112 ◦C, above the 𝑇 gel of

he composite. After resting at room temperature for at least 24 h, the

bers are ready to be used. The cross-section of the fiber was analyzed

sing scanning electron microscopy (SEM) to evaluate the diameter and

oundness. A circular Hough transform (CHT) superimposes the optimal

tting circle on the image (see SH), the average ( 𝑛 = 5 ) diameter of the

ber is 498 μm, and the average resistance is 1726 ± 381 Ω/mm. 

In the second step, the fibers are embedded in the insulating ma-

rix polymer. The fibers are sandwiched between two layers of matrix

aterial in a mold before the assembly is placed in an oven at 110 ◦C.

t this temperature, the matrix starts to flow around the fibers, effec-

ively encapsulating them. Although this temperature is above the 𝑇 gel 

f the composite, it retains its shape as no shear force is applied to the

ber. From the rheological data, it could be derived that the composite
5 
aterial retains predominantly solid-like behavior under small ampli-

ude shear deformation, even above the gel transition temperature of

he polymer, due to the presence of a percolating filler network (see

upplementary information A). Only when sufficient shear force is ap-

lied to overcome the yield stress resulting from the physical filler net-

ork, the material shows a liquid-like flow behavior. The newly formed

train sensors were taken out of the oven and left to cool down at room

emperature. After 24 h, they were removed from the mold and cut into

eparate sensors (more details in SB). 

.1.2. Electrical characterization 

To investigate the relationship between strain and resistance, a com-

osite fiber was subjected to a linearly increasing strain (10% min −1 ),

hile the resistance was monitored using a Keysight E4980AL LCR me-

er on a dedicated test bench (more details in SE). The fiber was not

mbedded in the matrix, but only fitted with crimp connectors at both

nds. Before electrical testing, the fiber was glued to cardboard on both

nds to avoid damage due to the clamping force [52] . In the observed

esistance-strain relationship presented in Fig. 3 C four zones (I, IIa, IIb

nd III) are identified, corresponding to different regimes, as described

y Flandin et al. and discussed in detail in SI [47] . 

As the resistance is important for the sensor, rather than the resis-

ivity used by Flandin et al., zone II is split in two parts: IIa and IIb.

he transition between both sub-zones is defined where the resistance

s minimal. In zone IIa, the resistance decreases with increasing strain,

hereas in zone IIb, it increases again to above the initial value. Zones

 and III correspond to the initiation and recoverable damage zones as

escribed by Flandin et al. 

Looking at the resistance-strain relationship for the fiber presented in

ig. 3 C, a surjection is observed for the entire strain interval, including

he four zones: the same resistance value can be measured for multiple

train values. This however, is not problematic, when selecting a strain

nterval, e.g., zone IIa, as operating range. Although high strains are

resent in soft robotics upon actuation (e.g., 100% for pneumatic sys-
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ems [12] ), these are often localized, while soft strain sensors are mostly

ntegrated in sections in which the strains are more limited ( < 30%).

hus, in this paper, zone IIa was selected as operating strain window for

he strain sensor, as the relation between resistance and strain requires

 bijection (a one-to-one relation) to keep the sensor readout straight-

orward. When the sensor fiber breaks, the resistance becomes infinite

nd the fiber can thus be used for rudimentary damage detection. 

After characterizing the resistance-strain behavior of the fiber, the

mbedded fibers were characterized as well. Fig. 3 C shows the same

est done for a strain sensor (a fiber embedded in the matrix) strained

ntil 40%. Zones I and IIa are shown, the latter corresponding to the op-

rating range. The matrix material also influences the sensory behavior,

s described by Georgopoulou et al. [50] . 

The sensitivity of the fiber and sensor can be derived based on the

auge factor ( 𝐺𝐹 ), a widely used characteristic of (piezoresistive) strain

ensors. This dimensionless number is determined using the formula: 

𝐹 = 

Δ𝑅 ∕ 𝑅 0 
𝜀 

(1)

ith resistance 𝑅 , initial resistance 𝑅 0 , and strain 𝜀 . However, this rela-

ionship can only be used to reconstruct the strain from the resistance

hen the response is approximately linear. The sensors developed in

his work have an overall non-linear strain-resistance response, which

enders the GF useless for reconstruction purposes. However, it remains

seful as a way of comparing with the sensitivity of sensors presented

n literature. Fig. 4 E shows again that the resistance starts to increase

lightly at strains above 26%. Because determining a single 𝐺𝐹 over the

omain 0%-30% has no meaning, two gauge factors were determined

sing the ‘broken stick regression’ approach. The break point divides the

omain in two parts and is calculated such that the angle between both

inear regressions is maximal. The gauge factors are calculated by tak-

ng the average over the last 10 cycles of the test, as the sensor is then

n steady state. For the pure fibers, the break point was determined at

1% strain with 𝐺𝐹 equal to 3.2 ± 0.4 and 0.15 ± 0.02. For the sensors

here this fiber is embedded in, the break point lies at 10 ± 2% strain,

nd the 𝐺𝐹 amounts to 7.2 ± 1.3 and 0.26 ± 0.03 ( 𝑛 = 9 ), respectively,

n the two domains. Even though the second 𝐺𝐹 is on the lower end of

he spectrum, the values correspond to common 𝐺𝐹 values found in lit-

rature for elastomeric sensors (typically 10 0 − 10 2 ) [53] . It also shows

hat embedding the fibers in the matrix had a positive effect on their

ensor properties. 

Soft strain sensors are promising for smart robotic wearables, in-

luding artificial skins and smart gloves, used for health and perfor-

ance monitoring or as haptic devices. Although the human skin can

ithstand strains up to 150% [54] , the strains during normal func-

ioning are limited. This is illustrated by a first feasibility study, in

hich the self-healing strain sensor was affixed to the dorsal side of

he index finger of a test subject ( Fig. 3 B). Upon folding and straighten-

ng the sensor cyclically, the resistance responds. The resistance drops

ach time the sensor bends (the fiber stretches) and increases again

hen it is straightened, which verifies that the sensor operates in

one IIa in this application. Zone IIb can also be used in soft robotics

r wearables, when the sensor is integrated in sections that are sub-

ected to high strains (30%), or by pre-straining the fiber before em-

edding it in the matrix. Although pre-straining fibers for strain sen-

ors is commonly done [50] , the reversible nature of the DA crosslinks

n these self-healing elastomers would over time relax this pre-strain,

eading to a sensor whose characteristics would undesirably evolve in

ime. 

A cyclic measurement gives more insight in the dynamic behav-

or of the strain sensor. The strain sensors were subjected to a sinu-

oidal strain with strain amplitude of 15%, and a period of 10 s, for

00 cycles, on top of a static strain of 15%. All measurements are

iven in relative resistance, the average resistance of the sensors be-

ng 324 ± 66 k Ω ( 𝑛 = 9 ). Fig. 4 E shows the relation between the rela-

ive resistance and the strain, which is an average response calculated
6 
ver all cycles. Hysteresis, observed as loops in the dynamic response

ehavior, is a well-known phenomenon and common issue in resistive

arbon black based sensors [53,55,56] . Both Fig. 4 E and C, presenting

he resistance-strain relation in loading and unloading, indicate that the

ysteresis of the self-healing strain sensor is limited. However, Fig. 4 A

nd C (data obtained from the same measurement) illustrate that the

ensors exhibit non-negligible drift, probably caused by the viscoelas-

ic relaxation of the DA polymer, which is also a well-known effect for

imilar polymers [57] . This slow relaxation can be illustrated by sub-

ecting the elastomer to a square wave strain pattern ( Fig. 4 G). For the

elf-healing strain sensor embedded in an actuator of a gripper, this pat-

ern could represent a cyclic grabbing, holding and releasing task. The

ensor is repetitively strained to 20%, held, and released back to its ini-

ial length. Each position was held for 30 min. The resistance shows a

low relaxation of about 30% of the total change when moved back

o its initial position, while it responds nearly instantaneously upon

tretching. This relaxation was also observed when applying it for hu-

an finger motion detection in Fig. 3 B. It results from the viscoelas-

ic nature of the reversible polymer network, in combination with the

D-network formed by the carbon black particles above the percolation

hreshold. A more detailed investigation of the relationship between

he mechanical and electrical relaxation and the viscoelastic nature

f the self-healing polymer networks and their composites is currently

ngoing. 

The observed time-dependent behavior makes it challenging to

odel the sensor analytically, solutions have thus been proposed to

odel soft polymeric sensors based on neural networks [17,58,59] . Al-

hough the development of a full analytical model is outside the scope

f this work, we propose to fit a model on the sensor response when

t approaches the steady state. For the cyclic measurements shown in

ig. 4 A and B, a model is fitted based on the first half of the dataset,

nd applied to reconstruct the strain for the second half. First, the drift

s removed from the resistance measurement by normalizing the data

etween the upper and lower enveloping curve. After the normaliza-

ion, the graph 𝜀 ( 𝑅 ) is approximated with a second order rational func-

ion (1 zero, 2 poles) that is used for the reconstruction. When recon-

tructing the strain, it can be seen from Fig. 4 G that the prediction

ccuracy is quite fair. Due to the drift of the sensors, this approach

ends to slightly overestimate the strain over time. After 50 cycles, the

aximal residual error is 7%. More details on this method are given

n SJ. 

.1.3. Healing 

We validated the self-healing performance of the sensor by study-

ng the recovery of the mechanical and electrical properties of the

mbedded sensor. Two types of damage are distinguished, for which

e investigated the healing. Cuts or tears can occur in the matrix in

roximity to the sensor fiber, yet leaving the sensor fiber untouched

Type 1, Fig. 5 A). Alternatively, more severe cuts can lead to damage

f both the matrix and the sensor fiber (Type 2, Fig. 5 B). In the lat-

er case, the electrical properties of the sensor are severely affected

nd, ultimately, the resistance of the sensor will increase to infinity

hen severed completely. Both types of damage were induced using

 scalpel blade. Two sensors were damaged by solely cutting the matrix

Type 1) and for six sensors also the sensor fiber was severed (Type

). As Type 2 is the most severe damage situation, this type is bet-

er suited to verify the healing ability of the sensor, while also being

he most challenging situation to recover both mechanical and elec-

rical properties. One sensor was not damaged and was used as a 

eference. 

Before initiating the healing procedure, the fracture surfaces of the

ensor are recontacted and the fiber pieces should be aligned. Contact

nd alignment of the fiber was verified by measuring the resistance.

pon adequate contact, the resistance drops to a value within the same

rder of magnitude as the original value ( 10 5 Ω). The electrical signal can

hus be used to assist alignment and healing in future applications. To
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Fig. 4. Characterization of the self-healing strain sensor. ( A and B ) Time-based sensor response for a sensor strained with a sinusoidal load from 0% to 30% strain 

with a period of 10 s. (A) Pristine. (B) After healing. ( C and D ) Resistance versus strain response curves for different cycles. The sensor response drifts over time but 

shows little hysteresis. (C) Pristine. (D) After healing. ( E and F ) Averaged response curves for the last 10 cycles of the loading and unloading of one sensor following 

the same sinusoidal load. (E) Pristine. (F) After healing. ( G ) When subjected to a square wave strain pattern, the sensor shows a relaxation effect in the stretched 

state. The strain was changed between 0% and 20% at a rate of 30%/s, every step is held for 30 min. 
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llustrate this, two severely damaged sensors were healed after deliber-

tely making insufficient contact and misalignment, whereas four were

roperly aligned and recontacted. All damaged sensors were healed by

ubjecting them to a temperature of 90 ◦C for 45 min. The reference

ensor underwent the same temperature treatment. A bad contact (mis-

lignment) leads to a value that is several orders of magnitude higher

 10 7 Ω), even after healing. Microscope images illustrate ( Fig. 5 D) the

mall gap between the ends of the sensor fiber, causing the high increase

n resistance. 
7 
The recovery of the sensor performance was investigated through

he characterization of the healed sensors, using the same approach as

efore damage. All healed sensors show a similar response characteris-

ic as before being damaged. In Fig. 4 F, the average response cycle after

ealing is given for the healed sensors. For the two sensors that under-

ent damage type I, the gauge factors are 9.5 ± 0.56 and 0.37 ± 0.04,

ith the break point at 10% strain. For the four sensors for which the

ber was cut in two (type II), the gauge factors are now 12.9 ± 7.6

nd 0.43 ± 0.13, with the break point at 11%. The 𝐺𝐹 of the sensors
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Fig. 5. Damage and healing of the strain sensor. ( A ) Damage type I of the sensor 

where only the matrix is cut. ( B ) Damage type II where both matrix and fiber 

are cut. For easier realignment the matrix was not cut completely. ( C and D ) 

Microscopic image of healed sensors. The damage location is indicated with a 

red rectangle. ( C ) Healed sensor after damage type II. ( D ) Sensor healed after an 

improper alignment, showing a gap between the two parts of the fiber. (For in- 

terpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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ncreased after this thermal treatment, which can also be seen for the

eference sensor, where the 𝐺𝐹 increased from 6.7 and 0.29, to 9.2

nd 0.36. This indicates that the sensor does not lose its sensitivity af-

er healing, on the contrary, the sensitivity was increased, and that in

 real application, a slight recalibration for the sensors would be re-

uired. Notwithstanding this, after healing severe damage, the sensors

re healed well and recovered their original function. 

.2. Self-healing touch sensor 

Soft grippers find major applications in agriculture, food, and collab-

rative manufacturing, in which they pick and place objects with various

hapes and sizes, including fruits and vegetables [2] . When grasping, in

any cases the robot requires feedback to determine whether it is touch-

ng or holding an object and the orientation of the object. This detection

an be performed by a touch or force sensor, embedded in the flexible

tructure of the soft gripper [42,60] . Being soft and in contact with the

urroundings, these touch sensors can, for example, be pierced by sharp

bjects, leading to failure of the sensor. Hence, a self-healing capaci-

ive force sensor is proposed, entirely manufactured from self-healing

olymers, which can recover from this type of damage. 

.2.1. Manufacturing 

The proposed self-healing capacitive sensor consists of a sand-

ich structure, with two self-healing conductive layers (DPBM-FT5000-

0.6 + 20 wt.% CB260 + 1 wt.% C15A) separated by a self-healing

ielectric layer (DPBM-FT5000-r0.5) ( Fig. 6 A). The sandwich is then

ncapsulated within non-conductive matrix material to isolate it. The

onductive layers are manufactured using compression molding. These

heets are approximately 1 mm thick and have a protruding connection

tem. The connection with the electronic is made using a crimp connec-

or on each conductive layer. A third 0.5 mm thick layer of insulating
8 
PBM-FT5000-r0.5 forms the dielectric between the plates. The sand-

ich structure is fused together via a heat treatment at 100 ◦C for 45 min

o form a strong connection (SC describes the manufacturing process of

he force sensor in more detail). The capacitance of this sensor can be

pproximated using the equation for an ideal parallel plate capacitor: 

 = 

𝑘𝜀 0 𝐴 

𝑑 
(2)

here 𝑘𝜀 0 = 38 . 836 pF/m is the storage permittivity of the dielectric

aterial (DPBM-FT5000-r0.5 at 1 kHz, supplementary information A),

 = 314 mm 

2 the area of the plates, and 𝑑 ≈ 0 . 5 mm the distance be-

ween the plates. This results in a capacitance of 24 pF, which is quite

lose to 22.5 pF, the measured value of the sensor at rest. 

.2.2. Electrical characterization 

A Keysight E4980AL LCR meter was used to measure the capacitance

f the force sensor while a dedicated test setup (see SF) exerts a compres-

ion force on it. The LCR meter was calibrated both in open and short

lamp configuration, and all measurements were performed at 1 kHz.

he capacitance was measured as a function of the applied compression

orce using a dynamic load. A 0.1 Hz sinusoidal force was applied to

he sensor, oscillating between 2.5 N and 7 N. Fig. 6 C indicates that

he sensor response is steady within consecutive cycles, but that a non-

egligible drift is present when observing a larger timescale, which is

gain attributed to the dynamic character of the network. Fig. 6 E shows

he response for selected cycles, both in loading and unloading, indicat-

ng no notable hysteresis. The response is linear and the sensitivity can

e expressed by following formula: 

ensitivity = 

Δ𝐶 

Δ𝐹 
(3) 

he obtained data result in a sensitivity of 0.027 pF/N, calculated on

he 10th cycle. 

A step response test enables to examine the relaxation behavior of

he sensor response ( Fig. 6 I). When applying a 5 N static load, the sensor

esponds immediately, after which some relaxation and drift are notice-

ble. This is caused by the viscoelastic property of the DPBM-FT5000-

0.5 dielectric layer. The drift can be characterized as 

rift = 

Δ𝐶 

𝐶 max Δ𝑡 

esulting in a value of 0.4%/h. Since the sensor exhibits a linear re-

ponse behavior ( 𝑅 

2 = 0.9919, measured over the average of all cycles),

he sensitivity can be used as a linear function to reconstruct the force

rom the capacitive measurement. The average sensitivity of the last 10

ycles were used to predict the next 100 cycles. As seen in Fig. 6 G and

iscussed further in SK, the error of reconstruction is quite limited. The

rift for this type of sensor is lower than for the self-healing strain sen-

or, and thus is the reconstruction valid over a larger timescale without

acrificing the precision of reconstruction. 

.2.3. Healing 

To verify the healing of the touch sensor, a large cut was made

hrough all layers of the sandwich structure, as shown in Fig. 6 B. It

as to be noted here that even if the sensor is completely cut in two,

t does not lose its function as long as both connectors are on the same

alf. The area, and thus the capacitance, will be changed, but it will

ontinue to work as a touch sensor. The damaged sensor was subjected

o the same healing procedure as the strain sensors. It was heated at

0 ◦C for 45 min, before leaving it to rest for 24 h at room temperature.

ig. 6 D, F, and J show that the self-healing sensor recovers its function

fter this damage-healing cycle, both in a dynamic and a step response

est. The capacitance of the sensor has increased by about 3%, which can

e due to stray capacitance from the environment, and the drift is now

.8%/h. Comparing the 10th loading cycle, the sensitivity has barely

hanged from 0.027 pF/N to 0.032 pF/N, showing excellent recovery of

he sensor behavior, even after these large cuts. 
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Fig. 6. Manufacturing and characterization of the capacitive touch sensor. ( A ) The pristine sensor. ( B ) Sensor damaged with a slit. ( C–F ) Time-based sensor response 

for 1000 cycles applied to the sensor at 0.1 Hz. After 100 cycles (1000 s), the sensor does not show apparent drift. The drift is however no longer negligible after 1000 

cycles. Looking at the capacitance-force sensor response for individual cycles (E,F), the sensor does not show significant hysteresis and that the signal shows drift 

over time. (C,E) Pristine. (D,F) After healing, the sensor has recovered its properties. ( G and H ) By linearly fitting the sensor response, the force can be reconstructed 

based on the capacitance with low error. (H) Pristine. (G) After healing. ( I and J ) Response to a step-input. Data processed with a moving average window of 6. (I) 

The pristine sensor shows a drift of 0.015 pF after 10 min. (J) After healing, the sensor shows a drift of 0.03 pF after 10 min. 

9 
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Fig. 7. Demonstration of the touch sensor in an industrial robot. ( A ) The gripper of the robot consists of two sliding fingers. The contact pads are replaced with 

touch sensors. ( B ) Close-up of the touch sensors that are used on the robot. ( C ) The robot is instructed to grasp a cube with increasing force. ( D ) The sensor shows 

no drift when repetitively grasping an object. 
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.2.4. Implementation in an industrial robot 

One of the touch sensors was implemented in the gripper of an in-

ustrial robot to show its potential. The gripper of the Franka Emika

anda robot consists of two sliding fingers with rubber contact pads

 Fig. 7 A). These contact pads ( ≈ 1 . 5 × 1 . 5 cm 

2 ) are replaced with self-

ealing touch sensors ( Fig. 7 B) placed in a 3D-printed holder to con-

ect them to the fingers. The robot has an internal force sensor and is

ble to grasp objects with a force that can be set between 20 N and

00 N. This can be used to calibrate the sensor. The robot is instructed

o grasp a 5 × 5 × 5 cm 

3 cube with increasing force ( Fig. 7 C). The ob-

ect is grasped for 5 s, an released for another 5 s before grasping it

gain with more force. The sensor shows a clear increasing response.

hen the cube is grasped repetitively (grab 5 s, release 5 s) with a

orce of 20 N, the sensor shows a good response with no noticeable drift

 Fig. 7 D). 

.3. Self-healing gripper with embedded strain sensor 

The concept of the strain sensor was validated by embedding it

n a soft tendon-driven actuator, in which it acts as a bending sensor

 Fig. 8 A). By pulling the tendon, its length is shortened, and the actuator

ends. The actuator consists of two parts that are compression molded

eparately: the phalanges structure and the backbone. As the backbone

s on the outer side, and thus in tension while bending, this backbone

s the ideal location to place the sensor. The sensor fiber is embedded

n a U-shape to have both connectors at the base of the actuator. Both

arts are fused at 80 ◦C for 30 min. More details on the manufacturing

rocess of the actuator can be found in SD. 

.3.1. Characterization 

The embedded strain sensor was characterized using an in-house de-

eloped set-up that consists of a tendon control system, a camera to

easure the bending angle, and an LCR meter to record the resistance

f the sensor. An in-depth explanation of the set-up is given in SG. Dur-

ng the characterization, the finger was kept horizontally at rest and

ent upwards. The bending angle was defined as the angle between the

orizontal resting position, and the line drawn through the base of the

nger (where the finger is clamped) and the tip. 
10 
The finger reaches a maximal bending angle of 85 ◦when actu-

ted, as shown in Fig. 8 C. The sensor gives a good response, the re-

istance decreasing upon increasing bending, as it is located on the

uter side of the finger and hence in tension. When looking at the re-

istance as a function of the bending angle during the same test, some

ysteresis is noticeable. When not addressed in a real-world applica-

ion, this might cause an issue. One possible solution is to use artificial

ntelligence to take the time dependence of the sensor into account.

his is however considered outside the scope of the work presented

ere. 

The finger was subjected to 100 actuation cycles up to the maximal

ending angle. The sensor showed a good response to the bending, with

imited drift over 100 cycles, as shown in Fig. 8 E. Afterward, the fin-

er was repeatedly subjected to various damage modes ( Fig. 8 G–I) and

ealed at 90 ◦C for 45 min. All three damages could be registered by

he sensor as a sudden spike in resistance value toward infinite. This

amage detection approach can be used in future soft robots, equipped

ith many embedded healable sensors, to detect large damages. The re-

lignment of the fracture properties was performed manually but was

ssisted by tracking the resistance. Upon excellent alignment, the resis-

ance reaches values in the same order of magnitude as the initial resis-

ance at rest. The same bending tests were repeated after each damage-

ealing cycle. After recovering from the three types of damage shown,

oth the sensor and the finger fully recovered their function, as shown

n Fig. 8 F. After three damage-healing cycles, the sensor sensitivity is

efined as 

ensitivity = 

Δ𝑅 ∕ 𝑅 0 
Δ𝛼

ecreased (based on the 10th cycle) from 0.0014 to 0.0012. Yet, this

eries of large damages could be healed, leading to a recovery of sen-

ory properties, which could be used for tracking the bending angle after

ecalibration. Four of these fingers were combined in a self-healing sen-

orized gripper that can grasp objects of different sizes and shapes (see

ig. 8 B). 

. Discussion 

Self-healing polymers have found their way into soft robotics, where

hey can overcome a pressing issue: the vulnerability of these systems.
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Fig. 8. Characterization of the finger. ( A ) A self-healing strain sensor is embedded in a soft tendon-driven finger. ( B ) Four fingers are combined into a gripper that 

can pick up different objects such as a tomato or a pepper. ( C ) The finger shows a good sensor response when bending. ( D ) When plotting the data from ( C ) as 

resistance in function of the bending angle (starting point in gray, end point in pink), some hysteresis is noticeable. ( E and F ) Cyclic tests of the actuator show limited 

sensor drift. (E) Pristine. (F) After three damage-healing cycles. ( G and I ) Different damages the actuator was subjected to. 
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a  
oft robots are quite susceptible to various modes of damage that occur

n the soft elastomeric materials of which they are composed. Incorpo-

ating a healing property in these soft robots prolongs their lifetime,

ncreasing their economical and ecological competitiveness in many fu-

ure applications. Most materials used in soft robotics are thermoset-

ing elastomers and can thus not be reprocessed, nor recycled. The self-

ealing Diels–Alder polymer chemistry used throughout this work has

lready proven its use in different types of robotic actuators and has

hown to overcome these issues. Due to the reversible crosslinks in the

olymer network, different damage types, including cuts, perforations,

icrocracks, and delamination, can be healed using heat treatment or

ully autonomous at room temperature. Moreover, the reversible poly-

er network degels at high temperatures, resulting in a viscous liquid

olymer. This liquid state enables reprocessing of the parts, further in-

reasing the sustainability of future self-healing soft robots through re-

ycling. 

In many applications, the soft robot cannot be controlled without

roprioceptive or exteroceptive integrated sensors. As these embedded

ensors cannot compromise the compliance of the soft robotic system,

oft polymeric sensors are mostly selected in the literature. In addition

o the vulnerability of structural elements and actuators of a soft robot,

lso these soft sensors are vulnerable. Loss of these sensors through

amage leads to systems with partial or complete functionality or ef-
11 
ciency losses. To overcome this vulnerability, we have successfully de-

eloped a fully self-healing actuator, with incorporated sensors, that can

ecover its mechanical function and sensing capacity, even after being

ompletely sliced through. The healing property was incorporated into

he actuators using a flexible Diels–Alder polymer network cross-linked

ith thermoreversible covalent bonds (DPBM-FT5000-r0.5). Electrical

onductivity was obtained by introducing 20 wt.% of carbon black (En-

aco 260G) and 1 wt.% of nanoclay (Cloisite 15A) in the matrix material,

PBM-FT5000-r0.6, to obtain a conducting composite suitable for the

ensors. Both the matrix and composite material have excellent mechan-

cal properties, combining high strength with high strain, and excellent

ecovery of these mechanical properties after healing. A healing effi-

iency of 96% was achieved for the matrix, and 92% for the composite

aterial. Both materials were used to make the self-healing sensorized

obotic actuators. To the authors’ knowledge, this is the first time that a

ensorized robotic actuator is made, composed solely of materials that

an all recover from large damages. The actuator can heal repeatedly

y applying mild heat (90 ◦C) for 45 min, letting it cool down, and rest

t room temperature for 24 h. After healing, the actuator and sensor

erformance is restored. 

Excellent adhesion between sensor and matrix enhances the sensitiv-

ty of soft sensors and is often a critical point in resistive strain sensors,

s load transfer is critical for strain sensing. By combining a Diels–Alder



E. Roels, S. Terryn, J. Brancart et al. Materials Today Electronics 1 (2022) 100003 

c  

s  

c  

t  

a  

i  

p  

c  

b

 

t  

T  

t  

d  

i  

s  

a  

e  

s  

s  

s  

v  

I  

A  

b  

s  

i  

i  

g  

c  

h  

n  

b  

D  

c  

f

 

b  

t  

t  

i  

h  

t  

m  

s  

v  

s  

s  

i  

s  

r  

c  

o  

f  

s  

a  

d  

h  

a  

n

 

c  

c  

t  

w  

h  

p  

I  

i  

t  

s  

b  

s  

c  

w

 

t  

v  

a  

t  

m  

s  

p  

l  

D  

f  

g  

i  

p

F

 

(  

n

D

D

C

 

v  

r  

e  

W  

y  

a  

i  

v  

i  

v

S

 

t

R

 

 

 

 

 

 

omposite and matrix, high interfacial strength is achieved between sen-

or and matrix, based on strong covalent bonds formed upon a heat-cool

ycle. Hence, the use of self-healing polymers in soft sensors can con-

ribute to the sensitivity. This adhesion was verified by fusing the matrix

nd composite materials at different temperatures. When a suitable fus-

ng protocol is used, it was found that the weakest point where the sam-

les failed, was no longer at the interface. This indicated a near-perfect

hemical cohesion of the two materials, thanks to reversible covalent

onds being formed across their contact interface. 

Two types of self-healing sensors were prepared with the conduc-

ive composite: a resistive strain sensor and a capacitive touch sensor.

he sensing elements of both sensors were manufactured by shaping

hem above their gel temperature. The strain sensor employs a thin con-

ucting composite fiber made using a piston extruder, while the capac-

tive sensor is based on thin disks of conducting and non-conducting

elf-healing materials prepared by compression molding. To be used as

 strain sensor, the composite fiber requires good piezoelectric prop-

rties. We showed that the resistance decreases monotonously when

trained between 1% and 26% and starts to increase again at higher

trains. To limit the complexity of the sensor signal reconstruction, a

ensor is preferably used in only one of the zones where the signal

aries monotonously with the strain. For the sensors in this work, zone

Ia was selected, where the resistance decreases with increasing strain.

lthough it limits the maximum strain, this is not necessarily a draw-

ack, as this strain range corresponds to the range of strains usually

een in the field of soft robotics. The response of the self-healing capac-

tive touch sensor is based on the compression of the dielectric layer

n between two conducting composite layers. Also, this sensor shows a

ood and linear response behavior when subjected to a load, with the

apacitance decreasing upon compression. Both sensors show almost no

ysteresis, but they have a non-negligible drift when subjected to a dy-

amic load. This drift is a known issue in many conductive elastomers,

ut can in this case also be attributed to the dynamic behavior of the

iels–Alder network. The relationship between electrical and mechani-

al relaxation in these self-healing composites will be studied further in

uture work. 

The recovery of the sensor sensitivity after the damage was analyzed

oth on the sensor level as well as on the actuator level. In the prior art,

he healing evaluation of soft sensors is mostly limited to the recovery of

he electrical properties in unloaded conditions. However, to truly val-

date self-healing sensors, the recovery of the actual sensory behavior

as to be investigated. This can only be performed based on a model of

he sensor response of the flexible sensors. For both self-healing sensors

ade in this work, the resistive strain sensor and the capacitive force

ensor, a broad quasistatic and dynamic characterization enabled to de-

elop models for the sensor response, which were used to analyze the

ensor recovery. For the capacitive force sensor, a linear relationship is

uitable. Due to the drift of the strain sensors, a more complex approach

s required, where the drift is taken into account and the resistance-

train behavior is fitted with a second-order rational. More advanced

econstruction approaches are out of the scope of this work, but they

an be achieved using recent developments in artificial neural networks

r by making an extensive model of the material. The first option is pre-

erred, as it offers more flexibility to adapt when the properties change

lightly after healing. For all sensors, the sensor response was recovered

fter healing large cuts, although small variations in sensitivity were

etected. This means that recalibration of the sensors is required after

ealing. However, in many robotic systems, recalibrations are common

nd the authors still believe soft robotic applications will benefit eco-

omically from this healing capacity. 

Aside from deformation and force sensing, the self-healing sensors

an be used for damage tracking and healing evaluation as well. Large

uts and tears, that damage the sensor partially or completely cut

hrough it, lead to abrupt high changes in resistance or capacitance

hich can be detected by the system. This damage detection can initiate

ealing, and is important to create healable soft robots in the future, ca-
12 
able of healing completely autonomous, without external intervention.

t was also illustrated that tracking the sensor response upon recontact-

ng the fracture surfaces, helps to reduce misalignment. Excellent recon-

act and minimal misalignment lead to sensor responses that are in the

ame order of magnitude as the original value. This data can therefore

e used to help autonomous self-recontact in the future. Lastly, these

ensors can be used to re-evaluate the health of the system, as the re-

overy of sensor properties enables to identify if recontact and healing

ere successful. 

Although this field of self-healing sensors is accelerating fast, mul-

iple challenges still need to be addressed, including reducing time-

ariant effects like drift and hysteresis in healable soft sensors and cre-

ting more robust models for simulating the complex non-linear and

ime-dependent sensor response using expanded analytical models or

achine learning. Yet, the recovery of mechanical properties and sen-

or sensitivity at the sensor and actuator level, presented in this pa-

er, illustrate the potential of the healing capacity. The authors be-

ieve that the self-healing materials, in particular the combination of

iels–Alder composites and polymers, can be an enabling technology

or complex soft robotic systems with embedded sensors, including soft

rippers, soft exoskeletons, and prosthetics, as the combination of heal-

ng and recycling capacity will lead to sustainable, economical long-life

roducts. 
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