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Abstract 

Self-healing materials can increase the lifetime of products and improve their sustainability. However, the detection of 
damage in an early stage is essential to avoid damage progression and ensure a successful self-healing process. In this 
study, self-healing sensor composite strips were developed with the embedding of a thermoplastic styrene-based co-
polymer (TPS) sensor in a self-healing matrix. Piezoresistive TPS sensor fibers composites (SFCs) and 3D printed sensor 
element composites (SECs) were fabricated and embedded in a self-healing matrix by lamination process to detect 
damage. In both cases, the value of the initial resistance was used to detect the presence of damage and monitor the 
efficiency of healing. A higher elongation at fracture could be achieved with the extruded sensor fibers. However, for 
the composite strips the SECs could achieve a higher elongation at fracture. Mechano-electrical analysis revealed that 
the strips maintained a monotonic, reproducible response after the healing of the matrix. The SFCs had significantly 
lower drift of the sensor signal during cyclic mechanical analysis. Nevertheless, on a tendon-based soft robotic actua-
tor, the SECs obtained a drift below 1%. This was explained by the lower deformation (e.g.) strain in comparison to the 
tensile test experiments.

Introduction
Self-healing polymers can heal repeatedly when damage 
occurs and therefore, they increase the lifetime of future 
polymeric products and decrease the number of waste 
products [1]. Nowadays, the development of self-healing 
materials is crucial for reaching sustainability goals and 
reducing the carbon dioxide footprint of our modern 
societies [2]. In order to ensure that the self-healing is 
successful, detecting the damage early is essential. Noci-
ception is a function of the natural organisms to receive 
the stimulus of pain triggered by different factors like 
damage and inflammation [3]. Nociception is an impor-
tant element of the adaptation and evolution of life, as it 

can protect organisms from dangerous conditions that 
could harm them [4, 5]. Additionally, the process of noci-
ception can trigger a series of events for natural organ-
isms, associated with the defensive and healing process 
[6, 7]. In self-healing polymer structures, like artificial 
soft robotic systems, the function of nociception can be 
mimicked by piezoresistive sensors. Piezoresistive sen-
sors can be used to detect damage and monitor when 
the healing process has been successfully achieved [8–
10]. Moreover, the integration of a piezoresistive sensor 
allows to determine the actual position of the robot limbs 
[10, 11] and closed-loop control of robotic movements 
[12, 13].

In order to avoid stiffening the soft robot structure, a 
composite approach can be used for developing com-
posite strips [14–16]. These composite structures are 
developed with the integration of the functional ele-
ment, in the form of a single thread, in a soft elastomeric 
matrix material [12, 17]. The resulting composite strip is 

*Correspondence:  antonia.georgopoulou@empa.ch; frank.clemens@empa.ch

1 Department of Functional Materials, Empa – Swiss Federal Laboratories 
for Materials Science and Technology, Überlandstrasse 129, 8600 Dübendorf, 
Switzerland
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42252-022-00037-5&domain=pdf


Page 2 of 16Georgopoulou et al. Functional Composite Materials             (2022) 3:9 

functional and can maintain the softness of the matrix 
material. For self-healing materials, similar concept can 
be used to combine self-healing properties with the func-
tionality derived from the sensor thread [18, 19].

Piezoresistive elastomer-based sensors with self-heal-
ing properties have been recently developed. However, 
there are some limitations for composite elastomers with 
self-healing capability. Georgopoulou et  al. used self-
healing piezoresistive sensors for developing composite 
strips, detect the damage and monitor the motion of a 
robotic actuator [10]. However, the sensitivity and drift 
of the sensor were inferior to the properties reported for 
piezoresistive soft composites without self-healing prop-
erties and further investigation is needed to be able to use 
self-healing sensors for motion monitoring applications. 
In addition, in the same study, a filler of 30 wt.% resulted 
in a significantly diminished elongation at the point of 
fracture for the self-healing elastomer UPy1 (e.g. from 
1200 to 70%) [10]. Similar results have been reported by 
others [20–23]. Khimi et al. reported a lower self-healing 
efficiency of at least one third, by adding of carbon black 
filler [24]. Unfortunately, after self-healing the elonga-
tion at the point of fracture for the UPy1 dropped further 
down, below 30% [10]. Han et al. observed that after each 
self-healing cycle, the elongation at break decreased for 
their carbon nanotube—latex based self-healing sensor 
material [25]. Similar results were reported by Liu et al. 
and Dai et al. for their carbon nanotubes based self-heal-
ing conductive elastomers after a few cycles of damage 
and healing [26, 27].

Thus, we propose there is still potential for using 
non self-healing sensors to monitor self-healing soft 
material structures. The self-healing process is acti-
vated by heat and therefore, non self-healing sensors 
with high melting point above 160 °C are able to with-
stand the accelerated healing process by thermal treat-
ment. In this study, we demonstrate how self-healing 
composite strips can be made by combining a self-
healing matrix with sensors, like fibers or 3D printed 
sensor elements based on styrene-based tri-block co-
polymer (TPS). Commercial 3D printers with screw 
extruder printing heads have been successfully used 
for the fabrication of piezoresistive sensors with low 
drift and good sensitivity [28, 29]. In order to integrate 
the sensing elements in the self-healing matrix, cast-
ing methods [30–32] or lamination [12, 33] have been 
reported in literature. The goal is to see if the sensors 
can detect the presence of damage in the self-healing 
matrix of the composite strip and compare the sensor 
response between fibers and 3D printed elements. Two 
different piezoresistive sensor composites and matrix 
materials will be used. The mechano-electrical analysis 
was evaluated before and after the thermal treatment 

required for the healing of the elastomer matrix. The 
mechanical and electrical behavior of sensor fibers, 
3D printed elements and composite strips are evalu-
ated and compared for their piezoresistive behavior 
after being embedded in the self-healing matrix mate-
rials. Finally, detecting damage and self-healing of the 
matrix material will be performed during tensile test-
ing and for composite strips attached to a tendon-
based soft robotic actuator.

Material and methods
Preparation of piezoresistive sensors based 
on thermoplastic elastomer composite
A styrene-based tri-block co-polymer (TPS) was 
obtained by Kraiburg TPE (Waldkraiburg, Germany) 
in Shore hardness 40A and 50A. The two types of TPS 
will be called TPS 40A and TPS 50A in this study. Car-
bon black Ensaco 250 was obtained from Imerys (Paris, 
France). As described in details elsewhere, both TPS 
thermoplastic elastomers were mixed in a 1:1 weight 
ratio with the carbon black filler, using a torque rheom-
eter from Thermofisher (Polylab, Karlsruhe, Germany) 
and extruded into filament by capillary rheometer from 
Netzsch (RHSelb, Germany) [34, 35].

Preparation of the composite piezoresistive sensor fibers
To evaluate the piezoresistive properties of the two TPS 
composites, composite sensor fibers were extruded using 
a Voladora Nx + (International Technology 3D Printers 
S.L., Valencia, Spain) pellet printer. The nozzle used for 
the extrusion had a 0.8 mm diameter. Further details have 
been reported elsewhere [29, 36].

Preparation of the piezoresistive composite sensor 
elements
For the self-healing element composite strips, composite 
sensor elements with dimensions of 130 × 1.2 × 0.4  mm 
were printed with the Voladora Nx + FDM pellet printer, 
as described previously [28]. The temperature used for 
heating zone 1 and heating zone 2 was 220 °C and 250 °C, 
respectively. A printing speed of 15 mm/s and a tempera-
ture of 45 °C for the printing bed were used. The extru-
sion multiplier was set to 45 and 40 for the piezoresistive 
composites based on TPS 50A and 40A, respectively. 
A thin polytetrafluoroethylene (PTFE) foil (Polyfluor, 
Breda, Netherlands) was placed on the printing bed to 
ensure the good adhesion of the piezoresistive-sensing 
elements (Fig. 1).

Preparation of the sensorized self‑healing composite strips
As shown in Fig.  2, the printed piezoresistive sensing 
elements were laminated between two self-healing poly-
mer films. The films were made of UPy1 and UPy2 from 
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Fig. 1 The fabrication of the composite piezoresistive sensor elements with pellet-based FDM

Fig. 2 Schematic representation of the fabrication steps for the sensor fiber composite strips and the sensor element composite strips



Page 4 of 16Georgopoulou et al. Functional Composite Materials             (2022) 3:9 

SupraPolix BV (Eindhoven, The Netherlands). These self-
healing elastomers comprise ureido-pyrimidinone (UPy) 
units as reversible hydrogen bonded cross-links and for 
UPy1 comprise additionally a hydrogenated polybutadi-
ene polyol backbone, and for UPy2 a poly(tetramethylene 
oxide) backbone [10]. The self-healing behavior of both 
elastomers was based on the UPy quadruple hydrogen 
bonds [37].

The self-healing elastomers were hot pressed (Fontijne 
Press, Delft, The Netherlands) into a 0.7  mm thick film 
at 120  °C and 150  N. For the preparation of sensorized 
self-healing composite strips, films of the UPy1 and UPy2 
elastomers were cut into pieces with a length of 100 mm 
and a width of 7 mm. 3D printed piezoresistive sensing 
elements were placed in between two elastomer films. To 
fuse the two films, the composite strips had to be placed 
in a furnace (Memmert, Schwabach, Germany). At 105 °C 
for 10 min. To verify the fusing process composite strips 
were investigated under the optical microscope using 
the microscope Discovery from Carl Zeiss AG (Jenna, 
Germany).

The resulting composite strips will be called sensor 
fiber composite strips (SFC) and sensor element compos-
ite strips (SEC) for the fiber and printed element integra-
tion, respectively.

Evaluation of self‑healing composite strips for soft robotic 
actuator modules
Self-healing sensitized soft actuator modules in robot-
ics are of high interest nowadays [38, 39]. However, raw 
material and synthesis of self-healing elastomers is still a 
cost and time related issue. Therefore, due to the limited 
amount of self-healing elastomer films, the sensor and 
self-healing behavior of the composite strips were inves-
tigated on TPU based soft robotic actuator modules. 
The tendon-based soft robotic actuator modules were 
3D printed using a thermoplastic polyurethane (TPU) 
filament with Shore hardness 90A from Spectrum Group 
(Pecice, Poland) and a filament-based FDM 3D printer 
Voladora Nx + (International Technology 3D Printers 
S.L., Valencia, Spain). The actuators were equipped with 
a stainless steel tendon wire of 0.5 mm diameter. For the 

actuation of the tendon-based soft robotic module, a 
Dynamixel AX-12A servomotor from Robotis (Lake For-
est, Illinois, USA) and an Arduino microcontroller were 
used. The self-healing sensorized composite strips were 
attached to the surface of the soft robotic actuators using 
Sil-Poxy silicone glue from Smooth-ON.

(Macungie, Pennsylvania, USA). To contact the end of 
the piezoresistive sensing elements with electrical cables 
a commercial copper tape (3  M, Maplewood, USA), as 
shown in Fig. 3.

Characterization of the Mechano‑Electrical Behavior 
with tensile testing
Tensile testing of the extruded piezoresistive fiber sen-
sors was carried out on a Zwick & Roell Z005 tensile 
testing machine (Zwick & Roell GmbH & Co., Ulm, Ger-
many). The electrical signal was recorded with a Keithley 
2450 multimeter (Keithley Instruments, Solon, OH, 
USA). Dynamic properties were investigated by cyclic 
tensile testing, using 10 cycles between 0 and 50% strain 
and a strain rate of 200 mm/s. During the cycling test, the 
electric resistance was recorded with a sampling rate of 
10  Hz. Data were presented as mean values ± standard 
deviation with sample size (n = 3). In order to investi-
gate the damage detection capabilities of the piezoresis-
tive sensing element inside the self-healing matrix, cuts 
of 0.3 mm were performed in the middle of the strips on 
both sides. The dynamic analysis was performed on pris-
tine composite strips (before the damage), after damage 
and after healing the matrix material. The healing was 
performed at 105 °C for 10 min, and an interval of 48 h 
was always chosen between the heat-activated healing 
process and the mechano-electrical testing.

The relative resistance  (Rrel) was calculated using the 
following formula:

And the Gauge Factor (GF) was calculated with the fol-
lowing formula:

(1)Rrel =

R− Ro

Ro

Fig. 3 Soft robotic actuator with attached sensorized self-healing composite strips. Cooper tape was used to connect the end of the piezoresistive 
elements with electrical cables
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Fig. 4 a Stress–strain curve and b relative resistance curve during the tensile test up to the point fracture for the two composite sensor fibers based 
on TPS matrix 40A and 50A

Fig. 5 a Stress–strain curve and b relative resistance curve during the tensile test up to the point fracture for the printed composite sensor 
elements based on the two TPS matrix materials with a Shore hardness 40A and 50A, before and after the thermal treatment at 105 °C for 30 min
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Results and discussion
Mechano‑electrical behavior of piezoresistive fibers 
and 3D printed elements
The two different TPS composite sensor fibers were char-
acterized with tensile testing up to the point of fracture. 
From the response of the stress (Fig. 4a), it was seen that 
both fibers showed the characteristic necking that has 
been already reported for styrene-based tri-block co-pol-
ymer (TPS) composites with higher filler content [34, 36, 
40].

As for the yield point, it appeared at strain 10.3% for 
the fiber based on TPS 40A and 17.3% for the sensor 
fiber based on TPS 50A. Both fibers exhibited a strain 
hardening effect that was more prominent for the sen-
sor fiber based on 50A. It had both a higher elongation at 
the point of fracture (400%) and larger ultimate strength 
(14.8 MPa). In comparison, the sensor fiber based on TPS 
40A only reached an elongation of 270% (point of frac-
ture) and 3.9 MPa (ultimate strength). These findings are 
in agreement with the results of a previous study that 
showed that decreasing the Shore hardness, below 50A, 
leads to a decrease in the point of fracture for TPS/CB 
sensor fibers [28].

(2)GF =

�Rrel

�ε

Up to 20% strain, the electrical response is similar for 
both sensor fibers (Fig. 4b). For both fibers, the sensitivity 
increased significantly for strains above the yield point. A 
gauge factor (GF) of 117 and 70 was calculated between 
20–100% strain for the sensor fibers based on TPS 40A 
and 50A, respectively. Similar behavior has been reported 
earlier for styrene-based tri-block co-polymer (TPS) car-
bon black composites with higher filler content [28].

Similar tensile tests were performed for the printed 
sensor elements. Because of the later lamination process 
at 105 °C, the elements were tested before and after heat-
ing at 105 °C. Comparing the elements based on TPS 40A 
and 50A, it can be seen that the sensor element based on 
TPS 50A could endure larger elongations (up to 250%) 
and had a higher ultimate strength of 5.12 MPa (Fig. 5a). 
The Young’s modulus was calculated 1.58  MPa and 
1.06  MPa for the 40A and 50A element respectfully. In 
an older study, it was reported that the Young’s Modulus 
was 0.6 MPa for the elastomer UPy1 and 3.3 MPa for the 
elastomer UPy2. The sensor element based on TPS 40A 
could endure elongations of up to 151% and the tensile 
strength was 3.1  MPa. Comparing the sensor elements 
with the sensor fibers, it can be seen that the ultimate 
strength was lower for the sensor elements. The elonga-
tion at the point of fracture also decreased for the sensor 
elements but the strain hardening effect is also present 
for the sensing element based on TPS 50A.

Fig. 6 a Stress–strain curve and b relative resistance curve for the self-healing sensor fiber composites (SFCs) with the supramolecular elastomers 
UPy1 and UPy2 for the TPS sensor fibers with Shore hardness 40A and 50A during the tensile test up to the point fracture
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After the thermal treatment, the mechanical properties 
of the sensor element based on TPS 50A did not change 
significantly. The elongation at the point of fracture was 
238% and the ultimate strength was 4.63 MPa. This was 
not the case for the sensor element based on TPS 40A. 
The elements broke at 14% strain, after the thermal treat-
ment. Thus, the sensor composite based on TPS 40A is 
incompatible with self-healing matrix materials that 
require thermal treatment for healing.

For the relative resistance response, both sensor ele-
ments showed a positive piezoresistive response (Fig. 5b). 
It can be observed that lower Shore hardness resulted in 
a higher sensitivity (GF = 82), which is in good agreement 
with Fig.  4b. The GF is lower for the sensor elements, 
compared to the sensor fibers. The response of the sen-
sor signal (relative resistance) of the sensing element 
based on TPS 50A looks almost identical before and after 
heating.

Mechano‑electrical behavior of the fiber composite strips 
(SFCs)
After the analysis of the sensor fibers, the two fibers were 
embedded into two different self-healing supramolecular 
elastomers (UPy1 and UPy2). The mechanical and elec-
trical characterization was repeated for the self-healing 
sensor fiber composite strips (SFC). From the response 
to the stress (Fig.  6a), it was seen that the SFC UPy2 
50A had a higher ultimate strength (1.1  MPa) than the 
other SFCs (ca 0.3 MPa). The elongation at the point of 
fracture was similar for all the SFCs (ca 300%). The two 
SFCs, with the UPy1 matrix, exhibited a negative slope 
for strains higher than 50%. The strain hardening behav-
ior that was seen in Fig.  4a does not appear for all the 
SFCs. A local decrease in the cross section was observed 
for the SFC UPy1 SFCs. Generally, elastomers have a vis-
coelastic behavior and the negative slope and decrease in 
cross-section are good indications that at higher strains, 

Fig. 7 Optical microscopy analysis of the SFC based on the supramolecular matrix UPy1 and the sensor fiber based on TPS 40A a) Pristine b) 
Damaged and c) Healed. Plots for the response of the d) Stress and e) Relative resistance f) Summary of the values for the  R0, ΔRrel and the drift of 
the sensor signal between the  5th and  10th for the samples: pristine, damaged and healed. Because many samples broke after healing, it was not 
possible to obtain a representative standard deviation
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the viscous behavior dominates the mechanical behavior 
of both SFCs with UPy1 matrix. Additionally, the elonga-
tion at the point of fracture increased slightly (20%) for 
both the SFCs 40A compared to the strain sensor fiber 
based on TPS 40A. The opposite trend was observed for 
the fiber based on TPS 50A, as both the SFCs 50A had an 
elongation at a break 100% smaller than the fiber based 
on TPS 50A.

For the relative resistance (Fig.  6b), in this case, the 
SFCs with the fiber based on TPS 40A, showed signifi-
cantly higher sensitivity. This observation correlated 
with the analysis for the extruded sensor fibers shown in 
Fig. 4. The response was only linear for strains 20–140% 
and for strains above 250%. Looking at low strains, it can 
be seen that the SFCs with the fiber based on TPS 40A 
showed a plateau (no change in the slope) of the curve. 
This was not the case for the fiber based on TPS 50A 
which showed a positive slope at low strains. Comparing 
the GF in the range 0–100%, it can be seen that the value 

is identical (94) for the two 40A SFCs and 7 and 13 for 
the SFCs UPy1 50A and UPy2 50A, respectively. From 
these values, it is not evident if the matrix materials affect 
the electrical response, but it seems that in contrast to 
the response of the stress, for the electrical properties the 
sensor fiber plays the dominant role. The value is smaller 
than the GF of the sensor fibers, before the integration 
in the self-healing matrix. Looking at low strains (below 
20%), it was not possible to calculate the GF, because the 
SFCs didn’t exhibit a linear response, but it is evident that 
the SFCs 50A responded with higher sensitivity (ΔRrel), 
compared to the SFCs 40A with both self-healing matrix 
materials. The SFCs 40A shows a sensitive response for 
strains above 20%.

In order to investigate the reproducibility of the sen-
sor response, dynamic cyclic tensile tests between 0–50% 
strains were performed for the four different SFCs. The 
dynamic cycling tests were repeated after the introduc-
tion of manual cuts from both edges (e.g. damage stage) 

Fig. 8 Optical microscopy analysis of the SFC based on the supramolecular matrix UPy1 and the sensor fiber based on TPS 50A a) Pristine b) 
Damaged and c) Healed. Plots for the response of the d) Stress and e) Relative resistance f) Summary of the values for the  R0, ΔRrel and the drift of 
the sensor signal between the  5th and  10th for the samples: pristine, damaged and healed
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and after healing. Figure  6 shows the results of the 
dynamic cycling tests. The optical microscope analyses 
for each stage (pristine, damaged, healed) are presented 
in (Fig. 7a, b, c).

For the stress curve in the damage stage (Fig. 7d), nega-
tive stress values can be observed after unloading (e.g. 0% 
strain), especially after the damage occurred. However, after 
healing, the values resembled the stress curve of the pristine 
one. The electrical response of the sensor signal was repro-
ducible between the  2nd and  10th cycle for all three cases 
(Fig.  7e). The initial resistance  (R0) increased significantly 
when the damage occurred by manual cutting (Fig.  7f). 
After healing a similar sensitivity (∆Rrel) can be observed 
however, the sensor signal was shifted to higher values due 
to the higher initial resistance and a re-calibration is needed. 
It is worthwhile to mention that the drift of the sensor signal 
increased significantly after self-healing process.

In Fig. 8a-f, the results of the SFC based on UPy1 and 
the sensor fiber based on TPS 50A are summarized. The 

mechanical behavior of this composite is similar to the 
one before (Fig. 8d). It can be concluded that the different 
Shore hardness of the two sensor fibers does not signifi-
cantly affect the stiffness of the composite strips and the 
mechanical behavior (recovery of stress after the healing) 
is dominated by the self-healing UPy1 matrix material. 
As expected by the previous results, the sensitivity (∆R) 
decreased with the higher Shore hardness value of the 
sensor fiber matrix. Unlike the SFC UPy1 40A, the SFC 
UPy1 50A doesn’t need a recalibration after self-heal-
ing. Similar to the previous UPy1 matrix composite the 
relative resistance and the sensitivity decrease with the 
damage. After self-healing, the sensor revealed the same 
electrical signal behavior as the pristine one. However, 
the drift significantly increased after the heating and this 
is a disadvantage for this SFC (Fig. 8e and f ).

For both SFCs based on UPy1 matrix, a change in 
electric signal behavior was observed. However, without 
additional AI (artificial intelligence) methods to cope 

Fig. 9 Optical microscopy analysis of the SFC based on the supramolecular matrix UPy2 and the sensor fiber based on TPS 40A a) Pristine b) 
Damaged and c) Healed. Plots for the response of the d) Stress and e) Relative resistance f) Summary of the values for the  R0, ΔRrel and the drift of 
the sensor signal between the  5th and  10th for the samples: pristine, damaged and healed
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with the drift behavior, it will be not possible to detect 
the damage and self-healing of the composite strip easily.

The dynamic tensile testing results for the UPy2 matrix 
composites with the two different sensor fibers are pre-
sented in Figs.  9a-f and 10a-f. Unfortunately, the SFCs 
with the TPS sensor fiber based on Shore hardness 40A 
were too brittle after the self-healing step to obtain any 
data from the dynamic testing (Fig. 9). The  R0 increased 
significantly but sensitivity (ΔRrel) did not show a signifi-
cant change after damage, which is in good agreement 
with previous results of the UPy1 SFCs. It is worthwhile 
to mention that the mechanical behavior of pristine and 
damaged samples are very similar. However, it can be 
concluded that the combination of UPy2 matrix and sen-
sor fiber based on TPS 40A did not result in a composite 
material with intrigued damage detection.

From the response of the mechanical stress (Fig.  9d), 
it was seen that the profile of the stress was the same 

before and after the damage occurred. This is different 
from what was observed for the fiber SFCs with the UPy1 
matrix, confirming again that the profile of the stress is 
dominated by the type of matrix material. As for the elec-
trical response (Fig. 9e), the same response for the  R0 and 
ΔRrel was seen, as for the other SFCs. The  R0 increased 
and ΔRrel decreased after the damage occurred. No sig-
nificant difference in the drift was observed after the 
healing.

Only the stress–strain behavior changed after damage 
and self-healing (Fig. 10). The negative stress in the pris-
tine samples can be explained by the viscoelastic behav-
ior of the UPy2, already reported in previous studies [12, 
17]. The sensor signal did not show significant changes 
between pristine, damaged and healed stages (Fig.  10e). 
Therefore, only the value of the  R0 can be used for detect-
ing the presence of damage. Similar to the SFC UPy1 
50A, a re-calibration is not necessary after the healing. 

Fig. 10 Optical microscopy analysis of the SFC based on the supramolecular matrix UPy2 and the sensor fiber based on TPS 50A a) Pristine b) 
Damaged and c) Healed. Plots for the response of the d) Stress and e) Relative resistance f) Summary of the values for the  R0, ΔRrel and the drift of 
the sensor signal between the  5th and  10th for the samples: pristine, damaged and healed
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The drift remained low after the healing and the qual-
ity between the different samples is very consistent (low 
standard deviation).

Comparing the cycling experiments, for all SFCs, the 
 R0 can be used to monitor damage and healing steps 
directly. Using sensitivity (ΔRrel) might be possible, but 
recalibration might be necessary, depending on the self-
healing matrix. Overall, it is evident that the SH com-
posites with the sensor fiber based on TPS 40A are not 
suitable, because after self-healing step they got too 
brittle to be further used in cycling tests. This fact was 
expected based on the brittleness of the elements based 
on TPS 40A, seen in Fig.  5 after heating at the 105  °C. 
Based on this observation, the sensor fibers and elements 
based on TPS 40A will not be used for further analysis.

Mechano‑electrical behavior of the 3D printed sensing 
element composites (SECs)
In addition to the SFCs previously discussed, 3D printed 
sensor elements were integrated into the supramolecular 
matrix materials, namely UPy1 and UPy2. Even though 
the sensor elements based on TPS 40A resulted in higher 
sensitivity, sensor elements with TPS 50A were only inte-
grated into the self-healing matrix materials, because of 
the brittle behavior after self-healing step. The results of 
the tensile testing tests are shown in Fig. 11.

From the response of the mechanical stress (Fig. 11a), it 
was seen that the slope of the stress–strain curve became 
negative for strains higher than 50% strain for the SEC 
UPy1 50A. The SEC UPy2 50A showed a strain harden-
ing behavior that was also seen in the case of the sensor 
element based on TPS 50A. The same trend was seen in 
the case of the SFCs (Fig. 6). The elongation at the point 
of fracture at 370% strain was higher than the sensor ele-
ment based on TPS 50A (240%), showing that the inte-
gration of the sensor element in the self-healing matrix 
has a positive effect on this property. The value is in the 
same range as the SFCs, showing for one more time that 
the self-healing matrix is the dominant influence in the 
mechanical behavior of the composite strip.

As for the electrical behavior (Fig.  11b), the SECs 
showed a positive piezoresistive response for the entire 
range of the sensor. The UPy2 50A strip showed better 
sensitivity at low strains (below 20%). The values of the 
GF are slightly lower than the value reported for the 
sensor element (14), but this behavior was also seen in 
the case of the SFCs. The values of the GF are in the 
same range, as the SFCs with the same self-healing 
elastomer matrix. Overall, despite the differences seen 
between sensor fibers and elements, the composite 
strips have similar mechanical and electrical behav-
ior. The SFCs showed a slightly increased sensitivity 

Fig. 11 a Stress–strain curve and b relative resistance curve for the self-healing sensor fiber composites (SFCs) with the supramolecular elastomers 
UPy1 and UPy2 for the TPS sensor elements with Shore hardness 50A during the tensile test up to the point fracture
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and the SECs a higher elongation at break, but in both 
cases, the differences are small.

Dynamic tensile testing results of the SECs are sum-
marized in (Figs. 12a-f and 13a-f ). The results are simi-
lar to those presented for the SFCs (Figs.  8 and 10). 
A calibration after the healing is needed for both the 
UPy1 50A and UPy2 50A SECs, since the value of the 
ΔRrel does not recover after the healing. The UPy1 50A 
SEC showed a significant increase in the drift after the 
healing, a behavior also seen in the UPy1 50A SFC. The 
sensitivity (ΔRrel) is higher for UPy2 50A SEC, but this 
behavior matches with the results seen in Fig.  11b for 
low strains. The values are in a similar range as the two 
SFCs.

It can be concluded that composite piezoresistive sen-
sors by extrusion (fibers) or 3D printing (elements) can 
be used for monitoring self-healing materials. Since the 
value of the ΔRrel does not recover after the healing (in all 
strips, but the UPy1 50A SFC), it is evident that recalibra-
tion after the healing step has to be performed for real 
applications, like closed-loop control systems for soft 
robots [41, 42].

SECs as composite strips for monitoring a soft robotic 
actuator module
In soft robotics, tendon or pneumatic bending actua-
tors are often used [11, 28, 43, 44]. Due to the limited 
amount of self-healing material, the performance of the 

Fig. 12 Optical microscopy analysis of the SEC based on the supramolecular matrix UPy1 and the sensor element based on TPS 50A a) Pristine b) 
Damaged and c) Healed. Plots for the response of the d) Stress and e) Relative resistance f) Summary of the values for the  R0, ΔRrel and the drift of 
the sensor signal between the  5th and  10th for the samples: pristine, damaged and healed
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SECs was investigated under bending conditions on a 
3D printed TPU hinge (Fig.  14a-b). An internal setup 
was developed for the dynamic testing on tendon-
driven hinges. The SECs were glued on the top of the 
hinge to investigate sensor signals in pristine, damaged 
and healed states (Fig. 14 c-d).

As expected from the cycling tensile experiments, the 
initial resistance  R0 can be used to monitor the differ-
ent states (e.g. damage and healing) for the self-healing 
composite with both matrix materials. Even though 
the values were different for the two composites, the 
trend in the values was the same. For both the com-
posites, the value of the  R0 increased when the dam-
age occurred and returned to the initial values of the 

pristine after the healing (Fig.  14e and f ). Remarkably 
for bending experiments, the drift of the electrical sig-
nal for both self-healing composites was significantly 
below 1% (e.g. 0.1%), including the first cycle. This is an 
improvement from the tensile experiments, where the 
values of the drift were, as high as 18%.

Conclusion
In this study, composite strips were developed by the 
integration of sensors in a self-healing matrix. Sensor 
fibers and 3D printed strips were compared for their 
piezoresistive response and damage detection in the self-
healing matrix. It was seen that after the integration, the 
behavior of the composite strips was similar for both 

Fig. 13 Optical microscopy analysis of the SEC based on the supramolecular matrix UPy2 and the sensor element based on TPS 50A a Pristine b 
Damaged and c Healed. Plots for the response of the d Stress and e Relative resistance f Summary of the values for the  R0, ΔRrel and the drift of the 
sensor signal between the  5th and  10th for the samples: pristine, damaged and healed
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sensor fibers and elements. The SFCs showed slightly bet-
ter sensitivity and the SECs a higher elongation at break, 
but the values were very close for the two. Piezoresistive 
composites with TPS of two different Shore hardness val-
ues (40A and 50A) were investigated. The SFCs with the 
fiber of Shore hardness 40A could not be used after the 
healing, because the fiber became brittle after thermal 
treatment required healing. Therefore, only the 50A com-
position was suitable for the sensing element fabrication.

Both sensing element composites and fiber compos-
ites showed nociceptive properties for monitoring the 
damage and healing process by taking into account the 
value of the initial resistance  (R0). The initial resist-
ance increased after the damage and recovered after 
the healing. However, a recalibration is necessary, as 

the relative resistance did not recover after the healing. 
The same observation was made with the experiments 
with the tendon-based soft robotic actuators, where 
the SECs were used. The sensors could monitor the 
position of the robots with a monotonic response and 
good reproducibility (drift smaller than 0.1%). Machine 
learning algorithms and AI developments can help cope 
with the re-calibration limitation, in the future.
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