FULL PAPER

www.afm-journal.d| updates

Self-Healable and Recyclable Tactile Force Sensors

with Post-Tunable Sensitivity

Xiaozhuang Zhou, Xuan Zhang, Huaixia Zhao, Baiju P. Krishnan, and Jiaxi Cui*

It is challenging to post-tune the sensitivity of a tactile force sensor. Herein,

a facile method is reported to tailor the sensing properties of conductive
polymer composites by utilizing the liquid-like property of dynamic polymer
matrix at low strain rates. The idea is demonstrated using dynamic polymer
composites (CB/dPDMS) made via evaporation-induced gelation of the
suspending toluene solution of carbon black (CB) and acid-catalyzed dynamic
polydimethylsiloxane (dPDMS). The dPDMS matrices allow CB to redistribute
to change the sensitivity of materials at the liquid-like state, but exhibit typical
solid-like behavior and thus can be used as strain sensors at normal strain
rates. It is shown that the gauge factor of the polymer composites can be
easily post-tuned from 1.4 to 51.5. In addition, the dynamic polymer matrices
also endow the composites with interesting self-healing ability and recycla-
bility. Therefore, it is envisioned that this method can be useful in the design
of various novel tactile sensing materials for many applications.

and FA-11) measure the dynamic force.”)

Such complex system allows skin to tune
its sensitivities to perceive a wide range
of mechano-stimuli. To fully construct
such capability of human skin for various
applications, several strategies have been
developed to fabricate flexible tactile force
sensors with tunable sensitivity,'*¥ such
as tailoring the material compositions
of conductive polymer composites!®!L14
or controlling the structure of the mate-
rials.>] However, these strategies suffer
from high costs, complicated fabrication
processes, poor controllability, and lim-
ited tunable range of sensing range, which
hinder their practical applications.['81]
Therefore, a facile method to precisely

1. Introduction

Electronic skin (E-skin) is attracting more and more attention
because of their potential applications in soft robotics, pros-
thetics,?? health monitoring,**! and various wearable devices.[®!
It is designed to mimic the sophisticated human somatosen-
sory system by transducing external stimuli (such as heat, light,
mechano-force, and humidity) into electrical signals. Essential
to this transduction, flexible materials that could sense tactile
force should be built into E-skin to mimic the force-sensing
ability of the human skin. Human skin contains four kinds of
mechanoreceptors to realize different characteristics of force
perception, that is, two slow adapting receptors (SA-I and SA-II)
response to static force and two fast adapting receptors (FA-I

X. Zhou, Dr. X. Zhang, Dr. H. Zhao, Dr. B. P. Krishnan, Prof. J. Cui
INM — Leibniz Institute for New Materials

Campus D2 2, Saarbriicken 66123, Germany

Prof. ). Cui

Institute of Fundamental and Frontier Sciences

University of Electronic Science and Technology of China
Chengdu, Sichuan 610054, China

E-mail: Jiaxi.Cui@uestc.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202003533.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

DOI: 10.1002/adfm.202003533

Adv. Funct. Mater. 2020, 30, 2003533 2003533 (10of11)

tune the force-sensing property of flex-
ible tactile sensors in a large range is still
desirable.

In addition to tunable sensitivity, the recoverability of
sensing functions or even full recyclability after the tactile force
sensor is damaged is another important property for practical
applications. Introducing these capabilities into flexible tactile
force sensors can significantly elongate their service time and
then reduce waste. To this end, both concepts of self-healing!?’!
and recycling?! are applied to fabricate flexible force sensors
by using the composites made from dynamic polymer matrices
(dynamic composites), leading to the creation of many self-
healable or/and recyclable sensors. Despite this progress, it is
still a challenge to combine these capabilities to tactile force-
sensing materials that could precisely tailor the sensitivity.

Here, we report a strategy for post-tuning the sensitivity of
flexible strain-sensing materials used for tactile force sensors.
This strategy is based on the utilization of the unique mechan-
ical properties of dynamic polymer networks (Figure 1a),
that is, showing liquid-like behavior (storage modulus (G’) <loss
modulus (G”)) at an extremely low strain rate due to the recon-
figuration of polymer networks but solid-like behavior (G" > G”)
at a normal strain rate (5-400 Hz).[?223] In practical applications,
the solid-like polymer matrices could fix conductive particles
dispersed inside to show strain-sensitivity, that is, reversibly
breaking the conductive pathways under a strain (Figure 1b,c).
In the liquid-like state, the polymer matrices would allow con-
ductive particles entrapped in the matrices to redistribute when
the sample is deformed.?*3% And we assume that such redistri-
bution of conductive particles should lead to significant change
in the strain sensitivity. A polymer composite consisting of
carbon black (CB) and dynamic covalent polydimethylsiloxane
(dPDMS) elastomer (Figure 1d) is designed to demonstrate this
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Figure 1. Schematic design of tailoring the sensitivity and sensing range by mechanical stretching a) Liquid-like property at a fixed strain where the
reshuffle of the polymer chain and rearrangement of particle networks can occur. The electrical response of sensors made b) from the composites
and c) from the reconfigured polymer composites at normal strain rates. d) The self-healing mechanism of the CB/dPDMS composites. e) Recycling

mechanism of the CB/dPDMS composites.

assumption. In the presence of acid catalyst, the silicone is in
an equilibrium state. On-going chain exchanges occur at room
temperature, which enable not only reorganization of CB in a
relaxation process but also self-healing behavior after damage.
The equilibrium of siloxane matrices can also be utilized to
induce depolymerization for recycling the materials (Figure 1e).

2. Results and Discussions

2.1. Preparation and Properties of CB/dPDMS Composites

The CB/dPDMS composite was prepared through evaporation-
induced gelation process of the suspending solution of CB in
the mixture of octamethylcyclotetrasiloxane (D4, monomer),
1,1,1-tri(2-heptamethylcyclotetrasiloxane-yl-ethyl)-methylsilane
(triD,, crosslinker), triflic acid (catalyst), and toluene (solvent).
A toluene solution was designed because CB could disperse
well in it. In the solution, D, and triD4 could undergo acid-cata-
lyzed ring opening copolymerization to form siloxane network
clusters. In the presence of triflic acid, the siloxane was in equi-
librium state.}! Therefore, with evaporation of toluene, these
siloxane clusters integrated together to form an elastic com-
posite. Such evaporation-induced gelation process allowed us to
prepare the composite to various shapes in different scales via
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facile casting or molding methods. The obtained composite is
denoted as CB(x)/dPDMS(y) where x is the weight percentage
(%) of CB in the composite and y is the weight concentration of
crosslinker in dPDMS. Figure 2a displays a specimen of CB(1)/
dPDMS(1) with a diameter of 5 cm prepared in a petri dish.
Scanning electron microscopy (SEM) was used to study
the morphology of the obtained composite. Figure 2b shows
the cross-section of CB(1)/dPDMS(1) composites. A fractal
structure was observed, in which the aggregates of CB parti-
cles were connected together to form networks in the dPDMS
matrix. Similar fractural structures formed in all test samples
with different CB contents (0.5-10 wt%, Figure Sla, Supporting
Information). We attributed the formation of such conductive
networks to the synergic consequence of acid-induced aggrega-
tion of CB and solvent evaporation-induced gelation. CB par-
ticles could disperse well in the toluene solution without acid.
Addition of acid into the solution not only trigger polymerization
but also induce aggregation of CB particles, since CB particles
would absorb acid molecules on their surface to increase surface
hydrophilicity.?? The aggregation was accompanied with tol-
uene evaporation and accumulative structures were then fixed
in the gelation process. Here we expected the alternation of sur-
face hydrophobicity, rather than the increase of polymer fraction,
led to the aggregation. Control experiments were conducted
to confirm this idea (Figure S1b, Supporting Information).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Structure and properties of CB/dPDMS composites. a) Photograph of an as-prepared CB(1)/dPDMS(1) film. b) SEM cross-section image
of the CB(1)/dPDMS (1) composites showing a network of carbon black particles. c) Electrical conductivity of CB/dPDMS(1) composites as a function
of the parameter x-x,, where x is the weight fraction and x, is the electrical percolation threshold. d) E-modulus of CB/dPDMS(1) composites with

different CB contents.

To a suspending solution of CB in the mixture of toluene and
D,, crosslinkable PDMS or acid was added. It was found that
the addition of acid induced fast sedimentation of CB but addi-
tion of PDMS did not. To further confirm the absorption of acid
molecules on the surface of particles, we have measured the
zeta potential of the CB particles after acid-treatment. In our
additional experiment, the CB particles after acid-treatment in
toluene were collected and re-dispersed in water for avoiding
the influence of suspending acid droplets in toluene. It was
found that the zetal potential jumped from —274 + 0.69 to
3.77 £ 0.70 mV after acid-treatment. The results were sup-
porting our proposed mechanism in which acid molecules were
absorbed on CB particles by bonding protons on the surfaces.
The conductivity (o,) of CB/dPDMS composites with dif-
ferent filler concentrations was measured (Figure 2c). An expo-
nential relationship between the conductivity and the filler
concentration was observed, which can be described by the
equation:33]
0, oo (x—x,)" (1)
where x is the weight fraction of the filler, x, is the critical weight
fraction at the percolation threshold and n, is the scaling expo-
nent relating to the weight fraction. Analysis of the data in
Figure 2c¢ using Equation (1) yields a percolation threshold of
0.3 wt% and an exponent n, = 1.74. The exponent is very close to
the theoretical value of 3D conductive networks (n, = 2).34 It was
attributed to the formation of CB conductive networks within the
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polymer composites. Note that the critical fraction (x,) is remark-
ably lower than previously reported values (3-20 wt% for CB/
PDMS composites).?® It could also be explained by the aggre-
gated CB conductive network structure which made the polymer
composites conductive even at a relatively low concentration.

Figure 2d shows the tensile E-modulus (Young’'s modulus) of
the samples. The pristine dynamic PDMS exhibits an E-modulus
of 230 + 29 KPa. The addition of low loading CB (0.3-1 wt%) into
the matrices scarcely increases their E-modulus. Clear mechan-
ical reinforcement was observed when the filler content was up
to 2 and 5 wt% (285 + 25 and 462 + 31 KPa, respectively). In
addition, the modulus of CB/dPDMS could be remarkably tuned
by varying the crosslinking degree of the dPDMS matrix (e.g.,
from 0.1 to 5 wt%; Figure S2, Supporting Information).

2.2. Sensing Properties of CB/dPDMS Composites

The electrical resistance response of the CB/dPDMS compos-
ites to the force at the solid-state was investigated. It is known
that the sensing property of the dynamic polymer composites is
related to the viscoelastic property.?! We thus assumed that CB
content should be a good parameter to tune the sensing prop-
erty since the viscoelastic property of the CB/dPDMS compos-
ites varied with it. Samples of CB(x)/dPDMS(1) where x ranges
in 0-2 wit%, were prepared for this study. The storage modulus
(G”) is higher than loss modulus (G”) for all the samples in
the tested frequency range of 0.0628-157 rad s7! (Figure S3,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mechanical and sensing properties of the CB/dPDMS composites. a) G’ and G” versus the oscillation strain amplitude for the CB(x)/
dPDMS(1) composites with different CB (w = 6.28 rad s7). b) Electrical response of the sensors, made from CB(x)/dPDMS(y) composites with dif-
ferent CB contents (Loading rate: 20 mm min~"). c) Shear storage (G’) and loss (G”) moduli of CB(1)/dPDMS(y) composites as a function of oscillation
strain amplitude with different crosslinker contents (w=6.28 rad s™). d) Electrical response of the sensors, made from CB(1)/dPDMS(y) composites,

versus the strain (Loading rate: 20 mm min™).

Supporting Information), implying typical solid-like feature at
the normal strain rates. In our test condition (strain amplitude:
0.1-100%,; frequency: 6.28 rad s7!), the G’ and G” of CB(x <
2)/dPDMS(1) with different x display similar curves, that
is, stable in low amplitude and showing a shear softening in
high amplitude (decrease in G’ but increase in G”, Figure 3a).
The softening of the polymer composites could be attributed
to either the breakage of filler networks (Payne’s effect) or
polymer chains. We assigned the softening in our case to the
breaking of polymer chains, rather than Payne’s effect, because
of the following three reasons: 1) the polymer matrix (APDMS)
also displays the similar strain softening behavior; 2) the CB
contents in our composites is low (<2 wt%) and its contribu-
tion to the mechanical property is quite small, as indicated by
Figure 2d; 3) the Payne’s effect is normally observed in small
strain range (<20%), but in our case, the softening occurs in the
strain larger than 20%. In addition, the similar curves of G’ and
G” suggested that the addition of CB in the range of <2% has
negligible effect on the viscoelasticity of the polymer compos-
ites, though slightly increase of both G’ and G” was observed.
The sensing property of CB(x)/dPDMS(1) was investigated.
Electrical resistance (R) of as-prepared CB/dPDMS composites
at a loading rate 20 mm min~! was collected to evaluate their
response to strain (Figures S4 and S5, Supporting Informa-
tion). Figure 3b shows the relative resistance change, AR/R, of
the CB/dPDMS composites with strain. The CB(0.5)/dPDMS(1)
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and the CB(1)/dPDMS(1) display nearly the same AR/R-€ curves,
indicating that the CB contents less than 1% has negligible
effect on the sensing property of the CB/dPDMS compos-
ites. This could be attributed to the similar viscoelasticity of
the samples with <1% CB. In addition, the exponential varia-
tion of AR/R implies that the conductive network was broken
during the stretching, as indicated in the graphene putty.?¥
When the CB content was further increased to 2 wt%, AR/R
increased linearly with strain, showing significantly different
change from the CB (0.5 or 1)/dPDMS(1). The sensitivity can be
quantitatively described by the gauge factor (GF, defined as GF
= (AR/R)/e, where AR/R and ¢ are relative resistance change
and applied strain, respectively). The GF of CB(2)/dPDMS(1) is
about 2.13. This small GF indicated that the resistance change
was attributed to geometry change of the sample, rather than
the breaking of conductive CB network under the strain. In
other words, stretching could not break the connected CB net-
work for the CB(2)/dPDMS composites. It might due to the
strong CB network interaction made from high CB loading
such that the CB network could resist the stretching.

The viscoelasticity and sensitivity of CB(x)/dPDMS(y) also
varied with y (crosslinker content). Samples of CB(1)/dPDMS(y)
where y is tuned from 0.1% to 5%, were prepared for this study.
They all display the solid-like feature (G’ > G”) in the tested
frequency range of 0.0628-157 rad s™! (Figure S6, Supporting
Information). As shown in Figure 3c, the samples with various

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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crosslinker display significantly different curves, especially
those of G”, indicating that crosslinking degree was an efficient
parameter to tune the viscoelastic property of the CB/dPDMS
composites. The sensing property of the CB(1)/dPDMS(y)
was also measured at the loading rate of 20 mm min™
(Figure 3d). It was found that AR/R of CB(1)/dPDMS(y) with
0.1% < y < 2% increased exponentially with strain and the sen-
sitivity increases with y. This phenomenon could be explained
by the R-strain model, assuming that AR/R is the conflicting
effect of forced-induced breaking of the conductive network
and viscous polymer matrix-induced reforming of the CB net-
work.2Yl The force-induced breaking of the conductive particles
is assumed to increase the resistance while rearrangement of
the CB particle would decrease the resistance. Since increasing
crosslinking degree enhanced the solid feature of the sam-
ples (Figure 3c), the resistance change is more pronounced
in CB(1)/dPDMS(y) with higher y. CB(1)/dPDMS(5) displays
a linear increase of AR/R with a GF of 1.98 (Figure 3d), indi-
cating that the connected CB network was not broken during
stretching. Since CB(1)/dPDMS(5) behaved more like an good
elastomer (low G”, Figure 3c), the unbroken CB network under
stretching could be explained by one potential reason that the
elastic polymer composites could not have the Payne’s effect
as the viscoelastic polymer composites, breaking of the particle
interaction under stretching.3¢!

2.3. Tuning the Sensitivity of the CB/dPDMS Composites

CB(1)/dPDMS(1) was selected to demonstrate the modulation of
sensitivity via mechanical treatment. We first checked the liquid-
like feature of the sample at the low strain rates by rheological
measurements starting from a frequency of 5 X 107 rad s
(Figure 4a). At the frequency lower than 8 x 10™*rad s, the
loss modulus is higher than the storage modulus, implying a
liquid-like state, while at the frequency of >8 x 10~ rad s7, the
sample shows a higher storage modulus, indicating a solid-like
state. Such unique mechanical property of CB(1)/dPDMS(1)
allows it to behave as a normal solid in the absence of stimuli
so that they can maintain the original shapes but like a liquid
under constant pressure to allow the redistribution of the CB
particles (Figure 4b). Under the constant pressure, stress relaxa-
tion occurred in CB/dPDMS via chain exchange to induce per-
manent deformation. The strain rate was automatically tuned
to the level allowing liquid-like behavior. Stress relaxation
measurement was conducted to study the reconfiguration rate
of CB/dPDMS composite (Figure S7, Supporting Information).
As shown in Figure 4c, the stress was completely relaxed in
4.5 h, leading to a permanent deformation. During this relaxa-
tion, redistribution of CB particles was expected. To confirm
this, the resistance was tracked during the stress measure-
ment (Figure 4c). The resistance jumped to a high value when
the sample was stretched. In the process of stress relaxation
with constant strain, the resistance gradually decreased. The
jump was attributed to the disconnection of the CB network
in straining while the decrease was assigned to the rear-
ranging of CB particles to reform a new connecting structure.
Upon a strain, the polymer matrices significantly deform,
which immediately led to the breaking of CB networks.[4
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In this case, the polymer chains were stretched into an
entropy-unfavorable extending state, which drove the polymer
chains to exchange to go back to relaxed conformation. The ref-
ormation of the CB networks depended on the reconfiguration
of the dynamic matrices which was slow. The rearrangement of
the CB particles was also supported by SEM results in which the
morphology of CB network structure changed after the relaxa-
tion (Figure S8, Supporting Information). Such force-induced
particle rearrangement has been found in graphene putty and
Ag flakes/PDMS-4,4"-methylenebis(phenyl urea) (MPU), 4iso-
phorone bisurea units (IU), ¢ polymer composite,?#2% but high
hysteresis effect was observed in the materials, making them
not suitable to be used for the reconfigurable sensors.

The rearrangement of CB network under a fixed strain
was utilized to tune the sensor property. To demonstrate this
concept, CB(1)/dPDMS(1) was stretched to different strains
to create different arrangement of CB particles. Cyclic tensile
stress—strain measurement was used to study the mechanical
properties of the as-prepared and reconfigured composites at a
high strain rate. Under a loading rate of 20 mm min™!, small
hysteresis loops were observed in the cyclic tensile test with a
strain of 50% (black solid line in Figure 4d), implying a typical
elastic behavior. Such an elastic feature at normal strain rates
indicated that the CB/dPDMS composites could be a good can-
didate for tactile sensors since mechanical hysteresis is unde-
sired in sensing strain.’”38 The same mechanical properties
of the 150% strain-deformed samples (red short dot line in
Figure 4d) suggested that the reconfigured CB(1)/dPDMS(1)
composites could still be used as tactile force sensors. Here the
reconfigured composites were denoted as n-rCB(x)/dPDMS (y)
where n is the strain used in stress relaxation. The resistivity
of the reconfigured composites increases with applied strain
(Figure S9, Supporting Information). The sensing property of
the obtained materials were then collected at a loading rate of
20 mm min~!, with an as-prepared CB/dPDMS sample as the
control (Figure 4e). As expected, all the rCB/dPDMS display
faster responsiveness to mechanical stimuli than the intact
sample. Moreover, increasing the strain used for stress relaxa-
tion enhanced the sensitivity of the reconfigured CB/dPDMS
composites. On the other hand, the sensing range also varied
with the strain (n in n-rCB/dPDMS).

Generally speaking, the sensitivity of the sensors increased
when the fixed strains went up. Since the reconfiguration pro-
cess has no effect on the mechanical property of the polymer
composites (Figure 4d), there must be other reason rather than
the change of viscoelasticity that underlies the phenomenon.
It is already reported in literature that the distribution of inter-
particle connections can lead to different percolation expo-
nents that would be intimately related to the sensitivity of the
conductive composites upon strain.}4 The sufficient widely
distributed interparticle connections could even show non-
universal property, giving a percolation exponent greater than
2 in the 3D network and the resulting resistance-strain curves
could be logarithmically divergent, which has been demon-
strated both theoretically and experimentally.}% We attributed
such tailorable sensor property to the on-demand redistribu-
tion of interparticle connections.*”! To demonstrate this, the
R-strain model describing the resistance change versus strain
for dynamic covalent polymer composites was applied in our

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Mechano-tailorable sensitivities of the CB/dPDMS composites. a) Angular frequency dependence of storage modulus and loss modulus
for the CB(1)/dPDMS(1). b) Pictures demonstrating the solid-like property in the absence of external stimuli and liquid-like property when there is a
constant pressure. A CB(1)/dPDMS(1) was used. c) Stress relaxation and electrical resistance tracking of the CB(1)/dPDMS(1) at the fixed strain of
50%. Inset displays a CB(1)/dPDMS(1) sample before and after the stress-relaxation. d) Cyclic stress-strain curves for the CB/dPDMS and 150%-strain
reconfigured CB(1)/dPDMS(1) at the loading rate of 20 mm min~". e) Electrical resistance change versus strain of the sensors made from CB(1)/
dPDMS(1) composites and the strain-reconfigured CB(1)/dPDMS(1) at a loading rate of 20 mm min~". The symbols are the experimental results and
the solid lines are the simulated results. f) Gauge factors of the sensors made from CB(1)/dPDMS(1) composites and the strain-reconfigured CB(1)/

dPDMS(1) composites within the small strain deformation (10%).

case.?l The resistance change versus the applied strain is as
follows:

2m -1
R _ (1+(s£) J + kyt/ N,

—ng

(e+1) (2)

where & is the yield strain of the polymer composite, k, is the
reforming constant due to particle arrangement within the viscous

polymer matrix, m is the filler network structure factor, t is the
time, n, is the conductivity scaling exponent, and N, is the initial
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number of interparticle connections per volume. In our case, it
was assumed that the polymer composites were elastomers that
the CB particles were not able to mobile at normal strain rate. An
approximate situation was made by setting k, = 0 in Equation (2)
to attain

e e

By fitting the experimental data in Figure 4e with
Equation (3) (m = 0.7 and ¢, = 0.8), the fitting curves agreed

©)
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well with the experiment data and we attained n, = 1.2 for
the as-prepared sensor and n, = 22.8, 31.8, and 45.9 for the
509%-rCB(1)/dPDMS(1), 100%-rCB(1)/dPDMS(1) and 150%-
rCB(1)/dPDMS(1), respectively. Note that n, was the scaling
exponent of connectivity while n, was the scaling exponent
of weight fraction, but they both represent the distribution
of interparticle distances. Therefore, the higher sensitivity of
the sensors could be attributed to the broader distributions
of the CB interparticle distances in reconfigured CB/dPDMS
composites.

Although the electrical resistance changes exponentially
with the strain, the resistance change could be approximated
as the linear change versus the strain when the deformation
is sufficient small. For our as-prepared CB(1)/dPDMS(1) com-
posites and reconfigured materials, the resistance changes
linearly within strain in tested range (10%), as shown in
Figure 4f. The gauge factor for the as-prepared CB(1)/
dPDMS(1) composites is 1.4, and it jumps to 6.4, 30.2, or 51.5
after relaxation at a stretching state of 150%, 200%, or 250%,
respectively.

We also evaluated the stability of the samples. Triflic acid is
volatile but in our system CB particles could stabilize the acid
molecules via bonding them on surface. Therefore, good sta-
bility was expected. To confirm this, we stored CB(1)/dPDMS(1)
composites for one month and then tested their capability to
change sensitivity. Similar plastic deformation and sensitivity
change were observed (Figure S10, Supporting Information),

supporting our hypothesis.

a

= = = e
(=] n (=) n =
T T T T T
=

Current (mA)

1st cut 2nd cut 3rd cut

400 600 800 1000
Time (min)

0 200 1200

2.4. Self-Healing of the CB/dPDMS Composite

Strong acid was used to initiate the ring-opening polymeriza-
tion of the monomer and the ionic propagating species in
resulted products retain activity after polymerization, inducing
a dynamic equilibration of the siloxane matrix. It was assumed
that such dynamic equilibration would bring about interesting
self-healing at room temperature. To confirm this idea, the
intact CB(1)/dPDMS(1) composites were tentatively cut by a
knife and then stored in a sealed vial for observation. As shown
in Figure 5a, the cut interfaces disappear after 24 h, implying
a recovery in the material’s integration. Tensile measurements
were used to quantitatively evaluate mechanical self-healing
efficiency. The uniaxial tensile stress—strain curves of the
healed samples agree well with the intact ones and a healing
efficiency of 97% was obtained, estimating by the rupturing
energy (Figure 5b). More than the recovery in mechanical prop-
erties, the electrical properties such as conductivity and sensing
properties are also fully restored (Figure 5c,d). The cut turns
off the current of the sample under voltage (3 V) which jumps
back after healing. This restoration in current is reversible
(Figure 5c). A direct current-powered circuit connecting a light-
emitting diode (LED) was further constructed to demonstrate
the self-healing of electronic property (Figure S11, Supporting
Information). The circuit was died out when being cut and was
lit up again after being self-healed. Assembling the intact and
self-healed composites to sensors and measure the R-strain
curves at the speed of 20 mm min~!, the sensing property of the
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Figure 5. Self-healing of the CB/dPDMS composites. a) Optical images of the cut interface of the composites at different times. Scale bar: 100 pm.
b) Stress—strain curves of the self-healed and intact specimens. c) The currents for the intact composites and the self-healed ones. d) The sensor
property for the intact sensors and the self-healed ones (loading rate: 20 mm min™"). A CB(1)/dPDMS(1) was used for demonstration.
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self-healed sensor agrees well with the intact sensor, indicating
a good recovery of the sensor properties (Figure 5d).

2.5. Recycle of the CB/dPDMS Composites

It is known that the polymer would depolymerize to oligomers
if the polymer-oligomers equilibrium is moved to the oligomer
directions (Figure 6a). In fact, the crosslinked materials could
be dissolved for reprocessing in the presence of a good solvent
for siloxane. In the presence of acid, the PDMS matrix is in
an equilibrium state. Immersing the samples in the good sol-
vents of PDMS would drive the equilibrium toward depolym-
erization, since the depolymerization products are constantly
diluted by solvents. Based on this mechanism, the solubility of
solvents used for recycle was important. To confirm this, dif-
ferent solvents (n-hexane, chloroform, N-hexadecane, toluene)
have been used to recycle the CB(1)/dPDMS(1) composites. 2 g
CB(1)/dPDMS(1) were put in the 15 g solvents. After 24 h, the

a

composites were dissolved in the n-hexane, chloroform, and
toluene but not in the N-hexadecane, indicating this process is
solvent-dependent (Figure S12, Supporting Information).

We demonstrated the recycling mechanism of our materials
by subjecting the as-prepared CB(1)/dPDMS(1) composites into
toluene (Figure 6b). The composites were completely dissolved
after stirring for 12 h (Figure 6b). Analyzing the dissolved solu-
tions by gas chromatography mass spectrometry (GC-MS;
Figure S13, Supporting Information) and gel permeation chro-
matography (GPC, Figure 6¢) revealed that the matrix had been
completely converted into cyclic oligomers via depolymeriza-
tion in the toluene solutions. To further confirm the acid-cata-
lyzed depolymerization mechanism, a control experiment was
conducted with well-defined PDMS (500 cSt) as a starting mate-
rial. It was found that in the presence of triflic acid, the linear
PDMS could also be converted into oligomers in 12 h (checked
by GC-MS and GPC). We also investigated the contribution of
CB particles to the depolymerization by a control experiment in
which the PDMS oil (500 cSt) and dynamic PDMS elastomer
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Figure 6. Recycle of the CB/dPDMS composites. a) Polymer-oligomer equilibrium in the acid-catalyzed dynamic PDMS. b) Reprocessing CB/dPDMS
composites by dissolving them in toluene and the evaporation of toluene will rebuild the materials. c¢) GPC analysis of oligomers by dissolving
CB/dPDMS, dPDMS (1% triDy4), CB/Silicone oil (500cSt) and silicone oil (500cSt) in toluene. A CB(1)/dPDMS(1) was used in (b) and (c).
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Figure 7. Application of tailorable CB/dPDMS composites. a,b) Demonstrating of different sensing properties for the as-prepared CB(1)/dPDMS(1)
and 150%-rCB(1)/dPDMS (1) composites. ¢,d) On-demand sensing property. The sensors that are not able to detect tiny motions could be reprocessed

to be able to work by simple mechanical stretching and holding.

(1 wt% triD,) did not contain any CB particle were dissolved in
the toluene in the presence of triflic acid. Similar results were
obtained, indicating that the presence of CB particles was not
necessary for the depolymerization of polymers.

2.6. Applications of the Tailorable Sensors

We demonstrated the tailorable sensing property of the CB/
dPDMS composites via simple mechanical stretching. To this
end, a CB(1)/dPDMS(]) stripe (4 mm x 30 mm) was cut from
the large size composites and assembled into circuits with a
LED. For the as-prepared sensors, the illumination intensity
of the LED reversibly decreased slightly when the stripe was
stretched to 180% of its original length (Figure 7a). Stretching
the sensors to 150% for 24 h stress relaxation in-situ increased
the strain-sensitivity (Figure 7b). The illumination intensity
decreased dramatically (totally die out), even the material was
slightly stretched (30% strain, Figure 7b). The strain-induced
switching was also reversible. Such in-situ modulation of sen-
sitivity implied that our materials could be applied to sense a
wide range of mechano-stimuli.

The sensing property of the materials was further tailored
to accommodate customized wearable device applications. A
flexible human motion detector was fabricated by connecting
the assembled sensors to a daily bandage which was used to
prevent the direct contact with the skin (Inset in Figure 7c).
A PDMS rubber glue (SH-78) was used to bind the assembled
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sensors and the bandage to avoid the potential failure. After
sticking the bandage onto the skin, the force sensors, the skin,
and the bandage would behave as a single cohesive stretch-
able object, and therefore, the deformation of human-motion
could be precisely monitored by the force sensors. Monitoring
human tiny motion such as speaking requires a high sensi-
tivity. When the as-prepared CB(1)/dPDMS(1) tactile sensors
were attached to the throat to monitor the speaking, no reliable
signals was obtained since the low sensitivity of the sensor, as
shown in Figure 7c. Instead of replacing the as-prepared sensor
in the normal case, simply stretching the as-prepared sen-
sors at a strain of 150% to allow a stress relaxation for 12 h,
the sample could re-use to detect the tiny motion to delivery
reliable electrical signal (Figure 7d). With this proof-of-concept
demonstration, we envisioned that our post-tailorable strain-
sensing materials could be used for preparing versatile sensors
to alleviate the space usage. Such on-demand modulation could
decrease the fabrication difficulties and cost, showing potential
in preparing various flexible integrated circuits such as elec-
tronic skin, soft robotics, and flexible prosthesis.

3. Conclusion

In summary, we have reported a facile method for post-tuning
the sensitivity of flexible conductive polymer composites. In
this method, the unique mechanical property of dynamic
polymer network, that is, showing a liquid-like behavior to allow

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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conductive filler to redistribute, has been utilized to modulate
the sensitivity. We have demonstrated this concept here by the
CB/dPDMS systems and showed that the GF of the composites
can be tuned from 1.4 to 51.5 by stretching the grown compos-
ites to induce rearrangement of CB particles. In addition to the
post-tunable sensitivity, the dynamic of dPDMS also endows
the sensor with excellent self-healing ability and recyclability.
The methodology developed here is facile and can lead to good
sensing performance and excellent mechanical properties. We
believe that it can be applicable for different dynamic polymer
composites and therefore, envision its application in preparing
various tactile sensors.

4. Experimental Section

Materials: Octamethylcyclotetrasiloxane (D,, 98%, Sigma-Aldrich),
toluene (99.7, Sigma-Aldrich), triflic acid (Sigma-Aldrich), and
conductive resin (Farnell) were used as purchased. Carbon black pearls
2000 (BP-2000) was offered by Cabot Corporation. Dy-based crosslinker
(triD,) was synthesized according to the method reported previously.

Fabrication and Reconfiguration of CB/dPDMS Composites: Taking
CB(1)dPDMS(1), for example, the mixture of 0.02 g Carbon black
powders and 2 g Dy monomer containing 1 wt% crosslinker in 5 g
toluene was subjected to ultrasonication for 30 min, followed by addition
of 20 pL triflic acid under stirring. The mixture was then put in hood at
room temperature to allow the solvent to evaporate without stirring, to
get an elastic solid material. The sample was stored in a sealed glass
bottle before use. The same process was used to prepare the samples
with different CB contents under different conditions.

To reconfigure the CB/dPDMS composites, the materials were bonded
on glass slide by 502 glues (Figure S4, Supporting Information), and then
stretched and fixed at different strains in a closed container for 24 h.

Recycle of Dynamic CB/dPDMS Composites: For example, a piece of
CB(1)/dPDMS(1) film (2 g) was put into the mixture of 15 g toluene
containing. The mixture was stirred at room temperature for 12 h. The
composite was dissolved in 12 h, resulting in a suspending solution.
The mixture solution was then evaporated in hood to remove the solvent
and a new CB-PDMS composite formed again.

SEM Observation: SEM images were performed on a FEI Quanta
400 FEG-ESEM with an operating voltage of 10.0 kV. The CB/dPDMS
composites were cut by knife and the cross-sections of the samples were
subjected to the SEM directly for observation (without gold sputtering).

Zeta Potential Measurement: To the mixture of 0.02 g CB in 5 g
toluene was added 20 pL triflic acid, followed by 1 min ultrasonification.
The suspending mixture of 0.02 g CB in 5 g toluene was used as control
sample. The samples were then centrifuged to collect the particles.
Toluene was used to rinse the particles for three times. After drying,
the obtained CB particles were dispersed in water for the zeta potential
measurement (0.125 mg mL™). The zeta potential for the acid-treated
CB is 3.77 £ 0.70 mV, while that of control CB is —27.4 £ 0.69 mV.

Rheological ~ Characterizations: Rheological measurements were
obtained using a TA instruments discovery hybrid rheometer with a
PP8, 8 mm diameter parallel plate geometry with a rough surface. The
dynamic modulus versus the oscillation strain rates were performed at
the frequency of 1 Hz, while the dynamic modulus versus frequency were
performed with the strain of 1%.

GC-MS and Chromatography Measurements: Gas chromatography
mass spectrometry was performed by GC-MS Shimadzu QP 2010 using
ZB-5HT-Inferno columns. The number-average molecular weight (M)
and polydispersity index were measured by Agilent HPC chromatography
(GPC) system using a ZB-5HT-Inferno column with a series of silicone
oils as standard samples. The concentration for GS-MS and GPC was
1 mg mL™ in toluene.

Mechanical ~Tests: Mechanical tensile-stress experiments were
performed on a Zwick 1446 (Zwick/Roell, Germany) at room temperature
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at a loading speed of 20 mm min™". The initial gauge section is 20 mm.
The specimens were 30 mm in length, 4 mm in width and 0.75 mm in
thickness. The samples for the measurement of the E-modulus were
stretched to break, and the E-modulus were calculated by the slope
between the stress and the strain in the strain ranges of 5-10%.

Electrical Measurements: All electrical measurements were performed
on the samples with a length of 30 mm, a width of 4 mm, and a thickness
of 0.75 mm, using two-point probe measurements. The resistance
was tracked by the GDM-8255A (GW INSTEK). Conductive epoxy A
and conductive epoxy B were first mixed homogeneously with a mass
ratio of 1:1. Then the mixed composites were pasted onto the surfaces
to eliminate the surface effect. Copper wires were used to connect the
electrode and GDM-8255A.

The conductivity was calculated by o = L/(R * S), where o is the
conductivity, L is the length, S is the area of the cross-section and R is
the electrical resistance.

The measurements of the electrical change versus the strain were
performed on Zwick 1446 to apply loads to the sensor. The assembled
sensors were stuck onto the glass sides and then the glass slides were
subjected to the Zwick clamps (Figure S5, Supporting Information). In
this way, the effect of the force generated by the Zwick clamps on the
electrical change during stretching could be avoided.

The resistance change at the fixed strains were also tracked by
assembling the materials into the sensors (Figure S5) and sticking the
sensors onto the glasses. A plastic wrap was coated on the surfaces of
the materials that were exposed to the air during the holding (Figure S7,
Supporting Information).

R-Strain Model: On one hand, the equilibrium number of interparticle
connections per volume, N; can be interpreted as a function of the
applied tensile strain €, by applying the well-known Krauss modell!l

No
2m
1+ (5)
SC
Here, Ny is the initial number of interparticle connections per
volume, m is a constant related to the fractal structure of the network
and g, is a constant which can be interpreted as the yield strain.
On the other hand, the viscous behavior of the polymer matrix
enables the rearrangement of the filler particles, which additionally
contributes to the interparticle connections. The number of interparticle

connections per volume due to the rearrangement, N,, increases linearly
with time.

e )

N, =kt =kye /e, (6)

where & is strain rate, k, is reforming constant because of the
rearrangement. Then, at any given strain, the total number of
interparticle connections per volume was given by N = N; + N,. By
analogy with percolation theory, the resistivity was given by

p=(N-N,)™ )

N, is the threshold value when the first conductive path occurs and n,
was a scaling exponent. When the filler loading was high enough, N >>
N, and an approximation was made,

p=(N)" =(Ny+N;) ™ ®)
Combining these equations gives
p
P — -
©®

(+(&)) =

where py is the resistivity when there is no strain and & = & Ny/k, .
Combining the definition of resistance (R = pL/S) with the assumption
that the volume remains constant under deformation (SoL, = SL) and
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the definition of strain (AL/Ly = €) allows to relate the material resistivity
to the strain-dependent resistance:

p=RSoLg (e +1)° (10)

-n

R—RO - [[1 + (i)zmT + kzt/No} E(e +1)?
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