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Abstract: This paper presents the custom-made graphite based piezoresistive strain sensor with
gecko-foot inspired macroscopic features realized using a Velcro tape on Ecoflex substrate. The
Velcro based design provides an inexpensive and easy approach for development of soft sensor
with appreciable improvement in the performance even at low strain values. The sensor
demonstrated excellent response (sensitivity ~16500%, gauge factor ~3800) for 24% linear strain.
The fabricated device showed a high gauge factor (>100) even for very low strain values. The
sensor has been extensively characterized with a view to potentially use in soft robotics application
where high-performance is needed at lower strain values. It is observed that the piezoresistive

behaviour of strain sensors is governed by several factors such as the supporting elastic medium,



architecture of the strain sensor, materials properties, strain rate and deformation sequence, and

direction.

1. Introduction

Strain sensors with high sensitivity and reliable operation are needed in several applications related
to flexible and stretchable electronics!#, wearable technology®: ¢, prosthetics’- 8, structural health
monitoring® !°, conventional robotics? 1% ! as well as soft robotics!?'6. Traditionally, the strain
sensors integrated on various surfaces or structures, translate the mechanical deformations into
electrical, optical or similar signals which are systematically processed to interpret the mechanical
state of the system!”. In this aspect, reported strain sensors are based on capacitive'®,
piezoresistive', inductive®, and optical?! transduction mechanisms. Among these, piezoresistive
sensors has been explored more due to their high sensitivity, easy fabrication, diverse choice of
materials and designs, easy integration, conformability and deployability in diverse environments
and applications!’-?2. Various materials explored for conductive network in piezoresistive strain
sensors include Ag nanowires®, ZnO?*, conductive liquids® 2>, carbon black?, graphite?’,
graphene?®, CNT?, etc. Among these, carbon-based materials have been explored more, owing to
their abundant availability, cost-effectiveness, tunable electrical properties, large operational
window, dispersibility in variety of solvents and supporting matrix, and suitable mechanical
features. To enhance the performance, several bioinspired designs have been adopted to design the
strain sensor architecture, realize microscopic textured substrate, and the distribution of sensing
material. Some of these approaches has been successful in improving the figures of merit*-33, but
their poor repeatability and realization using complex fabrication procedures limit their

practicability.



A typical piezoresistive strain sensor involves a two- or three-dimensional network of conductive
materials whose electrical conductivity is governed by the percolation pathway modulated by the
degree of mechanical deformation. Several such sensors with stretchability of the order of several
hundred percentage of linear strain have been reported with sensitivity ranging from <10 to the
order of 1000'5:17:22.34_ A vast majority of these highly stretchable sensors exhibit high performance
metrics only when the linear strain is high and the key figures of merit such as sensitivity and
gauge factor (GF) are significantly lower in the lower linear range of 0-20%!7-1°-22. As a result, the
performance requirements for many applications® such as robotics, and wearables, where the
maximum stretchability needed is often within 10 to 20% linear strain’¢, are not met. For example,
the stretchability of human skin is ~15%% and hence the applications mimicking human skin
should have strain sensor showing excellent performance in this range of deformations.
Considering this, it is important to develop reliable and robust strain sensors with high sensitivity,
and fast response even at lower strain rate. “A few recent reports on crack based piezoresistive
strain sensors have shown high sensitivity and gauge factor.*® However, a major drawback of
crack-based strain sensors is that the generation and propagation of cracks is random or
unpredictable. In most cases, they require additional fabrication steps to generate cracks and their
characteristics (which govern the sensing performance) cannot be predefined. The geometrical
optimization of the state-of-art crack-based strain sensors is not readily feasible. As a result, they
are less reproducible. Recently, researchers® have also demonstrated strain sensors with high
gauge factor and stability. However, the tedious fabrication steps needed to optimize the
geometrical designs, and tough conductive fibres, are incompatible with conductive ink-based

approaches.”



With high sensitivity at lower strain values itself, the strain sensor presented here addresses this
need. Various parameters that influence the piezoresistive strain sensing mechanism are studied to
interpret quantitatively and qualitatively the complex constellations and configuration of
mechanical systems. This is important as often the output of piezoresistive strain sensor is
presented in terms of the magnitude of deformation (as a function of strain percentage) and there
is limited or no information provided about the mechanical deformation pathway, stable
equilibrium states*, influence of strain rate*!, and viscoelastic relaxation*’. These are important
factors, as with current practice, of associating the output of piezoresistive strain sensor with a
calibrated value of corresponding linear strain, little or no information could be drawn to
distinguish the responses originating from bending or stretching. Since the sensing mechanism is
governed by electrical percolation®, the orientation and reorganization of the conductive network
plays an important role in the interpretation of the mechanical state. The sensor response can also
depend on the strain rate, viscoelastic relaxation, and hysteresis* and hence the detailed study can
help to properly attribute the response to various parameters at play. Such detailed analysis could
improve the understanding about the working of strain sensors and help unravel the complex

dynamics of the mechanical systems.

Considering the various aspects discussed above, the design and characterization of a e custom-
made graphite paste based piezoresistive strain sensor is presented here. This piezoresistive sensor
follows a simple design having macroscopic features, realized with a Velcro tape on Ecoflex
substrate to enhance the performance. The Velcro tape allowed us to develop substrate with the
macroscopic features inspired from gecko foot. The features are then filled with custom-made
graphite paste to obtain the sensor that can provide high sensitivity at lower strain values itself.

Among various substrates explored for flexible and stretchable strain sensors, the silicone



elastomers, polyurethane, fabric, plastic, paper, or Kapton are most common. However, only
limited reports on carbon based strain sensors on these substrates have demonstrated appreciable
sensitivity and performance in the sensing range of 0-20 % linear strain'’-?2. The strain sensor is

studied for its strain sensing characteristics and various factors influencing the sensor responses.

2. Results and Discussion

2.1 Design and fabrication of Velcro enabled strain sensor
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Figure. 1 (a) The schematic representation of the formation of graphite composite with
ethyl cellulose and variation of viscosity with applied spindle speed (b) Fabrication steps of the

strain sensor with graphite paste and Ecoflex.

The elastomeric substrate of the strain sensor was designed (see Figure 1) to have a Velcro

hook structured micropores resembling naturally inspired designs* such as the pattern on gecko



foot. The detailed fabrication procedure is given in Experimental Methods Section. The motivation
of utilizing the Velcro hook structures is based on several considerations: Firstly, the patterned
pore structure distribution can enhance the mechanical roughness of otherwise smooth Ecoflex
elastomer layer and thereby facilitate better adhesion between the graphite sensing layer and the
elastomeric layer. Further, the Velcro-hook shaped micro pores serve as the anchoring points for
the graphite layers mediated by the ethyl cellulose binder. These anchor points serve as the nodes
about which the percolation paths for the electrical conduction can vary systematically with respect
to the dimensional changes of the elastomer by external mechanical strains. In complex
geometrical conductive networks, the strain sensing behavior is majorly governed by conductive
tunnelling effect, in which tunnel nodes play a crucial role in modulating the resistance variation
during structural deformations*. The study also showed that a 3D segregated spatially dependent
network can provide reliable performance as compared to randomized and less correlated network
in which node distribution are quite fragile. Apparently, in our work, the conductive material
graphite having the inherent layered structure are known to exhibits shear properties. Hence, in a
case where graphite conductive network is applied on a smooth elastomeric surface, graphite may
slightly dislocate from their equilibrium distribution and hence are less likely to form high degree
of correlated recoverable network and conducting nodes. In our followed approach of replica
molding using Velcro tape, the Velcro features are engraved as surface texture in the form of
correlated of distribution tiny pits on Ecoflex surface as represented in Fig. 1 (b). When the
graphite paste is applied on the Velcro modified surface, the graphite network fills the pits as well
as forms a continuous conducting distribution over the sensor region (see supporting information
Figure S3). Thus, graphite trapped in the tiny Velcro pits serves as anchoring points or conductive

nodes facilitating more spatially dependent and recoverable conductive network of graphite as



compared to a conductive network on a smooth elastomeric surface (see supplementary Figure S2.
(b)). The role of anchored interconnection of conductive fillers for enhanced electrical conductivity
is also validated by Zhu et al., 7 by utilizing predesigned hemisphere array of pits to distribute
copper and carbon particles. In another reported work*® on strain sensor with silver nanowire
(AgNWs) in polyurethane (PU) matrix, it was reported that more the proportion of AgNWs tightly
embedded in PU, the minimum will be the dislocation of AgNW layer during deformation. This
has been attributed as an anchoring effect of the embedded structure facilitating the AgNW
networks with a deformation identical to that of the PU matrix. Thus based on the literatures and
our approach with Velcro enabled features, strain sensors with anchored conductive network
possess comparatively higher degree of recoverable deformation of the network which is a
significant for better durability, reliability and sensitivity as compared to loosely distributed

conductive networks.*®

The adopted replica molding of periodic hook structures in the commercial Velcro tape is
an easy approach to obtain millimeter scale biomimetic features. Possibly similar macroscopic
features could also be realized with standard microfabrication techniques or chemical bottom-up
approaches, but this will involve complex and tedious process steps. In the case of gecko foot, it
utilizes Vander walls forces and to achieve that, nanoscale or micron size features are required and
may need sophisticated fabrication procedure to replicate. Hence, we have attempted to use
commercial Velcro tapes with macroscopic features which can provide the gecko like effect in
terms of surface modification with rough rubbery features of an otherwise smooth elastomeric
substrate, but not on dimension scales or underlying principle.

2.2 Characterization and analysis of the strain sensor
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Figure. 2. Strain sensor performance (a) Dynamic strain response resistance variations of the
fabricated strain sensor measured for 250 continuous cycles for 20% linear strain (b) Piezoresistive
response and (c) hysteresis behaviour of the sensor for 16%, 20% and 24% linear strain, (d)

Piezoresistive response of the sensor for 20% linear strain for varying strain rate (e) gauge factor.

Figure 2 (a) shows the dynamic response (AR/R,) of the fabricated strain sensor for 250
continuous cycles at 20% linear strain and a strain rate of 8.66%/s (2.31 s for 1 cycle). The details
of sensor characterization arrangement are described in experimental section. The sensor exhibited
quick, and sharp resistance variation in response to the time varying applied linear strain. The very
high (~5000%) sensitivity (AR/R,%) observed for 20% of strain is shown in Figure 2(a). The
variation of resistance towards the first (~15:-20" cycle) and last 20 (2215t — 24 cycle) strain cycles
(inset of the Figure 2(a)) show a fairly stable and consistent performance of the sensor. The
stabilization of maximum AR/R, after slight random fluctuations during initial few cycles indicates
the improvement of elastic coupling between the sensing layer and the elastomer with successive
cycles. From literatures, it is evident that during cyclic measurements of stretchable piezoresistive

strain sensors on elastomers, initial drift or amplitude variations are probable and with the



successive cycles, the response will stabilize. This could arise from various factors dependent on
both the elastomeric as well as conductive network behaviors. Hysteresis, material stress
relaxation,” cyclic stress softening, initial formation and propagation of microcracks in
conductive network and temperature changes, all may contribute to drift of the sensor signal under
a constant strain. Hence, initial few cycles, even when the cyclic measurements conditions remain
constant, the sensing network and the elastomeric network may be less perfectly coupled
elastically. But with successive cycles, the sensing layer and elastomer will be better coupled to
each other. Here, during the initial cycles, the deformation of conductive graphite layer may not
be perfectly identical with the deformation of the elastomer which synchronizes with successive
cycles over time. Figure 2(b) depicts the stretch-strain cycle responses of the fabricated sensor
linearly deformed to different values of maximum strain. The AR/R, increases gradually for a
lower strain valued (from 16% to 20%), but a sharp increase in resistance was observed after
certain values (e.g., 24%). The sensor showed a mean relative resistance change of 2000%, 5000%
and 16500% for 16%, 20% and 24% linear strain, respectively. The low hysteresis is observed
during the stretch-release cycle (Figure 2(c)) and it is negligible for lower strain values as evident
from the smaller enclosed area within the loop>!:32. Hysteresis behavior is common during loading-
unloading cycle in piezoresistive sensors* 2. This is governed by the percolation mechanisms>
and its origin is attributed to the microstructure features - in present case, it is the asymmetric
behaviour of graphite layers as a result of reorientation, sliding and buckling. The absolute area
enclosed in the hysteresis for representative cycle was found to be approximately 3686, 14242,
and 39883 calculated from Figure 2(c) for 16 %, 20 % and 24 % strain respectively. Even though
it could be inferred that hysteresis is higher for higher applied strain, no quantitative conclusions

could be arrived from the available hysteresis behaviour since the hysteresis analysis with respect



to resistance variation is not very reliable as it slightly varies with successive cycles attributed to
the inherent origin or piezoresistance governed by percolation mechanism. So, model based
hysteresis calculations or experimental measurements determining the stress-strain dependence are
more quantitative assessment of hysteresis in viscoelastic elastomers. During the load-unload
cycle, the mean-free path for the electric conduction shifts because of reorientation, and sliding.
In any case, the sensor restores its baseline value at 0% strain after each loading-unloading cycle,
as evident from Figure 2(a). A slight drift in the baseline is often expected in piezoresistive
composites as an outcome of the irreversible slippage at the interface between the conductive

graphite material and the polymer matrix.

Strain rate is another important parameter as the sensor must be able to operate for deformation at
different speeds®. Figure 2(d) shows the sensor performance for 20% applied linear strain
subjected to stretch-release cycles at different strain rates (20.5, 10.4, 3.8 and 2.3 seconds taken
for each cycle). As can be noted from figure 2(d), the response is generally stable and the
fluctuations in resistance variation is lower at lower strain rate as compared to higher strain rates.
This can be attributed to the simultaneous reorganization of the percolation paths when the sensor
is stretched and the viscoelastic relaxation of the elastomer. Hence at slower strain rate, the sensor
gets enough time to stabilize the percolation path, whereas the faster actuation will be accompanied
by higher chaos in the chosen percolation path. In addition to the strain rate, the gauge factor
(defined as the relative change in resistance with respect to the relative change in linear dimension)
is another significant metric for a strain sensor. The gauge factor was calculated (expression given
in supporting information) for up to 24% linear strain and obtained result (Figure 2(e)) shows
significantly high gauge factor for all operational ranges tested here. Our fabricated device showed

a high gauge factor (above 100) even for very low strain values (0 to 7 %) as compared to those

10



values reported in literature!”-22. The very high values of AR/R, and Gauge factor of 3854+55,
attained at a strain of 24%, is 10-100 order higher than the values for strain sensors reported

previously:3-¢7 (see supplementary Table S1) with similar percolation mechanism -,

To evaluate the stability, repeatability, and predictability, the developed strain sensors were
uniformly stretched to a strain value (between 0.2 to 24%, shown Figure 3) at a constant stretching
rate (Imm/s) and maintained in that state for a significant amount of time (50 s) as schematically
shown in Figure 3(a). Afterwards the sample was released at the same rate (1mm/s). (The data in
Figure 3 is plotted as R/R, instead of AR/R, for better visual comparison). As shown in Figure
3(b), the relative sensor resistance variation (R/R,) is similar for strain hold cycles of all strain
values between 0.2 to 24%. When the sample is stretched, the resistance increases until the
maximum strain value is reached. Further, during the holding period, the resistance value
corresponding to the fixed strain is maintained as evident from the flat region. This is hugely
relevant to applications such as maintaining a joint angle of a robotic hand as the sensor could
provide appropriate feedback for precise control and manipulation. When the strain is released at
a constant rate, the resistance decreases linearly until the initial base value is restored at zero
applied strain. This is in accordance with the restoration of baseline value after each stretch-release
cycle in Figure 2(a). Figure 3(c), depicting the strain hysteresis cycle of the sensor, shows some
fluctuations in the instantaneous resistance at higher strain hold value as compared to the lower
strain values. This can be attributed to the reconfiguration of the electrical percolation path which
is more prominent at higher strain as compared to lower strain. While the strain is under hold, the
resistance gradually resets to a lower value as observed from the vertical shift at the strain hold

values.
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Figure. 3: (a) Strain holding characterization scheme (b) time elapsed piezoresistive response
and (c) corresponding hysteresis of the sensor for stretch-release cycle response for different
magnitudes of linear strain (d) The time dependent decay behaviour of the sensor during strain
holding of varying magnitudes (e) The time dependent relaxation behaviour of the sensor after
complete release of strain holdings (f) stretch-hold-release resistance variation as function of time

for same strain values (24%) for different holding durations.

Figure 3(d) shows the time dependent variation of sensor resistance during holding at various strain
values (between 0.2 to 24%). Even though the graphs in the Figure 3(b) shows a flat behaviour
during the strain holding period, on a closer analysis it can be observed that the relative resistance
shows an exponential relaxation decay behaviour — “self-retardation” as presented in Figure 3(d).
This decay could to attributed to the system choosing the easiest available electrical percolation
path 7% 7! while most of the constituent conducting particles vibrates under tension about its
equilibrium position, when the sensor is undergoing the stretching. Once the stretching is stopped,
the amplitude of particles vibrations slowly reduces to equilibrium state during which the

percolation path constantly switches towards more and more easier paths thereby lowering the
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instantaneous effective electrical resistance. The exponential decay of the piezoresistance under
strain hold condition is quite similar in behaviour to the stress relaxation of the elastomeric medium
during the strained state. This also asserts that the piezoresistive layer is elastically well coupled
to the elastomeric substrate. Higher the strain holding, the decay curve exhibited more fluctuations
from the smooth exponential relaxation since the reconfiguration of percolation path is more
random and faster. Figure 3(e) shows how the sensor restores to the baseline resistance at zero
strain when relaxed from various strain values. Considering the instant at which the sensor restores
to initial resistance as a reference time, it can be observed that at any earlier point of time before
the strain is brought to zero, the electrical resistance of the sensor decays exponentially at a rate
that is dependent on the maximum strain it has experienced. For example, when the sensor is
released from 24% strain, the residual stress relaxes faster (resistance decay faster as compared to
that of 20% strain or other lower values). This can be attributed to the elastic stress relaxing with
time and the residual stress depending on the magnitude of the strain from which the elastic
medium has been restored. Figure 3(f) shows the evidence of the repeatability and reliability of
the strain holding behaviour of the sensor. Here, the sensor is made to stretch upto a strain of 24%
and held in that state for two different time periods (shown in primary and secondary x-axis in
Figure 3(f)). The superimposed stretch-hold-release curves for the two trials reflect good
consistency of the device. Also, as explained previously, piezoresistive sensors form conducting
percolation network and during deformation, the conducting paths will be reorganized so that it
chooses the easiest possible conducting path available at the corresponding deformed state. For
lower applied strain ranges, during unloading, the original conducting paths are restored to a good
proportion which will facilitate the recovery to baseline. As the applied strain goes higher, higher

degree of conducting path breakage or reorganization may happen which will have more
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irreversibility during unloading which creates new percolation network different from the original
one. This behaviour shall also contribute to a drift in base line resistance along with other factors
such as elastic behaviour of elastomer, fatigue, microcrack formations etc. In any case, the drift

from baseline is attributed to several other factors and the individual contributions are not easily

identified.
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The major applications of the presented strain sensors are in soft robotics which involves bending
as well as stretching. Therefore, the sensor was evaluated for cyclic bending. As shown in Figure
4(a), the bending deformation can be expressed in terms of variation in chord length, similar to the
bending angle. As the sample is not thin and the bending deformation may not form a perfect arc
of a circle, the bending response is represented in terms of change in chord length. Initially, the
sensor is mounted horizontally on the electromechanical characterisation set-up and clamped at
the two ends with a deformable length of 30 mm. During the cyclic bending, the chord length
varied from 30 mm to 22 mm as shown in 4 (c). Figure 4(d) shows the corresponding response of
the sensor. It was observed that starting from chord length of 30 mm (up to 25 mm) the resistance
decreased sharply with a relative change in the resistance of the order of 200%. Beyond chord
length of 25 mm, the resistance increases and shows a variation of ~25% for the chord length
variation to 22 mm. The initial decrease in resistance may be due to the sensor performing in the
compression mode where the conductive graphitic particles come closer and enhance the electrical
percolation. However, further bending led to tension at the interface and the graphitic layer move
apart, which eventually increases the resistance. Thus, the chord length of 25 mm acts as an
inversion point, about which the resistance increases with deformation in either direction. In this
case, the resistance corresponding to this inversion point has been taken as the base line resistance
to express AR/Ro. This is also evident from the corresponding hysteresis given in Figure 4(e). In
order to separate out the different behaviour of resistance variation, cyclic bending measurement
was performed according to the schematic shown in Figure 4(f). Here, the sensor is initially
maintained in the flexed state starting with a chord length of 25 mm while the deformable length
remains 30 mm. Now the chord length is varied up to 13 mm and the cycles are repeated. From

Figure 4(g), it can be seen that there is a monotonous increase in the resistance which is different

15



from the initial cyclic measurement from the unstrained flat orientation. A maximum resistance
changes around 90% is obtained for the chord length variation of 13 mm from 25 mm. The
corresponding hysteresis for the cyclic measurement is depicted in Figure 4(h). The magnitude of
relative change in resistance during bending deformations is higher as compared to the bending

performance of similar sensors reported in literature’.

From the characterization results of the fabricated graphite paste based strain sensors, we
find that the performance (average gauge factor ~ 3800) is significantly higher than most of the
previous reports on piezoresistive strain sensors . Moreover, the development of graphite paste
showing conductivity, stretchability and sensing characteristics on flexible substrates such as
Ecoflex is promising for replacing brittle copper interconnects in traditional flexible PCBs.”
Based on various characterizations and analysis, it can be concluded that the piezoresistive
behaviour of strain sensors is governed by several factors such as the supporting elastic medium,
architecture of the strain sensor, materials properties, strain rate and deformation sequence, and
direction. To utilize strain sensors for real scenarios in applications such as soft robotics, a proper
knowledge of all these aspects is necessary. The piezoresistive strain sensors with large gauge
factor and fast response need not maintain linear response in all strain ranges. Moreover, the
sensors performance may be influenced by environmental factors such as temperature variations,
uneven surfaces, and electric potential fluctuations. All these parameters are measurable,
accountable, and predictable. For example, as discussed in previous sections, the hysteresis
behaviour is repeatable and from the hysteresis patterns, the origin (e.g., from bending or stretching
or twisting) could be distinguished. Thus, depending on the application, the hysteresis in the cyclic
loading-release strain may be acceptable. Even the time dependent relaxation of the

piezoresistance under constant strain is predicable with mathematical functions. In fact, the
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hysteresis and relaxation behaviour of the sensor is associated with the viscoelastic properties of
the supporting elastomer matrix and hence it is not completely avoidable and is a sign of well
couped sensor and the support matrix. Hence instead of attempting to develop perfectly linear and
low hysteresis piezoresistive strain sensors, it may be more efficient to predict the non-linear
behaviour of the sensor. In this regard, use of machine learning * and artificial intelligence "> could

also be useful.

3. Conclusion

In summary, the custom graphite paste based elastomeric strain sensor with Velcro enabled macro-
features, exhibits excellent performance (sensitivity ~ 16500 % and gauge factor ~ 3800) along
with excellent flexibility, stretchability, and repeatability. The comparison of our device with
previously reported stretchable sensors shows the best gauge factor even at lower stretchable
ranges. The sensing performance at varying linear stretching shows proportional increase in the
sensitivity. The sensor response at different strain rates demonstrate its suitability for diverse
applications with complex deformations. The viscoelastic hysteresis behaviour which is a typical
of piezoresistive strain sensors has been investigated to understand the reliability of the design and
functionality. The strain holding experiments provide good insights into the viscoelastic relaxation
behaviour of piezoresistive systems. The evaluation of the presented strain sensor at bending and
stretching allows identification of complex deformation and equilibrium states by real-time
feedback from the strain sensors when employed in robotics and other mechanical applications.
These investigations assert the need for greater focus on understanding the parameters influencing
the piezoresistive sensing behaviour so that complex dynamics of the mechanical systems could

be interpreted instead of the absolute strain values alone.
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Experimental Methods

Sensor Fabrication: The fabrication of strain sensor using graphite paste as sensing material and
Ecoflex™ 00-30 as substrate is carried out in four major steps as shown in supporting information
Figure 1 (a) and (b). For graphite paste preparation, in step (i) 2 wt.% of dispersant Triton X-100
(Sigma Aldrich) was dissolved in a solvent terpineol (Sigma Aldrich). Following this, (ii) the
binder ethyl cellulose (5 wt.%, sigma Aldrich) was added and stirred continuously for 2 hrs. to get
homogeneous solution. Finally, graphite powder was added to the binder solution and stirred
overnight (12 hrs.) to obtain a homogenous printable paste (the properties including viscosity
details are given in supporting information). In step (ii) the elastomeric substrate of the strain
sensor is also designed to print the graphite paste. For this the Part A and Part B components of
commercial Ecoflex™ 00-30 are taken in equal ratio and mixed thoroughly. Afterwards, in step
(ii1) the mixture is poured as a thin layer on a rectangular flat surface over contour of 5.5 cm x 2.5
cm defined with a commercially available Velcro tape. Once the elastomer is cured, it is peeled
off from the Velcro tape with the Velcro features engraved on the lower surface of the elastomer.
Now the elastomer layer is turned and placed upside down so that the patterned surface is on the
top surface. In step (iv) a uniform thin layer of the formulated graphite paste is applied on the
defined sensor area (4.5 cm x 1 cm) on the surface of the elastomer with the imprinted Velcro hook
structured pores. Further, the sample is dried in an oven at a temperature of 50°C until the solvent
of the graphite paste is completely evaporated. Following this, electrical contacts are realized on
the sample with fine copper wires and silver paste and a local encapsulation is made at the contact
point with epoxy. In the final step (v), another thin layer of Ecoflex is uniformed spread over the

elastomer layer and cured to obtain seamlessly integrated sensor within the elastomer. This
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arrangement also prevents the potential physical damage to the sensor material from external
impacts. The characterization set-up of the strain sensor is given in supporting information.

Graphite Paste formation and properties: In the graphite paste, the Triton X-100 act as surfactant
to stabilize the graphite particle in the suspension. The purpose of the terpineol is to act as a
medium to control the flow of the ink and to suspend the particles for better homogeneity in the
printed pattern. Ethyl cellulose serves as binders for the graphite sensing material and mediates the
anchoring of the sensing layers on the elastomer. These anchor points serve as nodes about which
the percolation paths for the electrical conduction can vary systematically with respect to the
dimensional changes of the elastomer by external mechanical strains thereby forming a
piezoresistive strain sensor. The viscosity analysis of the formulated paste was performed using a
viscometer (Cole Parmer, Serial: VCPL 450015; P/N98965-49) and the result is given in Figure
S1.(a). The typical shear thinning behaviour was observed for the formulated paste. This shear

thinning behaviour is one of the prerequisites for a paste to form better printed pattern.

Supporting Information.

Figure. S1. Graphical representation of performance metrics (gauge factor and stretchability) of
state-of-art strain sensors.

Figure. S2. (a) image of strain sensor in the linear stretching arrangement on custom experimental
set-up. (b) schematic of the Velcro enabled strain sensor design and anchoring effect (c) SEM
micrograph of graphite paste layer on the substrate.

Figure. S3: (a)-(c) optical microscopic image of the Ecoflex layer with Velcro structured patterning
(g) (h) schematic of the in-plane deformations of the ecoflex layer with engraved velcro features
(1) photograph of velcro tape used for device fabrication (j) schematic of the in-plane deformation

of a single velcro hook structure engraved in Ecoflex.

19



Table S1. Comparison of present work with the performance of other piezoresistive carbonous-

polymer strain sensors based on the values obtained from literatures.
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