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ABSTRACT: Flexible pressure sensors are of broad interest for applications including human-
machine interfaces, wearable electronics, and object/motion detection. However, complexities
associated with constituent materials, fabrication processes, sensing mechanisms and hardwiring,
often hinder the large-scale applications of using high performance pressure sensors reported in
the literature. Here we demonstrate a large-area, highly flexible and conformable, and
mechanically robust pressure sensor using a silicone elastomer with an embedded nonwoven
textile carrier coated with carbon nanotubes. The selected silicone polymer allows through-
thickness deformability of the sensor while the high modulus textile carrier ensures in-plane
stiffness and stability. The sensor has an initial electrical conductivity of 4.4 + 0.38 S/m and is
fabricated using a straightforward dip coating and polymer infusion process and can be easily
scaled-up for large-scale applications. Based on its hierarchical composite structure, this
piezoresistive pressure sensor possesses extremely high resilience under compression, a
repeatable monotonic positive pressure correlation, and an ultra-wide elastic working range (5.5
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+ 0.5 MPa) that can be segmentally linearized. A true two-dimensional modality for spatial
pressure mapping is realized by utilizing electrical impedance tomography (EIT) and
demonstrated to yield conductivity maps that can estimate the location, shape and amplitude of

both localized and distributed pressure with simple contact areas.
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pressure sensing, electrical impedance tomography, spatial pressure mapping

1. INTRODUCTION

Pressure sensors transform compressive stimuli into electrical signals.! Over the past decade,
tremendous research has been devoted to development of flexible pressure sensors owing for a
wide range of applications, including object/motion detection,? wearable electronics,>* human-
machine interfaces,’ and robotics.® To date, numerous flexible pressure sensors have been
reported in literature typically as combinations of sensing elements on flexible substrate

materials based on the four major sensing mechanisms of capacitance,”'° piezoelectricity,!!*!?

1322 and triboelectricity.?*** Among them, piezoresistive pressure sensors have

piezoresistivity,
been extensively studied due to their simple structures and straightforward sensing mechanism
where the sensor signal results directly from the resistance change of conductive elements and
their networks in reaction to external stimuli.! The active sensing elements are commonly formed
by the metallic nanowires ® and particles,' conductive polymers,*¢ and carbon-based structures.**
Particularly, carbon nanotubes (CNTs) can easily establish piezoresistive networks at a low
weight concentration due to their high aspect ratio (length/diameter), outstanding electrical

properties,® and easy availability.>> Currently, the market price for the multi-walled CNTs is on
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the order of one US dollar per gram, which is significantly lower than the commercial graphene-

based nanomaterials and silver nanowires (see Table S1 in supporting information).

However, the performance of CNT-based flexible pressure sensors with respect to sensitivity,
working range, response and recovery time, and stability are largely scattered in literature due to
complicated treatments to both CNTs and substrates and diverse processing methods.!*!7-2%2! For
example, Park et al.'* recently reported an extremely sensitive pressure sensor, which has a size
of 1 cm?, based on a microdome-structured polydimethylsiloxane (PDMS) with a CNT coating
that exhibited a varying sensitivity of 4.7-3.0x10* kPa™! in the working range of 0-26 kPa. Jian
and co-workers 7 fabricated a 1.5x1.5 cm? pressure senor with an aligned CNT/graphene hybrid
film and bionically microstructured PDMS that showed an ultralow detection limit of 0.6 Pa, a
pressure-dependent sensitivity of 19.8-0.27 kPa™!, and high stability for over 35,000 cycles, but
the sensor has a very narrow working range (< 6 kPa). Liu et al.'> utilized a dip-coating process
to coat single-walled CNTs onto braided cotton fabric and made a 0.45x0.45 cm? all-textile
sensor that presented a sensitivity of 14.4 kPa™' and working range up to 20 kPa. Chen and co-
workers ' coated CNTs onto polyurethane sponge strips, aligned them orthogonally and then

infused the assembly with PDMS to obtain a cross sensor (3 cm in diameter) able to distinguish

both normal pressure and bending.

CNT-based flexible pressure sensors capable of detecting pressure in the MPa-range have
been very rarely reported.!* Recently, Doshi and Thostenson ¢ fabricated a CNT-based fabric
sensor using an electrophoretic deposition approach. This sensor has an ultra-wide dynamic
sensing range from tactile pressures (<10 kPa) up to 40 MPa with an average sensitivity of 0.05
MPa™! .26 In comparison, a few flexible sensors with ultra-wide working range have been

developed with pizeotronic transistors (PTs), for example, a 2D ZnO nanoplatelet-based PT with
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the working range of 0-3.64 MPa by Liu et al.?’ and a patterned ZnO nanowire/p-Polymer-based
PT with 40-100 MPa working range by Bao et al.*® Recently, Wu and co-workers®’ introduced a
sandwich sensor based on PDMS and vertical graphene nanosheets that are both ultra-sensitive
and stretchable. The sensitivity to pressure varied with graphene nanosheet height and was
estimated to be ~0.030, 0.014, and 0.002 kPa™! for heights of 13, 7, and 2 um thick, respectively,

at pressures up to 500 kPa.

In addition to basic pressure detection, the capability of spatial pressure mapping is highly
desirable for advanced large-area flexible pressure sensors,>’ especially for applications in
human-machine interface. Currently, sensing arrays and networks consisting of point-type
sensors have been largely adopted to cover a surface area and map the resolved pressure
information from grid points*. However, many of these arrays in forms of 3x3,!13:18:29 4x4 8.15
5x5,% 6x6,°° and 8x8'? suffer from low resolution and/or crosstalk between neighboring elements
resulting in low quality pressure maps. To overcome these issues, high-density arrays®! or
specially engineered electrode systems, such as integrated coplanar electrodes,?' have been
implemented. Recently, some true 2D pressure visualization sensors have been established with
the incorporation of electrical impedance tomography (EIT).*23* EIT is a 2D imaging technique
that can reconstruct the electrical conductivity distribution within a conductive domain by using
voltage measurements collected exclusively from domain boundary electrodes.*> A thin and
pressure sensitive composite can serve as this 2D domain to enable EIT-based pressure mapping
that reconstructs the pressure-induced local conductivity changes within this domain. In this way,
typical limitations associated with sensing arrays such as the internal wiring systems, complex
array structures, and physical contacts between electrodes and applied pressure, can be avoided

with EIT-based area sensors.?>*



In this study, we first demonstrate a large-area, super flexible and conformable, and
mechanically robust pressure sensor based on a carbon nanotube-based nonwoven elastomeric
composite. Specifically, a commercial silicone rubber was chosen as the flexible matrix and an
aramid nonwoven textile fabric was selected as the carrier for the nanotube network and the in-
plane mechanical reinforcement, making the sensor robust. A straightforward fabrication method
consisting of a dip-coating process for coating the fibers followed by infusion of silicone is used
to create the flexible sensing skin. The sensor response was examined under a variety of loading
conditions to establish the linearity, sensitivity, and dynamic range. Notably, a 2D EIT-based
modality for spatial pressure mapping was realized with 12.7%12.7 cm skin sensors. A series of
static weight-stacking tests were conducted to validate its performance. The EIT maps
demonstrate accurate results for the location, shape and amplitude of the spatial pressure with
single contact area, but result in larger errors in mapping the pressure with multiple contacts.
Unlike many sensors reported in the literature, the use of commercially available and well-
established materials combined with conventional coating and composites manufacturing offers
the potential for straightforward and efficient process for large-scale production of these flexible

pressure Sensors.

2. EXPERIMENTAL METHODS

2.1 Materials, Manufacturing and Sensor Preparation

A commercially available nonwoven fabric consisting of randomly distributed discontinuous
para-aramid fibers (12 mm fiber length) with a cross-linked polyester binder was selected as the
carrier for the electrically conductive network. The nonwoven fabric has an areal weight of 50

g/m? and a thickness of 0.78 mm (Technical Fiber Products, Inc., Schenectady, NY, USA). An



aqueous CNT-containing sizing agent having approximately 1.5 wt% nanotubes, 3 wt%
surfactant, and 1.5 wt% film former (SIZICYL™ XC R2G, Nanocyl, Belgium) was used to
create a conductive coating on the fibers. A platinum-catalyzed silicone elastomer (Ecoflex® 00-
20, a Part A/B kit, Smooth-On, Inc.) was used as the polymer matrix. Conductive silver paint
(SPI Flash Dry, Structure Probe, Inc.) and silver-filled conductive adhesive (EPOXIES®40-3900,

Epoxies, Etc.) were used to create electrodes on the sensor.

The overall composite sensor manufacturing procedure is outlined in Figure 1. The
fabrication of nonwoven sensing fabric with a dip-coating process has been established in our
previous work.*-*® The CNT coating was applied to the fibers by first diluting the as-received
sizing with a weight ratio of 1:2 sizing:ultrapure water. To ensure that there is a uniform
dispersion of the diluted sizing the mixture was processed using a centrifugal mixer (THINKY®
ARM-310) at 2000 rpm for 2 minutes followed by bath sonication (Branson® 1510) for 20 min.
The nonwoven aramid fabric was dipped in the CNT dispersion for 20 minutes followed by
drying in a convection oven at 160°C for 1 hour. Importantly, prior to impregnation of the
silicone matrix, electrodes were applied to the CNT coated fabric using silver paint and wires
anchored with silver epoxy to ensure good electrical connections between electrode wires and

the sensing fabric.
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Figure 1. Flowchart showing the key procedures for manufacturing aramid-CNT-silicone

composite sensors.
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The composite sensors were fabricated by mixing the silicone elastomer (Part A) with the
crosslinker (Part B) at 1 : 1 weight ratio and soaking the CNT-coated fabric in the mixture while
degassing for 20 minutes in a vacuum oven to remove air bubbles. Next, the silicone-
impregnated samples were molded between two flat aluminum mold plates with 1.2 mm thick
spacers to maintain a uniform thickness. A metal weight was placed on the top mold plate to
squeeze out excess silicone and ensure all sensors have a uniform thickness of 1.2 mm. Samples
were then cured at room temperature for 4 hours and followed by post-curing in a convection
oven at 80°C for 2 hours and 100°C for one hour. Based on weight difference calculations before
and after manufacturing, the aramid-CNT-silicone composite has a fiber volume content of

approximately 9.8 vol.% and a CNT concentration of approximately 0.35 wt%.

As illustrated in Figures 2a and 2b, sensors with two different electrode configurations were
fabricated — a 2-electrode distributed pressure sensor (3.2 x 6.4 cm) and a 32-electrode skin
sensor (12.7 x 12.7 cm) for pressure mapping. Two groups of control samples including an
aramid-silicone composite and unreinforced silicone films were prepared under the same

conditions and size.
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Figure 2. Schematic illustrations showing (a) the setup for electromechanical characterization
with point-type sensors using two identical compression plates (resulting in two compression
areas of 3.2 X 3.2 cm and 3.2 x 4.5 cm), and (b) the hybrid adjacent current-voltage measurement
pattern for EIT-based pressure mapping using skin sensors with 32 boundary electrodes (current
injection route shown by arrows around the boundary, and voltage measurement pathways as

dashed lines within the domain).

2.2 Microstructure Characterization

A handheld digital microscope (Dino-Lite® AM4113ZT, Dunwell Tech, Inc) was utilized to
examine the structure and quality of the coating on the aramid fabric prior to resin infusion. The
morphology of CNTs, aramid fibers and the fractured aramid-CNT-silicone composites was
characterized using an AURIGA™ 60 Crossbeam™ FIB scanning electron microscope (SEM)
with an acceleration voltage of 3 kV. Composite samples were cryo-fractured in liquid nitrogen
and a thin layer of Au/Pt was sputter coated onto the fracture surface (Denton Desk IV, Denton

Vacuum LLC) to minimize charging.

23 Mechanical and Pressure Sensing Performance Characterization

The sensing response of the composite sensors and the mechanical response of the control
samples were examined using a screw-driven universal testing machine (Instron 5567) with a 30
kN load cell. Monotonic normal pressure was applied to the samples by two polished parallel
compression plates (shown in Figure 2a with the compression area of 3.2 x 3.2 cm) ata

displacement rate of -0.4 mm/min. To ensure complete failure of all samples, the ultimate



compressive displacement was set to -1.1 mm -- 92% of the sample thickness. Here, all samples
could freely dilate laterally under compression. Pressure sensing performance was evaluated by
measuring the electrical response in real-time with applied pressure across the composite sensors
using a two-probe method (Figure 2a) using a source meter unit (Keithley 6430, Keithley
Instruments Inc.) by applying a source voltage of 10 V and measuring the current. Based on
Ohm’s law, the transient electrical resistance (R) was recorded and the normalized resistance
change calculated by the percentage bulk resistance change of the sensor: AR/Ry (%) (AR = R-Ry

and Ry is the initial electrical resistance).

Being consistent with other studies,'>¢

the pressure sensitivity of the sensors was defined as
the normalized resistance change due to the unit pressure change and calculated as [AR/Ro]/AP
(4P is the transient pressure change) that can be represented by the slope of the resistance change
versus pressure curve. In the the compression tests Ry was measured prior to application of load.
For nine sensors the average Ry and measurement standard deviation was 337 & 28 Q. The initial
volume electrical resistivity, po, and conductivity, oy, of the composite sensors were then
calculated to be 0.225 + 0.019 Q-m and 4.44 + 0.38 S/m, respectively by pp = RoxA/L and op=

1/po (A is the cross-section area of the sensor and L is the gage length between the two

electrodes).

After confirming the elastic working range of the composite sensors from the monotonic
testing results, a series of cyclic compression tests were conducted to evaluate the sensor
performance under differing pressure ranges. Samples were first subjected to an incremental
quasi-static loading-unloading protocol with the compression area of 3.2 x 4.5 cm at a constant
displacement rate of -0.5 mm/min and with load peaks of -200, -300, -450 and -600 N that exerts

-136, -204, -306 and -408 kPa pressure, respectively. Each load peak was repeated four times
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with a six-second hold between each threshold. Next, a 0.1-Hz cyclic loading test was performed
using a servo-electric universal testing machine (Instron 8562) with a 15 kN load cell. Samples
were compressively cycled 30 times within both low and high pressure ranges including -100 to -
600 N (-95 to -570 kPa) and -1 to -2.5 kN (-0.95 to -2.4 MPa) cycle with the compression area of
3.2 x 3.2 cm at a loading rate of -100 N/s (-94.7 kPa/s) and -300 N/s (-284.1 kPa/s), respectively.
At least five samples were tested for each loading scenario to ensure measurement accuracy and

repeatability.

24 Tomographic Approach and Testing for Spatial Pressure Mapping

After characterizing the basic pressure sensing properties, the spatial pressure mapping capability
of the aramid-CNT-silicone composite sensors were studied with the EIT framework as
established in our previous work.*®* To obtain EIT maps of conductivity distributions, both
forward and inverse problems need solved sequentially. The forward problem is the process of
numerically simulating the boundary voltages with a preselected initial conductivity and
normally executed using the finite element (FE) method.?*>#%*! The mathematical model is
governed by Equation (1) with boundary conditions enforced by the complete electrode model

(CEM).4O’42’43

V- (oVu) =0 (in 2D domain) (1)

where, o is the conductivity distribution and u is the voltage.

The weak solution to Equation (1) is estimated by the discrete FE model that is generally

expressed by a linear system of equations as following:

10



Ay +4A; Ay
A%E, AD] [Z] - [(1)] (2)

where [Au] is the usual system matrix for Equation (1); [4w], [Ap] and [A:] set CEM boundary

conditions.?>*°

With the computed nodal voltage distribution [u], the Jacobian matrix [J] can be constructed
to relate changes in boundary voltages at electrodes to internal conductivity.*’ Next, the inverse
problem reconstructs the internal conductivity distribution with the known set of injected
currents [/] and boundary voltage measurements [U]. It is known that this is an ill-posed and
nonlinear inverse problem.* To impose the regularization and linearity, a one-step difference
imaging algorithm, namely the maximum a posterior (MAP) given in Equation (3),* was

employed to reconstruct the map of normalized conductivity changes ([Ad/oy]).

& = 10wy + Ry Tw {%} =B{;} )

1) Uo

where, [J];= — [ X7, (Vw);(Vu*) jdxdy ,* [W] is the covariance matrix for voltage measurements;
[R] is the regularization matrix; 4 is the regularization parameter; [B] is the reconstruction matrix

corresponding to a specific 4; [AU/Uy] presents the normalized change of voltage measurements

with AU = [U] - [Uq].

Specifically, Tikhonov regularization®34°

was used to treat the ill-posedness of the inverse
problem by imposing smoothness. The extent of smoothing is controlled by the selected 4. Here,
the finally stabilized reconstruction without under- or over-smoothness is computed with the
optimal A (Lop), which is determined when implemented noise figure (NF) equals to 1.%° It is

worthy to note that the NF metric, first introduced by Adler et al.** sets the signal-to-noise ratio

of the reconstructed conductivity distribution (SNR,) be proportional to the SNR of the voltage
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measurements (SNRy) (i.e., NF = SNRu/SNR,). Additional details related to the EIT method are

reported in our previous research.?®3

Skin sensors (12.7 x 12.7 cm) were fabricated with 32 electrodes anchored around the
boundary as shown in Figure 2b. The initial conductivity of these samples were measured in their
horizontal and vertical directions. Spatial pressure were applied on the sensor by statically
stacking metal weights at different locations. Different pressure regimes (< 32 kPa) were
deployed accordingly to demonstrate the capability of EIT-based pressure mapping. Here, EIT
measurements were taken following a hybrid adjacent current-voltage scheme?® as shown in
Figure 2b where 32 current injection pairs (starting with 11 between electrodes #1-#2) are
sequentially applied around the boundary and the resulting differential voltages (dashed lines)
are measured in reference to the preselected ground electrode #8. Note that for all current
injections (I1 to 132), the collection of voltage measurements remains in the single-ended pattern.
Before and after a pressure event, a full EIT data set of 870 (29%30 without involving the ground
and current injection electrodes) independent voltage measurements were collected using a
customized data acquisition system consisting of a sourcemeter (Keithley 6430), multiplexer
(Keithley 3706A) and nano-voltmeter (Keithley 2182A)*-° with 10 mA direct current injections
applied. Utilizing the previously established 2335-element FE platform ina MATLAB

{41

environment™', EIT reconstruction maps were computed after each event to display the pressure-

induced conductivity changes occurred in the skin sensor.

3. RESULTS AND DISCUSSION

3.1 Composite Structure and Morphology
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The materials selected for the pressure sensor were chosen to allow through-thickness
deformability by utilizing a silicone elastomer while having in-plane dimensional stability
because of the high modulus aramid fibers. The in-plane stiffness prevents excessive resistance
changes due to extensional deformation, ensuring that the sensor response is dominated by out-
of-plane pressure. The hybrid composite sensor demonstrates excellent flexibility and
conformability. Figure 3a shows an 8 x 102 mm sensor rolled around a 6 mm diameter tube, and
in Figure 3b the same sensor is folded seven times, reaching a bend radius down to 0.5 mm. This
deformed strip easily reverts back to its original shape without any damage (Figure 3c). This
formability of the composite sensing skin offers opportunity to conform the sensor to complex
shaped surfaces. It should be noted that the sensor’s electrical response due to large bending and
folding motions has been preliminarily studied and demonstrated a stable trend of resistance
change after 60 bending- and folding-releasing cycles (see Figure S1 in supporting information),
showing the comparable variations as those recently reported textile sensors.*” In this research
we examine the sensing response of a planar sensor. If the sensor is conformed around a surface
there will be a resistance change due to the in-plane deformation (Figure S1) that would need to

be compensated for.

(a) (b)

R
— 1cm

Figure 3. Photographs showing an 8x102 mm composite sample (a) twisted on a 6 mm-dia.

tube, (b) folded 7 times and pressed between fingers, (c) recovered after a,b.
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Figure 4a shows a cross-sectional optical micrograph of the composite sensor, which shows
the fabric sensing layer (~0.8 mm) at the center of the composite and thin (~0.2 mm) silicone
rich layers at the surfaces. The silicone fully encapsulates the textile sensing layer, creating a
protective barrier against moisture and other chemicals and creates an electrically insulating, safe
substrate for skin contact applications. Figure 4b shows an SEM micrograph of the freeze-
fractured surface of the silicone-infused sensing layer, revealing a composite structure of
randomly distributed fibers with a low overall volume fraction. Figure 4c shows a typical area on
the fracture surface where some splitting fibers are protruding from the matrix and have
relatively smooth fiber surfaces due to the stripping of CNT coating layer which remains in the
pullout holes. This suggests that during fracture the debonding likely occurs at the interface
between the CNT coating and the fiber surface. In addition, Figure 4d shows a micrograph of the
fractured composite sensor where the silicone-rich layer had peeled-away. It can be seen that the
interconnected fibrous network is infused with silicone and on the fracture surface imprints of
peeled-off fibers can be seen in the silicone rich region. Some irregular pores (~50-350 um)
appear near the fiber-fiber connecting regions, resulting in a macro porous hierarchical structure
that may enhance compressibility.!!'®!° Figure 4e shows a high magnification image of a coated
fiber that has debonded from the matrix and embedded CNTs on the fiber coating are clearly

visible with little or no CNT pullout.
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Figure 4. (a) An optical image showing the cross-section of the composite sensor and SEM

micrographs showing (b) the sensing core region, (c) the splitting fibers and fiber pullout holes,
(d) in-plane view of the hierarchical composite structure, and (e) the enlarged view of the boxed

region in (d) showing the morphology of nanotube coating on fiber surfaces.

3.2  Mechanical Properties

Figure 5a shows the through-thickness mechanical response of the pure silicone, aramid-silicone,
and aramid-CNT-silicone (the sensor) as statically compressed. It can be seen that pure silicone
film shows the lowest strength but a highly elastic behavior with a strong linearity observed
before approaching 0.4 mm (33.3% compressive deflection at a pressure 850 kPa). As pressure
further increases, the compressive response deviates from the original linearity due to the
yielding of the unreinforced silicone film, demonstrating unrestrained dilation out of the
compression plates, as shown in the inset of Figure 5a. Both composite films show a similar
response consisting of three distinct regions including a linear elastic region, the highly nonlinear
region with possible silicone matrix yielding and fiber-matrix debonding, and a final linear
region of fabric crushing, shown by the limits A and B labeled in Figure 5a. In the region

between A and B on the pressure-displacement graph, there are localized load drops, which may
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be indicative of a stick-slip debonding mechanism between the fibers and the silicone matrix. It
should be noted that due to the reinforcement from fibers and nanotubes, the as-prepared sensor
show the average elastic compressive deflection of 25% (i.e., 0.3 mm) at 5.8 MPa and final

compressive strength of 11.2 MPa, which is over 200% and 35% greater than these limits of the

aramid-silicone films and 650% and 350% higher than the unreinforced silicone films.

The corresponding deformed shape of composite samples are represented in Figures Sb-d. As
compared to the pure silicone, the out-of-plane dilation is constrained by the in-plane aramid
fiber network, resulting in enhanced compressive behavior. At the elastic limit A, both composite
films display a uniform bulging shape with small bubbles formed along the edge (Figure 5b),
possibly resulting from the relocation of the embedded air pores under compression.'’ With
increasing compression, the silicone matrix likely debonds from fibers and initiates permanent
damage, limiting load transfer and causing the decreasing the bulk stiffness. Clearly, at the
yielding limit B, a large amount of material is squeezed out of the compressed plane (Figure 5c¢),
showing a distorted, bulging shape. At higher displacements the aramid fiber network undergoes
transverse deformation until final compression failure, as shown in Figure 5d. Schematics
describing the deformed shapes are shown in Table S2 in supporting information. In short, the
high elastic limit compared to the silicone and aramid-silicone demonstrates the robustness of the
pressure sensor. Additionally, in our previous work®” under the in-plane tension loads, this
aramid-CNT network in an epoxy matrix has also displayed stable mechanical properties as

commonly observed in nanoengineered fiber composites.*3
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Figure 5. (a) Typical compressive mechanical responses of aramid-CNT-silicone (the sensor)
and aramid-silicon composites, and pure silicone (with its crushed shape shown in inset), and
(b,c,d) corresponding snapshots showing the deformed shapes of the composite samples at A, B,

and the final failure stage.

33 Electromechanical Response for Pressure Sensing

Figure 6a shows the typical real-time resistive response of the pressure sensor under monotonic
compression. As expected, the sensor response (solid, red line) closely follows its mechanical
behavior (black, dashed line), demonstrating the three characteristic regions as previously
mentioned (Figure 5). As the applied pressure increases, the resistance change of the sensor
increases instantly, showing a monotonous positive pressure correlation (PPC). In our sensor, the
CNT network is continuously coated on a nonwoven fabric and develops a certain amount of
junctions between fibers. As shown in the micrographs in Figure 4, the CNT coating and the

associated fiber junctions are surrounded by the insulating silicone matrix. The resistance change
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mechanism is likely the in-plane straining of the piezoresistive CNT network on the fiber surface
due to Poisson expansion/dilation under out-of-plane pressure. This is a similar mechanism as
observed by Wu et al.?’ for a sandwich sensor of vertically aligned graphene nanosheets and PDMS
where they show a very good agreement for predicted values based on Poisson expansion under
out-of-plane compression with their experimental results. Meanwhile the silicone likely insulates
the individual fibers from making any conductive junctions, resulting in PPC behavior. For
comparison, similar sensors investigated by Doshi and Thostenson?® where a nonwoven aramid
fabric with an electrophoretically deposited CNT coating without a supporting matrix of silicone
displayed a decrease in the in-plane resistance under pressure, or a negative pressure correlation
(NPC). This resistance change was attributed to the junction-dominated conduction mechanism
from (1) the distributed fiber-fiber junctions at low pressure and (2) the fiber-fiber piezoresistive
response of the sponge-like porous nanocomposite coating under compression. It should be noted
that a group of six samples demonstrated the similar PPC behavior with a remarkable elastic
working limit of 5.5 £ 0.5 MPa. Above the elastic limit, we observe an initial load drop and
instantly observe large jumps in the resistance that directly correspond to load drops. We believe
that this is likely due to matrix yielding and fiber/matrix debonding accompanied by severing of
in-plane conductive pathways on the fiber surface. At higher pressures, there is continued increase
in resistance and appears to reach a maximum prior to the applied deformation limit, resulting in
an overall 6700% resistance change.
Figure 6b shows the electromechanical response where the resistance change of the sensor is

shown with applied pressure. The overall sensing response (solid, red line) with pressure is
nonlinear but responsive up to its elastic limit, enabling a large dynamic range of the sensor. This

response can be fitted to a cubic curve (gray, dashed line) with a correlation coefficient of 0.999
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(Figure 6b). Clearly, the sensor shows pressure-dependent sensitivity, which is in agreement with
most of the reported studies.!”?!*? In addition, this working range can be segmentally linearized
in multiple pressure regions covering the 0.2-1.1 MPa, 1.1-3.3 MPa, and 3.3-5.5 MPa with the
linearized sensitivity of 0.01, 0.0068, and 0.015 MPa™!, respectively. Notably, the high sensitivity
is demonstrated at low pressures (highlighted in yellow in Figure 6b). For instance, as enlarged
in Figure 6c¢, the sensor displays a sensitivity of 5x107° kPa™ (0.05 MPa™) in 2-50 kPa range and
1.7x10* kPa (0.17 MPa™) in the tactile range below 2 kPa as shown in the inset of Figure 6¢.
Although the elastic pressure sensitivity of this sensor is lower than other CNT-based flexible
sensors highlighted in the introduction and those recently reported by Yang et al.% and Li et al.’,
the working range of the current sensor is 2-3 orders of magnitude larger and is highly scalable

for large-area sensing applications.

To establish a viable pressure sensor, it is necessary to evaluate the sensor performance under
multiple cycles. Figure 7a shows the real-time sensor response as subjected to the incremental
pressure cycles. Within the applied 0-400 kPa pressure range, the resistive response (red line)
displays a stable and elastic trend with local minima and maxima consistent to the individual
peak and valley loading points (dashed line), displaying a strong correlation with the pressure
profile. In addition, a resistance change (~0.4%) is observed after the first cycle, which is likely
due to the irreversible self-adjustment of the composite structure when initially compressed and
also corresponds slight permanent residual displacement (gray line). This phenomenon vanishes
in subsequent cycles and reappears as the sensor subjected to an increased pressure level, is

#9-30 along with commercial point-type sensors,’! which

similar to that observed in references
must be pre-loaded up to the maximum desired sensing range and then are repeatable after that.

Figure 7b shows the electromechanical response corresponding to the 2™ ramp of the 200, 300
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and 400-kPa pressure cycle, which exhibits a linear elastic trend with the nearly identical
pressure sensitivity quantified as 0.031, 0.029 and 0.028 MPa’!, respectively. Upon complete
unloading, there is a slight resistance drift observed in the pressure-holding period likely due to
the viscoelastic relaxation of the silicone matrix.**>>3 Note that about 20% variation in pressure
sensitivity was shown by the tested samples, which likely results from the intra/inter-batch

variations of the samples.
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Figure 6. (a) Typical real-time resistive response (solid red) of the sensor as compressively
loaded to 92% deflection (1.1 mm) in comparison with its mechanical behavior (dashed),
showing an elastic working range up to 5.5 MPa the vertical axis switches from linear to
logarithmic after the elastic , (b) the corresponding sensors’ electromechanical response within
its elastic working range with linearized curves indicating the pressure sensitivity in consecutive
pressure ranges, and (c) enlarged view of the low pressure response (< 50 kPa) in (b) (yellow

shadowed zone) with the close-up view of tactile pressure range (< 2 kPa) shown inset.
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Figure 7. (a) Typical real-time resistive response (solid red) of the composite sensor under a
displacement-controlled incremental cyclic pressure protocol (black dashed) in comparison with
its mechanical behavior (solid gray) and (b) the sensors’ electromechanical response
corresponding to 200, 300, and 400 kPa pressure cycles with linear curve fits indicating the

pressure sensitivity.

The pressure sensor performance was further explored under the load-controlled repeated
pressure cycles. Figure 8 shows the typical resistive response in the 100-600 kPa and 1.0-2.4
MPa pressure range for 30 repeated cycles at 0.1 Hz. Consistent with the previous tests (Figure
7a), the initial drastic resistance change is observed during the first cycle in both pressure ranges.
Later, the sensor shows a close correlation with the applied pressure cycles but also an overall
time-dependent drift, likely due to the viscoelasticity of the silicone matrix. Similar dependence
is commonly observed in the responses of the CNT-based flexible sensors.**** After 20 cycles,
the resistive response tends to stabilize and demonstrates a nearly constant resistance change of
0.13% and 0.25% in the 100-600 kPa and 1.0-2.4 MPa pressure range respectively, indicating the

repeatability of the sensor. We also believe that this tendency may be dominated by the structure
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modulation process of the sensor,> which means that over a few loading-unloading cycles the
fiber skeleton fully interacts with the applied pressure after the relocation of embedded pores
(Figure 4d), creating a steady conductive network. This process is related to the fatigue behavior

of the sensor and will be explored in future research.
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Figure 8. Typical real-time cyclic response (red) of the composite sensor in 1.0-2.4 MPa (top) and

100-600 kPa (bottom) pressure range under load-controlled pressure protocols (dashed).

34 Spatial Pressure Mapping

For many practical pressure sensing/monitoring applications, it is desirable to visualize the
spatial pressure distribution as readable graphics. Because the electrical properties of the

composite pressure sensor are globally in-plane isotropic, we can utilize the EIT technique for a
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true 2-D pressure sensing modality to relate local electrical property change to the applied
pressure. To evaluate the feasibility and performance of the sensor to map pressure distribution,
the sensors were evaluated under multiple test conditions with defined pressure amplitudes and
contact areas. Because the composite sensor demonstrates measurable sensitivity in the low-
pressure range (see Figure 6c¢), the applied local pressure amplitudes were limited to 32 kPa to
evaluate the ability of the larger sensing skin to detect low pressures. This pressure range is also
common for human daily activities,? such as gentle manipulation of objects and walking.
Selection of the pressure contact area size was based on the nominal spatial resolution of the EIT
method (3.4% = 1/+/N=1//870, where N is the number of independent measurements).** For all
tests the initial conductivities of the square sensing skins were measured prior to application of
pressure so that the calculated electrical conductivity map could be normalized relative to the

initial conductivity.

In order to validate the ability of the sensor to detect local pressure amplitude, weights were
stacked on the same circular pressure contact area of 1295 mm? located at the center of the
specimen. The mass of the weights correspond to pressure amplitudes of 7.6, 14.0, 17.8, 21.6 and
28.3 kPa. The compressed area ratio (CAR) is 8% (pressure contact area/total sensing area =
1295 mm? / (127 mm x127 mm)) is greater than the calculated nominal EIT spatial resolution of
3.4%. Figures 9a-e show photos of the sensor with different weights stacked on a circular area
with increasing pressure amplitude and the corresponding normalized conductivity EIT maps.

The contact area is shown by a dashed circle in the EIT reconstructions.

In all of the EIT maps the local electrical conductivity decreases at the location of applied
pressure, represented by the color intensity from red to blue, which corresponds to an increase in

the local electrical resistance due to the applied pressure observed in the tests on sensors
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subjected to uniform applied pressure (Figure 6a). Except for a slight underestimation at the
application of 7.6 kPa (Figure 9a), the EIT reconstructions yield accurate results for the pressure
location, shape, and amplitude (Figures 9b-¢). Note that all EIT maps show sharp contrast, high
resolution, and low background noise, which is related to selection of the noise model (i.e., [ 7]
in Equation (3) for white noise*®) and 4, of 0.108 (a relatively high degree of smoothing). The
bar charts shown in Figure 9f show the distributions of the total 2335 EIT elements for the color
bins ranging from 0 to -0.5% for the five applied pressures. The red bins in the graphs (2300,
2149, 2028, 2063, and 2036 elements) represent the pressure-free zone in the sensing layer, near
0% conductivity change. For the higher pressures the EIT model utilized the rest of the elements
(1.5, 8.0, 13.1, 11.6, 12.8% of the total elements) to reconstruct the pressure-induced local
conductivity change and estimate the compressed area shown in the EIT maps. For each event,
the count of the bin of the largest conductivity change determines the amplitude from -0.1%

(orange) to -0.5% (dark blue) for the 7.6 to 28.3 kPa compressions shown in EIT maps.
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Figure 9. Experimental results: (a-e) photographs showing the skin sensor with statically stacked

circular weights at its center with increasing pressure amplitude (7.6 - 28.3 kPa) and the

corresponding EIT maps with dashed circulars indicating the actual pressure contact area on the
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sensor; (f) bar charts showing the distribution of the total 2335 elements from EIT

reconstructions of the five applied pressures.

To examine a uniformly distributed pressure over a large contact area, a large square plate
(96 x 96 mm) was placed over the sensor corresponding to 57% CAR. This test evaluates the
performance of the EIT method due to the minimal contrastive measurements as a low pressure
of 0.87 kPa applied on the sensor (Figure 10a). The EIT map shown in Figure 10b demonstrates
relatively low but certainly distinguishable change in color intensity contour under the square
area. Some artifacts are observed at the four corners, likely due to the local electrode errors.*
The EIT map is able to estimate the location and shape of contact area, indicating an

effectiveness for pressure mapping in the low pressure regime.

(a)
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Figure 10. Experimental results: (a) photograph showing the sensor with a square plate and
weight added to correspond to a low pressure of 0.87 kPa; (b) EIT map corresponding the

applied pressure where the dashed box indicates the actual contact area.

The capability of mapping multiple and distributed pressure locations is also an important
performance metric of the sensor. The photographs in Figure 11 show different weights applied

where Figure 11a has a single circular contact area with 31.1 kPa pressure that is offset from the
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center of the sensor and Figure 11c¢ shows an additional contact area where 26.3 kPa pressure
was applied. The two contact areas represent 794 and 1134 mm? of circular contact area for the
two scenarios (4.9 and 7% CAR). The corresponding EIT maps (Figures 11b and 11d) show
accurate estimations for the pressure locations. It is worthy to note that the second EIT map
(Figure 11d) shows an extended transition between the contact areas (dark blue regions) and the
color intensity for the 1% applied 31.1 kPa compression is slightly less than the 2" 26.3 kPa one,
which is likely attributed to the temporal error®® accumulated during these two compression
events and also local compressive deformation of the sensor in the region between the two
weights due to the low Young’s modulus of the silicone. In addition, the EIT model assumes that
the sensor has isotropic electrical properties, but the local electrical properties of the sensor are
anisotropic due to the random fiber network. The conducting fibers likely intersect the multiple

areas of pressure.

4

2NN SN N Y
Electrical Conductivity Change (%)

Figure 11. Photographs (a and c) of the pressure sensor with locally applied pressure showing
circular contact areas corresponding to 31.1 kPa pressure in a and 31.1 and 26.3 kPa pressure in
c, and EIT maps (b and d) corresponding to a, ¢ with dashed circles indicating the actual contact

arcas.
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In another test, three compressions of 10.3, 10.1 and 11.8 kPa with circular contact areas of
1134, 794 and 1552 mm? (7, 4.9 and 9.6% CAR, respectively) were simultaneously applied to
the sensor (Figure 12a). Figure 12b shows the corresponding EIT map executed with the
Gaussian noise model*® and a much smaller A, of 1.18x10 and shows good qualitative
mapping of the pressure locations. With the diminished temporal effect, the three pressure
contacts can be visually distinguished. However, the shape of the 10.3 and 11.8 kPa
compressions are slightly stretched to the boundary most likely due to electrode contact
resistance noise since the pressure contact areas are very close to the boundary electrodes. In
addition, the image amplitude for the 10.1 kPa compression is low, likely resulting from the
measurement errors caused by shadowing effect that the voltage measurement pathways for the

11.8 and 10.1 kPa events overlapping in the diagonal region (see Figure 2b).

R .
Electrical Conductivity Change (%)

Figure 12. Photograph (a) showing sensor with concurrently applied compressions of 10.3, 11.8,
and 10.1 kPa; and (b) the corresponding EIT map with dashed circles indicating the actual

contact areas.

To further examine distributed pressure (Figure 13) two specially shaped aluminum weights
were used with rectangular contact areas (25%64 mm each, 9.9% CAR) with an uneven pressure
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gradient, varying from 8.1 to 2.0 kPa and 7.0 to 0.9 kPa for the 1% and 2™ compression regions,
respectively. The EIT maps corresponding to a Gaussian noise model and A,y of 3.44x107 are
shown in Figures 13b and 13d. With some scattered boundary noise, the reconstructions show
reasonable approximations for the location and the rectangular shape of the contact area.
Although the area is not a sharp rectangle the bulk electrical conductivity change (yellow to
blue) is directly underneath the applied weights with similar shadowing observed with the
multiple weight applications. A rough estimate for the pressure amplitude that the color
intensities represented for the high end pressure of 8.1 and 7.0 kPa are similar, matching the 1%

and 2"¢ weight contour.
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Figure 13. Photographs (a and ¢) showing with trapezoidal-shaped aluminum weights, inducing
one and two rectangular pressure contact areas with varying pressure amplitudes from the high to
low end, i.e., 8.1-2.0 kPa in a and 8.1-2.0 and 7.0-0.9 kPa in c; (b and d) EIT maps

corresponding to a and ¢ with dashed boxes indicating the exact pressure contact areas on sensor.

4 CONCLUSIONS

In conclusion, we have developed a novel ultra-flexible and conformable composite pressure

sensor based on a nonwoven textile carrier coated with CNTs embedded in a silicone elastomer
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matrix. The sensor is fabricated with straightforward coating and composites manufacturing
techniques making it scalable for a wide range of future applications including soft robotics,
wearable electronics, human-machine interfaces, biomedical devices, and human motion
analysis. The materials selected for the pressure sensor were chosen to allow through-thickness
deformability by utilizing a silicone elastomer while having in-plane dimensional stability
because of the high modulus aramid fibers. The in-plane stiffness prevents excessive resistance
changes due to extensional deformation, ensuring that the sensor response is dominated by out-
of-plane pressure. The CNT-aramid-silicone composite sensor has an ultra-wide elastic limit up
to 5.8 MPa, which is over 200% and 650% greater than the limits of an aramid-silicone

composite without CNTs and a pure silicone, respectively.

The mechanism of resistance change is likely in-plane straining of the piezoresistive network due
to the Poisson expansion/dilation of the silicone matrix transferring stress to the fibers in-plane,
resulting in an increase in electrical resistance due to elastic strain in the piezoresistive coating.
In addition, the sensors have a remarkably wide elastic working range, up to 5.5 = 0.5 MPa. The
sensor shows a repeatable positive pressure correlation with pressure-dependent sensitivity that
can be closely linearized in different pressure sensing ranges. The cyclic sensor response has
been examined under both displacement- and load-controlled modes in kPa and MPa pressure
ranges, displaying good repeatability. Notably, the composite sensor can be utilized to map the
spatial distribution of pressure using the EIT technique where local compression increases the
sensor resistance (reduced conductivity). Solely relying on boundary measurements, this EIT-
based method can cover a large sensing area without any internal wiring and electrodes.
Although the electrodes in this research are connected with individual external wires, we

envision that, when scaled-up, a flexible circuit board where electrodes are integrated into a
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Kapton substrate around the boundary of the sensor would be used. Here, EIT maps demonstrate
accurate estimations for the pressure location, shape and amplitude under single-contact pressure
conditions, but result in larger errors in mapping the pressure shape and amplitude under
multiple-contact pressure conditions. Qualitatively, this pressure mapping methodology has
sufficient spatial and pressure resolution to detect both localized and distributed pressures with
simple contact areas. Future work is aimed at developing advanced EIT algorithms to enhance

pressure-mapping quality.
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