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Abstract

A scalable electrophoretic deposition (EPD) approach is used to create novel thin, flexible and
lightweight carbon nanotube-based textile pressure sensors. The pressure sensors can be produced
using an extensive variety of natural and synthetic fibers. These piezoresistive sensors are sensitive
to pressures ranging from the tactile range (< 10 kPa), in the body weight range (~ 500 kPa), and
very high pressures (~40 MPa). The EPD technique enables the creation of a uniform carbon
nanotube based nanocomposite coating, in the range of 250—750 nm thick, of polyethyleneimine
(PEI) functionalized carbon nanotubes on non-conductive fibers. In this work, non-woven aramid
fibers are coated by EPD onto a backing electrode followed by film formation onto the fibers
creating a conductive network. The electrically conductive nanocomposite coating is firmly
bonded to the fiber surface and shows piezoresistive electrical/mechanical coupling. The pressure
sensor displays a large in-plane change in electrical conductivity with applied out-of-plane
pressure. In-plane conductivity change results from fiber/fiber contact as well as the formation of a
sponge-like piezoresistive nanocomposite “interphase” between the fibers. The resilience of the
nanocomposite interphase enables sensing of high pressures without permanent changes to the

sensor response, showing high repeatability.
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SENSOR MANUFACTURING
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Carbon nanotubes (CNT) functionalized with polyethyleneimine (PEI) are deposited on aramid
fibers using an innovative and scalable electrophoretic deposition (EPD) method. The PEI-CNT

forms an electrically conductive and mechanically resilient nanocomposite coating, which enables

piezoresistive pressure sensing in tactile as well as high pressure range with potential applications

in smart textiles and wearable sensors for humans and e skins for robots.

Keywords

Carbon nanotubes; nanocomposites; piezoresistivity; electrophoretic deposition; smart textiles;
tactile pressure sensor

Increasingly, there is interest in the development of highly flexible and sensitive pressure
sensors that can detect a wide range of pressures. These sensors have a vast potential to be
used for applications where surface complexity, thickness limitations and sensitivity are
critical, such as electronic skin. These sensors could potentially stimulate applications in the
fields of soft robotics, human-machine interfacing, electronic gloves,’ touch detection,
biomedical devices and prostheses, and human motion analysis. While conventional pressure
sensors were bulky and mostly based on diaphragms and hydraulics, in recent years the
sensing mechanisms for pressure sensors have expanded to include capacitive sensing,”
piezoelectric sensing,” triboelectric sensing,” and piezoresistive sensing.’

The electrical resistance of a piezoresistive pressure sensor changes as a result of the applied
pressure. Commonly used piezoresistive sensors are elastomer-based conductive composites
and are popular due to low cost, stretchability, flexibility, and ease of fabrication. Frequently
used additives as the conductive phase in elastomers include carbon black, metal powders,
carbon fiber and carbon nanotubes. However, these elastomer-based pressure sensors are
unstable and incapable of measuring a wide range of pressures. The performance of the
sensors is limited by the mechanical properties of the elastomer, and the sensing response is
often slow and delayed due to the elastomer viscoelastic properties. The quantity of
conductive additives that can be added to an elastomer is also limited by the increasing

viscosity of the polymer.

Pressure sensors have been fabricated using a variety of unique active elements such as
ultrathin gold wires, ZnO nanowires,’ silver nanowires,” organic field effect transistors,
graphene, gold nanoparticles, silver nanoparticles,’ liquid based active materials> and carbon
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nanotubes.”~ Recently, novel microstructures have been used, such as microcrack-designed
carbon black polyurethane (PU) foam, micropyramid arrays, microstructured rubber
dielectric layers, hollow sphere microstructures produced from polypyrrole hydrogel,
interlocking arrays of platinum coated polymeric nanofibers, fractured microstructure design
of graphene-PU foam, laser scribed graphene films patterned as v-shaped gratings and
reverse-micelle-induced porous rubber. Large scale implementation of these pressure sensors
is limited because of factors such as complex and non-scalable fabrication processes, use of
expensive materials such as gold/silver and low range of pressure sensing ability. As a result,
there exists a critical need for cost effective, pressure sensing materials with large area
coverage and a wide range of pressure sensing capability. Commercially-available multi-
walled carbon nanotubes are available at relatively low cost and they can be bent through
large angles and strains without mechanical failure and can resist failure under repeated
bending.’ Researchers have also reported reversible, periodic buckling of nanotubes
consistent with calculations extrapolated from continuum mechanics.”

Here, we demonstrate a simple, light-weight, breathable and conformable textile pressure
sensor able to detect pressures in the gentle touch range as well as very high pressures. A
highly efficient and scalable electrophoretic deposition (EPD) process is used to deposit
multi-walled carbon nanotubes under an electric field from a water based dispersion at room
temperature. The process is based on the mobility of the carbon nanotube under an applied
electric field where the surface of the nanotube is functionalized with the dendritic
polyelectrolyte polyethyleneimine (PEI). The PEI protonates with the addition of a mild acid
and develops a positive surface charge that stabilizes the dispersion and enables cathodic
deposition. Placing non-conductive fibers in direct contact with a metallic electrode enables
carbon nanotubes to deposit under a direct current (DC) electric field and create uniform,
dense films of carbon nanotubes on the surfaces of the fibers. Experimental observations
show that the nanotubes deposit first on the electrode and conductive nanotube films then
grow over the fibers as an extension of the electrode. Figure 1(a) shows a schematic diagram
of the EPD process onto non-conductive fibers.

The amine groups in the PEI form covalent bonds with the oxide groups on the nanotube
surface as well as functional groups on the surfaces of fibers.” The PEI functionalization,
approximately 25% by weight, acts as the polymer matrix and creates a porous, flexible, and
electrically conductive nanocomposite film on the fiber surface. Figure 1(b) shows electron
micrographs of the as-deposited films with PEI functionalized carbon nanotubes onto both
wool (left) and aramid (right) fibers, showing a highly uniform, dense coating on the fiber
surfaces. The wool fibers have a scale like cuticle structure which is still visible in the coated
fibers, and the aramid fibers, cross sectioned with a focused ion beam (FIB), show the
uniformity of the coating. As illustrated in Figure 1(c) a piezoresistive nanocomposite
formed on the fiber surface results in an in plane change in electrical resistance that is likely
from (1) formation of distributed fiber-fiber electrical contacts in the fabric under
compression and (2) local piezoresistive response due to the nanocomposite “sensor
interphase” — where fiber-fiber contact resistance changes due to local compressive
deformation in the nanocomposite coating. The electrical resistance of the sensors in this
study is in the range of 5 15 kQ under no load condition. Figure 1(d) shows the sensitivity of
the textile based nanocomposite sensor under pressures in the tactile range (0.0025 — 0.0525
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MPa) while Figure 1(e) shows the remarkable sensing capability at pressures up to 40 MPa.
This ultra wide range of pressure sensing from 0.0025 MPa to 40 MPa is better than any
previously reported data as reviewed by Tian et al.[33] The gauge factor, defined as the slope
of the resistance change vs. pressure graph was calculated to be ~ 0.05 MPa!. The sensor
response is quite linear at low pressures but becomes nonlinear at higher pressures. This
nonlinear response is likely a consequence of the two different mechanisms that influence
the in plane electrical response under pressure. The formation of fiber-fiber contacts initially
dominates the overall electrical response due to the compressibility of the fabric at low
pressures. At higher pressures, the electrically conductive network of nanotubes on the
surface of the aramid fibers is compressed. This compression results in a continued decrease
in resistance due to the piezoresistive response of the compliant sensor interphase. The
piezoresistive response of the carbon nanotube interphase is due to the nanotube-nanotube
tunneling resistance within the film. The electrically percolating network of nanotubes on
the surface of the fibers changes due to local compression. The compressive stress in the
film at the fiber crossover results in a local decrease in the film electrical conductivity. As a
result, the resistance at the fiber-fiber contacts decreases with continuously applied pressure.

To further examine the sensing response and the resulting mechanism of sensing, three sets
of sensors are compared: (1) aramid fibers coated using EPD with PEI-functionalized carbon
nanotubes (EPD PEI-CNT), (2) aramid fibers coated with a commercially available carbon
nanotube dispersion/sizing (dip-coating) and (3) a similar non-woven veil composed of
conductive carbon fibers (carbon fiber). The EPD coated fibers show much better
performance and repeatability while the other sensors show permanent damage at relatively
low pressures. Figure 2(a) shows the sensing response of the three sensors at a linearly
applied pressure up to 40 MPa followed by releasing of the pressure and Figure 2(b) shows
the pressure resistance response for the first 3.5 seconds of Figure 2(a). For all sensors, the
resistance decreased until an applied pressure of 2 MPa. For both the carbon fiber and dip-
coated sensors, the in plane resistance shows a sharp transition near 2 MPa, as shown in
Figure 2(b), followed by increased resistance. Resistance continues to increase in these
sensors during both increasing pressure and during unloading where the pressure is
decreasing. The increase in resistance despite increasing pressure and a higher number of
fiber-fiber contact points is likely due to the physical damage to the sensor. Upon unloading,
the carbon fiber and dip-coated sensors show permanent increases in resistance of 246% and
28%, respectively. On the other hand, for the EPD PEI-CNT sensor, a steady decrease in
resistance with increasing pressure is observed followed by an increase in resistance during
unloading. In contrast to the other two sensors which show large increases in resistance upon
unloading, the resistance of the EPD PEI-CNT sensor decreases slightly. To analyze this
permanent resistance change, all three sensors were tested under progressively increasing
cyclic load. Figure 2(c) shows the permanent resistance change of each sensor with
increasing peak pressure. Both the carbon fiber and dip coated sensors show increases in
permanent resistance change at higher peak pressures. For the EPD PEI-CNT specimen
there is slight decrease in electrical resistance with increasing peak load.

Figure 2(d) shows the morphology of the different sensors before and after loading to 40
MPa. For all sensors before loading the open structure of the random fiber veil is observed.
For carbon fiber, the fibers fracture during the loading cycle, likely due to localized bending
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at fiber-fiber contact points. Naito ef al. tested single carbon fibers under transverse
compression and observed a brittle failure mode and the specimen fracturing into smaller
pieces. Figure 3(a) shows the brittle fracture of the carbon fiber due to local bending at a
fiber-fiber contact. The breakage of these long, continuous fibers is likely the cause of the
increase in electrical resistance near 2 MPa under the applied pressure and the subsequent
large permanent resistance change after unloading. The micrographs of dip-coating
specimen in Figure 2(d) show overall compaction of the fabric structure after loading. Small
debris marked by red boxes in the micrograph is likely from the damage caused to the sensor
during loading. Figure 3(b) shows that there is localized debonding of the carbon nanotube
coating after compression. As with the carbon fibers this fiber-fiber contact damage is likely
the reason for the increase of electrical resistance near 2 MPa and the overall permanent
resistance change after loading. For the EPD PEI-CNT specimen, there is no obvious
damage to the sensor after loading and the overall fabric structure is not as highly
compressed as the dip-coating structure. Figure 3(c) shows localized deformation and
flattening of the fibers in the region of fiber-fiber contact. There is no debonding or cracking
observed in the PEI-CNT coating, unlike the dip coated fabric. The strong bonding of carbon
nanotube film to the aramid fiber may further prevent fiber damage and breakage under local
stresses. The slight decrease in electrical resistance upon unloading of the PEI-CNT sensors
is likely due to this local flattening of the fiber and larger fiber/fiber contact area.

The EPD PEI-CNT sensor is tested under progressively increasing pressures up to 40 MPa.
With each cycle with increasing pressure, a permanent decrease in resistance is observed
(Figure 3(d)), possibly due to compression and consolidation of the PEI-CNT and due to
increase in fiber fiber contact area due to flattening of the fibers as seen in Figure 3(c). After
loading the sensor to a peak load there is no permanent electrical resistance change below
that peak load threshold for re-loading. The initial pre-load results in the localized
deformation at the fiber-fiber contacts. After initial pre-loading of the sensors, they have
been loaded cyclically for 550 cycles from 0 to 5.2 MPa and exhibit a highly repeatable
sensing response for all cycles, without any permanent resistance change. The change in
resistance for each cycle is about 16% at 5.2 MPa and is consistent throughout the test;
Figure 3(e) shows the first 5 and the last 5 cycles. The carbon nanotubes deposited on the
aramid fibers are remarkably resilient and exhibit high structural flexibility. These properties
of carbon nanotubes along with a robust bonding to aramid fibers due to PEI
functionalization enable a repeatable piezoresistive response when the pressure sensor is
loaded multiple times.

The ultra-wide sensing range of the carbon nanotube based textile pressure sensors was
demonstrated with real-life examples as shown in Figure 4 which shows the ability to detect
extremely low pressures in tactile range (Figure 4(a)), body weight (Figure 4(b)) and very
high pressures due to the weight of the forklift (Figure 4(c)). When pressure is applied, the
resistance decreases and upon removal of pressure, the resistance comes back to its original
state and no permanent change in resistance is observed. The change in resistance due to the
finger pressure is about 1% and approximately 12% due to the body weight. When a forklift
is driven over the sensor, we see a resistance change of over 25%. From these results, the
carbon nanotube based pressure sensors exhibited sufficient potential for a variety of
applications requiring a wide range of pressure sensing capability. The resistance response is
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real time, without any noticeable time lag. This enables applications in the field where
pressure changes rapidly, such as analyzing human gait during walking/running by
integrating the sensor with footwear. The slight overshoot of the resistance observed upon
removal of the pressure is likely a consequence of the sensor adhering slightly while the
contacting surface is lifted off.

In conclusion, a thin, light-weight and flexible pressure sensor has been demonstrated by
coating a non-woven aramid fabric with PEI functionalized carbon nanotubes using a novel
EPD method. The sensor has an extremely versatile range of pressure measurement and can
detect low pressures in the tactile range (<10 kPa) to object handling and maneuvering (10—
100 kPa) and very high pressures (~40 MPa). The robustness and the repeatability of the
sensor was established and real life examples demonstrated. The innovative and scalable
EPD processing method to create a resilient PEI-CNT nanocomposite coating enables
pressure sensing in a wide range of pressures without permanent damage to the sensor. We
envision that this textile based flexible pressure sensor has potential applications ranging
from the creation of smart textiles and clothing that can be used for human motion analysis
and biomedical prosthesis to e-skins for robots enabling them to sense touch as well as high
pressures for object maneuvering and manipulation.

METHODS

Materials and Processing:

Commercially available multi-walled carbon nanotubes grown using chemical vapor
deposition (CM 95, Hanwha Nanotech) were dispersed in ultra-pure water using an
ultrasonication and ozonolysis approach as described by An ef al. Two grams of carbon
nanotubes are first added to 2 liters of ultra-pure water and mixed with a magnetic stir bar.
The mixture is then cooled to 5°C in a water bath and a peristaltic pump (Model MU D01,
Major Science) is used to circulate the mixture through an ultrasonic liquid processor with a
12.7 mm diameter horn (Sonicator 3000, Misonix) equipped with a continuous flow cell
(800B Flocell, Qsonica) operating at 60 W in a duty cycle with 15 seconds on and 10
seconds off. The total sonication time was 16 hours. During ultrasonication, ozone gas
produced by an oxygen concentrator (OxyMax 8, Longevity Resources) and ozone generator
(Ext 120-T, Longevity Resources) was bubbled into the mixture at a flow rate 500 ml/minute
to oxidize the surfaces of the carbon nanotubes. After ozone treatment and sonication for 16
hours, 2 grams of PEI (polyethyleneineimine, Mw: 25,000, Sigma-Aldrich) is added to the
dispersion and sonicated for another 4 hours under the same conditions to functionalize the
oxidized nanotubes. The PEI functionalized nanotube dispersions are then adjusted to a pH
of 6 using glacial-acetic acid (Sigma Aldrich) in order to protonate the amine groups and
form a stable dispersion of positively charged carbon nanotubes.

To establish the sensing mechanism, carbon nanotube dispersions were used to
electrophoretically deposit nanotubes onto a non-woven fabric composed of randomly
oriented aramid fibers held together with a binder of cross-linked polyester (20601, 50 g/m?,
Technical Fiber Products). These non-woven fabrics, often referred to as surface veils, are
commonly used in advanced fiber reinforced composites for improving the surface finish.
The fiber surfaces in a surface veil are designed to be compatible with common polymer
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matrix materials and were chosen for their compatibility with CNT-PEI functionality
established in our prior research. Using the approach of An et al. the non-conductive aramid
veil was placed in direct contact with a 316 stainless steel cathode under slight tension with
the help of elastic bands to ensure intimate contact with the electrode. A counter electrode of
the same stainless steel was placed a fixed distance from the cathode using insulating glass/
epoxy composite spacers. The assembly was then immersed in the carbon nanotube
dispersion and electrophoretic deposition was carried out under direct current (DC) field
strength of 22 V/cm for 8 minutes. The coated aramid fabric is then dried in a convection

oven for 15 minutes at 120°C.

For comparison, two other specimens were characterized for their sensing response: (1)
specimens were prepared by dip coating the aramid fabric in a commercially-available
carbon nanotube sizing and (2) a conductive carbon fiber random mat with random fibers
(20301, 50g/m? Technical Fiber Products). The sizing specimens were produced by dip
coating the aramid veil in an aqueous solution of commercially available carbon nanotube
sizing (SIZICYL™ XC R2G, Nanocyl, Belgium). The solution was prepared by mixing 1
part of sizing with 2 parts of ultra-pure water by weight and mixed in a centrifugal mixer
(THINKY® ARM-310) at 2000 rpm for 120 seconds and then sonicated for 30 minutes in
an ultrasonic bath (Branson® 1510). The aramid veil was dipped in the solution for 10
minutes after which it was flipped and kept for another 10 minutes followed by drying in a
convection oven for 15 minutes at 150°C. The carbon fiber veil was used ‘as is’ without any
treatment.

aration and Characterization:

All specimens were 100 mm long and 25.4 mm wide. The specimens were laminated in
0.127 mm (5 mils) thick plastic sheets using a heat laminating machine (Saturn 95,
Fellowes). For conducting electrical measurements, electrodes and lead wires attached to the
specimen using conductive silver paint (SPI supplies) and a 2 part conductive epoxy resin
(Epoxies 40-3900) to keep the contact resistance to a minimum. The electrodes were
attached at the distance of 6.25 mm from the edge of the specimen. Electrical measurements
were made using a voltage current meter (Keithley 6430 Sub Femtoamp Remote
Sourcemeter). A constant source voltage was applied to the specimens during the test and
the current was measured to calculate the change in resistance. The measurements were
synchronized using a customized LabVIEW program.

An electrically actuated load frame (Instron 8562 with a 100 kN load cell) was used for
testing specimens to 40 MPa in a load controlled mode. For applying low pressures, Instron
MicroTester 5848 with 500 N load cell was used with a displacement rate of 2.54 mm/
minute. Scanning Electron Microscopy (SEM) was conducted using an AURIGA™ 60
Crossbeam™ FIB-SEM with an acceleration voltage of 3 kV. The specimens were coated
with a thin (~5 nm) conductive layer of Pd/Au to minimize sample charging using a vacuum
sputter coater (Denton Desk IV, Denton Vacuum, LL.C)
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Refer to Web version on PubMed Central for supplementary material.
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a) A schematic illustration of the EPD process to deposit PEI-CNT on a non-woven aramid
veil. b) SEM micrographs of PEI-CNT deposited on wool fibers showing their scale-like
cuticle structure (left) and a cross-section of an aramid fiber showing a uniform thickness,
porous nanocomposite layer of PEI-CNT (right). ¢) A schematic representation of PEI-CNT
coated aramid veil under applied pressure showing the proposed sensing mechanism. d)
Resistance response of EPD PEI-CNT sensor subjected to low pressures in the tactile and
object manipulation range. e) Resistance response of the sensor under an extremely wide

range of pressure sensing from 0 to 40 MPa.
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: 200 m

a) Resistance response of EPD PEI-CNT, carbon fiber, and dip-coating sensors when

subjected to a pressure of 40 MPa. b) Expanded view of the resistance response of the

sensors at low pressures highlighting the increase in resistance for carbon fiber and dip-

coating sensors due to damage. ¢c) Permanent increase in resistance for carbon fiber and dip-

coating sensor indicating increasing damage with increasing peak loads as compared to

decreasing resistance for EPD PEI-CNT sensors. d) SEM micrographs of the sensors before

and after loading to 40 MPa. Broken fibers in carbon fiber sensors and small debris in dip-

coating specimen is visible whereas the EPD PEI-CNT sensors show no significant damage.

ACS Sens. Author manuscript; available in PMC 2019 July 27.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Doshi and Thostenson

(@)

Page 13

(4]

gt

IS

LT —
o

.-—-----

Pressure (MPa)
w

2
1 HYAYAYAY R
HVEVEVEVE

0 Lot b Rom L
0 10 20 2910 2920 2930

Time (s)

Figure 3.
Scanning electron micrographs after loading to 40MPa of a) Carbon fiber sensor b) Dip-

coating sensor showing damage to carbon nanotube coating and ¢) EPD PEI-CNT sensor
bulging of fibers but no evident damage. d) Resistance response to progressively increasing
cyclic loading of EPD PEI-CNT sensor. e) 1% five and last five cycles of EPD PEI-CNT
sensor when subjected to a 550 cycle test. The resistance response is highly repeatable due
to the robustness of the PEI-CNT nanocomposite coating in the EPD PEI-CNT sensor.
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Figure 4.
Resistance response of the sensor when subjected to a) tactile pressures applied by finger

tapping, b) body weight pressures applied by standing on the sensor and c¢) extremely high
pressures applied by driving a forklift over the sensor.
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