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ABSTRACT

Due to the advancement in the science of processing and characterization of nanostructured
materials, along with the industrial-scale production and decreasing cost of carbon nanotubes,
their use in technologies as sensors and sensing skins is gaining popularity. With increasing
Technology Readiness Levels (TRL) and field trials implemented by researchers, it is critical to
characterize the sensing response of the carbon nanotube sensing skins under complex loading
scenarios in order to simulate the real-life conditions. Typically, researchers describe the
sensitivity (gage factor, GF) and sensing response of a carbon nanotube sensing skin based on
the electrical resistance change and the longitudinal strain (€1), not taking into consideration the
effect of transverse strain (g2) due to the Poisson’s ratio of the material. Since the sensitivity of
the sensor is dependent on the transverse strain, the sensitivity is affected by the properties of the
substrate material. As a result, the calibration of the sensing skin is challenging. The principal
objective of our research is to characterize the effect of transverse strain and develop a
methodology to quantify the influence of transverse strain on the sensing response. The carbon
nanotube-based sensing skins are manufactured using a scalable manufacturing technique and
the effect of different loading scenarios on the sensing response are investigated. Carbon
nanotubes are deposited on non-woven aramid fabrics with randomly oriented fibers and the
resulting carbon nanotube-based sensing skin is bonded to steel and composite substrates which
are subjected to flexural and axial loads to characterize the sensing response. A cruciform shaped
specimen with a carbon nanotube sensor is tested using a biaxial testing machine and change in
resistance under varying transverse loads is characterized. Key results indicate that the sensitivity
of the carbon nanotube sensing skin is significantly affected by the transverse strain due to the
Poisson effect which should be taken into consideration when calculating the gage factor or
calibrating the sensors.
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1. INTRODUCTION

Traditional techniques for monitoring the condition of civil infrastructure are often time
consuming, inaccurate, expensive and ineffective. For example, a lot of bridges are still
inspected at specific time intervals with manual markings made for fatigue cracks and other
visible defects. These may often be unnoticed if they are in hard to reach areas or fatigue cracks
initiate between the scheduled inspections. Multiple organizations have pointed out the
deteriorating condition of the infrastructure in USA, for example, the American Society of Civil
Engineers, in its report card (www.infrastructurereportcard.org) gave a grade of D+ for
infrastructure. As a result, there exists a critical need for developing innovative sensors and
sensing systems for effective structural health monitoring.

Typically strain gages can be used for monitoring the integrity of structures and the loads they
are subjected to. A key challenge with the use of strain gages is that they are quasi point sensors
may not be able to identify the damage if they are not in close vicinity or directly above the
location of the damage. Field application of strain gages poses additional challenges with
potential performance degradation over time due to environmental effects and wiring
complexities. Researchers are working towards using acoustic emission sensors but their data
analysis is involved and the interpretation of results is often not quantitative. Fiber optic sensors
have an advantage over the point sensors and have been successfully used for distributed sensing
[1,2], but there remain challenges with respect to compensation with temperature sensitivity,
sensitivity for local strain and the ability to adequately cover the whole structure.

The rapid growth in the fundamental understanding, characterization techniques and the
processing science in the field of nanotechnology in the last two decades has enabled specific
tailoring and manipulation of nanomaterials. This has facilitated tremendous advancement in
developing nanostructured hierarchical composites and textiles. Specifically, researchers have
widely used carbon nanotubes due to their extraordinary properties for applications such as
improving the mechanical properties of composites [3-5], self-sensing composites [6-8], energy
harvesting composites [9,10], wearable strain sensors and flexible pressure sensors [11-15],
sensing skin for structural health monitoring [16-18] and fatigue crack monitoring [19,20] and
damage monitoring of joints [21].

With increasing focus on the research and development of carbon nanotube-based sensing skins,
improving Technology Readiness Levels (TRL) and the rising number of field trials conducted,
it is more important than ever to characterize the sensing response under different loading
scenarios and to simulate real-life conditions addressing challenges such as calibration. For
piezoresistive carbon nanotube-based sensors, researchers typically describe the sensitivity (gage
factor GF) as the ratio of normalized change in electrical resistance (A R/R) to longitudinal strain
(e1), not taking into consideration the effect of transverse strain (&2).
Gage Factor (GF) = A—R X l
R &
While this works for sensors like metallic strain gages which are highly directional, but it is a
significant source of inaccuracy when the transverse strain is not accounted for a carbon
nanotube sensing skin which is sensitive to multi-axial strain. As a result, the sensor calibration
is dependent on the substrate and its specific Poisson’s ratio. For example, the sensor response
when bonded to aluminum will be different than when bonded to steel or composite due to



different Poisson’s ratio and the transverse strain due to it. Therefore, it is necessary to
characterize the effect of transverse strain on the sensing response and investigate the sensor
under different loading conditions.

In this research, a facile, scalable manufacturing technique of dip coating is used to create carbon
nanotube-based sensing skin. The carbon nanotubes are deposited on a non-woven aramid fabric
with randomly oriented fibers. The sensing response is characterized under different loading
scenarios such as flexural and axial loading. The influence of Poisson effect (and the transverse
strain due to it) on the sensing response is investigated by bonding the sensing skin to materials
having different Poisson’s ratio and on a cruciform shaped specimen loaded using a biaxial
testing machine.

2. EXPERIMENTAL
2.1 Materials

A non-woven aramid fabric (20601 50 g/m?, Technical Fiber Products) with fibers oriented in a
random direction is used as a carrier of the carbon nanotubes for the sensing skin. A
commercially available dispersion of carbon nanotubes (Aquacyl AQ0302, Nanocyl) is used for
the dip coating process. A 2-part epoxy adhesive (Hysol 9309, Loctite) is applied for creating an
insulating layer and bonding the sensing skin on substrates. The composite coupons and the
cruciform specimen are manufactured using M40J unidirectional carbon fiber prepreg (Toray
Carbon Fibers America). A flash dry silver paint (SPI supplies) and a 2-part conductive epoxy
(Epoxies etc.) is used to connect the wires to reduce the contact resistance while measuring the
electrical resistance.

—

e— 12
by weight
T s + Centrifugal
Mixer.
Carbon Nanotube Ultrapure xen,
. . Ultrasonication
Dispersion Water
(@)
Dip Coating for _-— '
Non-woven 20 minutes Carbon Nanotube Coated
Aramid Fabric Aramid Fabric

(b)
Figure 1. A schematic diagram of the manufacturing process for the carbon nanotube sensors.
(a) shows the steps to create a uniform dispersion of carbon nanotubes and (b) shows the
procedure followed in the dip coating process



2.2 Sensor Manufacturing using Dip Coating

The carbon nanotube-based sensing skins are created using a simple and easy to scale dip coating
technique. The carbon nanotube dispersion, Aquacyl is diluted with ultrapure water in a ratio of
1:2 by weight. The diluted dispersion is then mixed using a planetary centrifugal mixer (ARM-
310, Thinky) for 150 seconds at 2000 rpm. An ultrasonic bath sonicator is used for 30 minutes
and the aramid fabric is dip coated for 20 minutes following drying in a convection oven at 150
°C for 30 minutes. A schematic of the sensor manufacturing process is shown in Figure 1. The
length of the sensing skin is 62.5 mm (2.5 inches) and the width 18.75 mm (3/4 inches).

2.3 Specimen Manufacturing

The carbon nanotube sensing skin is bonded to different substrates such as steel coupons,
composite coupons and a composite cruciform for different types of tests. A similar procedure is
followed for manufacturing all kinds of specimens. The surface area where the carbon nanotube
sensor will be bonded is sandblasted and cleaned with acetone. A thin layer of the Hysol
adhesive is applied to create an insulating layer to prevent direct contact of the sensing layer to
steel or composite and avoid the electrical shorting of the sensor. Once the adhesive layer is
partially cured, the sensing layer is bonded using the same adhesive and cured in an oven at 85
°C for 1 hour and pressure is applied using clamps. A schematic of the steel specimen is shown
in Figure 2. The part of the sensing skin where electrodes will be applied is masked using tape to
prevent the adhesive from seeping in. The electrodes are then painted using a flash dry silver
paint and the lead wires are attached using a 2-part conductive silver epoxy.

Steel
Adhesive
Carbon Nanotube
Sensor
Strain Gage
Electrodes

Figure 2. A schematic of the steel specimen with carbon nanotube sensing skin bonded.



2.4 Unidirectional Axial and Flexural Testing

The specimen is tested using a screw-driven mechanical load frame Instron 5985. For the
flexural tests for steel specimens, a 4-point bending test is performed with the specimen
supported at a distance of 300 mm (12 inches) and the load is applied at a distance of 50 mm (2
inches) from the center. A 4-point bending test is chosen so that the bending moment is constant
within the loading area. The specimens are tested only in the elastic range to a strain of 0.1%.
The maximum load in the axial test is 60 kN and the flexural test is 1.5 kN so that the specimens
are subjected to similar strain levels of ~0.1%.

2.5 Biaxial Testing
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Figure 3 (a) A schematic illustration of the cruciform specimen with the carbon nanotube
sensor and (b) a photograph of the biaxial testing machine with the schematic of the specimen
overlaid showing the orientation of the sensor with respect to the machine Y and X axes.

The biaxial composite specimens are manufactured with a ply layup of [04/904]s with a total of 16
plies. A temperature of 135 °C and pressure of 296 kPa is used for curing the composite in an
autoclave for 120 minutes. The cruciform specimen is waterjet cut from a square laminate to
dimensions as described by Skinner ef al. [22] to have a uniform strain field in the center of the
specimen. A schematic of the cruciform specimen is shown in Figure 3(a). The specimen is
tested using an MTS planar biaxial servohydraulic testing machine (Figure 3(b)). This load frame
is instrumented with 6 independent actuators. The maximum capacity of the load cell is 100 kN
in the Y and X directions and 1100 N-m for a torsional load. Our specimen with the carbon
nanotube sensor is was subjected to an in-plane load only. Maximum loads in the Y and X
directions are varied to artificially create a different ratio of transverse strain/longitudinal strain.
The maximum loads were limited to 9 kN to test the specimen in the elastic range with a
maximum strain of just under 0.1%.

2.6 Electron Microscopy

Scanning electron microscopy is conducted using a Zeiss Auriga 60 High Resolution Focused
Ion Beam and Scanning Electron Microscope. An accelerating voltage of 3 kV and an SESI
(Secondary Electron Secondary Ion) detector is used. The specimens are sputter coated with a



thin conductive layer of Pd/Au to minimize the charging using a sputter coating machine
(Denton Desk IV).

3. RESULTS
3.1 Carbon Nanotube Film Characterization using Electron Microscopy

Figure 4 shows the scanning electron micrographs of the carbon nanotube-based sensing skin.
The non-woven aramid fibers act as a carrier for the carbon nanotubes and create the backbone
structure on which the nanotube forms a percolating conductive network. Figure 4(a) is a low
magnification image showing the microstructure of the non-woven aramid fabric and the
randomly oriented fibers in it. The binder used by the manufacturer to create the fabric forms
web like structures between some fibers and is also coated with carbon nanotubes. Figure 4(b)
shows a high magnification image of a fiber within the non-woven fabric with a uniform coating
of carbon nanotubes. The carbon nanotubes are deposited on the entire fiber and on all the fibers
within the fabric. It is due to this homogenous coating; the nanotubes are able to form a
conductive network that enables piezoresistive sensing.

(b)

Figure 4. Scanning electron micrographs of the carbon nanotube coated sensing skin. (a) Low
magnification image showing the randomly oriented fibers in the non-woven fabric with
binder forming web like structures between fibers and (b) high magnification image showing
one of the fibers in the fabric which is uniformly coated with carbon nanotubes.

3.2 Electromechanical Characterization under Flexural and Axial Loads

To characterize the sensing response of the carbon nanotube-based sensing skin under different
types of loads, the sensing skin was bonded to a steel coupon that was subjected to axial and
flexural loads. The maximum loads for each test were chosen so that the applied longitudinal
strain on the sensors would be ~ 0.1%, significantly below the yield strain. Figure 5 shows the
strain, resistance change and stress versus time response for the loading and unloading cycle for
the flexural and axial bending. The load applied for the 4-point bending was 1.5 kN and the
stress was calculated using the flexure formula. The applied load for the axial test was 60 kN and
the stress was calculated by dividing the load by area. The effect of the thin sensing layer is
neglected for these calculations.



Figure 5 shows that the sensing response is independent of the type of loading. The applied stress
for both types of loading is ~200 MPa and the maximum strain measured in the longitudinal
direction is ~0.1% for both. The maximum percentage change in resistance is about 0.9 % for
each case. Since the applied load is in the elastic range, upon unloading there is no permanent
change in electrical resistance.
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Figure 5. Strain, resistance change and stress response vs time for the steel specimen when
subjected to (a) flexural loading or 4 point bending and (b) axial loading. The resistance response
is very similar and not dependent on the type loading.

3.3 Influence of Poisson’s Ratio on the Sensing Response using Different Composite
Laminates

To understand the influence of the substrate's Poisson’s ratio on the sensing response, the carbon
nanotube-based sensing skin is glued to 0° and 90° composite coupons and loaded in axial
tension. Figures 6(a) and 6(b) show the load, resistance change (%) and strain (%) for carbon
nanotube sensing skins when glued to a 0° and 90° composite coupon respectively. The
maximum strain for both specimens is about 0.11%. The applied load for 0° specimen is 3000 N
and for 90° specimen is 250 N for the same longitudinal strain because the Young’s modulus in
the direction of the fibers (0°) is significantly higher than the transverse direction (90°).

Since the sensing skin is sensitive to strains in all directions, the transverse contraction due to the
Poisson effect also contributes to the bulk electrical resistance change. The contraction in the
direction perpendicular to the loading direction will cause a decrease in electrical resistance.
Therefore, the total percentage of electrical resistance change measured is the sum of resistance
change due to longitudinal strain (positive and roughly equal for both specimens) and transverse
strain (negative for 0° specimen and negligible for 90° specimen as shown in Figure 6(c) and
6(d)). As a result, the total percentage change in resistance is significantly higher for the 90°
specimen than the 0° specimen even though both the specimens are subjected to similar
longitudinal strain.
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Figure 6. Load, resistance change and strain response vs. time when the carbon nanotube-based
sensing skin is attached to (a) 0° composite coupon and (b) 90° composite coupon. For about the
same maximum longitudinal strain, the percentage change in resistance is significantly greater
for the 90° composite. (c¢) and (d) is a schematic showing the deformation of a typical 0° and 90°
composite. The compression in 0° composite in transverse degree is due to a larger Poisson’s
ratio.



3.4 Sensing Response for a Cruciform Specimen using a Biaxial Testing Machine

To further investigate the effect of transverse strain on the sensing response, the carbon
nanotube-based sensing skin is attached to a cruciform shaped specimen and tested using a
biaxial testing machine. Three different types of loading conditions are applied. The load on the
Y axis is +9 kN in all three cases whereas the load on the X axis (perpendicular to the direction
of the sensor) is varied from -1.25 kN, +3 kN and to +9 kN. The loading curves for all three
cases are shown in Figures 7(a), 7(b) and 7(c). The effective Poisson’s ratio for each loading
scenario is 0.14, -0.33 and -1, respectively. The strains in the Y and X direction for each loading
case are shown in Figures 7(d), 7(e) and 7(f).

As observed in the previous experiments where the transverse strain plays a significant role in
the total percentage resistance change and the sensitivity, in this case too, the load in the X
direction (perpendicular to the sensor) plays a critical role. The percentage resistance change for
three loading cases with decreasing Poisson’s ratio is shown in figure 7(g), 7(h) and 7(i). In the
first case, the load applied in the X direction was -1.25 kN compressive load. Therefore, the
effective Poisson’s ratio is positive 0.14. The total change in resistance is the sum of resistance
change due to strain in the Y direction (positive) and X direction (negative). For the next two
loading cases, the load in the X direction is 3 kN and 9 kN in tension. For these cases, the strain
in both Y and X direction is positive and as a result the total resistance change is higher than the
previous example where the load in X direction is compressive. A positive and higher effective
Poisson’s ratio indicates more compression and less total resistance change. A negative
Poisson’s ratio indicates tension in the transverse direction and results in a higher sensitivity and
change in electrical resistance. For the three cases where Poisson’s ratios are 0.14, -0.33 and -1
the total percentage resistance change is 0.09%, 0.13% and 0.2%, respectively.
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Figure 7. Load in Y and X direction vs. time for the three loading scenarios where Y = 9kN for
all and (a) X=-1.25 kN, (b) X=+3 kN, (c) X= +9kN. Strain in Y and X direction vs. time for
the three loading scenarios Y = 9kN for all and (d) X=-1.25 kN, (e) X= +3 kN, (f) X= +9kN.
Percentage resistance change vs. time for the three loading scenarios Y = 9kN for all and (g)

= -1.25 kN, (h) X= +3 kN, (i) X= +9kN. The strain in transverse direction significantly
affects the resistance response of the carbon nanotube sensing skin.

4. SUMMARY AND CONCLUSIONS

In summary, a scalable and facile manufacturing technique for carbon nanotube-based sensing
skin is demonstrated. The sensing skin when attached to a steel coupon is subjected to axial and
flexural loads and the resistance response is very similar when subjected to the same amount of
longitudinal strain. This shows that the sensing response of the carbon nanotube sensor is
independent of the type of load applied. Unlike a metallic strain gage, the carbon nanotube
sensor is not directional and sensitive to deformation in all directions. As a result, the sensitivity
of the sensor is significantly affected by Poisson’s ratio of the substrate. When bonded to a 90°



composite (low Poisson’s ratio) the resistance change is greater than when glued to 0° composite
(high Poisson’s ratio). Experiments were also conducted by attaching the sensor to a cruciform
shaped specimen and tested using a biaxial testing machine where the load in the transverse
direction was varied and the resistance response was significantly different for each case. The
sensitivity of the carbon nanotube-based sensing skin is significantly affected by the transverse
strain due to the Poisson’s ratio of the substrate material and should be taken into consideration
when calibrating sensors for field applications.
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