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Abstract— Demand for cheaper and more functional sensors
continues to rise in an era when data can be used to improve
health, safety, and efficiency in daily lives. In this paper,
we present a fully printed sensor capable of noninvasive material
thickness detection. By applying an oscillating signal between
two millimeter-scale electrodes, the fringing electric field is
measurably perturbed by a material placed directly on top of
the electrodes, leading to a linearly varying capacitance with
change in the material’s thickness. We simulate this electric
field perturbation and experimentally demonstrate the linear
correlation between capacitance and overlying material thickness.
Various parameters, from sensor size and structure to substrate
and ink materials, are studied to optimize the performance of
the printed sensors. Sensors made of metallic carbon nanotube ink yield the best sensitivity, exhibiting a capacitance
change of 26 fF per mm thickness of rubber—ten times more
sensitive than devices composed of silver nanoparticle ink.
Finally, we demonstrate an effective application of the sensors
in automobile tires. By applying the sensors directly beneath
the tread (within the tire), mm changes in the tread depth are
able to be detected in a 99% confidence interval. These findings
provide a straightforward, low-cost approach for monitoring
mm changes in material thickness using noninvasive, printed
sensors applicable to innumerable Internet-of-Things (IoT)
applications.
Index Terms— Aerosol jet printing, printed sensors, carbon
nanotubes, material thickness detection, Internet-of-Things (IoT).

I. I NTRODUCTION

P

RINTED electronics is a burgeoning field that has been
increasing in popularity in both academia and industry based on inherent low-cost and high manufacturability.
Coupled with the Internet-of-Things (IoT) information revolution, printed electronic sensors have tremendous promise as a
means to create large-area, economically feasible devices that
are capable of gathering and transmitting valuable data [1].
In addition, printed electronics manufacturing is highly compatible with flexible substrates for applications where form
factor is a crucial parameter [2]. So far, printed sensors have
been shown to measure temperature [3], tactile pressure [4],
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electrochemical markers [5] and many other parameters of
interest [6]–[8]. Yet, advancements in printed electronics are
anticipated to facilitate increasingly greater breakthroughs that
will fuel the pervasive data collection needed to drive the
future of the IoT.
Recently, nanomaterial inks have become of great interest
in printed thin-film electronics due to their extraordinary
electrical properties and solution process favorability [9]–[12].
Specifically, single-walled carbon nanotube (CNT) inks have
led to many significant advancements in printed transistors
and sensors as they offer a range of electrical properties, from
semiconducting to metallic, and are resilient to thermal and
mechanical stress [13]–[15]. Advancements in the solutionphase processing of CNTs have led to their commercial
availability in various inks, making them highly relevant for
use in printed electronics applications [16], [17]. In this work,
we capitalize on the relatively high conductivity, high surface
area-to-volume ratio, and solution processability of nanomaterials to create sensitive, low-cost, robust, and noninvasive
material thickness sensors using silver/gold nanoparticle and
metallic CNT (m-CNT) inks [18].
Material thickness sensors have a broad range of applications in the fields of manufacturing, safety, and healthcare [19]–[23]. In the healthcare industry, biological tissues
have been measured using various methods including
magnetically-driven lens actuators [19] and radiographic techniques [20]. However, a simpler, less expensive design could
lead to more widespread use and help determine ailments
ranging from skin disease to larynx cancer [21]. In the
manufacturing industry, measuring paint film thickness for
aircrafts is of importance for safety and economic reasons and
could be reliably solved using a low-cost, noninvasive material
thickness sensor [22]. Finally, a safety hazard that a material
thickness sensor would directly address is in the monitoring
of tread depth on automobile tires. As tire tread wears,
manipulation and safety of a vehicle is greatly affected, which
can lead to severe traffic accidents or crashes [23]. An array of
low-cost, printed sensors capable of detecting the deterioration
of the tire tread depth would be a major advancement for
improving vehicle safety. Today’s IoT environment allows for
sensors to connect with devices to provide real-time data that
enhances safety, function, and innumerable other factors. A tire
tread depth monitor that can wirelessly communicate when
the tire becomes unsafe would be significant advancement for
IoT in the transportation and shipping industries.
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Fig. 1. Overview of printed sensor structure and operation as noninvasive material thickness detector. (a) Cross-sectional schematic of the printed sensor
electrodes in the testing configuration, showing the fringing electric field that is perturbed by the overlying material. (b) Schematic showing how the measurement
was accomplished, by placing 1 mm-thick rubber plies directly on top of the printed electrodes while monitoring the capacitance change using a CMU.
(c) Comparison of sensitivity when measuring rubber thickness (plotted as normalized capacitance vs. rubber thickness) using three different inks:
Ag and Au nanoparticles and m-CNTs. Sensor geometry was 5 × 5 mm with a 150 μm gap.

Previously, split ring resonators and other waveguides
have shown the ability to measure both material thickness
and dielectric properties through propagating electromagnetic
fields. Most of these studies use an inductive measurement
approach in which the material of detection will perturb
the magnetic field of the system and ultimately change the
resonant frequency of the split ring resonator [24]. However,
it has also been shown that a capacitive approach can be used
by placing rectangular waveguides directly abreast a dielectric
material [25], [26]. While these previous works establish
design concepts that can be built upon, they are prohibitive for
many applications due to relatively high cost of manufacturing, especially when compared to a printing approach. Also,
the above works focus on sensors on rigid substrates while
compatibility with flexible substrates would be essential for
many applications, such as in the automotive and aerospace
industry where non-planar surfaces are common.
In this study, we demonstrate new sensors capable of
noninvasively detecting the changes of material thickness. The
sensors consist of two conducting electrodes printed adjacent
to each other, as shown in Figure 1. Fringing electric fields
propagate out of the electrode surface and through the medium
of interest, thus being perturbed differently based on the
thickness of the material on top of the electrodes, ultimately
causing a measurable capacitance shift. All sensors in this
work are fabricated using an aerosol jet printer, which is
advantageous for printing a variety of different inks in an
additive manufacturing fashion. Optimization of the sensors
is carried out for a few factors, including sensor geometry,
type of ink, and supporting substrate. The two congruent
rectangular electrodes making up the sensor are adjacent to
each other with a small gap between. The electrode sizes
explored for optimization include 5 × 5 mm, 5 × 10 mm,
and 10 × 10 mm, all with a gap of 1 mm. The gap between
electrodes was also varied from 1 mm and 150 μm, revealing a strong dependence of sensitivity on electrode spacing.

The two substrates used in the experiments were rigid glass
slides and flexible Kapton (polyimide) films. Finally, various
nanomaterial inks were explored, including Au nanoparticle,
Ag nanoparticle, and metallic CNTs (m-CNTs).
II. E XPERIMENT
The sensors were printed using an aerosol jet printer
(AJ300, Optomec Inc.). In the printing process, the nanomaterials were suspended in liquid solvents and ultrasonically
atomized to form an aerosol mist. The mist was then carried
by an inert nitrogen gas stream to the printing head and further
aerodynamically focused at the nozzle using a sheath flow
of N2 gas to jet onto the substrate. This process allowed for
resolution of printed line widths down to 10 μm and permitted
a wide variety of inks to be used [27].
The substrates, either glass slides or Kapton films, were
cleaned by sonication in acetone for 5 minutes, followed by
sonication in IPA for 5 minutes, a rinse in DI water and
finally drying using N2 gas. The surfaces were then treated
with oxygen plasma at 100 W for 4 minutes.
The silver nanoparticle ink (UT Dots, Inc. Ag40X) contained 40 wt % Ag dispersed in a xylene and terpinol
solvent mixture (9:1 by volume). The Ag ink was printed
into rectangular electrodes of various sizes on both the glass
and the Kapton substrates. The silver nanoparticle samples
were printed using a wide nozzle deposition head to enable
higher throughput based on the relatively large printed sensor
dimensions. This deposition head had a circular nozzle with a
diameter of 3 mm. The sheath and atomizer flow rates were
set to 200 and 150 sccm, respectively. The atomizer current
needed to ultrasonically atomize the Ag ink was 430 mA.
After printing, the Ag nanoparticles were sintered in an oven at
200 °C for 1 h.
The gold nanoparticle ink (UT Dots, Inc., UTD-Au25)
consisted of 25 wt % Au dispersed in a proprietary solvent
mixture. The ink was mixed with a proprietary adhesion
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promoter (BOL from UT Dots, Inc.) at a ratio of 100 to 1,
respectively. The Au ink was also printed using the wide
nozzle attachment with a diameter of 3 mm and the parameters
for the sheath and atomizer flow were 150 and 130 sccm,
respectively. The atomizer current needed to ultrasonically
atomize the Au ink was 500 mA. After printing, the Au
nanoparticles were sintered together in an oven at 280 °C
for 1 h.
The m-CNT ink consisted of P3-SWNTs purchased from
Carbon Solution, Inc. The nanotubes were dispersed as
received in DI water at a 0.5 mg/mL ratio and ultrasonicated
for 2 hours to form a uniform solution. Two layers of the
m-CNT ink were printed using a 150 μm nozzle with sheath
and atomizer flow rates of 35 and 25 sccm, respectively. The
atomizer current needed to ultrasonically atomize the m-CNT
ink was 370 mA. The printed m-CNT samples were finally
placed in an oven at 150 °C to facilitate evaporation of any
residual DI water.
The capacitance measurements were done using a
B1500 Device Analyzer (Agilent Inc.). The measurements
were carried out by sweeping an AC voltage of 50 mV on
top of a fixed DC bias of 2 V across a range of frequencies
from 10 kHz to 5 MHz.
At lower frequencies, the capacitance measurements were
influenced significantly by random noise. The noise of the
measurements was significantly reduced as the frequency
approached 1 MHz. After 1 MHz, the capacitance rose sharply
in a manner that was unrepeatable with multiple measurements. Therefore, the capacitance at 1 MHz was chosen for
the analysis of the sensors.
The capacitance measurement unit attachment to the
B1500 Device Analyzer directly measured the capacitance
between the two electrodes by measuring the conductance (G)
and admittance (Y). Using these values, the system calculates
the capacitance between the printed electrodes by first calculating the susceptance (B) using equation 1 and then translating
that into capacitance using equation 2, as follows:

|Y | = G 2 + B 2
(1)
B
(2)
CP =
2π f
III. R ESULTS AND D ISCUSSION
To determine the effectiveness of the printed material thickness sensors, variations in size, ink, and spacing were studied.
A consistent change in capacitance was observed based on
changes to the thickness of overlying material directly atop
the printed planar sensors across almost all studied variations.
However, the overall response and level of linearity varied
with each of the variables explored. We used two primary
methods for determining the merit of each sensor configuration: change in capacitance vs change in rubber thickness
and the square of the residuals (R2 ) along a linear fit of the
data. The former gives insight into the measurable sensitivity
of the sensors and the latter provides information regarding
the consistency across the interval of material thickness used
in the experiments. Table 1 summarizes these two parameters
for all devices studied. Note that all experiments of material

TABLE I
S UMMARY OF R ESULTS

Fig. 2. Impact of printed electrode size and spacing on sensitivity. (a) Normalized capacitance change vs rubber thickness for three different electrode
sizes (electrode separation = 1 mm), illustrated in the inset in mm. (b) Normalized capacitance vs. rubber thickness for two different electrode separation
distances (electrode size = 5 by 5 mm).

thickness detection were performed using rubber films ∼1 mm
in thickness, added or removed to change overall thickness on
top of the sensor.
The impact of sensor geometry using Ag nanoparticle ink
is shown in Figure 2a. Out of the three electrode sizes
with the same gap distance (1 mm), the 10 × 10 mm and
5 × 10 mm sensors outperformed the 5 × 5 mm sensor in
terms of low-noise linearity between capacitive response and
material thickness; in other words, the R2 value or the 5×5 mm
sensor is the lowest. One interesting note is that the linearity of
the response is more directly related to the length of the sensor
electrodes. This is attributed to the fact that the fringing field
effect—which is responsible for the change in measured
capacitance—is more reliant on the length as it defines the
distance that will interact with the other electrode. This
phenomenon is due to the operating principal of the fringing
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electric field lines between the electrodes being perturbed by
the dielectric material on top of them. The highest density of
these lines, and the area in which these lines most heavily
interact with the overlaid material, will occur close to the gap.
It is imaginable that in further experiments one could lessen
the width of the electrodes to something smaller all together
to use less material and to create a higher resolution material
thickness “map”. For example, if small area variations in
material thickness over a large surface are of interest, smaller
electrodes will allow for the sensing of these finer features,
instead of allowing them to be averaged out. Similar works
have applied the same principle with other sensors, specifically
for pressure mapping [28].
It was hypothesized that the sensitivity would be dependent
on the width of the gap between the two electrodes. This
hypothesis is based primarily on the fact that the electric field
between the two electrodes will be significantly stronger as the
distance between the electrodes decreases. This will lead to a
more measureable change in perturbation of said electric field
by an overlaid material. To examine this variable, we compared
the same 5 × 5 mm sensors with a 1 mm gap and a 150 μm
gap. As shown in Figure 2b, the sensitivity of the sensor with
the 150 μm gap is greatly magnified and has a stronger linear
correlation when compared to the larger electrode sensors with
a 1 mm gap. Thus, this geometry was used for all subsequent
tests of different substrates and inks.
Next, the impact of the substrate that the sensors were
printed on was studied, including the impact of substrate flexing during operation and is shown in Figure 3. The R2 value
and the sensitivity metric were approximately the same for
the silver nanoparticle sensor printed on both substrates. This
data is insufficient for performing a detailed analysis on the
effect of substrate capacitance, except to state that the impact
is minor between two vastly different substrates. Further
analysis and experimentation would be needed to discover the
direct correlation between substrate capacitance and overall
sensitivity, but our results do show that the sensitivity of the
sensor is robust across these two very different platforms.
The Kapton-supported sensor, when flexed over a curved
base (radius of curvature = 5 cm) and the rubber placed
conformably on top, showed improved performance with a
much larger capacitance change per mm of rubber compared
to that of the unflexed Kapton. However, there was also a more
rapid saturation of the signal at only 4 mm of rubber. One
possible explanation could be based on the decreased depth
of the electric field lines. Because the depth of the fringing
electric field lines is attenuated, the strength at which they
interact with the overlaid material before a critical depth is
exaggerated, leading to the higher change in capacitance over
the initial 4 mm of rubber.
The effect of different nanomaterial inks on the overall
sensitivity of the material thickness sensors was also considered. We found that sensors consisting of m-CNT ink had a
10x performance increase when comparing the change
in capacitance vs mm change of rubber against the
Ag nanoparticle-based sensor. Also, when imposed with a
linear fit, the m-CNT sensors had a R2 value of 0.981. This
value indicates that the m-CNT-based sensors have a more
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Fig. 3. Sensitivity and consistency over an 8-mm range in rubber thickness
for identical Ag nanoparticle-based sensors printed on different substrates.
Substrates included a glass slide, flat Kapton film and the same Kapton film
flexed at a radius of curvature of 5 cm. Sensor geometry was 5 × 5 mm with
a 150 μm gap.

linear response over the 8-mm range measured when compared
to the Au sensors that exhibited an R 2 value of 0.826. The
data, shown along with the SEM images in Figure 4, also
has 99 % confidence intervals overlaid (derived from 10 serial
capacitance measurements). The confidence intervals for the
m-CNT ink are much tighter, indicating strong capacitance
stability over numerous measurements.
The dependence of sensor performance on the electrode
ink can be explained primarily by the thickness and the
conductivity of the electrodes. The Au ink is the thickest and
most conductive. This leads to a large portion of the electric
field being expended between the sides of the two electrodes—
laterally rather than out-of-plane. Hence, the mCNT ink performs better than the Ag and Au ink due to its nanometer
level thickness, which allows for a higher concentration of
the electric field out-of-plane, thus yielding higher sensitivity.
This large surface area of the m-CNT film, coupled with
the quantum confinement of electrons onto the outer area
of the nanotubes themselves [9] and the incredible thinness
of the electrodes fabricated through printing, results in an
altogether more sensitive device.
To gain further insight into the impact of overlaid material
on the fringing field lines of these sensors, a COMSOL
simulation was carried out. Simulations displaying the electric
field lines for 2 and 5 mm of overlaid rubber thicknesses are
displayed in Figure 5. The higher permittivity of the rubber
than that of the surrounding air leads to attenuation of the
electric field lines. This is especially visible by comparing
the field lines below the sensor (where the medium is kept
as air in the simulation to highlight the contrast) to those
above the sensor, where the rubber material is placed. For
these simulations, the relative permittivity for the rubber was
taken to be 14, and the electrodes were 5 mm by 5 mm
with a spacing of 1 mm. Finally, a COMSOL simulation was
completed to show the impact of having a thicker electrode (c),
compared to the thinner electrodes modeled in (a) and (b). It is
clearly visible through the simulation that the electric field
is concentrated between the adjacent sides of the electrodes,
leading to an electrical signal that is less perturbed by the
overlaid material.
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Fig. 5. Electric field distribution of the planar sensor calculated by COMSOL.
The fringing electric field lines vary with the thickness of rubber overlaid
on top of the electrodes. The rubber thickness used in the simulation was
(a) 2 mm and (b) 5 mm, respectively. A sensor with thicker electrodes and a
2 mm thick rubber overlaid is shown in (c) and highlights the distribution of
the electric field across the edges of the planar electrodes.

Fig. 4. Comparison of sensitivity and surface morphology for three different
nanomaterial inks: Au and Ag nanoparticles and mCNTs. All sensors consisted
of 5 by 5 mm electrodes with a seperation distance of 150 μm. (a) An SEM of
the m-CNT film used for the electrodes in planar sensor geometry. (b) Plot of
the capacitance (pF) vs overlaid rubber thickness (mm) with 99% confidence
interval area bars. Sheet resistance of the m-CNT is also inset in the plot.
(c) and (d) SEM and sensor data for the Ag nanoparticle electrode sensor.
(e) and (f) SEM and sensor data for the Au nanoparticle electrode sensor.

Lastly, the operation of this sensor was demonstrated for use
in detecting the rubber thickness of an automobile tire (tread
depth). Traditionally manufactured tires have a steel mesh
grid embedded within the rubber to improve stability and
robustness. This metal grid presents a problem for the lowfrequency capacitance measurements by screening a portion of
field lines. However, hypothesizing that a sufficient portion of
the field lines are still penetrating the metal grid, and that these
field lines are still being attenuated by the changing rubber
thickness, we developed an additional and more sensitive
approach to detecting the attenuation. Rather than measuring
capacitance, we measured the shift in resonant frequency

of a signal propagated between the two sensor electrodes—
mechanistically the same as the capacitance approach but
using a different signal and parameter to correlate to the
material thickness (in this case, tread depth of a tire).
Using a vector network analyzer to provide a high frequency
excitation signal on one electrode, the reflected signal was
monitored on the adjacent electrode. The sensor used for
this demonstration was a fully optimized “hybrid” sensor that
consisted of a bottom layer of printed silver nanoparticles and
a top layer of printed m-CNTs. This structure would comprise
the significant advantages of both inks: high conductivity
from the silver ink to distribute the field across the electrode
and high surface-to-volume ratio of the m-CNTs to enhance
sensitivity. The sensor was placed within the inner well of
an automobile tire (beneath the tread portion of the tire) and
an initial measurement was taken. Then, 1 mm thick rubber
films were sequentially added on top of the tire while reflected
signal measurements were taken in-between each addition. The
results, with 99% confidence intervals, are plotted in Fig. 6,
along with a photograph of the sensor used inside the tire.
There was a linear correlation between the reflected signal
at 487 MHz and the incremental change in tread depth via
the added rubber pieces. In order to identify the operating
frequency, the S11 response was monitored across a swept
frequency range of 100 MHz to 1 GHz. From this sweep, two
resonant peaks were identified, one at approximately 190 MHz
and one at approximately 510 MHz. The second resonance
proved to be highly sensitive to overlaid rubber material, and
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sensors noninvasively measuring the tread depth on an automobile tire by being integrated within the tire. These new
sensors provide a way to monitor the thickness of a material
in a noninvasive fashion with electrically transduced signals,
having applicability to a variety of IoT systems.
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