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Abstract— Tire tread wear is a significant vehicular safety
concern; yet, monitoring tread depth (or thickness) still relies
on manual detection, which is rarely done by consumers and
is time-consuming for service lane technicians. In this paper,
we present a fully printed, one-dimensional electrode array
that is able to electrically measure the thickness profile of
tread across the width of a tire. The sensor array consists of
printed millimeter-sized electrodes composed of a hybrid silver
nanoparticle-carbon nanotube (CNT) structure. The array is
positioned directly against the outside of a tire (simulating a
vehicle driving over the sensors). The thickness profile is then
determined by applying an oscillating voltage between each of
the electrode pairs in the array and measuring the associated
electrical response. Correlation between the electrical response
and tread depth across a tire is demonstrated for two distinct,
measurable parameters: signal reflectance (S11) and impedance.
A 2D electrostatic simulation is applied to explain the operation of
the sensors and how the differentiation between grooves and tread
blocks is possible based on differing electric field attenuation
with distance. This printed sensor array shows promise for
electrically monitoring tread profiles using relatively low-cost,
readily implemented components.
Index Terms— Printed electronics, capacitive sensor, carbon
nanotubes, smart tires, Internet of Things.

I. I NTRODUCTION

M

ONITORING tire tread wear is critical for ensuring
proper tire traction and vehicle control [1], [2], with
staggering safety implications. In the US alone, there are more
than 700 deaths and 19,000 injuries each year from tire-related
crashes [3]. In these crashes, more than 25 % of the vehicles
had tread depth less than 1.6 mm (2/32”) [4] – the regulated
minimum for safe vehicle handling. In fact, a recent study from
the American Automobile Association (AAA) gave evidence
for tires being unsafe even at 3.2 mm (4/32”), showing that
all-season tires with ∼3.2 mm of tread required 87 more feet
to stop on wet roads than for new tires on the same vehicle [5].
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The need for sensors to monitor the condition of tires is
not new. After the tire pressure-related safety debacle of the
Ford Explorer/Firestone Tires in the early 2000s, the U.S.
government passed legislation that requires every new vehicle
(from 2008 model onward) to be equipped with a tire pressure
monitoring system (TPMS) in each tire [6]. In addition to tire
pressure regulation, The U.S. government has also defined a
legally safe minimum tread depth of 2/32” [7], with encouragement for consumers and commercial fleet managers to be
vigilant about monitoring the tread on their tires; unfortunately,
this does not generally happen.
While there have been some recent innovations for monitoring tread depth from within the tire [8]–[10], which would
be the ultimate solution, these have yet to penetrate the
market. And, even when such sensors are available, it will take
many years before they are sufficiently ubiquitous to make an
appreciable impact on safety. Meanwhile, there is a pressing
need for a near-term sensing solution for measuring the tread
wear of tires. Some companies have developed products to
address this need in the form of drive-over scanners. These
systems use lasers and time-of-flight deflection from the tire
surface to measure the tread of each tire as a vehicle is driven
over the system. While the technology works, the systems are
prohibitively expensive ($5k - $20k) and large, leading them to
only be used by a select few, typically in service lanes. What
is needed is a sensing technology that is capable of similar
tread profile measurement in a platform that is lower cost and
more readily implemented for widespread use.
Recent demonstration of a tire tread thickness sensor realized using printed carbon nanotubes (CNTs) shows great
promise for this sensing need [10]. The use of CNTs provided
an enhancement in the sensitivity of the device, while also
allowing for the sensor to be printed and thus compatible with
low-cost manufacturing techniques. Operation of the sensor
relied on electric fields, generated and sensed by the CNT
electrodes, passing through the tire and being attenuated with
distance in a way that related to the thickness of remaining
tread, with some similarities to capacitive proximity sensing [11]–[16]. The demonstration described above [10] holds
great promise but was only demonstrated for use from within a
tire. The adaptation of this sensing technology into an external
tire tread measurement system is the focus of this work.
Ensuring that a sensing technology for monitoring tire tread
wear is affordable is imperative and the rapid advancement
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Fig. 1. Design and images of printed sensor array. (A) Schematic illustrating the aerosol jet printing process with an inset profile of an electrode (top-left),
consisting of a bottom layer of silver nanoparticles and a top layer of unsorted CNTs. The inset on the bottom right displays the electrode separation and
geometry. (B) Photograph of the fully printed sensor array. (C-D) SEM images of the sensing electrodes at different magnifications.

of printing for various materials is an excellent option
for low manufacturing cost. Printed electronics have gathered significant research interest in recent years due to
the potential for fabricating large area and flexible electronics at a relatively low-cost, particularly when compared to traditional vacuum deposition methods [17], [18].
Additionally, numerous functional inks have been developed, including various nanomaterial-based inks [19]. These
novel inks allow for highly functional printed electronic
devices, for both sensor [20] and transistor-based applications [21], [22]. It is of note that this work utilizes directwrite printing. This method of electronics fabrication is not
low-cost or high-throughput but allows for rapid prototyping and customization. Ultimately, a commercial product
would need to be fabricated using roll-to-roll or screenprinting techniques. While non-trivial, it is feasible to translate direct-write printed devices to high-throughput printing
methods [23].
In this work, we fabricate fully printed, nanomaterial-based
sensor arrays and demonstrate their ability to map tire tread
thickness across the width of a tire. The sensor array consists
of square millimeter-sized electrodes that are composed of a
hybrid composite of printed silver nanoparticles and unsorted
single-walled carbon nanotubes (CNTs). An oscillating electric
field is applied across adjacent electrodes, while the signal
response is measured. This measured signal is shown to correlate with the presence of grooves and tread blocks, with the
relative magnitude of the signal corresponding to the thickness
of the tread. Using this sensor array, the tread thickness
profile of tire can be extracted. A 2D Laplace solver is used
to study the electrostatic behavior of the sensors, providing
evidence for the mechanism of operation related to changes in
electric field attenuation with distance driven by tire material
geometry. This successful demonstration of tire tread measurement using an electronic, non-invasive, drive-over sensor
array opens the way for tire health monitoring to be done more
ubiquitously.

II. E XPERIMENTAL
The sensor array was printed using an aerosol jet printer
(AJ300, Optomec Inc.), though the process is adaptable to
any number of other printing technologies, such as roll-to-roll
gravure printing [23]. In addition to providing a potentially
low-cost fabrication scheme, printing the sensor allows for the
use of a flexible substrate, which can be bent slightly around
the outside of the tire during operation. Aerosol jet printing
also enables the controlled deposition of nanomaterials which
have been shown to increase the efficacy of the desired sensing
scheme [10]. A schematic of the sensor array, along with
a photograph, can be seen in Fig. 1A and 1B, respectively.
During the aerosol jet printing process, inks composed of
nanomaterials dispersed in solvents are ultrasonically atomized to form an aerosol mist. The mist is then carried by
an inert nitrogen gas stream to the print head and further
aerodynamically focused at the nozzle using a sheath flow of
N2 gas to jet onto the substrate. This process allowed for the
printing of both layers, Ag nanoparticles and unsorted CNTs,
onto the substrate. The substrate, a 25.4 µm polyimide film
(Kapton, Dupont), was first cleaned by sonication in acetone
for 5 minutes, followed by sonication in isopropanol for
5 minutes, a rinse using deionized water, and then it was dried
using an N2 gas stream.
The Ag nanoparticle ink (procured from UT Dots, Inc.) contained Ag nanoparticles dispersed at 40 wt. % in a 4:1 mixture
of xylene and terpinol. The Ag nanoparticles were printed
onto the Kapton substrate in a pattern consisting of twentyfour adjacent 5 by 5 mm square electrodes with a separation
distance of 150 µm (pitch of 5.15 mm). Each electrode was
connected by a printed lead line to a small rectangular pad,
also composed of Ag nanoparticles. These smaller pads were
used to electrically connect the sensing electrodes to a vector
network analyzer for measurement. The silver nanoparticle
samples were printed using a deposition nozzle with a diameter
of 100 µm. The sheath and atomizer flow rates for the aerosol
jet printer were set to 25 and 20 sccm, respectively. The current
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used to ultrasonically atomize the silver nanoparticle ink
was 320 mA, with the platen temperature held at 60 °C. After
printing, the silver nanoparticles were sintered in an oven at
200 °C for 30 minutes.
The unsorted (both metallic and semiconducting)
single-walled carbon nanotube ink (P3-CNTs from Carbon
Solutions, Inc.) contained 0.5 mg/ml of CNTs dispersed in
deionized water. The CNTs were printed directly on top of
the Ag nanoparticle electrodes, using a deposition nozzle
with a diameter of 150 µm. The sheath and atomizer flow
rates for the printing of the CNTs were 35 and 40 sccm,
respectively. The current used to ultrasonically atomize the
unsorted CNTs was 413 mA, and the platen was held at
60 °C. Like the silver nanoparticles, the unsorted CNTs were
sintered at 200 °C for 30 minutes. An SEM image of the
composite material can be seen in Fig. 1C-D. Of particular
note is the porosity of the silver nanoparticle film, with the
CNTs acting as bridges between each nanoparticle. It has
been demonstrated that there is a distinct tradeoff that stems
from the metallization coverage of the electrode [13], where
higher metallization factors lead to higher, more measurable
capacitance values, but also lead to smaller penetration depths
and sensitivity. Therefore, a porous, yet conductive electrode
is key to obtaining appropriate sensitivity with a strong
signal-to-noise ratio.
Two distinct electrical parameters were measured and
shown to provide the desired tire tread depth profile: signal
reflectance (S11) and impedance. Both of these parameters
are measurable with an off-the-shelf vector network analyzer (VNA), and the simplicity of the response suggests that
a much simpler circuit could be used to drive the sensor
array (thus, not relying on an expensive, multipurpose VNA).
An SDR Kits DG8SAQ VNA 3E was used for the S11
measurements and a Copper Mountain R60 for the impedance.
The measurements were carried out by testing each electrode
pair one at a time. An oscillating electric field was applied
while simultaneously measuring the reflected signal or the
impedance. For the S11 measurements, a frequency range
(from 1 to 1000 MHz for S11) was tested at a voltage value
of 225 mV rms.
For the initial testing setup, the array was affixed to a
pliable piece of balsa wood in order to maintain its structural
integrity. The sensor array was then placed against the outside
of a tire as seen in Fig. 2A. Wires were soldered to copper
tape and fixed on to the connection pads, with the other ends
of these wires being connected to a breadboard. The VNA
was connected to the breadboard through coaxial components.
Additionally, the nearest neighbor electrodes to the active
sensing electrodes were held at the same potential (as depicted
in Fig. 2B), in order to prevent a loss in electric field outside
of the sensing area. The rationale behind this connection
scheme is that if the pads directly adjacent to the sensing
pads of interest were left at a floating voltage, they could
affect the sensing at the location of interest in an unpredictable
fashion. Five tests were taken on each set of four electrodes.
This measurement scheme was repeated serially across the
width of the array to provide the one-dimensional profile of
a tire.
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Fig. 2. Initial testing setup and sensor array operation. (A) Photograph of
the sensor array placed on the outside of a tire and connected to a VNA.
(B) Cross-sectional schematic showing a magnified view of four electrodes
in the array against a tire; measurements were taken by having electrodes to
one side of the active electrodes (“measurement point”) tied to signal while
those on the other side were tied to ground. A conceptual illustration of the
fringing electric field lines interacting with the tire is also included.

In addition to the simple setup involving the sensor array
attached to the tire, a custom test assembly was also designed
and constructed for applying a tire onto a sensor array with
the same amount of force as will be present in a driveover application. This test setup provides proof-of-concept
demonstration of the ability for the sensor array to map the
tread profile for a tire that is being driven directly over its
surface (Fig 4). While this demonstration proves the viability
of the sensor at high forces, a high-speed automated measuring
system was not developed to fully demonstrate the drive over
method.
III. R ESULTS AND D ISCUSSION
Tire tread typically has three specific regions of different
thickness – the tread, the sipes, and the grooves. The primary indication of tread wear, and thus the most beneficial
measurement, is the tread thickness, which is the difference
between a tread block and a groove. Therefore, a comparison
between the measured signal spectra at each specific critical
point is crucial to understanding the operation of the tire
array sensor. The spectrum of the signal reflectance with
respect to frequency at three distinct tire locations (defined
by the position of the measurement point shown in Fig. 2B)
is shown in Fig. 3A. The spectra indicate multiple resonances
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Fig. 3. Operation of sensor array using reflected signal (S11) magnitude.
(A) Representative S11 versus frequency response for three sensor measurement points on a tire: full tread, sipes (or minor tread patterns), and the
full grooves (0 mm tread depth). Inset shows active sensing frequency range.
(B) S11 versus actual tread thickness at three distinct tire positions (actual
thickness measured with a tread depth gauge). The correlation is extremely
linear (R2 > 0.99) with error bars indicating a 99 % confidence interval from
5 samples taken at each location. (C) Slope-adjusted S11 across the full width
of the tire. S11 response is tri-modal, corresponding to full tread, sipes, and
grooves. These measurements were taken using a stationary array positioned
on the outside of the tire. An inset at the bottom of the plot shows the tire
profile as it corresponds (approximately) with the position of the array during
the measurements.

within the measured frequency range with the second resonant peak being the most consistent and comparable across
each location. However, the reflected signal amplitude at
the resonant frequencies is small, due to almost no power
being reflected back to the electrodes. Therefore, directly
measuring either the resonant frequency or the magnitude at
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the exact resonant frequency is noisy and highly variable.
One way to measure the changes to the resonant frequency
with more robustness is to measure the signal reflectance
magnitude (S11 in dB) directly above or below that frequency.
For example, the frequencies directly at the shoulder of the
resonant peak are shown in the inset of Fig. 3A. The trend
of decreasing S11 magnitude at each specific frequency, and
with respect to decreasing material thickness, was observed.
Through these S11 signatures, it was determined that the
optimal parameter for the sensor array in this initial testing
setup would be the S11 magnitude at 510 MHz.
Next, the S11 magnitude (directly above the shoulder of
the resonant peak) was plotted against the actual measured
tread depth at each position. The tread depth is defined as
the height of rubber material with respect to the grooves.
Therefore, the groove height is normalized to 0 mm. The
results can be seen in Fig. 3B, showing a direct and linear
correlation between the measured S11 and the tire tread depth,
with a coefficient of determination value (R2 ) being greater
than 0.99. The linear correlation validates the hypothesis that
the S11 parameter is directly linked to the tire’s tread depth
at the given sensing frequency. Given the linear relationship,
the estimated tread depth and 99% confidence intervals for
the grooves, sipes, and tread are 0±0.47 mm, 4.76±0.87 mm,
and 7.15±1.30 mm, respectively. Additionally, the fact that the
response is linear provides a unique way to calibrate the sensor
in real time: the difference in S11 magnitude between the
high (tread blocks) and low (grooves) points corresponds to a
certain tread depth. This is true even if the specific magnitudes
of the measured S11 are different; the difference between high
and low will still be consistent and related to overall tread
depth.
The full extent of the printed one-dimensional array was
tested to provide a profile across the width of the tire.
The S11 magnitudes at 510 MHz were correlated with the
position of the sensor array on the tire, as seen in Fig. 3C.
The data had a tri- modal distribution with the positions of
each mode corresponding with a tire feature. It should be
noted that the data here was normalized to a slope that existed
within the raw dataset. This type of signal drift is often seen
in the capacitive proximity sensing due to fluctuations in the
environment, therefore, it must be normalized by measuring
two known points (tire tread in this case) and subtracting the
measured slope from the original data. Additionally, while the
measurement technique was consistent across 95% of locations
measured, the measurement at 7 cm presented an outlier which
has been removed from the plot. Overall, this one-dimensional
tire tread map provides a proof-of-concept demonstration of a
fully-printed, array being used to measure tire wear.
While the sensor array was operated by monitoring the
S11 modulation for different locations across the width of a
tire, the sensing mechanism is not attributed to electromagnetic
(antenna-like) behavior. The actual frequency at which these
sensor electrodes resonate is in the GHz range, meaning the
observed shift in S11 is related to changes in the quasistatic fields, including the electric and magnetic fields, which
are typically measured as changes in capacitance, inductance,
impedance, or reactance. To demonstrate that the measurement
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Fig. 4. Operation of sensor array with custom test setup using impedance. (A) Test system with adjustable pneumatic pressure control to simulate pressure
from the tire on the sensor surface. System includes 23 channels with automated channel switching and data acquisition. (B) Impedance versus location across
width of the tire. For reference, the actual tread depth is displayed using the gray profile corresponding to the right axis, with the groove referenced at 0 mm.
Data is aligned with a photo of the tire for illustration purposes.

of the tire profile can be achieved using one of these other
parameters, which are less complex to implement than S11,
operation of an array using impedance is shown in Fig. 4.
This array is measured using the custom testing apparatus
shown in Fig. 4A that applies a tire with known physical load
to the array to more accurately simulate the operation with a
vehicle driving over the array. The data shows that change in
impedance is correlated to the tread thickness across the width
of the tire (Fig. 4B), just as was observed for S11.
To verify the hypothesis that these sensors are measuring
tire tread depth through changes in the electric field over
the various sensor locations in the array, we developed and
apply a numerical model of the sensor and tire configuration.
This model is solely meant for theoretical verification and
is not predictive of exact sensor measurements. This model
is a 2D cartesian Laplace solver in which a known voltage
difference is applied across the sensor electrodes, and the
resulting potential distribution is postprocessed with a gradient
operator to deliver the 2D electrostatic field distribution. The
2D Laplace equation solver uses a finite difference approximation of the second derivative Laplacian operator with
a standard 4-point stencil. The finite difference system of
equations is iteratively solved using successive overrelaxation
with red-black ordering [24]. The potential of the electrodes
is fixed at either one or zero (ground). The potential along the
square boundary of the computational domain is also set at
zero, and the boundary is set at a sufficiently large distance
from the electrodes such that it does not significantly influence
the solution. Regions of different electric permittivity can
be specified so that the realistic tire tread geometry can be
accounted for. Figure 5 shows the electric field direction and
magnitude from simulations with a single pair of electrodes
that are 5 mm wide and 100 µm thick with a 200 µm spacing.
Relative permittivity of the tire rubber was taken to be 6
with everywhere else kept at 1 to represent air. In Fig. 5A,
the sensor electrode pair is centered on a tread block of 3 mm

Fig. 5. Simulation of sensor operation. 2D Laplace model showing electric
field magnitude (in dB with rainbow scale) and direction. (A) Sensor electrodes (5 mm wide, 200 µm spacing) centered on, and abruptly interfacing
with, a tire tread block, showing uniform electric field distribution within the
tire material. (B) Sensor electrodes centered on a groove of 3 mm depth,
showing disruption of the electric field at the bottom of the groove and thus
dependent on the groove/tread depth. Relative permittivity for the tire was
6 and the left electrode was signal with the right electrode grounded.

thickness, with a groove visible on either side of the tread
block. For Fig. 5B, the sensor is centered on a groove, with
tread blocks visible on either side. The simulation shows that
there is a dramatic difference in the electric field distribution
when the electrodes are near the tread versus the groove. With
a tread block above the sensor, the electric field is weaker
very close to the sensor (upon interaction with the interface
of the tire material) and extends nearly uniformly throughout
the tread block. Meanwhile, when centered on the groove,
the electric field from the sensor is higher throughout the air
gap and then dramatically drops once entering the tire rubber.
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These significantly different electric field distributions support
the hypothesis that the operation of the sensor array is based on
these electric field differences for sensors at distinct locations
across a tire’s surface.
IV. C ONCLUSION
The ability of a low-cost, printed sensor array to measure the
tread depth across the width of a tire has been demonstrated.
A combination of Ag nanoparticles and CNTs were used
for the sensor electrodes, printed onto a Kapton substrate.
Demonstration of the sensor array successfully measuring a
tire profile was provided using both a simple attachment to
the outside of a tire as well as a more advanced testing
setup that simulated a tire driving over the array. Using a
2D Laplace solver to simulate the electrostatic fields near the
sensor electrodes, the operating mechanism for this sensing
technology was confirmed: significant changes in the electric
field based on sensor location (e.g., beneath tread or groove).
This work provides an encouraging path forward for more
widespread implementation of tire tread monitoring to improve
safety for all drivers and passengers.
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