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(57) ABSTRACT

A dissipation-based sensor includes a single resonator with a
nano-structured surface. The sensor exhibits improved sensi-
tivity, up to about 2 orders of magnitude higher than a single
resonator without a nano-structured surface. The sensor oper-
ates by measuring and estimating the fluid friction per oscil-
lation cycle, operating in normal conditions without vacuum
(e.g., in air or other ambient gas) at room temperature. The
sensor can provide measurement data at a speed that is orders
of magnitude faster than pre-existing resonance-based meth-
ods, as it is based on measurements from a few cycles only.
The dissipation-based sensor may be utilized in a broad range
of fast, inexpensive, hand-held measuring devices. Addition-
ally, the sensor is capable of operating at standard tempera-
ture and pressure.
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SENSOR INCLUDING MECHANICAL
RESONATOR WITH NANO-STRUCTURED
SURFACE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and the benefit of
U.S. Provisional Patent Application No. 62/104,294, filed on
Jan. 16, 2015, and U.S. Provisional Patent Application No.
62/173,195, filed on Jun. 9, 2015. The entire disclosures of
U.S. Provisional Patent Application No. 62/104,294 and U S.
Provisional Patent Application No. 62/173,195 are incorpo-
rated herein by reference.

BACKGROUND

[0002] The present application relates generally to the field
of mechanical resonance based sensors for use in sensing the
presence of, for example, environmental contaminants.

[0003] The technique of mechanical resonance based
detection and sensing at micro/nano scales has been shown to
be capable of achieving resolutions equivalent to that of a
proton mass. Such sensors rely on the frequency shift and/or
amplitude change of a very narrow-band resonator. A mea-
surable response change may be obtained by overcoming
damping effects, which are detrimental in this context. The
primary aim in the design of resonator-based sensing has
previously been to minimize all dissipative effects.

[0004] Dissipation may result both from viscous friction
with the fluid media that interacts with the sensor and also
from internal losses of the material, the former being typically
dominant in mechanical resonator systems. Minimization of
viscous damping has been achieved by operating the system
in high vacuum, but the inevitable presence of air in the
system prevents the complete elimination of viscous damp-
ing. This viscous friction becomes more of a concern with the
miniaturization of the systems to the sub-micron and nanos-
cales, which are intended to attain higher sensitivities and
resolution. The wide practical application of such systems
with a consistent high vacuum and low temperatures is uneco-
nomical and impractical.

[0005] The study of the dissipation in micro-cantilevers for
sensing purposes has also been considered. The dissipation in
the cantilever is influenced by changes in the media, such as
addition of other gases and the attachment of microorganisms
(e.g., Bacillus anthracis) to the cantilevers. These studies
were based on measuring the dissipation and corresponding
frequency shift exhibited by a single resonator. For such a
single-resonator system, the relative change of dissipation
and subsequent change of frequency is proportional to the
relative change of kinematic viscosity. The use of dissipation
itself in such systems presents a challenge as it reduces the
quality factor of the resonator, and limits the ability to mea-
sure the corresponding frequency shift. For example, a rela-
tive change in viscosity by 1% will lead to a corresponding
change in dissipation of about 1% as well. In addition, using
this method, it is difficult to obtain a good selectivity of the
device.

[0006] It would be advantageous to produce an improved
sensor incorporating a single mechanical resonator. The
improved sensor provides increased sensitivity at reduced
cost. These and other advantages will be apparent to those
reviewing the present disclosure.
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SUMMARY

[0007] An exemplary embodiment relates to a sensor
including a resonator and a nanostructure comprising a plu-
rality of elements that is disposed on a surface of the resona-
tor. The nanostructure is configured to move through a media
to be sensed. Other exemplary embodiments include systems
incorporating such sensors and methods of using such sensors
and systems.

[0008] The resonator included in the sensor may be a cut
quartz crystal resonator. The nanostructure may be disposed
on an electrode surface of the resonator. The plurality of
elements of the nanostructure may include nanotubes or
nanorods, such as ZnO nanorods. The elements may have a
diameter of about 20 nm to about 60 nm, and may have a
length of about 300 nm to about 900 nm. The elements may be
spaced apart by about 20 to about 200 nm, and may have an
element density of about 15 to about 25 elements per pm?.
[0009] The resonator may be disposed within a sensor
housing. The sensor housing may include a sensor chamber in
which the plurality of elements of the nanostructure extend
such that they may move in relation to the media to be sensed.
An impedance analyzer may be configured to measure the
dissipation of the resonator. The impedance analyzer may be
a dedicated circuit disposed within the sensor. The sensor
may include an infrared radiation source configured to irra-
diate the media to be sensed, and the infrared radiation source
may be an infrared diode. The sensor may also include a
power source. The sensor may be capable of driving the
resonator at a variety of amplitudes or across a range of driven
amplitudes.

[0010] Another exemplary embodiment relates to a sensor
including a resonator and a nanostructure including a plural-
ity of elements disposed on a surface of the resonator. The
nanostructure is configured to move through a media to be
sensed. The resonator may be a cut quartz crystal resonator,
such as an AT cut quartz crystal resonator. The nanostructure
may be disposed on an electrode surface of the resonator. The
plurality of elements may include nanotubes or nanorods,
such as ZnO nanorods. The plurality of elements may have at
least one of a diameter of about 20 nm to about 60 nm or a
length of about 300 nm to about 900 nm. The plurality of
elements may be spaced apart by about 20 to about 200 nm.
The plurality of elements may have an element density of
about 15 to about 25 elements per um?>. The resonator may be
disposed within a sensor housing, such as a sensor housing
that includes a sensor chamber and the plurality of elements
may extend into the sensor chamber. The sensor may include
an impedance analyzer configured to measure the dissipation
of'the resonator. The impedance analyzer may include a dedi-
cated circuit disposed within the sensor. An infrared radiation
source may be included in the sensor and be configured to
irradiate the media to be sensed. The infrared radiation source
may include an infrared diode. The sensor may include a
heater element configured to increase the temperature of the
media to be sensed. The sensor may include a humidity source
configured to increase the relative humidity of the media to be
sensed. The sensor may include an additive gas source con-
figured to increase the amount of an additive gas in the media
to be sensed. The sensor may include a power source. The
sensor may be configured to drive the resonator at a variety of
driving amplitudes or frequencies or across a range of driving
amplitudes or frequencies.

[0011] Another exemplary embodiment relates to a method
of operating a sensor including driving a resonator of the
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sensor at a driving amplitude and frequency such that a nano-
structure on a surface of the resonator moves through a media
to be sensed, measuring a dissipation response of the resona-
tor, and determining the presence of a component in the media
to be sensed based on the measured dissipation response. The
driving amplitude may be 1 mV to 50 mV. The method may
include heating the media to be sensed to a predetermined
temperature before measuring the dissipation response of the
resonator. The method may include increasing the humidity
of the media to be sensed before measuring the dissipation
response of the resonator. The method may include increasing
the content of an additive gas in the media to be sensed before
measuring the dissipation response of the resonator. The
method may include irradiating the media to be sensed with
infrared energy. Determining the presence of a component in
the media to be sensed may include comparing peaks of the
measured dissipation response to known dissipation spectra.
Driving the resonator may include driving the resonator
through a driving amplitude range of 1 mV to 50 mV.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGS.1A-1D depict a schematic representation of a
nanostructure disposed on a surface of a resonator; a sche-
matic representation of the nanostructure disposed in a fluid
medium; a schematic representation of an experimental appa-
ratus; and an image of the nanostructure disposed on the
surface of the resonator, respectively.

[0013] FIGS. 2A and 2B depict schematic representations
of the interaction of the elements of a nanostructure with a
fluid media including particulates.

[0014] FIGS. 3A, 3B, and 3C depict a field emission scan-
ning electron microscopy image (FE-SEM) image of a top
view, a side view, and multiple perspectives of zinc oxide
(ZnO) nanorods grown on a 10 nm seed layer of ZnO on an
electrode of a resonator, respectively.

[0015] FIGS. 4A, 4B, and 4C depict dissipation as a func-
tion of frequency for a variety of different media, with the
inset in FIG. 4C depicting the measured dissipation as a
fraction of the dissipation for dry air for various media pol-
lutants.

[0016] FIGS.5A and 5B depict the measured dissipation as
a fraction of the dissipation for dry air and for various media
pollutants, and a change in relative frequency with tempera-
ture dependent kinematic viscosity change for dry air at vari-
ous temperatures and various media pollutants, respectively,
with the inset of FIG. 5A depicting a corresponding change in
frequency.

[0017] FIGS. 6A and 6B depict dissipation as a function of
frequency for a variety of ambient dry air temperatures, with
the inset in FIG. 6B depicting the dissipation response of dry
air as a function of temperature.

[0018] FIGS. 7A and 7B depict the measured dependence
of the normalized dissipation as a function of temperature
dependent kinematic viscosity change, with the inset in FIG.
7B depicting the data exponential fit and theoretical estimates
for the relationship.

[0019] FIGS. 8A and 8B depict the measured dissipation as
a function of drive voltage for a variety of media mixtures
over a driven amplitude range close to or at the resonance
frequency of the oscillator.

[0020] FIG. 9 depicts dissipation as a function of relative
humidity (RH) in air for a modified crystal and a bare (non-
modified) crystal.
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[0021] FIG. 10 depicts dissipation as a function of driving
amplitude for three different crystals, a bare (non-modified)
crystal, and two modified crystals with different nanostruc-
tures, the inset depicts the driving amplitude as a function of
drive voltage for each crystal.

DETAILED DESCRIPTION

[0022] According to an exemplary embodiment, a sensor
includes a single resonator with a nano-structured surface.
The sensor exhibits improved sensitivity. More precisely, the
sensor exhibits an increase in sensitivity up to about 2 orders
of magnitude as compared to a single resonator without a
nano-structure surface. The sensor operates by measuring and
estimating the fluid friction per oscillation cycle, operating in
normal conditions without vacuum (e.g., in air or other ambi-
ent gas) at room temperature. The sensor can provide mea-
surement data at a speed that is orders of magnitude faster
than pre-existing resonance-based methods, as it is based on
measurements from a few cycles only. The dissipation-based
sensor may be utilized in a broad range of fast, inexpensive,
hand-held measuring devices. Additionally, the sensor is
capable of operating at standard temperature and pressure.
[0023] The structure of the sensor is configured to detect
changes in the dissipation behavior of the resonator. The
characteristics of the media to be sensed impact the dissipa-
tion behavior of the sensor as a result of interaction with the
nanostructure. Changes in the characteristics of the media,
such as viscosity, are produced by changes in the composition
of the media. In this manner, the dissipation behavior of the
sensor may be employed to indicate the composition of the
media, and changes thereof.

[0024] The sensor may include a resonator with flexible
nanostructures on a surface of the resonator interacting with
the fluid media. The sensor may be responsive to adsorbed
particles, changes in fluid medium properties and/or molecu-
lar adsorption. Compared with a single resonator device, the
inventive sensor is substantially more efficient in the mea-
surement and exploitation of additional dissipation by the
choice of the parameter regime and its variation.

[0025] Theresonator may be any appropriate resonator. For
example, the resonator may be a custom designed resonator
or an off-the-shelf resonator. According to one embodiment,
a standard AT cut quartz crystal (QC) resonator, with the
resonator electrode surfaces oriented such that they may con-
tact the media when the resonator resonates, may be
employed. The resonator electrodes may be gold electrodes
according to one exemplary embodiment, although other
materials may be used according to other exemplary embodi-
ments.

[0026] The nanostructure is disposed on a surface of the
resonator such that the elements of the nanostructure move
through the media when the resonator resonates, as shown in
FIG. 1B. The nanostructure may include a plurality of ele-
ments formed from any suitable material(s), and extending in
a direction substantially orthogonal to the surface of the reso-
nator on which they are disposed, as shown in FIG. 1A. The
nanostructure may include a plurality of nanotubes or nano-
rods. According to one embodiment, the nanostructure may
include a plurality of ZnO nanorods grown on one of the
electrode surfaces of the resonator, as shown in FIG. 1D.
[0027] The elements of the nanostructure may have any
suitable dimensions. According to one embodiment, the ele-
ments of the nanostructure may have a diameter in the range
of'about 20 nm to about 60 nm, such as a diameter in the range
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of about 30 nm to about 50 nm. The elements of the nano-
structure may have a length in the range of about 300 nm to
about 900 nm, such as a length in the range of about 500 nm
to about 700 nm. According to another embodiment, the
elements of the nanostructure may have a diameter similar to
the diameter of a target particulate material to be sensed.

[0028] The nanostructure may have any suitable element
density. According to one embodiment, the element density
of'the nanostructure should be such that the distance between
the elements is similar to the molecular mean free path in the
media. For example, in the case where the sensor will be
utilized with an air-based media in normal temperature and
pressure conditions, the spacing between the elements of the
nanostructure may be between about 20 nm and about 200
nm, such as between about 50 nm and about 100 nm, or about
60 nm and about 70 nm. The element density of the elements
on the nanostructure may be in the range of about 15 to about
25 elements per um?>, such as about 182 elements per un?,
providing an area coverage of about 8% per um? of projected
surface area. If the element density of the nanostructure is too
low, the impact of the nanostructure on the dissipation of the
resonator is undesirably reduced, and if the element density is
too high the media is prevented from entering the space
between the elements of the nanostructure and the sensor
does not effectively detect changes in the media.

[0029] A schematic representation of the dissipation of
energy from the resonator in the presence of a particulate
containing fluid media is depicted in FIGS. 2A and 2B. The
particulates 210 in the fluid media 200 interact with the ele-
ments 110 of the nanostructure disposed on the electrode 100
of the resonator in a manner that disrupts the motion of the
elements through the fluid media 200. As shown in FIG. 2B,
the disruption of the motion of the elements 110 of the nano-
structure on interaction with the particulates 210 produces a
spontaneous out-of-phase motion of the elements and an
increase in dissipation by transferring additional energy 300
to the fluid media 200. In this manner, the presence of par-
ticulates in the fluid media may be detected.

[0030] The nanostructure may be produced on the resona-
tor surface by any appropriate process. The nanostructure
elements may be grown in-situ on the resonator surface.
According to one embodiment, a seed layer for growth of the
elements may be disposed over the surface of the resonator
before the growth of the elements. The area of the resonator
surface covered with the seed layer may be controlled with
the use of a mask, such that the area of the seed layer corre-
sponds to the area to be covered with the grown elements.
Alternatively, pre-formed nanostructure elements may be dis-
posed over the resonator surface.

[0031] The resonator may be provided in a sensor housing,
such that the elements of the nanostructure are exposed to a
media in a sensor chamber formed in the sensor housing. The
sensor chamber may be in fluid communication with the
atmosphere, and may be configured to facilitate the rapid
turnover of the media in the sensor chamber. The sensor
housing may additionally include circuitry configured to
measure the dissipation of the resonator. Alternatively, the
sensory housing may include interconnects that are config-
ured to attach the sensor to a power source, an external appa-
ratus configured to measure a dissipation of the resonator, or
both. A handheld sensor device may be provided in which the
sensor housing additionally includes a power source, such as
a battery or fuel cell.

Jul. 21, 2016

[0032] The resonator may be connected to an impedance
analyzer that is configured to measure the dissipation of the
resonator. The impedance analyzer may be a commercially
available impedance analyzer. Alternatively, the impedance
analyzer may be a custom designed impedance analyzer, such
as an impedance analyzer configured to be disposed in the
sensor housing or to have size compatible with portability.
The data produced by the impedance analyzer may indicate a
change in the composition of the media, the concentration of
individual components of the media, or the presence of a new
component in the media. The data produced by the impedance
analyzer may include a peak dissipation frequency, a shape of
the dissipation curve as a function of frequency, a peak dis-
sipation, or combinations thereof. The dissipation data may
be processed by a computer that receives output from the
impedance analyzer.

[0033] The media in the sensor chamber may be a mixture
of gases or vapors. For example, the media may have a com-
position substantially similar to air, with the dissipation char-
acteristics of the resonator changing as the composition of the
media changes. According to one embodiment, the media
may be substantially similar to air with the sensor configured
to detect changes in the medium, such as the inclusion of
pollutant vapors. Alternatively, the media may include par-
ticulates in addition to the gases or vapors. The sensor may be
capable of detecting the presence of particulates in the media
without the particulates attaching to the elements of the nano-
structure.

[0034] The sensitivity of the present sensor with respect to
temperature allows the possibility of selectivity of the dissi-
pation-based sensing. According to one embodiment, a vari-
able-wavelength IR diode may be provided to irradiate the
media in the sensor chamber. A scan through the frequency
range in the IR spectrum results in temperature increases at
the IR absorption wavelength of the media, yielding higher
dissipation. The dissipation may be measured on the order of
a few milliseconds with a 5 KHz BW sweep for a sweep time
0f30-45 seconds and the turnover of air in the chamber takes
on the order of a fraction of a second, allowing a scan in an IR
range of 100 frequencies to be completed in between about 1
and about 10 seconds. The dissipation exhibits high peaks
whenever there are peaks in the corresponding IR absorption
spectrum of the media. Thus, the sensor device may differen-
tiate between different media components, as long as the
media components have sufficiently different IR absorption
spectra.

[0035] The sensor may be employed to monitor changes in
the composition of the medium, and thereby the environment,
for example at normal pressure and temperature. The sensor
may be utilized to detect the presence of undesired contami-
nants or pollutants in the environment. According to one
embodiment, the contaminants or pollutants may include
chemical species, smoke particulates, or viruses. For
example, the sensor may be employed to detect the release of
chemicals associated with oil, gas, or mineral recovery or
processing. The sensor may also be employed to detect forest
fires by detecting carbon particles associated with smoke, or
to detect fine stone or mineral particulates. Alternatively, the
sensor may be employed in an industrial environment to
detect undesired chemical release. The sensor may also have
anti-terrorism applications in the detection of chemical or
biological agents. The sensor may be employed in health
applications by providing an analysis of the chemical com-
ponents in the fluids or gases produced by the body. Accord-
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ing to one embodiment, the sensor may be configured to
detect the presence of a specific media component. The detec-
tion of viruses with the sensor may be enabled by IR irradia-
tion as discussed above.

[0036] The sensor may be based on the mechanical prop-
erties and response of the nanostructure. The amplitude of the
motion of the nanostructure may affect the dissipation of the
sensor. Dissipation peaks at a specific driven amplitude may
be characteristic of particular molecules or other species
interacting with the nanostructure. The amplitude at which
the nanostructure is driven may be optimized to achieve a
particular value which produces a drastic increase in dissipa-
tion, while the driven frequency is kept constant or varied
throughout a predetermined range. This selective increase in
dissipation may increase the selectivity of the sensor for a
desired molecule that exhibits characteristic dissipation at the
selected amplitude. Alternatively, the amplitude at which the
nanostructure is driven may be scanned through a predeter-
mined range, producing several dissipation peaks, while the
driven frequency is kept constant or varied throughout a pre-
determined range. The characteristic dissipation peaks as a
function of driven amplitude may be employed to identify
specific molecules in the media. Other features of the dissi-
pation peaks may also be utilized to increase the specificity
and selectivity of the sensor, such as the shape of the peaks
and the area under the peaks. The sensor may thus be utilized
to produce a mechanical spectrum characteristic of the media
interacting with the sensor, based on the dissipation behavior
of the sensor as a function of driven amplitude. A similar
mechanical spectrum may also be produced for dissipation as
a function of driven phase. Without wishing to be bound by
any particular theory, the dependence ofthe dissipation on the
driven amplitude of the nanostructure may be due at least in
part to the molecules interacting with the nanostructure
exhibiting different resonant frequencies. The range of the
driven amplitude, when converted to voltages, may be on the
order of millivolts (mV), such as 1 mV to 50 mV or SmV to
50 mV.

[0037] The operation of the sensor is based on the effect of
the interaction of the media and the nanostructure on the
dissipation characteristics of the resonator. The interaction of
the nanostructure and the media may be theoretically mod-
eled, based on the characteristics of the media and the nano-
structure.

[0038] The current understanding of fluid friction for a
small (e.g., micron size) vibrating string is based on the work
of Stokes, in which the motion of the string is governed by the
balance of inertia, elastic and drive forces, and the viscous
drag forces inhibiting the motion. The ratio of inertial to
viscous forces is defined as the Reynolds number

which becomes the parameter of dynamic modulation, where
U and L are the characteristic velocity and length of the
resonator, respectively, and p and m are the density and
dynamic viscosity of the ambient fluid, respectively. Near or
at resonance, the inertial and stiffness forces balance each
other such that the kinetic energy and potential energy match,
rendering the system behavior predominately a function of
the ratio of driving forces to damping. Therein lies the sig-
nificance of reducing friction to obtain a narrowband reso-
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nance. For high vacuum conditions, the viscous effects are
more complex, as the ambient media becomes an extremely
rarified gas, and the internal dissipation in the resonator plays
a dominant role in the dynamic response modulation of the
resonator. Contrary to previous efforts, the sensor of the
present invention is based on enhancing the dissipation of a
single resonator in a way that it makes the energy loss per
cycle detectable and a useful tool for sensing. To enhance the
dissipation of the resonator, the physical system, and corre-
spondingly, the Reynolds number, is changed by augmenting
the surface of the resonator with flexible nanostructures. The
flexible nanostructures may exhibit significantly different
length and time scale response compared to the resonator.
[0039] The sensor may utilize any appropriate resonator
with flexible nanostructures on a surface of the resonator that
is configured to interact with the fluid media. The sensor may
be responsive to adsorbed particles, changes in fluid medium
properties, and/or molecular adsorption. Compared with a
single-resonator device that does not include a nanostructure
on the surface thereof, the inventive sensor is substantially
more efficient in the measurement and exploitation of addi-
tional dissipation based on a selected parameter regime and
its variation.

[0040] The sensitivity of the present sensor with respect to
temperature allows the additional possibility of selectivity of
the dissipation-based sensing. Different compositions of
ambient air produce different viscosities as a function of
temperature. A change in the temperature of the fluid, or other
external parameter of the fluid, produces a different viscosity
change for different compositions of the ambient air supplied
to the sensor. According to one embodiment, an external
heating element may be employed to produce a predefined
change in the temperature of the ambient air taken into the
sensor, and viscosity change produced by the change in tem-
perature may indicate the composition of the ambient air
supplied to the sensor. According to another embodiment,
other properties of the ambient air supplied to the sensor may
be changed in a predefined manner, and the resulting viscosity
change indicates the composition of the ambient air. For
example, the composition of the air supplied to the sensor
may be modified. Modifications of the air supplied to the
sensor may include introducing additional humidity or mix-
ing the ambient air with a controlled quantity of gas, such as
nitrogen, from a gas supply. The changes in the ambient air
properties employed may be any appropriate change that
produces a change in viscosity.

[0041] According to another embodiment, a variable-
wavelength IR diode irradiating the air in the chamber may be
provided. A scan through the frequency range in the IR spec-
trum will result in temperature increases at the IR absorption
wavelength of the media, yielding higher dissipation. The
dissipation may be measured on the order of a few millisec-
onds with a 5 KHz BW sweep for a sweep time of 30-45
seconds, and the turnover of air in the chamber takes on the
order of a fraction of a second, allowing a scan in an IR range
of 100 frequencies to be completed in between about 1 and
about 10 seconds. The dissipation will yield high peaks when-
ever there are peaks in the corresponding IR absorption spec-
trum of the media. Thus, the sensor device may differentiate
between different media components, when the media com-
ponents have sufficiently different IR absorption spectra.
[0042] Considering, for simplicity, a pendulum-like
motion of the slender rod, the Reynolds number may be
defined as:
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with an inertial factor contribution impacted by the density of
the fluid pg, the diameter of the slender rod d and its length L,
while a viscous factor contribution is influenced by the
dynamic viscosity of the fluid n and the linear velocity

{%*) with which the fluid in contact with the slender rod is
dragged along, and { 6) =w,,,; being the angular velocity of
the slender rod. A more complex theory based on flexible
beam dynamics can be constructed, producing essentially the
same order of magnitudes up to a constant pre-factor. It fol-
lows that the angular velocity of the rod is modulated by the
frequency of the platform drive Q as

Oxx
7

Wrod =

which is evidently much smaller than the rod’s resonant fre-
quency o, = 10® Hz, with L essentially governing the bound-
ary layer thickness of fluid

(5—( Z'Ifw ]1/2
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and f, being the dimensionless frequency parameter as
defined later. For a rod where the characteristic length scale is
of the order of tens to hundreds of nanometers, Re signifi-
cantly reduces to values of the order of ~107>-1077 as a
function of the dimensionless frequency parameter

with x making the motion dominated by viscous drag. At
normal temperature and pressure, determining the regime of
flow from the order of magnitude of the Reynolds number is
essential in calculating the fluid forces on the rods. For similar
boundary layer thicknesses, Re typically approaches a value
on the order of between approximately 1 and 10 for a bare
vibrating platform and a rod at micron scale, with the diam-
eter being the characteristic length, signifying inertial factor
dominance. At the nanoscale, however, fluid damping domi-
nates over fluid inertia which indicates dissipation dominance
at the operational regime of very low Reynolds number. For a
dense forest of such slender rods vibrating together, and con-
sidering linear coupling, dissipation may be considered as a
function of the number density of fabricated nanorods N and
their geometry (characterization results shown later), which
further allows the estimation of the fluid damping coefficient
v and fluid added mass M. Consequently, the dimensionless
dissipation factor expressed as a ratio of the dissipated to
stored energy per cycle for the bigger resonator can be rep-
resented as
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where T is the time period of oscillation and w,=2xf.

[0043] There are two possible ways for the Reynolds num-
ber to change. One way is to change the medium, for example
by saturating the air with the vapor of a media, or, alterna-
tively, replacing the air altogether by another gas. In the case
of complete replacement, the effective variation in Re with
the medium follows

Regir _( PLair ]/( Nair ]—(v va)
Revapor  \ Pvapor } | \Mvapor ot

where the dynamic viscosity  variation may be estimated.
For a complex vapor mixture of air and volatile chemicals, air
molecules of the fluid medium around the nanorods are
replaced by molecules of the vapor depending upon its num-
ber density and molar mass, which in turn results in an effec-
tive change in the Reynolds number.

[0044] The effect of ambient fluid friction manifested
through Reynolds number Re has been typically modeled as
acomplex-valued hydrodynamic drag force, where the analy-
sis of the real and imaginary parts of the force provides
information on the added fluid mass displaced by the reso-
nating element and the damping coefficient caused by the
fluid, respectively. However, such a formulation is restricted
to the continuum regime alone, and is only valid for a free
vibrating string in an infinite fluid. A similar approach has
previously been employed to study the behavior of microor-
ganisms at very low Reynolds Number regimes. The linear
combination of a finitely large number of such slender rods
collectively adding to dissipation is a naive approach theo-
retically. Estimation with respect to fixed nanorod geometry,
number density and operation regime typically accounted for
a variation in dissipation factor by 1% for an effective Rey-
nolds number variation of the order of 1%. Previous work
relating the changes in dissipation as a function of vapor
properties for a bare crystal also estimated similar variations.
However, the present experimental results clearly show a
dissipation variation on the order of 100% for an effective Re
variation of 1%. Thus, the previous theoretical considerations
are not entirely compatible with the present system.

[0045] As it follows, the system cannot be looked upon as
mutual addition of individual viscous forces of N rods, where
the viscous friction computed with Stokes formulation con-
siders each rod to be independent of the other in an infinite
fluid medium. The system is a global ensemble of coupled
slow moving oscillators, where the mutual phase relations
between the nearest neighbors govern the overall viscous
friction. Entrainment of random ordered vibrating structures
produce an in-phase motion coupling of the nearest neigh-
bors, achieving a dynamic ordered/stable state. Such an
entrained system thus becomes less prone to damping effects,
since the forced steady state brought about by the long range
viscous forces makes the system energetically more favor-
able.
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[0046] It is only when random out of phase motion is con-
sidered that the fluid-nanostructure interaction generates a
higher velocity gradient as a function of effective volume
change between the two nearest neighbor rods following

dv
dr

where U is the velocity and S the cross sectional area. This
accounts for localized energy generation of the cell involving
out-of phase structures AE=V-p-U?/2, which results from dis-
sipation in the system. However, for the typical dimension of
the nanorods and vibrational amplitude a of the order of ~1
nm, the mean free path of the molecules is 1*>>a, making the
fluid a non-continuous fluid relative to the rods in motion in
between the nanorods. In effect, when a rod pushes a fluid by
a, it actually pushes fluid by a+1*=a_; Hence it follows that:

dv 2
E:L-d-agff-f;l,d f

with d being the distance between rods and f being the fre-
quency. It then follows that:

AE=YopL3d°f.

Possibilities for the dissipation include one given by the fric-
tion of the rods with the fluid molecules due to normal impact
and another due to the friction between the fluid molecules.
The second possibility is responsible for the regular lubrica-
tion viscous friction in narrow channels. However, in the
present framework the distance between the rods is of the
same order, or smaller, than the mean-free path of the mol-
ecules, rendering the impacts between the molecules less
likely than the impacts between the fluid molecules and the
rods. Thus, the lubrication-type friction can be neglected,
leaving the friction encountered by the rods themselves to
account for the dissipation. In the case of rod motion, even in
rarified gas, the regular formulas of the rod friction can be
employed with appropriate corrections. Thus, the dissipation
of'the rod due to viscous forces that would cause a change of
state of the rod is AW=2mvCpv>L/f, with v being the velocity
of'the rods. The probability p of the random generation of the
off-phase state, expected to be described by Boltzmann sta-
tistics as derived from Gibbs measure, is proportional to:

up to the normalizing factor that is expected to change slowly
with media parameters. Since the dissipation in the in-phase
states is much lower than the out-of-phase states, the dissipa-
tion is proportional to

D =AW -exp(— AA—‘:E/)

A small change in viscosity from v—(v+Av) leads to the
change of the factor
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Thus, under a change of viscosity from v—(v+Av), the argu-
ment of exponent changes as:

AE A
5w =K

v

where K is a dimensionless constant and related to the param-
eters of the resonator as described below.

[0047] This results in relative dissipation change caused by
the corresponding relative kinematic viscosity change com-
puted as:

a

D _ exp(L ﬁ(zf.g] —expl- )

Typical order of magnitudes for the system in question gives
a factor of K=10, which produces a change in dissipation on
the order of 2 for even a 1% change in kinematic viscosity.
This theoretical result is corroborated by experimental
results. In effect, D increases for increasing v.

[0048] Calculations with respect to dry air for variations
with passing water vapor, Ethyl Alcohol (EOH) and petro-
leum ether (PE) change the effective kinematic viscosity
within the same range as that conducted for temperature
measurements which result in similar dissipation variations.

[0049] Another way the dissipation can change for a given
ambient media is by simply changing the geometric scale of
the nanorods due to adsorption of the particles effecting a
change in resonator volume or the viscous layer thickness. In
principle, the sensing methodology is applicable to detection
of any particles having a geometric size comparable to the
characteristic dimension of the nanorod independent of their
masses. For example, the sensor may be employed to detect
particles in smoke produced as a result of combustion, such as
that produced by forest fires.

[0050] All the discussions above become relevant when
considering the electrical resonance model of a quartz crystal
microbalance (QCM) resonator platform. The added dissipa-
tion is reflected as an added complex impedance variation
where the Resistance change is proportional to viscous damp-
ing. The added fluid mass is reflected as a variation in the
Inductance variation, changing the stored energy per cycle of
its oscillation. The ratio of the dissipated to stored energy per
cycle is reflected as a dimensionless Dissipation-factor varia-
tion,
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which may be obtained through complex impedance analysis
using an Impedance analyzer. The obtained Dissipation factor
(D) is a measure of the loss-rate of energy of a mode of
oscillation in a dissipative system. It is expressed as the ratio
of the resistive power loss in the equivalent series resistance
(Ry) to that stored in the series reactance (Xg), which in the
present case of inductive reactance, X =X, =wL ,, where L ¢ is
the series inductance of the system.

[0051] Although the present disclosure contemplates a
wide variety of dissipation-based sensors and methods of
making the same, the following example is provided by way
of'illustration, and are not intended as limiting with respect to
the present disclosure and the scope of the inventions
described herein. Accordingly, it should be understood that
other materials and combinations of materials, and methods
of making the same, are contemplated by the present disclo-
sure and are intended to be a part hereof.

EXAMPLE

[0052] ZnO nanorods were grown on one of the gold elec-
trode surfaces of a standard AT cut quartz crystal (QC) reso-
nator. Zinc nitrate hexahydrate (Zn(NO,),*6H,0, 98%),
ammonium hydroxide (28 wt % NH; in water) were pur-
chased from Sigma-Aldrich. A 10 nm-thick ZnO seed layer
was sputtered on an electrode of the cut quartz crystal reso-
nator. The ZnO seed layer was deposited on only one of the
electrode surfaces by employing a mask. ZnO nanorods were
then grown on the coated quartz crystal resonator by sub-
merging the resonator in a 10 mM Zn(NO;),*6H,0 solution
and maintaining a pH of the solution 0f 10.6 by adding ammo-
nia to the solution. After hydrothermal growth of the ZnO
nanorods in an oven at 90° C. for 3 h, the crystals were rinsed
with de-ionized water and ethanol and dried in a vacuum
oven.

[0053] FE-SEM images of the ZnO nanorods are shown in
FIGS. 3A, 3B, and 3C. The estimated of length of the ZnO
nanorods was 611 nm, while the diameter of the ZnO nano-
rods was 43 nm as shown in FIG. 3B. The nanorod density
measured at different locations was about 18+2 nanorods per
1 um?, providing an area coverage of about 8% per 1 um? of
projected surface area. As shown in FIG. 3C, the spacing
between the nanorods was about 50 nm.

[0054] The impedance parameters of the resonator were
measured using an Agilent 4294 A impedance analyzer with a
frequency range of 40 Hz to 110 MHz and a nominal imped-
ance accuracy of +/-0.08% at 100 Hz. The impedance ana-
lyzer exhibited excellent high Q or D accuracy, enabling
reliable analysis of low-loss components. The inherent high
dynamic range of the equipment allowed device evaluation
under actual operating conditions. A fixed ac test signal level
of Vrms ~ 5 mV was employed for all the impedance based
dissipation measurements. A schematic representation of the
experimental method is illustrated in FIG. 1C.

[0055] The obtained Dissipation factor (D) is a measure of
the loss-rate of energy of a mode of oscillation in a dissipative
system. It is expressed as the ratio of the resistive power loss
in the equivalent series resistance (Ry) to that stored in the
series reactance (X). FIGS. 4A and 4B show examples of the
dissipation and frequency shift measurement. In order to
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demonstrate that the change in dissipation is caused by the
change in kinematic viscosity, a series of experiments mea-
suring dissipation of dry air as a function of different media
were conducted. The data for different ambient media
obtained from FIGS. 4A and 4B are summarized in FIG. 5A,
with each data point in FIG. 5A representing the analysis of
the data presented in FIGS. 4A and 4B. FIG. 4C shows addi-
tional examples of the dissipation and frequency shift mea-
surement for different ambient media, and the inset in FIG.
4C summarizes the data for the different ambient media. The
inset in FIG. 5A shows the corresponding change of the
frequency, and demonstrates that the frequency change, while
noticeable, is not conducive to precise measurements, as the
change in frequency does not accurately differentiate
between different media.

[0056] In order to demonstrate that the change in dissipa-
tion is caused by the change in kinematic viscosity, an addi-
tional series of experiments measuring dissipation of dry air
and various media as a function of temperature were per-
formed. The experimental data presented in FIGS. 6A, 6B,
7A, and 7B demonstrates that the dissipation is strongly
dependent on the temperature of the ambient media. As
shown in the inset of FIG. 6B, the dissipation response of dry
air exhibits an exponential trend as a function of temperature.
The inset of FIG. 7B demonstrates that the experimental data
closely matches the theoretical estimate, and that the Stokes
continuum model does not accurately represent the behavior
of the sensor.

[0057] In order to demonstrate the dependence of the dis-
sipation on the driven amplitude of the system, the drive
frequency was changed to observe maximum dissipation for
a particular drive amplitude (lowest value) in order to probe
the presence of resonance frequency for different amplitudes
to observe the resulting dissipation peaks for different media
components as shown in FIGS. 8A and 8B.

[0058] Inorderto demonstrate that different media produce
different characteristic dissipation peaks based upon a driven
amplitude of the sensor, the sensor was exposed to different
media under the same conditions. The media employed were
a combination of ethanol, water vapor and dry air; dry air;
ambient air; nitrogen, cyclohexane, and 16% relative humid-
ity; nitrogen n-heptane, and 15% relative humidity; nitrogen,
n-hexane, and 18% relative humidity; and nitrogen and 9%
relative humidity. As shown in FIGS. 8 A and 8B, each of the
tested media produced different characteristic dissipation
peaks, which may be considered a mechanical dissipation
spectrum of the media. The driven amplitude range was 5 mV
to 50 my, and was constrained by the equipment employed to
obtain the possible resolution of peak positions. Thus, other
driven amplitude ranges may be employed with different
experimental equipment. The system was operated at or as
close as possible to the resonance frequency of the oscillator.
Scanning through the amplitudes in the range provide definite
dissipation peaks as a function of the driven amplitude. The
structure of the peaks may reflect the chemical composition
of the media, and correspondingly may be utilized to con-
struct a mechanical spectrum. Thus, the sensor may be
employed in a mechanical spectroscopic device. The experi-
mental data shown in FIGS. 8 A and 8B is the average of three
readings taken for each media, with the time period of each
reading corresponding to the time period for which the reso-
nant frequency was stable. The scan period for each ampli-
tude range reading was 45 seconds.
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[0059] A series of experiments were performed in which
the change in the kinematic viscosity with variations in the
Relative Humidity (RH) of the media was measured. FIG. 9
depicts the dissipation for a modified crystal (PR(1)) and a
bare (unmodified) crystal, with the modified crystal exhibit-
ing an exponential dependence of the kinematic viscosity on
RH, while the response for a bare crystal is linear. The result
for the bare crystal shown in FIG. 9 is in agreement with
theoretical considerations.
[0060] As shown in FIG. 10, a series of experiments were
performed with a bare (unmodified) crystal, a modified crys-
tal with a packing ratio (PR) of 0.08, and a modified crystal
with a PR of 0.15. The dissipation was recorded as function of
the driving amplitude for each crystal. The bare crystal exhib-
ited a linear response, while the nanostructure modified crys-
tals exhibited a non-linear response. The inset in FIG. 10
depicts the driving amplitude as a function of drive voltage for
each crystal.
[0061] As utilized herein, the terms “approximately,”
“about,” “substantially,” “essentially,” and similar terms are
intended to have a broad meaning in harmony with the com-
mon and accepted usage by those of ordinary skill in the art to
which the subject matter of this disclosure pertains. It should
be understood by those of skill in the art who review this
disclosure that these terms are intended to allow a description
of certain features described and claimed without restricting
the scope of these features to the precise numerical ranges
provided. Accordingly, these terms should be interpreted as
indicating that insubstantial or inconsequential modifications
or alterations of the subject matter described and claimed are
considered to be within the scope of the disclosure as recited
in the appended claims.
[0062] It should be noted that the term “exemplary” as used
herein to describe various embodiments is intended to indi-
cate that such embodiments are possible examples, represen-
tations, and/or illustrations of possible embodiments (and
such term is not intended to connote that such embodiments
are necessarily extraordinary or superlative examples).
[0063] It is important to note that the exemplary embodi-
ments are illustrative only. Although only a few embodiments
have been described in detail in this disclosure, those skilled
in the art who review this disclosure will readily appreciate
that many modifications are possible (e.g., variations in val-
ues, manufacturing processes, etc.) without materially
departing from the novel teachings and advantages of the
subject matter described herein. The order or sequence of any
process or method steps may be varied or re-sequenced
according to alternative embodiments. Other substitutions,
modifications, changes and omissions may also be made in
the design, operating conditions and arrangement of the vari-
ous exemplary embodiments without departing from the
scope of the present disclosure.

What is claimed:

1. A sensor comprising:

a resonator; and

a nanostructure comprising a plurality of elements dis-

posed on a surface of the resonator;
wherein the nanostructure is configured to move through a
media to be sensed.

2. The sensor of claim 1, wherein the resonator is a cut
quartz crystal resonator.

3. The sensor of claim 1, wherein the nanostructure is
disposed on an electrode surface of the resonator.

Jul. 21, 2016

4. The sensor of claim 1, wherein the plurality of elements
comprises nanotubes or nanorods.

5. The sensor of claim 1, wherein the plurality of elements
comprise ZnO nanorods.

6. The sensor of claim 1, wherein the plurality of elements
have at least one of:

a diameter of about 20 nm to about 60 nm;

a length of about 300 nm to about 900 nm;

are spaced apart by about 20 to about 200 nm; or

an element density of about 15 to about 25 elements per

m?,

7. The sensor of claim 1, wherein the resonator is disposed
within a sensor housing.

8. The sensor of claim 7, wherein the sensor housing
includes a sensor chamber, and the plurality of elements
extend into the sensor chamber.

9. The sensor of claim 1, further comprising an impedance
analyzer configured to measure the dissipation of the resona-
tor.

10. The sensor of claim 1, further comprising an infrared
radiation source configured to irradiate the media to be
sensed.

11. The sensor of claim 1, further comprising at least one
of:

a heater element configured to increase the temperature of

the media to be sensed;

a humidity source configured to increase the relative

humidity of the media to be sensed; or

an additive gas source configured to increase the amount of

an additive gas in the media to be sensed.

12. The sensor of claim 1, further comprising a power
source.

13. The sensor of claim 1, wherein the sensor is configured
to drive the resonator at a variety of driving amplitudes or
frequencies or across a range of driving amplitudes or fre-
quencies.

14. A method of operating a sensor comprising:

driving a resonator of the sensor at a driving amplitude and

frequency such that a nanostructure on a surface of the

resonator moves through a media to be sensed;
measuring a dissipation response of the resonator; and
determining the presence of a component in the media to be

sensed based on the measured dissipation response.

15. The method of claim 14, wherein the driving amplitude
is 1 mV to 50 mV.

16. The method of claim 14, further comprising heating the
media to be sensed to a predetermined temperature before
measuring the dissipation response of the resonator.

17. The method of claim 14, further comprising increasing
the humidity of the media to be sensed before measuring the
dissipation response of the resonator.

18. The method of claim 14, further comprising increasing
the content of an additive gas in the media to be sensed before
measuring the dissipation response of the resonator.

19. The method of claim 14, further comprising irradiating
the media to be sensed with infrared energy.

20. The method of claim 14, wherein determining the pres-
ence of a component in the media to be sensed comprises
comparing peaks of the measured dissipation response as a
function of driving amplitude to known dissipation spectra
based on the amplitude.
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