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(57) ABSTRo\.CT 

A sensor and methods for making and using the same in 
which a mechanical resonator is employed, comprising a 
resonator portion for resonating in a fluid without the 
substantial generation of acoustic waves; and an electrical 
cOlmection between the resonator portion for oscillating and 
a source of an input signal; wherein the portion for resonat­
ing, the electrical cOlmection or both includes a base mate­
rial and a perfomlance-tuning material that is different from 
the base material. 

26 Claims, 7 Drawing Sheets 
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MECHANICAL RESONATOR 

CLAIM OF PRIORITY 

This application claims the benefit of u.s. Provisional 
Application No. 60/456,767 filed on Mar. 21, 2003. 

TECHNICAL FIELD 

2 
a mechanical resonator (and most preferably a tuning fork 
resonator) in which materials alternative or in addition to 
quartz crystals are employed. 

In another aspect of the present invention, a highly 
preferred configuration for a ttIDing fork for use in a sensor 
is employed, pursuant to which the shape of the tuning fork 
is generally that of an "H" or a modified "H". 

In one preferred embodiment, the resonators according to 
the present invention are placed in a fluid and a signal is 

The present invention is directed to improvements in the 
fabrication and usc of mechanical resonators for measuring 
various properties of fluids (including both liquids and 
vapors). 

10 applied to the resonator. A characteristic of the fluid is 
determined based upon the resonator response. In one even 
more highly preferred embodiment, the resonators according 
to the present invention are placed in a fluid and a variable 
frequency input signal is applied to the resonator. The 

BACKGROUND ART 15 frequency of the signal is varied and the frequency and a 
characteristic of the fluid is detennined based upon the 
resonator response. The use of mechanical resonators for measuring proper­

ties of materials, including liquid and vapor phases, has been 
disclosed in commonly-owned u.s. Pat. No. 6,336,353 
(Matsiev. et al.)("Method and apparatus for characterizing 20 

matcrials by using a mechanical resonator"); and U.s. Pat. 
No. 6,182,499 (McFarland, et al.) ("Systems and methods 
for charactcrization of materials and combinatoriallibrarics 
with mechanical oscillators"); and u.s. patent application 
Ser. Nos. 091723,818, 09/800,819, and 09/133,171; pub- 25 

Ii shed U.S. Patent Application No. 20030000291; and u.s. 
patent application Ser. No. 101155,207 ("High Throughput 
Microbalance and Methods of Using Same") (filed May 24, 
2002), all of which are hereby expressly incorporated by 
refcrence for all purposes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of one illustrative resonator 
in accordance with the present invention. 

FIG. 2 is a perspective view of one illustrative resonator 
in accordance with the present invention. 

FIG. 3 is a perspective view of another resonator showing 
a dielectric material partially covering electrodes of the 
resonator. 

FIG. 4 is a perspective view of a resonator having a 
perfonnance tuning material dispersed within a base mate-

30 rial. 
It has been observed that a preferred resonator is one that 

is opcrated at a rclatively low frcqucncy, e.g. below about 1 
MHz; however, resonators may be operated at higher fre­
quencies. For example, a highly preferred resonator is one 
that employs at least one cantilever end, and more preferably 35 

a plurality of cantilever ends, such as would be fmIDd in a 
tuning fork. 

FIG. 5 is a cross section through a tine of the resonator 
shown in FIG. 4. 

FIG. 6 is a perspective view of a resonator having a 
perfonnance tuning material including a layer entirely over­
lying a base material. 

FIG. 7 is a cross section through a tine of the resonator 
shown in FIG. 6. 

The above patent documents disclose the employment of 
various alternative resonators, such as tridents, cantilevers, 
torsion bars, bimorphs, or membrane resonators. 

FIG. 8 is a perspective view of a resonator having a 
perfonnance tuning layer that is an intermediate layer in the 

40 base material. 
The documents also address the possibility of coating 

resonators with a coating for sensitivity to certain chemicals, 
wear resistance, for environmental protection or for some 
other functionality. 

FIG. 9 is a cross section through a tine of the resonator 
shown in FIG. 8. 

FIG. 10 is a perspective view of a resonator having a 
perfonnance tuning material including a layer entirely over­
laying a base material and a layer that is an intermediate 
layer in the base material in combination. 

FIG. 11 is a cross section through a tine of the resonator 
shown in FIG. 10. 

As the success of resonators for use in sensing applica- 45 

tions has grown, the cnvironmcnts within which thc reso­
nators are expected to perform have likewise increased. In 
particular, the desire for increasing resonator life in high 
stress, abrasive and/or chemically aggressive enviro111nents 
has driven the search for improved specific material and 
structural combinations. 

FIG. 12 is a perspective view of a resonator having 
50 perfonnance tuning material that is an intermittent layer 

along edges of the base material. 

SUMMARY OF THE INVENTION DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention is directed primarily to a method 
using a mechanical piezoelcctric rcsonator ("mechanical 
resonator") for measuring physical and electrical properties, 
such as the viscosity, the density, the viscosity density 
product, the impedance, the dielectric capacitance, the 
dielectric constant, and the conductivity of sample liquid 
compositions. The detailed description below focuses pri­
marily on mechanical resonators, and specifically tuning 
fork resonators. Howcvcr, thc principles of thc invention can 

The present invention is directed to improvements in 55 

sensing devices and systems employing mechanical resona­
tors, and particularly improvements to structure and material 
combinations suitable especially for extreme operating con­
ditions, such as encountered without limitation in harsh 
cnvironmcnts (c.g., oil ficlds, opcrating machinery fluids, 60 

chemical processing or otherwise), or where micro-scale or 
cven nano-scale scnsitivity is crucial to succcssful perfor­
mance (e.g., for measuring hygroscopicity, for flow injection 
analysis, for high throughput parallel or rapid-serial screcn­
ing or otherwise). 65 also be applied to thickness shear mode ("TSM") resonators, 

such as a rcsonator having a quartz crystal sandwichcd in 
between electrodes. Thus the present invention has applica-

Accordingly, one aspect of the present invention is 
directed to the employment of a combination of materials in 
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bility to resonators that are oscillated such that a portion of 
the structure of the resonator is passed through a fluid such 
as tridents, cantilevers, torsion bars, unimorphs, bimorphs, 
membrane resonators or combinations thereof. 

The employment of any of a variety of different art­
disclosed measurement systems may be made in accordance 
with the present invention, and the discussion of a preferred 
variable frequency input signal system is not intended as 
limiting. 

Nonetheless, pursuant to a preferred variable frequency 
input signal system, a mechanical resonator according to the 
present invention is connected to a measuring system that 
sends a variable frequency input signal, such as a sinusoidal 
wave, that sweeps over a predetermined frequency range, 
preferably less than about 100 kHz (e.g., in the 25~30 kHz 
range) for a tuning fork resonator and in a higher range for 
the TSM resonator. The resonator response over the fre­
quency range is then monitored to determine selected physi­
cal and electrical properties of the fluid. Absolute values 
may be obtained if desired, as may relative. comparative or 
index values. Additionally, it is possible also that the system 
of the present invention may be employed with deternlining 
whether a certain threshold criteria is met in the fluid being 
analyzed. 

The hardware for the present measuring system may be 
any suitable hardware. It may include, for example, art­
disclosed network analyzers, see, e.g., U.S. Pat. No. 6,336, 
353 (Matsiev, et al.)("Method and apparatus for character­
izing materials by using a mechanical resonator"); and u.s. 
Pat. No. 6,182,499 (McFarland, et al.) and published u.s. 
Patent Application No. 20030000291, hereby incorporated 
by reference. The hardware might also be part of an appli­
cation specific integrated circuit (ASIC), such as is disclosed 
for example in commonly owned, co-pending application 
entitled "Integrated measurement assembly for a machine 
fluid sensing system" (U.S. patent application Ser. No. 
10/452,264), hereby incorporated by reference, as disclosed 

4 
operators to extend the duration between fluid service 
events, while helping to assure continued operational integ­
rity of a machine. 

Any dynamic assembly that depends on fluids to operate 
(e.g., where friction and heat are of a concern), will benefit 
from hardware capable sensing the state of a fluid. For 
instance, the ability to dynamically monitor fluid condition, 
process data obtained from the monitoring, and report char­
acteristics of the fluid to an interface or operator can have 

10 many applications. Assemblies that may benefit from the 
defined embodiments of the present invention are many, and 
can include without limitation, engines in general, automo­
biles, heavy machinery, military equipment, airplane parts, 
oil drilling, exploration and production well logging, oil 

15 refining, pipeline and quality control applications, marine 
transportation, sub-sea exploration and aerospace related 
equipment, or any other fluid containing application. In 
addition, contemplated methods include a step of assem­
bling the hardware into a device that is incorporated into 

20 engines in general, automobiles, heavy machinery, military 
equipment, airplanes, oil drilling, exploration and produc­
tion well logging equipment, oil refining, pipeline and 
quality control equipment, marine transportation equipment, 
sub-sea exploration and aerospace related equipment, or any 

25 other equipment that utilizes fluids for operations. 
In the automotive field, numerous components require 

lubrication, which is not limited to engine oil. For example, 
other automotive components may include the transmission, 
the transfer case, the differential, etc. Still fhrther, the 

30 sensing system may fhrther be used to determined the 
quality and amount of other fluids which are not necessarily 
used predominantly as a lubricant, including: brake fluids, 
steering fluids, antifreeze fluids, refrigerant fluids, wind­
shield washer fluids, or any other fluid located in an auto-

35 motive system. 

In one embodiment of suitable hardware, an oil sensing 
system is used to detennine the component characteristics 
and amount of engine oil. In an automotive application, the 

40 oil sensing system will provide a user. at a minimum, with 
a warning as to the need to change the oil (such as owing to 
the presence of contaminants, a breakdown or loss of useful 
ingredients or otherwise). In such an application, the warn­
ing is essentially informing the user of the automobile that 

in connllonly owned, co-pending application entitled 
"Application specific integrated circuitry for controlling 
analysis of a fluid" (PCT/US04/08555), claiming benefit of 
U.S. provisional application No. 60/419,404), hereby incor­
porated by reference, as disclosed in co-owned, co-pending 
application entitled "Resonator Sensor Assembly" (l0/804, 
379, PCTlUS05/08531 and PCTIUS04/08522, claiming 
benefit of U.S. provisional 60/456,517), as disclosed in 
co-owned, co-pending application entitled "Environmental 
Control System Fluid Sensing System And Method" (Inter­
national patent application no. US03/32983) or as disclosed 50 

in co-owned, co-pending application entitled "Mechanical 
Resonators" (PCTIUS04/08526, claiming benefit of U.S. 
provisional application No. 60/452,292). All of the forego­
ing are hereby incorporated by reference. 

45 the engine oil has reaches a quality level or condition that is 
lower than that recommend by the automobile's manufac­
turer (or set by the oil manufacturer ). 

The fluid sensing system preferably uses a mechanical 
resonator as the fluid sensor in accordance with the present 
invention. The mechanical resonator is at least partially 
contained in the fluid under-test. To monitor the condition of 
the fluid under-test (i.e., engine oil), the mechanical reso­
nator is provided with electrical energy through a frequency 
generator. The frequency generator is designed to apply a 

55 frequency signal (to the mechanical resonator) that is swept 
over a predetennined frequency range. Electronics are then 
used to detect the response signal from the mechanical 
resonator and process the signal to ascertain characteristics 
of the fluid under-test. In an embodiment of the fluid sensing 

Generally, the hardware for measuring system provides a 
versatile fluid sensing system. More specifically, the hard­
ware provides a fluid sensing system for machines that rely 
upon the presence, condition or both of a fluid to maintain 
efficient operation, such as (without limitation) a synthetic or 
natural engine oil. In an automotive application, the user is 
provided with the ability to determine the actual condition 
(e.g. or the relative deviation of the state of the engine oil 
from its initial or virgin state) of the engine oil at any 
particular time, including during operation. Alternatively, in 
conjunction with assessing fluid condition, the hardware 65 

may also detennine the amount of fluid remaining in a 
reserve of an assembly. This advantageously allows machine 

60 system, the electronics are provided in the form of an 
application specific integrated circuit (ASIC). In addition, 
the hardware might also be part of or include a field 
programmable gate array (FPGA). 

The present invention may suitably be employed in a 
package that is at least partially encapsulated, so as to 
expose the resonator to the fluid being tested, but otherwise 
protect fragile components, such as is disclosed for example 
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in connnonly owned, co-pending application entitled "Reso­
nator sensor assembly and method" (60/456,517). 

The packaging for the present sensor provides a protective 
mounting structure for the sensor and other associated 
components during installation and use; the sensor may 
advantageously be incorporated on to a platform to fonn a 
sensor package. Such a configuration would allow the sensor 
to be in contact with a fluid while protecting associated 
components from the harsh enviroll111ent typically found in 
dynamic systems and any abuse associated with the instal- 10 

lation of the same. In a preferred arrangement, the sensor 
package would comprise a sensor element, having an 
exposed sensing surface, attached to a substrate such that the 
exposed sensing surface is spaced from the platfonn. Advan­
tageously, the sensor package may be further configured 15 

with other components to facilitate the determination of the 
quality of a fluid. Such components may comprise, a hous­
ing, a resistance temperature sensor, an application specific 
integrated circuit (ASIC), and/or a conduit for connnunicat­
ing with other components. As such, it may be desirable to 20 

coat all or some of the additional components and a portion 
of the sensor with a protective coating. 

In the foregoing description, numerous specific details are 
set forth in order to provide a thorough understanding of the 
fluid sensing system, hardware and packaging that may be 25 

used with the present invention. It will be apparent, however, 
to one skilled in the art that the present invention may be 
practiced without some or al1 of these specific details. In 
other instances, well known process steps have not been 
described in detail in order not to unnecessarily obscure the 30 

present invention. 
In accordance with a preferred embodiment ofthe present 

invention, there is disclosed an improved material system 
for use as a resonator. The material system is predicated 
upon the substitution of all or part of a piezoelectric material 35 

(e.g. quartz crystal) with a performance-tuning material that 
improves the characteristics of the resonator for use in a 
medium that has high temperature, is corrosive, is subject to 
abrasives, or a combination thereo±~ when compared with 
the characteristics of a resonator that consists essentially of 40 

quartz crystal. 
FIG. 1 shows a perspective view of one preferred reso­

nator 10 of the present invention. The resonator 10 prefer­
ably has one or more tines 12 including a piezoelectric 
material and at least one electrode 14 (or suitable structure 45 

for receiving the electrode) connected to the piezoelectric 
material. A perfonnance-tuning material 16 is included on a 
base material 18. 

The use of a metal is most preferred for the electrodes. 
However, other conductive materials may also be employed, 50 

such as conductive polymers, carbon or otherwise. Preferred 
metals are pure metals or alloys including a metal selected 
from gold, platinum, silver, chromium, aluminum, nickel, 
titanium or mixtures thereof. Other noble or transition 
metals may also be employed. The electrodes 14 may be 55 

covered, in whole or in part, by a dielectric material 32 (e.g., 
as shown in FIG. 3). 

The base materials of the resonators of the present inven­
tion preferably are selected from at least one type of device 
of piezoelectric materials, electrostrictive materials, mag - 60 

etostrictive materials, piezoresistive materials, elasto-optic 
materials, anisotropic materials, or combinations thereof. By 
way of example, the particular material may be a metallic 
material, a crystalline material, a ceranlic material or a 
combination thereof. Examples of suitable materials 65 

include, without limitation, quartz, lithium niobate, zinc 
oxide, lead zirconate titanate (PZT), gallo-germanates (e.g., 

6 
Langasite (La3GasSi014), Langanite, or Langatate), diomig­
nite (lithium tetraborate), bismuth gemlanium oxide, gal­
lill111 phosphate, gallium nitride, aluminum nitride or com­
binations thereof. The preferred base materials may be 
undoped or doped with art-disclosed dopants. 

Any suitable technique may be used to manufacture the 
resonator. For example, in one aspect, the resonators are 
prepared by art-disclosed processing teclmiques, such as are 
practiced in the semiconductor device fabrication industry. 
Thus, a wafer may be provided, one or more layers deposited 
thereon (e.g., by vapor deposition, sputtering, spin coating, 
curtain coating, laminating wafer bonding, or the like). Steps 
may be perfonned for shaping the resonator, such as pho­
tolithography, laser cutting, etching, dicing or the like. Other 
fabrication techniques, such as casting, molding, or the like 
may also be used. 

FIG. 2 illustrates an alternative structure for a resonator 
20, in which the resonator has tines 22 that join at a cross 
member 24 to define a general1y "H" shaped configuration. 
The structure of FIG. 2 can also include a perfonnance­
tuning material 16 on or within at least one of its surfaces as 
taught herein. In yet another aspect of the invention the "H" 
shaped configuration is modified to include at least two cross 
members, one of which might be located at the ends of 
opposing tines as shown in phantom in FIG. 2. 

The resonator configurations shown in FIGS. 1 and 2 are 
not intended as limiting. The resonators may have tines that 
are of constant cross sectional area along their length, 
varying cross sectional area along their length, or combina­
tions thereof. The tines can be tapered as desired. They may 
have sharp edges, ronnded edges or combinations thereof. 

Preferably the dimensions of the resonators for use in 
accordance with the present invention are such that the total 
vohnne of the resonator including the perfonnance-tuning 
material is less than about 75nun3

, more preferably less than 
about 50 , stillmore preferably less than about 25 nnn3

, 

and even stillmore preferably less than about 15 nnn3
. One 

highly preferred resonator has tines that do not exceed about 
15 nun in its longest dimension, and more preferably is 
smal1er than about 8 mm in its longest dimension. A pre­
ferred resonator has a thickness no greater than about 2 nun, 
and more preferably no greater than about 1 1ll111. By way of 
example, without limitation, one illustrative resonator is 
about 0.5x3x5 111111 in dimension. Of course, larger resona­
tors may also be employed and the present invention is not 
limited only to small resonators. For example, the use of the 
present invention by employment of a resonator that is about 
1 to about 250 cm, and more preferably about 50 to about 
100 cm in length is possible. Larger resonators may be 
suitable for use in multiphase fluids (e.g. emulsions) and 
may be more robust and easier to manufacture. 

It will be appreciated that even though only certain 
examples are provided, the method and system of the present 
invention can use other types of resonator, without departing 
from the spirit and scope of the invention. 

One characteristic that is desirable and may be found in 
the resonator materials or perfomlance tuning materials of 
the present invention is a relatively high degree of hydro­
phobicity or hydrophilicity. 

Among the preferred characteristics of the resonators of 
the present invention is the base material is generally 
thennally stable. For example, in one preferred embodiment, 
the material exhibits a dielectric constant that is substantially 
constant over a temperature range of about 0° C. to about 
100° c., more preferably about _20 0 C. to about 1500 C., 
and stillmore preferably about -40° C. to about 2000 C. For 
example, it is contemplated that a preferred material exhibits 
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stability to a temperature of at least about 3000 C., and more 
preferably at least about 4S0° C. In another aspect, the 
dielectric constant of the performance-tuning material pref­
erably is greater than that of quartz alone. such as by a factor 
of S or more, more preferably by a factor of 10 or more and 
stillmore preferably by a factor of 20 or more. 

A highly preferred base material will not undergo a phase 
transfomlation up to a temperature of at least SOOO c., and 
more preferably at least 10000 C. 

8 
plasma deposition, physical vapor deposition. chemical 
vapor deposition, in situ polymerization, dipping, adhesive 
bonding, sintering, plating, fastening, chemical bonding or a 
combination thereof. By way of example, in one embodi­
ment, a surface coating is applied to a resonator by masking 
the resonator and depositing performance-tuning material 
over the llllmasked region. A step of photolithography may 
also be employed using suitable photoresist in order to 
achieve even more precise control over the size and shape of 

10 the coating. Preferably the deposition processing tempera­
ture is maintained below about SOOo C" and more preferably 
below about 2S0° C. 

A preferred characteristic of the performance tuning mate­
rial is that it is relatively hydrophobic and exhibits a rela­
tively low porosity. e.g .. less than about S% of its volume. 
more preferably less than about 3% and stillmore preferably 
less than about 1 % and even stillmore preferably less than 
about 0.1 %. A preferred performance tuning material will be 15 

stable at about IS0° C. Preferably it will be resistant to 
absorption of oils. 

Examples of particularly preferred performance-tuning 
materials include one or a combination of two or more 
materials selected from the group consisting of polymers, 20 

ceramics, diamond, diamond-like carbon (e.g., Diamonex@ 
DLC). and combinations thereof. For example. preferred 
performance-tuning materials might include one or a com­
bination of two or more materials selected from the group 
consisting of f1uoropolymers, silicones, silanes, polyolefins, 25 

carbides, nitrides, oxides, diamond, diamond-like carbon, 
and combinations thereof; and even more particularly might 
include one or a combination of two or more materials 
selected from the group consisting of polytetrafluoroethyl­
ene, f1uorosilicone, polyethylene (e.g., high density polyeth- 30 

ylene), polypropylene (e.g., high density polypropylene), 
silicon carbide, silicon nitride, diamond, diamond-like car­
bon, and combinations thereof. One preferred performance­
tuning material includes polymers of the para-xylylenes 
(generically called parylenes). and more preferably poly- 35 

mers of para-xylyenes with one or more fluorine atoms in the 
ring (generically called parylene HT). It is also possible that 

Any coating process may also be accompanied with a 
suitable cleaning step, such as a rinse or wipe with a suitable 
solvent, such as water, alcohol or the like, and optional 
ultrasonic cleaning. A polishing step might also be 
employed. 

In one embodiment a plurality of resonators are fabricated 
upon a common substrate and the resonators are separated 
from each other after fabrication by suitable separation 
techniques, such as cutting or the like. 

In a highly preferred embodiment in which the perfor-
mance tuning material is deposited as a layer onto a surface 
of another material, the layer thickness preferably ranges up 
to about 1011, and more preferably is about O.OOS~l to about 
S~l, and more preferably is about 0.111 to about Ill. 

Although the above-described examples describe using a 
resonator without any modifications, the resonator can also 
be treated additionally with yet another "functionality" (a 
specialized coating) so that it is more sensitive to certain 
chemicals. The resonator may also be treated with a general 
coating to protect the resonator from corrosion or other 
problems that could impede its performance. The resonator 
can be coated with a selected material to change how the 
resonator is affected by a fluid composition. One option is a 
general coating for providing the resonator with additional 
properties such as corrosion resistance, chemical resistance, 
electrical resistance or a combination thereof. Another 
option, as noted above, is using a "functionality", which 

a material selected from the above identified examples of 
base materials may be employed as a performance tuning 
material. 40 coats the tines with materials that are designed for a specific 

application, such as proteins or even monoclonal antibodies, 
to allow the resonator to be used as a pH meter, receptors, 
or inununoassay. 

The performance tuning materials of the present invention 
can be incorporated into a resonator in any of a nUlllber of 
different fomls. By way of example, the perfonnance tuning 
materials 16 might be applied as one or a plurality oflayers 
partially overlying a base resonator material 18 (e.g .. quartz 45 

crystal), as shown in FIG. 1, for example; as one or a 
plurality of layers entirely overlying a base resonator mate­
rial (e.g., as shown in FIGS. 6 and 7); as the entirety of the 
resonator material; as an intermediate layer in the resonator 
(e.g., as shown in FIGS. 8 and 9); as a matrix material having 50 

a different material dispersed therein (e.g., as shown in 
FIGS. 4 and 5); as a material dispersed within a different 
matrix material; or combinations thereof (e.g., as shown in 
FIGS. 10-11). When employed as a layer, the performance 
tuning material may be employed continuously (e.g., as 55 

shown in FIG. 6) or intermittently (e.g., as shown in FIG. 
12), along edges of the resonator base material (e.g., as 
shown in FIGS. 6 and 12), within the interior of the 
resonator base material (e.g., as shown in FIGS. 8 and 9), or 
a combination thereof (e.g., as shown in FIGS. 10 and 11). 60 

One or more of the performance tuning materials may also 
be employed to coat electrodes of sensors in accordance 
with the present invention. 

One or a plurality of layers of the performance tuning 
materials therefore may be fabricated into a resonator using 65 

any of a number of different art-disclosed techniques. such 
as one or a combination of solvent coating, laser ablation, 

As will be appreciated, the coating or fllllctionality can be 
applied onto the resonator using any known method, such as 
spraying or dipping. Further, the specific material selected 
for the coating or functionality will depend on the specific 
application in which the resonator is to be used. 1. Hlavay 
and G. G. Guilbault described various coating and function-
alization methods and materials to adapt piezoelectric crys­
tal detectors for specific applications in "Applications ofthe 
Piezoelectric Crystal Detector in Analytical Chemistry," 
Analytical Chemistry, Vol. 49, No. 13, November 1977, p. 
1890. incorporated herein by reference. 

In yet another embodiment of the present invention, 
multiple mechanical resonators can be attached together in 
a single sensor to measure a wider range of responses for a 
given fluid composition. Multiple mechanical resonators can 
be included in a plurality of sensors, which are then 
assembled together for a particular system. 

Though shorter duration lives are also possible for some 
applications, preferred resonators and sensors prepared 
according to the present invention exhibit the ability to 
consistently and reproducibly perform for extended periods 
of time, such as for at least O.S hours, more preferably at 
least 2 hours. stillmore preferably at least 6 hours. further 
still more preferably at least 12 hours and even still more 
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preferably at least 24 hours. In some embodiments that 
resonators and sensors are capable of performing in their 
intended environment for at least 90 days, and even more 
preferably longer than 1 year and ideally for more than 5, 10 
or 15 years. Thus, the present invention helps reduce the 
service needs of detection systems that employ the resona­
tors and sensors of the present invention. 

10 
The resonators and sensors might operated with other com­
ponents such as application specific integrated circuit 
(ASIC), such as is disclosed for example in commonly 
owned, co-pending application entitled "Integrated Mea­
surement Assembly For A Machine Fluid Sensing System" 
(U.S. patent application Ser. No. 10/452,264), hereby incor­
porated by reference, as disclosed in commonly owned, 
co-pending application entitled "Application Specific Inte­
grated Circuitry For Controlling Analysis Of A Fluid", 

Resonators and sensors of the present invention are also 
unique in their ability to withstand, without compromise to 
performance, operating conditions that expose the resonator 
or sensor to one or a combination of acid (organic or 
inorganic), base (organic or inorganic), salt (e.g., NaCl), 
water, steam, crude oil, refined and unrefined hydrocarbon 
fluids, gasoline, synthetic and non-synthetic lubricants, 
hydraulic fluids, and greases, motor oil, ester oils, alcohols, 
varnish, soot, or high pressure flowing fluids. Preferably, the 
materials withstand the effects of these environments over a 
temperature range of -400 C. to about 1700 C. for a period 

10 claiming benefit of U.S. provisional application No. 60/419, 
404), hereby incorporated by reference, as disclosed in 
co-owned, co-pending application entitled "Resonator Sen­
sor Assembly" Ser. No. 10/804,379, PCTlUS04/08531 and 
PCTIUS04/08552, claiming benefit of U.S. provisional 

of at least 24 hours. In one highly preferred embodiment, the 
materials withstand the effects of these environments over a 
temperature range of -400 C. to about 1700 C. for a period 
of at least 90 days, and more preferably at least one year, or 
more than 5, 10 and 15 years. 

15 60/456,517), as disclosed in co-owned, co-pending applica­
tion entitled "Environmental Control System Fluid Sensing 
System And Method" (International patent application no. 
US03/32983) or as disclosed in co-owned, co-pending appli­
cation entitled "Mechanical Resonators" PCTIUS04/08526, 

20 claiming benefit of U.S. provisional application No. 60/452, 
292). All of the foregoing are hereby incorporated by 
reference. 

The preferred methods of the present invention contem­
plate providing a resonator that employs a performance 25 

tuning material and placing the resonator in a fluid (e.g., 
water, NaCl salt solution, rock salt brine, and CaCI2, refined 
oil, unrefined oil, or otherwise). A signal is applied to the 
resonator and the response of the resonator to the signal is 
measured. In one particularly preferred embodiment, a vari- 30 

able frequency input signal is employed as described herein. 
Specific examples of preferred applications would be the 
employment of the resonators in accordance with the present 
invention as a sensor for a machine fluid pursuant to the 
teachings of U.S. Patent Application No. 60/419,404, (en- 35 

titled "Machine Fluid Sensor and Method"; filed Oct. 18, 
2002)(hereby incorporated by reference); or as an oilfield 
downhole tool deployed in a well bore for determining the 
properties of a fluid pursuant to the teachings of published 
U.S. Patent Application No. 20020178805 (hereby incorpo- 40 

rated by reference), such as (without limitation) a property 

It should be understood that various alternatives to the 
embodiments of the invention described herein may be 
employed in practicing the invention. It is intended that the 
following claims define the scope of the invention and that 
the methods and apparatus within the scope of these claims 
and their equivalents be covered thereby. To the extent that 
the particular combinations of steps or materials covered by 
the following claims are not disclosed in the specification, 
the combinations of steps or materials are incorporated by 
reference into the specification. 

What is claimed is: 
1. A fluid sensor employing a mechanical resonator, 

comprising: a resonator portion adapted for resonating in a 
fluid under test; and an electrical connection between the 
resonator portion and a source of an input signal, including 
at least one electrode that is at least partially covered by a 
dielectric material; wherein the resonator portion, the elec-
trical counection or both includes a base material and a 
perfornlance-tuning material that is different from the base 
material, is relatively hydrophobic, and exhibits a porosity 
of less than about 5% of its volume. 

of a formation fluid sample including density, viscosity, dew 
point, bubble point, when a parameter of interest has leveled 
off, the onset of asphaltene precipitation, or the dielectric 
constant. 

2. A sensor according to claim 1, wherein the resonator 
45 portion includes at least one tine. 

It will be further appreciated that functions or structures 
of a plurality of components or steps may be combined into 
a single component or step, or the functions or structures of 
one step or component may be split among plural steps or 
components. The present invention contemplates all of these 50 

combinations. 
The mamler of operating the resonators and sensors of the 

present invention may vary. In one embodiment, the sensor 
is operated continuously. In another, it may be intermittently 
operated. It is possible that the sensor may be operated only 55 

in preselected conditions, such as prior to starting vehicle 
operation, upon starting vehicle operation, during vehicle 
operation upon concluding vehicle operation, while the 
vehicle travels at a substantially constant velocity, while the 
vehicle accelerates or decelerates, or otherwise. Further- 60 

more, the resonators and sensors of the present invention 
may be operated according to art-disclosed techniques net­
work analyzers, see, e.g., U.S. Pat. No. 6,336,353 (Matsiev, 
et al.)("Method and apparatus for characterizing materials 
by using a mechanical resonator"); and U.S. Pat. No. 6,182, 65 

499 (McFarland, et al.) and published U.S. Patent Applica­
tion No. 20030000291, hereby incorporated by reference. 

3. A sensor according to claim 2, wherein the resonator 
portion includes at least two tines. 

4. A sensor according to claim 1, wherein the resonator 
portion includes at least two tines and the tines are joined 
together at a cross member to form a generally "H" shaped 
structure. 

5. A sensor according to claim 3, wherein the base 
material of the resonator portion includes a piezoelectric 
material. an electrostrictive material. a magnetostrictive 
material, a piezoresistive material, an elasto-optic material, 
an anisotropic material, or combinations thereof and the 
electrical cOlmection includes at least one electrode formed 
of a metal selected from gold, platinum, silver, chromium, 
aluminum, nickel, titanium or mixtures thereof. 

6. A sensor according to claim 5, wherein the base 
material of the resonator portion includes quartz, lithium 
niobate, zinc oxide, lead zirconate titanate (PZT), a gallo­
germanate, diomignite (lithium tetraborate), bismuth germa­
nium oxide, gallium phosphate, gallium nitride, aluminum 
nitride or combinations thereof. 

7. The sensor according to claim 6, wherein the perfor­
mance-tuning material includes one or a combination of two 
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or more materials selected from the group consisting of 
polytetrafluoroethylene, fluorosilicone, polyethylene, 
polypropylene, silicon carbide, silicon nitride, diamond, 
diamond-like carbon. 

8. A sensor according to claim 5, wherein the perfor­
mance-tuning material includes a material selected from the 
group consisting of polymers, ceramics, metals, metal car­
bides, metal nitrides, diamond, diamond-like carbon, and 
combinations thereof. 

12 
17. The sensor according to claim 11, wherein the per­

tormance-tuning material includes one or a combination of 
two or more materials selected from the group consisting of 
fluoropolymers, silicones, silanes, polyolefins, carbides, 
nitrides, oxides, diamond, diamond-like carbon, and com­
binations thereof. 

18. The sensor according to claim 11, wherein the per­
formance-tuning material includes one or a combination of 
two or more materials selected from the group consisting of 

9. A sensor according to claim 6, wherein the perfor­
mance-tuning material includes a material selected from the 
group consisting of polymers, ceramics, metals, metal car­
bides, metal nitrides, diamond, diamond-like carbon, and 
combinations thereof. 

10 polytetrafluoroethylene, fluorosilicone, polyethylene, 
polypropylene, silicon carbide, silicon nitride, diamond, 
diamond-like carbon. 

19. The sensor according to claim 11, wherein the per­
formance-tuning material includes a fluoropolymer. 

10. A sensor according to claim 8, wherein the perfor­
mance tuning material: (i) includes a layer partially overly­
ing a base resonator material; or (ii) includes a layer entirely 
overlying a base resonator material; or (iii) is an intenne­
diate layer in the resonator; or (iv) is dispersed within a base 
material; or (v) includes any combination of (i), (ii), (iii) and 
(iv). 

15 20. The sensor according to claim 11, wherein the per-
formance-tuning material includes a ceramic. 

21. The sensor according to claim 11, wherein the per­
formance-tuning material includes a metal nitride. 

22. The sensor according to claim 11, wherein the reso-
20 

nator portion fonued from a wafer. 
23. The sensor according to claim 12, wherein the per­

formance-tuning material is a layer that is continuous or 
intermittent, along edges of the resonator base material, 

25 within the interior of the resonator base material, or a 
combination thereof. 

11. A fluid sensor employing a mechanical resonator, 
comprising: a resonator portion including at least two tines 
adapted for resonating in a fluid under test; and an electrical 
counection including at least one electrode formed of a 
metal selected from gold, platimun, silver, chromium, alu­
minum, nickel, titanium or mixtures thereof between the 
resonator portion and a source of an input signal, wherein 
the resonator portion includes: a doped or undoped base 
material that exhibits a dielectric constant that is substan- 30 

tially constant over a temperature range from at least about 
0° C. to about 1000 c., and is selected from the group 
consisting of quartz, lithium niobate, zinc oxide, lead zir­
conate titanate (PZT), gallo-genuanates (e.g., Langasite 
(La3GasSI014), Langanite, or Langatate), diomignite 35 

(lithium tetraborate), bismuth germanium oxide, gallium 
phosphate, gallium nitride, allUninum nitride or combina­
tions thereof; and a performance-tuning material that is 
relatively hydrophobic, exhibits a porosity ofless than about 
5% of its volume, is stable at about 1500 c., is different from 40 

the base material and is selected from the group consisting 
of polymers, ceramics, metals, metal carbides or nitrides, 
diamond, diamond-like carbon, and combinations thereof. 

12. The sensor according to claim 11, wherein the at least 
one electrode is at least partially covered by a dielectric 45 

material. 
13. The sensor according to claim 12, wherein the base 

material is quartz. 
14. The sensor according to claim 11, wherein the base 

material is lithium niobate. 
15. The sensor according to claim 11, wherein the base 

material is PZT. 
16. The sensor according to claim 11, wherein the base 

material is a gallo-germanate. 

50 

24. A method for making a resonator, comprising: a) 
forming a plurality of resonators on a conUllon substrate; the 
resonators including: a resonator portion adapted for reso­
nating in a fluid; and an electrical counection including at 
least one electrode tanned of a metal selected from gold, 
platinum, silver, chromium, aluminum, nickel, titanium or 
mixtures thereof between the resonator portion and a source 
of an input signal, wherein the resonator portion includes: a 
doped or undoped base material that exhibits a dielectric 
constant that is substantially constant over a temperature 
range from at least about 0° C. to about 100° c., and is 
selected from quartz, lithium niobate, zinc oxide, lead zir­
conate titanate (PZT), gallo-germanates, diomignite (lithium 
tetraborate), bismuth gemlanium oxide, gallium phosphate, 
gallium nitride, aluminum nitride or combinations thereof; 
and a perfonuance-tuning material that is different from the 
base material and is selected from the group consisting of 
polymers, ceramics, metals, metal carbides or nitrides, dia­
mond, diamond-like carbon, and combinations thereof; and 
b) separating the resonators from each other. 

25. The method according to claim 24, further compris­
ing: c) at least partially covering at least one electrode with 
a dielectric. 

26. The method according to claim 25, wherein the 
perfonuance tuning material is resistant to absorption of 
oils. 

* * * * * 
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