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(57) ABSTRACT 

The disclosed sensor chip includes a substrate and a moving 
member coupled to the substrate and disposed for movement 
relative to the substrate. The moving member moves relative 
to the substrate in a ?rst direction and in a second direction 
in response to movement of the substrate. The ?rst direction 
is di?cerent than the second direction. The moving member 
includes a plurality of receptors. The receptors are con?g 
ured for selectively binding to a ?rst measurand. 
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RESONANT SENSOR AND SENSING SYSTEM 

REFERENCE TO RELATED APPLICATIONS 

[0001] This application is related to, and claims the pri 
ority of, US. Provisional Patent Application No. 60/406, 
808, Which Was ?led on Aug. 29, 2002, and Which is entitled 
DEVICE, APPARATUS, AND METHOD FOR SENSI 
TIVE & ACCURATE DETECTION OF INTERACTING 
CHEMICAL AND BIOLOGICAL MATTER, and Which is 
hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to a sensing system. 
More speci?cally, the present invention relates to a MEMS 
(microelectromechanical system) based sensing system for 
measuring the properties of a sample, including detecting 
the presence of a measurand in a sample. As used herein, the 
term “measurand” means a particular kind of matter, organic 
or inorganic, such as a particular chemical, protein, virus, 
allergen, pathogen, molecule, analyte, . . . etc., that is to be 
detected and/ or measured. 

[0003] Various types of sensing systems for measuring the 
properties of ?uids (i.e., liquids and gases) are knoWn in the 
art, such as, for example, systems for measuring the viscos 
ity of oil. Additionally, various types of sensing systems for 
detecting the presence of a particular measurand are knoWn 
in the art, such as, for example, systems for detecting the 
presence of protein molecules in a sample. MEMS based 
sensing systems have been developed. HoWever, there 
remains a need for improved accurate, sensitive, reliable, 
inexpensive sensing systems. 

SUMMARY OF THE INVENTION 

[0004] These and other objects are provided by an 
improved MEMS based resonant sensor, Which can exhibit 
tWo or more resonant modes. A plurality of such resonant 
sensors can be incorporated onto a single sensor chip. 
Activity of the resonant sensors can be sensed optically. 

[0005] Still other objects and advantages of the present 
invention Will become readily apparent to those skilled in 
the art from the folloWing detailed description Wherein 
several embodiments are shoWn and described, simply by 
Way of illustration of the best mode of the invention. As Will 
be realiZed, the invention is capable of other and different 
embodiments, and its several details are capable of modi? 
cations in various respects, all Without departing from the 
invention. Accordingly, the draWings and description are to 
be regarded as illustrative in nature, and not in a restrictive 
or limiting sense, With the scope of the application being 
indicated in the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0006] For a fuller understanding of the nature and objects 
of the present invention, reference should be made to the 
folloWing detailed description taken in connection With the 
accompanying draWings in Which the same reference numer 
als are used to indicate the same or similar parts Wherein: 

[0007] FIG. 1A shoWs a sectional side vieW of a sensing 
system constructed according to the invention. 

[0008] FIG. 1B shoWs a vieW of the sensing system taken 
along the line 1B-1B as shoWn in FIG. 1A. 
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[0009] FIG. 2A shoWs a side vieW of a sensor chip 
constructed according to the invention, Which includes a 
single resonant sensor. 

[0010] FIG. 2B shoWs a vieW of the resonant sensor taken 
along the line 2B-2B as shoWn in FIG. 2A. 

[0011] FIG. 2C shoWs a vieW of the resonant sensor taken 
along the line 2C-2C as shoWn in FIG. 2A. 

[0012] FIGS. 3A-3I each shoW another embodiment of a 
resonant sensor constructed according to the invention. 

[0013] FIG. 4A shoWs the receptor area of a resonant 
sensor constructed according to the invention. 

[0014] FIGS. 4B, 4C, and 4D shoW other embodiments of 
receptor areas constructed according to the invention. 

[0015] FIG. 5 shoWs a How chart of a process for forming 
a sensor chip according to the invention. 

[0016] FIGS. 6A-6I shoW products produced at various 
stages of the process illustrated in FIG. 5. 

[0017] FIGS. 7A-7G shoW products produced at various 
stages of another embodiment of a process for forming a 
sensor chip according to the invention. 

[0018] FIGS. 8A-8F shoW products produced at various 
stages of yet another embodiment of a process for forming 
a sensor chip according to the invention. 

[0019] FIGS. 9A and 9B shoW embodiments of a sensor 
chip constructed according to the invention that includes 
photodiodes in the substrate. 

[0020] FIGS. 10A, 10B, and 10C shoW embodiments for 
actuating a sensor chip according to the invention. 

[0021] FIG. 11A shoWs a mechanical system constructed 
according to the invention installed in the base of a reservoir 
and operating in a liquid environment. 

[0022] FIG. 11B shoWs a mechanical system constructed 
according to the invention installed in a movable probe tip 
and operating in a liquid environment. 

[0023] FIG. 12A shoWs the amplitude of the frequency 
response of a single resonant sensor. 

[0024] FIG. 12B shoWs the phase of the frequency 
response of a single resonant sensor. 

[0025] FIG. 13 shoWs an instrument used for controlling 
and monitoring a sensing system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0026] FIG. 1A shoWs a partially sectional side vieW of a 
sensing system 100 constructed according to the invention. 
FIG. 1B shoWs a vieW of sensing system 100 taken from the 
direction indicated by line 1B-1B as shoWn in FIG. 1A. 

[0027] The operation and construction of sensing system 
100 Will be discussed in greater detail beloW. Brie?y, sensing 
system 100 accurately detects the presence of a measurand 
in a sample. In operation, a liquid or gas sample ?oWs 
through sensing system 100, entering system 100 at an inlet 
110 and exiting system 100 at an outlet 112. FloWing the 
sample through system 100 exposes the sample to a sensor 
chip 120. As shoWn in FIG. 1B, sensor chip 120 includes a 
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plurality of resonant sensors 130 (twenty such resonant 
sensors 130 being shoWn in FIG. 1B). Each of the resonant 
sensors 130 includes a moving member (or element) that can 
oscillate in one or more modes, or directions (e.g., x trans 

lation, y translation, and rotational movement in the theta 
direction). In one embodiment the resonant sensors 130 also 
include a receptor area on the moving member that selec 
tively binds to a particular measurand. After sensor chip 120 
has been exposed to the sample, an actuator 160 moves 
sensor chip 120 by a controlled minute amount thereby 
causing the moving members of the resonant sensors 130 to 
move in an oscillatory fashion. The motion of the moving 
members of the resonant sensors 130 is affected by the 
presence or absence of the measurand in the sample. That is, 
if the measurand Was present in the sample, a tiny amount 
of the measurand Will have bound to the receptor area of the 
resonant sensor, and the added mass of the bound measurand 
will affect the resonant frequency of the resonant sensor’s 
moving member. An optical system 180 is used to measure 
the motion of the moving members of the resonant sensors 
130. A data processor (not shoWn) analyZes signals provided 
by the optical system to determine the resonant frequencies 
of the moving members, and thereby determine Whether the 
measurand is present in the sample. In addition, after the 
binding of one or more measurands in a sample to the 
receptor area and determining the resonant frequencies, the 
receptor area can be treated in a manner Which causes one 

or more of the measurands to be released from the surface 
(e.g., an increase in temperature, or denaturant concentra 
tion). The resonant frequencies are then measured again to 
qualitatively or quantitatively analyZe the release of the 
relevant measurands in response to the treatment. 

[0028] By Way of example, resonant sensors constructed 
according to the invention are capable of detecting a mass 
change of 0.05 pico grams (i.e., the system can detect the 
event of 0.05 pico grams of measurand binding to the 
receptor site of a resonant sensor). A single protein molecule 
is on the order of 3x10“7 pico grams. Accordingly, mea 
surement systems constructed according to the invention are 
capable of usefully detecting minute amounts of material 
(e.g., 150,000 protein molecules) in a sample. 

[0029] As shoWn in FIG. 1A, sensing system 100 includes 
tWo main components: a mechanical system 105 and an 
optical system 180. Mechanical system 105 includes an 
optically transmissive (i.e., transparent at a particular Wave 
length or range of Wavelengths of interest) substrate 170 and 
an optically transmissive mount 172, Which is attached to the 
upper surface of substrate 170. Mount 172 de?nes a cavity, 
or Well 174, Which is bounded by a loWer surface 176. 
Actuator 160 and an anchor 178 are attached to the loWer 
surface 176 of mount 172. Sensor chip 120 is attached to 
actuator 160 and anchor 178 and is disposed generally 
Within the Well 174. A cover 179 is attached to the top of 
mount 172 so as to de?ne the sample inlet 110, the sample 
outlet 112, and a channel 111 through Which the sample may 
?oW from the inlet to the outlet (or, since direction of How 
does not affect operation of the sensing system, from the 
outlet to the inlet). When the sample ?oWs through channel 
111, the sample is exposed to the resonant sensors 130, 
Which are disposed near the top of sensor chip 120. 

[0030] In operation, When actuator 160 is activated, the 
actuator 160 moves one corner 122 of sensor chip 120 by a 
controlled minute amount in a direction suggested by the 
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arroW A-A shoWn in FIG. 1B. Anchor 178 supports the 
opposite comer 124 of sensor chip 120 such that chip 120 
pivots about anchor 178. 

[0031] The optical system 180 includes a light generator 
(e.g., a laser) 182 and a light detector (e.g., a photodiode) 
184. The optical system 180 may be moved so as to address 
the plurality of resonant sensors 130 one at a time. When one 
of the resonant sensors 130 has been so addressed, light 
emitted by light generator 182 is incident on the resonant 
sensor and light re?ected by the resonant sensor is received 
by light detector 184. The light detector 184 generates an 
output signal representative of the light received by the 
detector. Sensing system 100 measures the motion of the 
moving element of the resonant sensor by monitoring the 
output signal generated by light detector 184. 

[0032] FIG. 2A shoWs a side vieW of a sensor chip 120 
constructed according to the invention. The sensor chip 120 
shoWn in FIG. 2A includes only one resonant sensor 130. 
HoWever, as discussed above (and as indicated generally in 
FIG. 1B), sensor chips 120 constructed according to the 
invention can include a plurality of resonant sensors 130. 
For convenience of illustration and discussion, sensor chips 
containing a single sensor 130 Will be discussed primarily 
herein. HoWever, it Will be appreciated that the discussions 
of construction and operation of single resonant sensor chips 
are generally applicable to multi resonant sensor chips as 
Well. It Will further be appreciated that sensor chip 120 is 
constructed using micromachining processes typically found 
in the production of a MEMS (microelectromechanical 
systems) device. As a MEMS device, sensor chip 120 may, 
but need not, include any electrical devices (e. g., transistors, 
photodiodes). Rather, sensor chip 120 includes miniaturized 
mechanical devices that are formed using the techniques 
normally used to form electronic integrated circuits (e.g., 
photolithography). 
[0033] As shoWn in FIG. 2A, sensor chip 120 includes an 
optically transmissive substrate 126. Resonant sensor 130 is 
mounted to the upper surface of substrate 126. FIG. 2B 
shoWs a vieW of resonant sensor 130 taken in the direction 
of arroW 2B-2B as shoWn in FIG. 2A. FIG. 2C shoWs a 
vieW of resonant sensor 130 taken in the direction of arroW 
2C-2C as shoWn in FIG. 2A. For convenience of illustration, 
the substrate 126 is not shoWn in FIGS. 2B and 2C. 

[0034] Resonant sensor 130 includes a central moving 
member 132 and four anchors 134. The left pair of anchors 
134 are connected by a tether 135 that extends in a Y 
direction (the Y direction being indicated in FIG. 2C). The 
right pair of anchors 134 are connected by another tether 136 
that also extends in the Y direction. A tether 137, Which 
extends in the X direction (the X direction being substan 
tially perpendicular to the Y direction and being indicated in 
FIG. 2C), extends from tether 135 to the left side of central 
moving member 132. A tether 138, Which also extends in the 
X direction, extends from tether 136 to the right side of 
central moving member 132. 

[0035] As shoWn in FIG. 2A, the four anchors 134 are 
?xed to the upper surface of substrate 126. HoWever, the 
tethers 135, 136, 137, 138, and the central moving member 
132 are spaced apart from the substrate 126 in the Z 
direction (the Z direction being substantially perpendicular 
to the X and Y directions, and being illustrated in FIG. 2A). 
The tethers are also someWhat elastic. This construction 
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allows the central moving member 132 to move, and in 
particular to oscillate, With respect to substrate 126. 

[0036] The upper surface of central moving member 132 
de?nes a receptor area 140. The construction and operation 
of receptor area 140 Will be discussed further beloW. Brie?y, 
receptor area 140 is con?gured to provide binding, or 
receptor, sites for a particular measurand. 

[0037] As shoWn in FIGS. 2A and 2C, the bottom surface 
of the central moving member 132 de?nes an optical grating 
142 (formed by a plurality of re?ective stripes). Also, the 
upper surface of substrate 126 de?nes an optical grating 144. 
As Will be discussed further beloW, gratings 142 and 144, 
Which may be made from stripes of a re?ective metal such 
as aluminum, alloW optical measurement of the position of 
the central moving member 132 (e.g., as discussed Yaralio 
glu, G. G., Atalar, A., Manalis, S. R., and Quate, C. F., 
“Analysis and design of an interdigital cantilever as a 
displacement sensor,” J. Applied Physics, Vol. 83, No. 12, 
1998.). Other grating types can be used, such as, for 
example, phase gratings. 

[0038] Referring to FIGS. 2A and 2B, the height of the 
central member 132 as measured in the Y direction is 
designated y1, the Width of the central member 132 as 
measured in the X direction is designated x1, the height of 
the tethers 135, 136 as measured in the Y direction is 
designated y2, and the distance betWeen the tethers 135 and 
136 as measured in the X direction is designated x2. Also, 
the thickness of the tethers 135, 136 as measured in the X 
direction is designated t1, the thickness of the tethers 137, 
138 as measured in the Y direction is designated t2, the 
thickness of the tethers as measured in the Z direction is 
designated t3, and the spacing betWeen the tethers and the 
substrate 126 as measured in the Z direction is designated t4. 
In one embodiment, the resonant sensor is made primarily 
from silicon and x1 is substantially equal to thirty microns 
(i.e., 30x10 to the minus sixth poWer meters), y1 is sub 
stantially equal to sixty microns, y2 is substantially equal to 
one hundred microns, and x2 is substantially equal to 150 
microns. In that embodiment, t1, t2, t3, and t4 are substan 
tially equal to tWo microns. This con?guration results in 
primary, in-plane, resonances (i.e., resonances measured in 
the X, Y, and theta directions) spanning 0.1 to 10 MHZ 
(Mega Hertz). This maximiZes signal to noise and alloWs for 
adequate frequency determination resolution Within integra 
tion periods on the order of one second. These resonant 
modes respond With oscillatory motions on the order of 100 
nm (nanometers) to one mm (millimeter) When excited by 
motions of the substrate 126 on the order of one nm in 
amplitude. In the con?guration shoWn, out of plane modes 
(e.g., oscillation in the Z direction) are damped due to the 
close proximity of the moving element 132 and the substrate 
126. In this embodiment, the optical grating 142 may be 
made by ten stripes of aluminum, each stripe being about 
tWo microns Wide, and each pair of adjacent stripes being 
separated by about tWo microns. Optical grating 144 may be 
similarly con?gured although it may be advantageous for 
grating 144 to extend over a larger range than grating 142 so 
that all of grating 142 is alWays disposed opposite some 
portion of grating 144 even When moving member 132 has 
moved to the extreme ends of its range of motion. 

[0039] It Will be appreciated that the dimensions and 
measurements discussed above merely provide an example 
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embodiment and that considerable variation is possible. 
FIGS. 3A-3I illustrate altemative useful geometric con?gu 
rations for resonant sensor 130. In a sensor chip 120 made 
according to the invention, all the resonant sensors may be 
made using the same geometric con?guration (e.g., all may 
be con?gured as shoWn in FIGS. 2A-2C), or alternatively, 
di?‘erent resonant sensors on the same chip may be con 
structed using different geometric con?gurations (e.g., half 
the resonant sensors may be con?gured as shoWn in Figures 
2A-2C and the remaining half of the resonant sensors may 
be con?gured using one or more of the con?gurations shoWn 
in FIGS. 3A-3I). 

[0040] In operation, the substrate may be moved in an 
oscillatory fashion at a loW frequency, such as betWeen 0.1 
and 10 MHZ, by controlled minute amounts (e.g., by the 
actuator 160 shoWn in FIGS. 1A and 1B). This motion of 
the substrate excites motion of the moving members of the 
resonant sensors. The resonant frequency of the moving 
member 132 is a function of the mass of the central member 
132. If a measurand binds to the receptor area 140 of the 
central member, the added mass of the measurand changes 
the frequency at Which the moving member exhibits reso 
nance. Similarly, if a measurand is released from the recep 
tor area 140 of the central member, the subtracted mass of 
the measurand changes the frequency at Which the moving 
member exhibits resonance. Accordingly, the presence or 
absence of a measurand in a sample may be detected by 
monitoring the resonant frequency of the central member 
after the sensor has been exposed to the sample. For 
example, the presence of the measurand may be detected 
generally according to the folloWing Equation (1) 

AM Arm...” <1) 
M “ new...“ 

[0041] in Which M is the mass of central member 132, AM 
is the change in mass When the measurand binds to the 
central member 132, fresonance is the frequency at Which the 
central member 132 exhibits resonance When no measurand 

is bound to the receptor area 140, and Afresonance is the 
change in resonance frequency caused by having a measur 
and (of mass AM) bound to the receptor area 140. Equation 
(1) provides an idealiZed expression relating mass change to 
frequency change, and such an idealiZed vieWpoint further 
includes a similar expression for each mode of the resonator. 

[0042] The moving member 132 of the sensor 130 shoWn 
in FIGS. 2A-2C exhibits multi modal resonance. That is, the 
motion of central moving member 132 may be resolved into 
three distinct oscillating movements: e.g. substantial oscil 
lation in the X direction, substantial oscillation in the Y 
direction, and substantial oscillation in the theta direction 
(i.e., rotational oscillation). Modes consisting of indepen 
dent combinations of directions are also possible by design. 
Since the central moving member is disposed close to the 
substrate, out of plane resonant modes (e.g., resonant motion 
in the Z direction) are limited by the dissipation provided by 
the ?uid in this gap. AlloWing the central moving member to 
oscillate in more than a single mode advantageously 
improves the noise immunity of system 100. Ideally, pres 
ence or absence of a measurand bound to the receptor area 
is the only factor that affects the resonant frequency of the 
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central moving member. However, environmental factors 
(e.g., temperature) also affect the resonant frequency of the 
central moving member. Providing multi modal resonance 
improves noise immunity since oscillation in some direc 
tions may be more affected by environmental factors than 
oscillation in other directions and the environment in?u 
ences can be resolved independent of measurand in?uences. 

[0043] By Way of example, tethers that extend in the Y 
direction (135, 136) exhibit distinct changes in structural 
response due to thermal in?uences as compared With the 
tethers that extend in the X direction (137, 138). Both re?ect 
the same changes in stiffness due to modulus changes 
induced by temperature change. HoWever, tethers 135, 136 
are effectively clamped to the substrate at either end, and are 
subject to changing tension (or compression) that results 
from differential expansion betWeen the substrate and the 
tether material. This stress is relieved in tethers 137, 138 by 
the bending of tethers 135, 136. Thus the Y translation mode 
of the moving member 132 Will have larger relative shift in 
resonance frequency due to temperature change than X 
translation mode. Both Will yield the same relative shift due 
to measurand mass loading. So, by measuring both resonant 
frequency changes (i.e., changes in resonant frequency of 
the moving member 132 in both the X and Y directions) the 
in?uence of the measurand can be distinguished from tem 
perature induced effects. 

[0044] For convenience of illustration, FIGS. 2A and 2B 
shoW the central moving member 132 de?ning a receptor 
area 140 that is uniformly distributed over the member 132. 
HoWever, the receptor area 140 normally has a more com 
plex construction. FIG. 4A shoWs a conceptualized vieW of 
a receptor area 140 distributed over a single central moving 
member 132. As indicated, receptor area 140 includes an 
array of binding sites 410 interspersed With an array of a 
blocking site 420. The detailed construction of binding sites 
410, blocking sites 420, and the rational for including 
blocking sites 420 Will be discussed beloW. It should be 
appreciated that scale of the individual receptor and block 
ing sites is far smaller than illustrated in FIG. 4A. Each 
receptor site 410 is normally of a siZe similar to a single 
molecule of the measurand, and each blocking site 420 is 
similarly siZed. It should also be appreciated that some 
embodiments may include binding and/or blocking material 
coatings on at least portions of sensor components other than 
the central moving member 132. One exemplary embodi 
ment includes tethers coated With a blocking material to 
prevent an undesired accumulation of material on those 
tethers. In general, the blocking materials and the binding 
materials are not necessarily limited to the central moving 
member of the sensor. 

[0045] Ideally, only a preselected measurand Will bind to 
the binding sites 410 and nothing in the sample Will bind to 
areas of the moving member 132 other than the binding sites 
410. HoWever, unWanted material from the sample (e.g., 
protein) typically Will bond to the moving member 132 at 
sites other than the binding sites 410. Blocking sites 420 are 
included to reduce the amount of material from the sample 
that binds to the moving member 132 at sites other than the 
receptor sites 410. Again, ideally, nothing Will bind to the 
blocking sites 420. HoWever, although the blocking sites 420 
reduce the amount of material that binds to areas of the 
moving member 132 other than the receptor sites 410, some 
material from the sample still generally binds to the blocking 
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sites 420. FIG. 4B shoWs one strategy for constructing the 
receptor area 140 such that it alloWs discrimination betWeen 
the effect of the measurand and unWanted material that binds 
to the blocking sites. As shoWn in FIG. 4B, tWo separate 
receptor areas are provided on the moving member 132: a 
?rst receptor area 140A and a second receptor area 140B. 
The ?rst receptor area 140A is centered on the moving 
member 132. Like the receptor area 140 shoWn in FIG. 4A, 
the ?rst receptor area 140A includes an array of binding sites 
410 interspersed With an array of blocking sites 420. HoW 
ever, the ?rst receptor area 140A does not extend to the outer 
periphery of the moving member 132 and is instead disposed 
proximal to the center of the member 132. The second 
receptor area 140B includes only a blocking site 420 and is 
disposed around the periphery of the ?rst receptor area 
140A. 

[0046] In operation, if unWanted material binds to the 
blocking sites 420 in the ?rst receptor area 140A, the same 
type of unWanted material Will also likely bind to the second 
receptor area 140B. Due to its distance from the center of the 
moving member 132, the mass of material binding to the 
second receptor area 140B Will have a pronounced effect on 
the rotational resonant mode of the sensor 130 (i.e., oscil 
lation of the central moving member in the theta direction). 
This alloWs the measurement system to distinguish betWeen 
the measurand binding to the binding sites 410 and 
unWanted material binding to the blocking sites 420. 

[0047] A brief discussion of four possible cases illustrates 
generally hoW the receptor area con?guration shoWn in FIG. 
4B can be used to provide useful discrimination. In the ?rst 
case, there is substantially no measurand in the sample and 
nothing from the sample binds to the blocking sites 420. In 
this case, the resonant frequency of the moving member is 
substantially unchanged by exposure to the sample. In the 
second case, measurand is present in the sample and sub 
stantially nothing in the sample binds to the blocking sites 
420. In this case, the measurand Will bind to the receptor 
sites 410 thereby changing the resonant frequency of the 
moving member in the X and Y directions. Since exposure 
to the sample does not result in adding mass to blocking sites 
420, the rotational oscillation frequency experiences only a 
relatively small change by exposure to the sample. In the 
third case, there is substantially no measurand in the sample 
but material from the sample does bind to the blocking sites 
420. In this case, the mass of the material that binds to the 
blocking sites 420 affects the resonant frequency of the 
moving member in the X, Y, and theta directions. In the 
fourth case, there is measurand in the sample and material 
from the sample also binds to the blocking sites 420. In this 
case, the mass of material binding to the receptor and 
blocking sites 410, 420 affects the resonant frequency of the 
moving member in the X, Y, and theta directions. The results 
of the third and fourth cases are similar, hoWever the change 
in resonant frequency in the X and Y directions Will be 
greater in the fourth case than in the third (i.e., because of 
the added mass of the measurand bound to the receptor sites 
410). It Will be appreciated that While considerable variation 
is possible, these four cases set forth a basic strategy for 
discriminating betWeen measurand binding to the receptor 
sites 410 and unWanted material binding to the blocking 
sites 420. The table beloW summarizes these cases. 
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Resonant frequency measured in a particular direction 

Theta X Y 

Case 1: No Measurand in sample, and Unchanged by Unchanged by 
no material from sample binds to exposure to exposure to 
blocking sites sample sample 
Case 2: Measurand present in the Changed by Changed by 
sample (and binds to receptor sites exposure to exposure to 
410) and no material from sample sample sample 
binds to blocking sites 
Case 3: Measurand not present in the Changed by Changed by 
sample but material from sample binds exposure to exposure to 
to blocking sites sample sample 

Case 4: Measurand present in the Changed by Changed by 
sample and material from sample 
binds to blocking sites 

large amount large amount due 
due to exposure to exposure to 
to sample sample 

Unchanged by 
exposure to 
sample 
Changed by 
small amount 
due to exposure 
to sample 
Changed by 
large amount due 
to exposure to 
sample 
Changed by 
large amount due 
to exposure to 
sample 

[0048] FIGS. 4C and 4D show an alternate strategy for 
discriminating between measurand binding to the binding 
sites 410 and unwanted material in the sample binding to the 
blocking sites 420. FIG. 4C shows the central moving 
member 132 of one resonant sensor 130 and FIG. 4D shows 
the central moving member 132 of another resonant sensor 
130. The two resonant sensors 130 shown in FIGS. 4C and 
4D may be formed on the same sensor chip 120. The moving 
member 132 shown in FIG. 4C has a receptor area 140A, 
and the moving member 132 shown in FIG. 4D has a 
different receptor area 140B. Receptor area 140A includes 
arrays of binding sites 410 and blocking sites 420 that are 
centrally disposed on the moving member. Receptor area 
140B includes only a blocking site 420 disposed over 
substantially the entire moving member 132. Comparing the 
response of the two sensors 130 (i.e., the sensors shown in 
FIGS. 4C and 4D) allows the sensing system to distinguish 
the effect of measurand binding to binding sites 410 from the 
effect of unwanted material binding to the blocking sites 
420. This may be done using a similar strategy to the one 
discussed above in connection with FIG. 4B. It will be 
appreciated that numerous other con?gurations may also be 
used to facilitate discriminating between the effect of mea 
surand binding to the binding sites 410 and the effect of 
unwanted material binding to the blocking sites 420. Similar 
strategies may also be used to discriminate between the 
effect of measurand binding to the binding sites and other 
environmental factors or noise (e.g., temperature changes in 
the ambient environment). 

[0049] As has been discussed above, sensing system 100 
can detect the presence of a particular measurand in a sample 
by monitoring the resonant frequencies of the resonant 
sensors 130 after the system has been exposed to the sample. 
The simple method of monitoring only the resonant fre 
quency of the resonant sensors is an effective way to use 
sensing system 100. However, it also represents a simple, 
degenerate, case of the information that may be obtained 
from sensing system 100. Amore complete representation of 
this information is shown in FIGS. 12A and 12B, which are 
graphs showing the magnitude and phase of the frequency 
response of a single resonant sensor 130, as measured in a 
particular direction (e.g., the X direction). Before discussing 

how the information presented in FIGS. 12A and 12B may 
be used, the manner in which the graphs are generated will 
be explained. 

[0050] Referring back to FIGS. 2A-2C, if the substrate 
126 is moved in an oscillatory fashion at a particular 
frequency, the moving member 132 of the resonant sensor 
130 will also begin to move in an oscillatory fashion at 
substantially the same frequency. However, two signi?cant 
parameters of the resonant sensor 130 will vary depending 
on the oscillation frequency of the substrate 126: (1) the ratio 
of the amplitudes of the oscillation of the moving member 
132 and the oscillation of the substrate 126, or the “magni 
tude” of the frequency response and (2) the phase difference 
between the oscillation of the moving member 132 and the 
oscillation of the substrate 126, or the “phase” of the 
frequency response. FIG. 12A shows the magnitude of the 
frequency response (i.e., for a range of oscillation frequen 
cies of the substrate 126, it shows the amplitude of the 
oscillation of the moving member 132 divided by the 
amplitude of the oscillation of the substrate 126). FIG. 12B 
shows the phase of the frequency response (i.e., for a range 
of oscillation frequencies of the substrate 126, it shows the 
difference in phase between the oscillation of the moving 
member 132 and the oscillation of the substrate 126). Also, 
as noted above, the frequency response illustrated in FIGS. 
12A and 12B represent the response as measured in a 
particular direction, such as the X direction. For a resonant 
sensor 130 that exhibits three principle resonant modes (e.g., 
oscillation in substantially the X, Y, and theta directions), 
three sets of graphs, of the form of the graphs shown in 
FIGS. 12A and 12B, can be generated to fully characterize 
the frequency response of the resonant sensor 130 (i.e., one 
set showing the amplitude and phase responses in each of the 
X, Y, and theta directions). 

[0051] As shown in FIG. 12A, the magnitude of the 
frequency response (at least as measured in a single direc 
tion) exhibits a peak at the resonant frequency fr. Also, as 
shown in FIG. 12B, the phase of the frequency response 
exhibits a rapid change near the resonant frequency fr. If 
FIGS. 12A and 12B represent the amplitude and phase of 
the frequency response for oscillation of the moving mem 
ber 132 in the X direction, graphs illustrating the response 
of the moving member in the Y and theta directions would 
























