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(57) ABSTRACT

A system for monitoring strain as an indicator of biological
conditions, such as spinal fusion, glucose levels, spinal load-
ing, and heart rate. The system includes an inter-digitated
capacitor sensor, and RF transmitter, and an associated
antenna, all of which are microminiature or microscopic in
size and can be implanted in a biological host such as a human
or animal. An inductively coupled power supply is also
employed to avoid the need for implantation of chemical
batteries. Power is provided to the sensor and transmitter, and
data is transmitted from the sensor, when an external receiv-
ing device, such as a handheld RF ID type receiver, is placed
proximate the location of the implanted sensor, transmitter
and inductively coupled power supply. The implanted sensor,
transmitter and inductively coupled power supply can be left
in place permanently or removed when desired.
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BACKGROUND OF THE INVENTION

[0010] 1. Field of the Invention

[0011] This invention pertains generally to monitoring
strain, and more particularly to using strain monitoring as an
indicator of medical conditions including monitoring the
progress of spinal fusion, monitoring glucose levels, measur-
ing spinal loading, and monitoring heart rate.

[0012] 2. Description of Related Art

[0013] Lumbar fusion is one of the fastest growing areas of
orthopedic surgery. The most common indication for surgical
intervention is pain in the lower back. Although many devices
have been designed to minimize the incidence of work-re-
lated back injury, as a society we still participate in many
activities that lead to back injury. Most frequently, inappro-
priate lifting of objects, pulling or lifting objects from awk-
ward angles, and fatigue lead to injury of the back muscles. If
the level of injury is severe enough, the muscles and ligaments
of the lumbar spine cannot withstand the load applied, and the
intervertebral disc will become herniated from the anterior
side of the spine. This is often called a herniated or ruptured
disc. In addition, the vertebrae of the spine articulate with
each other through the transverse and spinous processes
located on the posterior aspect of the vertebrae. In between
the processes, there are small pads of cartilage that can
become damaged with a back injury. Both herniated discs and
the processes can cause chronic pain and loss of function in
the spine. Pain results in debilitation and prevents the patient
from enjoying ordinary daily activities.

[0014] To eliminate the pain, a lumbar fusion is performed
wherein an incision is made over the lumbar region of the
spine and metal bracing is applied bilaterally to the posterior
of the vertebrae. This bracing provides initial mechanical
stiffness until bone growth, stimulated by a bone growth
factor, encapsulates the metal bracing and eliminates motion
between the two lumbar vertebrae. There are many choices
for the metal bracing, called spinal instrumentation, which
can be used to create the initial fixation. In general, a pedicle
screw 1s screwed from the posterior through the pedicle bony
bridge of the vertebrae and into the wall the vertebral body.
This procedure is repeated for the neighboring vertebrae and
bilaterally on the opposite side of the posterior spine. Once all
four pedicle screws are in place, a rod or plate is placed over
posts on two of the pedicle screws. The rod or plate is then
held down with locking nuts that screw onto the posts. A
slurry of bone and bone growth factor is applied over the
spinal instrumentation and vertebrae, and the incision is
closed.

[0015] After lumbar fusion surgery, rehabilitation takes
several months. The patient is immobilized with a brace that
extends from beneath the arms to midline of the hips and is
instructed not to perform any strenuous physical activity. No
lifting, driving, running or bending at the waist is allowed.
Any kind of activity that involves impact is also prohibited,
such as roller coasters. The patient must wear the brace until
fusionis visible on an x-ray radiograph. Depending on the age
ofthe patient, this can be anywhere from four months to a year
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after surgery. Because of this extended period of immobility,
the muscles of the spine and abdomen atrophy from disuse.
The brace also contributes to stress shielding, meaning the
brace is carrying some of the spinal load, resulting in an
inferior strength lumbar fusion.

[0016] The problem with the foregoing treatment
approach, is that fusion occurs much sooner than is predicted
by radiographs. For example, a solid fusion could occur as
early as eight weeks (two months) after surgery. However, the
bone that initially grows around the spinal instrumentation is
trabecular bone, and although it is strong and dense, it is not
radiographically opaque. Thus, it cannot be seen on an x-ray
until it has been infused with minerals, such as calcium.
[0017] There are several methods for measuring the move-
ment or strain in the human spine, including those that involve
collecting an electronic signal and transmitting it to an exter-
nal receiver. For example, U.S. Pat. No. 6,433,629 teaches
using a Wheatstone bridge and a timing circuit to measure the
displacement (strain) in an orthopedic implant. In addition,
the device does not use an internal power source. Instead, a
magnetic coil brought in close proximity to the Wheatstone
bridge provides power to the circuitry and activates the cir-
cuitry for the duration of the measurement.

[0018] In U.S. Pat. No. 5,935,086, the relative angles
between two or more joint are measured and a force trans-
ducer is used to simultaneously measure the applied force in
the joint of an artificial knee. This is similar to U.S. Pat. No.
5,995,879, which also measures the angle between two freely
movable points to determine the orientation ofa second spinal
vertebrae relative to a first vertebrae.

[0019] U.S. Pat. No. 6,432,050 uses audible acoustic feed-
back to monitor an in vivo sensor or device. By applying an
acoustic query to the implanted device, the operator can audi-
bly determine if the device is functioning properly. This has
wide reaching applications, from heart surgery stents, to
intervertebral disc implants.

[0020] In U.S. Pat. No. 6,223,138, a Wheatstone bridge is
used to measure strain displacement, but the signal is ampli-
fied and added it to a carrier frequency. By adding the signal
to a secondary frequency, loss of a small signal in the back-
ground noise is avoided.

[0021] Published U.S. patent application number US2002/
0050174 A1 also uses strain gages in a Wheatstone bridge, the
device has been adapted to successfully measure strains on
the micron scale.

[0022] Published U.S. patent application number US2004/
0011137 Al also provides information concerning the current
state of the art.

[0023] Each of the foregoing U.S. patents and published
patent applications is incorporated herein by reference in its
entirety.

[0024] Notwithstanding the foregoing approaches to mea-
suring strain, the onset of spinal fusion after lumbar surgery
continues to be difficult to determine, and patients are fre-
quently fitted with a spinal brace for three to six months after
surgery even though the implant provides internal fixation in
a much shorter period of time. If a new method could be
developed that could detect a solid fusion without the need for
radiographic verification, the amount of time patients would
need to be in a brace could be cut by 50% or more.

[0025] Similarly, there is a need for new approaches to
monitoring strain in other parts of the body and for monitor-
ing other medical conductions. The present invention satisfies
those needs and advances the state of the art.
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BRIEF SUMMARY OF THE INVENTION

[0026] The present invention comprises a system and appa-
ratus that satisfies the foregoing needs through the use of four
main features: strain sensing, integrated microfabricated cir-
cuitry, RF signal transmission, and data collection. According
to an aspect of the invention, the sensor comprises an inter-
digitated capacitor. Another aspect of the invention is the
microminiaturization of a strain sensing system. Using the
techniques of the present invention, a strain sensing system
can be microscopic in size. The resultant miniaturization
allows the system to be incorporated or integrated into an
implant or other device. Another aspect of the invention is the
elimination of the need for an internal battery power supply or
external leads connecting the system to an external power
supply. This is accomplished through the use of an induc-
tively coupled power supply.

[0027] According to another aspect of the invention, strain
monitoring is used as an indicator of medical conditions
including monitoring the progress of spinal fusion, monitor-
ing glucose levels, measuring spinal loading, and monitoring
heart rate.

[0028] By way of example, and not of limitation, for moni-
toring spinal fusion, the inventive strain sensor system can be
bonded to the implant, which will be load sharing with the
bone. Thus, as the spine heals, the implant strain will dimin-
ish. In this embodiment, the invention comprises an implant-
able strain transduction system for humans for determining
when fusion has occurred.

[0029] Accordingly, the present invention generally com-
prises an implantable inter-digitated capacitor based strain
sensor system that can produce a reliable, reproducible signal
that will indicate via a radio telemetry signal when strain has
changed.

[0030] In one exemplary embodiment, the invention con-
tains a strain sensor that will accurately measure low levels of
strain and transmit the data using an RF transmitter and asso-
ciated antennal. In another embodiment, the implantable por-
tion of the system is inductively powered by an external
electromagnetic power source to avoid the complications of
implanting batteries within humans. Otherwise, batteries can
be mounted subcutaneously and later removed.

[0031] In another embodiment, an apparatus for sensing
strain comprises an inter-digitated capacitor sensor, a trans-
mitter, and an antenna, wherein the sensor, transmitter, and
antenna are adapted for implantation in a biological host.
[0032] In another embodiment, a system for sensing strain
comprises an inter-digitated capacitor sensor, a transmitter,
an antenna, and a receiver, wherein the sensor, transmitter,
and antenna are adapted for implantation in a biological host,
and wherein the receiver is a non-implantable remotely opet-
ated device.

[0033] Ina further embodiment, a system for sensing strain
comprises an inter-digitated capacitor sensor, a transmitter,
an antenna, an inductively coupled power supply, and a
receiver, wherein the sensor, transmitter, antenna, and power
supply are adapted for implantation in a biological host, and
wherein the receiver is a non-implantable remotely operated
device.

[0034] In still another embodiment, an apparatus for sens-
ing strain comprises an inter-digitated capacitor sensor, a
transmitter, and an antenna, wherein the sensor, transmitter,
and antenna are adapted for implantation in a biological host,
wherein the sensor is adapted for mounting to a spinal plate
and configured to produce a signal representative of strain in
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said spinal plate, and wherein the transmitter is configured for
transmitting signals representative of strain.

[0035] Another embodiment ofthe invention is a system for
sensing strain comprising an inter-digitated capacitor sensor,
a transmitter, an antenna, and a receiver, wherein the sensor,
transmitter, and antenna are adapted for implantation in a
biological host, wherein the sensor is adapted for mounting to
a spinal plate and configured to produce a signal representa-
tive of strain in said spinal plate, wherein the transmitter is
configured for transmitting signals representative of strain,
and wherein the receiver is a non-implantable remotely oper-
ated device.

[0036] A further embodiment of the invention is a system
for sensing strain comprising an inter-digitated capacitor sen-
sor, a transmitter, an antenna, an inductively coupled power
supply, and a receiver, wherein the sensor, transmitter,
antenna, and power supply are adapted for implantation in a
biological host, wherein the sensor is adapted for mounting to
a spinal plate and configured to produce signals representa-
tive of strain in the spinal plate, wherein the transmitter is
configured for transmitting signals representative of strain,
and wherein the receiver comprises a non-implantable
remotely operated device.

[0037] Further aspects of the invention will be brought out
in the following portions of the specification, wherein the
detailed description is for the purpose of fully disclosing
preferred embodiments of the invention without placing limi-
tations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

[0038] The invention will be more fully understood by ref-
erence to the following drawings which are for illustrative
purposes only:

[0039] FIG.1 is a functional block diagram of an embodi-
ment of a strain sensing system according to the invention.
[0040] FIG. 2 is a functional block diagram of an embodi-
ment of the RF transmitter subsystem in the system shown in
FIG. 1.

[0041] FIG. 3 is a graph illustrating waveform response of
the voltage controlled oscillator shown in FIG. 2 to an AC
modulated signal.

[0042] FIG. 4 is a cross-sectional schematic view of an
embodiment of a microstrip antenna according to the inven-
tion.

[0043] FIG.5isatop plan schematic view of an alternative
embodiment of the microstrip antenna shown in FIG. 4.
[0044] FIG. 6 is a cross-sectional schematic view of the
microstrip antenna shown in FIG. 5.

[0045] FIG.7A through FIG. 7R is a flow diagram showing
an embodiment of a process for fabricating the microstrip
antenna shown in FIG. 5 and FIG. 6.

[0046] FIG. 8 is a schematic diagram of an embodiment of
an inductive power supply subsystem according to the inven-
tion.

[0047] FIG. 9A is a schematic view of an area variation
motion capacitor strain sensor employed in the present inven-
tion.

[0048] FIG. 9B is a perspective view of the structure of an
inter-digitated area variation motion capacitor strain sensor
according to the present invention.

[0049] FIG. 10A is a schematic diagram of a capacitance
bridge employing an inter-digitated capacitor strain sensor
according to the invention.
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[0050] FIG. 10B is a schematic diagram of an equivalent
circuit to the circuit shown in FIG. 10A.

[0051] FIG. 11 is a schematic diagram of a differential
amplifier employed in the inter-digitated capacitor strain sen-
sor according to the present invention.

[0052] FIG. 12A through FIG. 12WW is a flow diagram
showing an embodiment of a process for fabricating an inter-
digitated capacitor strain sensor according to the present
invention.

[0053] FIG. 13 is a perspective view of a packaging and
mounting configuration for the inter-digitated capacitor of the
present invention.

[0054] FIG. 14A through FIG. 14H is a flow diagram show-
ing an embodiment of a packaging process for the inter-
digitated capacitor and microstrip antenna according to the
present invention.

[0055] FIG. 15 is a perspective view of an embodiment ofa
spinal plate with an attached inter-digitated strain sensor
according to the present invention.

[0056] FIG. 16 is a flow diagram showing an embodiment
of a process for applying a parylene sealant to a packaged
antenna, inter-digitated capacitor strain sensor, and associ-
ated circuitry according to the present invention.

[0057] FIG. 17 is a graph illustrating expected strain
decrease and plateau resulting from progression of spinal
fusion.

[0058] FIG. 181is aschematic diagram ofa digital telemetry
and calibration circuit for use with an inter-digitated capacitor
strain sensor system according to the present invention.
[0059] FIG. 19 is a graph illustrating an example of
expected strain data output of an inter-digitated capacitor
strain sensor system according to the present invention as a
function to time during spinal fusion.

[0060] FIG. 20 is a perspective view of an embodiment ofa
blood chemical monitor employing an inter-digitated capaci-
tor strain sensor according to the present invention.

[0061] FIG. 21 is a perspective view of an embodiment of a
sealed-chamber heart rate monitor employing an inter-digi-
tated capacitor strain sensor according to the present inven-
tion.

[0062] FIG. 22 is a perspective view of a heart rate monitor
blood vessel cuff employing an inter-digitated capacitor
strain sensor according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0063] Referring more specifically to the drawings, for
illustrative purposes the present invention is embodied in the
system, apparatus, devices and methods generally shown in
FIG. 1 through FIG. 22.

[0064] In general terms, the present invention is embodied
in a system that employs capacitive inter-digitated strain
sensing and RF signal transmission using integrated micro-
fabricated circuitry. The present invention generally com-
prises an implantable capacitive strain sensor that can pro-
duce a reliable, reproducible signal that will indicate via a
radio telemetry signal when strain has changed. An embodi-
ment of the system includes an internal power supply sub-
system that is configured for inductive coupling to an external
power source so that batteries are not required. A further
embodiment of the system includes a receiver subsystem to
which sensed data is transmitted and collected. Additional
embodiments include variations of the foregoing.

[0065] The present invention will be described herein with
reference to detecting spinal fusion. It will be appreciated,
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however, that practice of the invention is not limited to detect-
ing spinal fusion. For example, the invention can be applied to
measuring or monitoring strain in virtually any object, but is
ideally suited to strain detection inside the body of a human or
animal. According to other aspects of the invention, strain
monitoring is used as an indicator of medical conditions
including monitoring the progress of spinal fusion, monitor-
ing glucose levels, measuring spinal loading, and monitoring
heart rate, which will also be described herein. Therefore, the
following description of the invention should be considered
as non-limiting and provided by way of examples.

[0066] In one mode of operation, the present invention
provides an electronic solution for detecting spinal fusion
more rapidly than through the use of radiographs, andis based
on the premise that the spinal fixation instrumentation used
will not be rigid when initially implanted. For example, there
will be minor gaps between the pedicle screws and the spinal
plate that will allow for some movement. The screws will also
move slightly until bone grows into the threads to hold them
rigidly fixed. The anterior sides of the vertebrae are not fixed,
and because the two vertebrae are separated by the cushioning
intervertebral disc, there will always be some movement from
this source. Therefore, the spinal plate anchored to the two
pedicle screws will act like a beam with a moment applied at
both ends. The moment will induce bending in the spinal plate
that can be measured as a strain, especially if the spinal plate
is necked down to provide a concentrated bending moment at
the center of the plate. Initially, the strain on the spinal place
will be large, but will decrease over time as the bone growth
provides additional fixation. After some period of time, the
strain will minimize at a lower value and remain relatively
constant. By periodically sampling the strain electronically, a
curve can be generated, showing the onset of rigid fixation.
[0067] To address the need to detect spinal fusion more
rapidly, the invention comprises an electronic solution for
detecting spinal fusion. The strain sensor and associated cit-
cuitry can be bonded directly to the spinal fixation device,
which will share load with the bone. Thus, as the spine heals,
the implant strain will diminish. There is a time dependent
relationship between strain and fusion that can be detected by
measuring strain in the spinal instrumentation. If spinal
fusion can be detected by a radio telemetry system much
earlier than a traditional radiograph, then time spent in brac-
ing or modified activities for spine surgery patients can be
minimized. Accordingly, an aspect of the invention is to
reduce the amount of time patients must remain in a brace in
order to avoid other complications, such as disuse atrophy,
and that the patients’ recovery and eventual outcome is thus
improved.

[0068] Inorderto facilitate implantation ofthe implantable
portions of the system, the circuitry can be integrated into the
fixation plate or encapsulated and attached to the fixation
plate. In this way, spinal fixation hardware will contain a
strain sensor. Preferably, the implantable portion of the sys-
tem is inductively powered by radio frequency to avoid the
complications of implanting batteries within humans. Other-
wise, batteries will be mounted subcutaneously and removed
once fusion has been determined.

System Overview

[0069] Referring first to FIG. 1, a strain measurement/
monitoring system 10 according to the present invention is
schematically illustrated. In the embodiment shown, the sys-
tem comprises a sensor subsystem 12, a radiofrequency (RF)
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transmitter subsystem 14 and associated antenna 16, an
inductive power subsystem 18, and a receiver subsystem 20
and associated antenna 22.

[0070] The technology for the receiver subsystem 20 and
associated antenna 22 is commercially available, such as that
used for RF ID applications. Such equipment will receive
telemetry date as well as provide an inductively coupled
power supply. It may, however, be necessary to modify the
operating frequency of the equipment to match the desired
operation frequency of the sensor system. Therefore, the fol-
lowing description will focus primarily on sensor subsystem
12, RF transmitter subsystem 14 and antenna 16, and induc-
tive power subsystem 18.

RF Transmitter Subsystem

[0071] In a preferred embodiment, the RF transmitter sub-
system 14 comprises components that will receive the signal
from the sensing subsystem 12 and use that signal to modulate
the frequency (FM) of the carrier signal in order to transmit an
output signal through the antenna 16. Referring also to FIG. 2,
in the embodiment shown, the RF transmitter subsystem
comprises a voltage controlled oscillator (VCO) 24 and a
power amplifier 26 coupled to antenna 16. The power to drive
this subsystem is supplied by an inductive power subsystem
18.

[0072] Frequency Selection

[0073] A factor in the overall design of the RF transmitter
subsystem is the frequency at which the carrier signal will be
transmitted. The operating frequency directly affects the
dimensions of components in the RF transmitter subsystem,
such as antenna 16. For the purpose of a design for use as a
system implanted in the body of a human or animal, we chose
a frequency of 100 GHz although other frequencies could be
used. Higher frequencies tend to have better propagation
characteristics and larger available bandwidth than lower fre-
quencies, and allow for the use of a small antenna. Note,
however, that safety limits of using such high frequency in a
human body tends to restrict the electric field strength to
approximately 61.4 V/m, the magnetic field strength to
approximately 0.163 A/m, the power density to approxi-
mately 50 W/m?, and the duration of exposure to less than
approximately 6 minutes.

[0074] Modulation Type

[0075] Other potential safety concerns are telated to the
type of RF signal modulation scheme employed. There are
generally three types of signal modulation; frequency modu-
lation (FM), amplitude modulation (AM), and pulse modula-
tion (PM). PM tends to cause the greatest damage to biologi-
cal tissues due to high energy release during short time
periods. On the other hand, AM is more susceptible to noise
while being transmitted through biological tissue, thus lead-
ing to potential false data readings. Therefore, the amplitude
is affected more than frequency. Consequently, frequency
modulation (FM) is preferred because its amplitude is not
relevant to the data transmitted and is safer than PM. An
additional advantage of FM is the ability to have greater noise
immunity at greater bandwidths. In summary, a frequency
modulated signal transmitted in a wideband scheme is pre-
ferred.

[0076] Transmitter

[0077] Transmitter selection is also based on several fac-
tors. For example, the transmitter should be suitable for the
modulating format selected as well as suitable for producing
the required transmit power to provide areliable link with the
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receiver subsystem. In the embodiment illustrated in FIG. 1
and FIG. 2, the transmitter comprises a voltage controlled
oscillator 24 followed by a power amplifier 26. The modula-
tor in this configuration is VCO 24 being driven by a modu-
lating signal from the sensor subsystem 12.

[0078] Voltage Controlled Oscillator

[0079] Tt will be appreciated that the voltage controlled
oscillator is an important component of the RF transmitter
subsystem. VCOs in the GHZ range are typically fabricated
using standard IC technology and are currently integratable.
The objective of the VCO is to use an AC signal from the
sensor subsystem 12 to modulate the signal of the VCO or the
carrier signal. With zero input to the VCO, the VCO will
produce a pure sinusoidal wave form with a fixed amplitude
and frequency. When the VCO receives an input, it locks itself
in a phase locked loop (PLL) to produce a signal that is
modulated in relation to the modulating sensor signal.
[0080] The VCO preferably has a high tuning sensitivity
(change in output frequency per unit change in the control
voltage, Hz/V) that allows for maximizing the modulation of
the carrier for an improved signal. In addition, power supply
pulling (sensitivity of the output frequency to changes in the
power supply voltage, Hz/V) should remain unchanged for
improved gain. This type of behavior is expected during the
power up of the circuit due to the transit behavior during this
time. Therefore, initial readings may not be as accurate, and
for this reason sufficient time should be allowed for each
reading. Since the sensor is expected to produce very little
change over the period of measurement, a consistent output
from the system is a good indication of bypassing the transit
time.

[0081] There are generally three types of voltage controlled
oscillators that can be fabricated in integrated circuit form:
ring, relaxation, and tuned oscillators. The first two are easier
to implement in the present invention because they are mono-
lithic and of small size when compared with tuned oscillators.
[0082] In the present invention, a ring oscillator is pre-
ferred. It will be appreciated that the general expression for
carrier frequency is:

e(H)=A* Sin(oc*t+D*Sin(wm *f) [0y
where,
2emx f
- wm

is deviation ratio or the modulating index, wm=maximum
sensor frequency, we=center frequency of the carrier, and
A=Amplitude of the signal. The above equation indicates that
achange in the amplitude of wm changes the frequency of the
carrier. FIG. 3 illustrates the expected response of a VCO
when an input signal is provided. Note that the amplitude of
the signal is constant while the frequency of the modulated
signal is different than the pure sinusoidal wave of the VCO
with zero input. This type of oscillator response is desired to
affectively transmit the information with the least amount of
noise from the medium.

Antenna

[0083] It will be appreciated that the antenna is an impor-
tant component in any wireless communication system since
it is the interface between the electronics inside the system
and the outside world. It is well known that, as frequency
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increases, antenna size generally decreases. Microstrip tech-
nology provides a class of antennas that can be integrated
onto the present invention quite easily, and is preferred due to
due to the acceptable performance and the simple manufac-
turing process that is involved. Also, the shape of a microstrip
antenna can be varied based on the needed radiation pattern.
Square antennas produce good radiation characteristics and
are widely used. An additional advantage of such antennas is
their conformal configuration which can be placed on any
metallic surface, planer or non-planar, which includes a spi-
nal plate.

[0084] Referring to FIG. 4 through FIG. 6, the microstrip
antenna 16 employed in the present invention comprises a
very thin metallic strip (patch) 30 above a conducting ground
plane 32, separated by a low-loss dielectric substrate 34.
[0085] A feed line 36 is also connected to the antenna. In
this regard, there are several feed mechanisms that are avail-
able. The location of the feedline with respect to the antenna
patch is determined by the radiation characteristics of the
antenna. The simplest and preferred feed type is the micros-
trip feedline, an embodiment of which is illustrated in FIG. 4
through FIG. 6. In this embodiment, the feedline is in the
same plane as the antenna and provides for a high degree of
compactness and efficiency. Feedlines are important because
they transfer the signal to the antenna. The impedance, ratio
of voltage to current, of the feedline is the characteristic value
and this determines the power loss during the transfer. It will
also be appreciated that itis important to select a feed mecha-
nism with minimal power loss.

[0086] As mentioned above, the preferred embodiment of
the RF subsystem operates at a frequency of 100 GHz. This
frequency is inversely related to the dimensions of the
antenna as described by the following set of equations:

Height of substrate 0.003A < k< 0.054 2)
Width of ant teh W= = (””]71/2 ®
1 oI antenna patc = Z‘ﬁ:‘ 2

C “)

Length of antenna patch L. = ——— - 2AL

2fovee
er+l er—1,1+12n12 ®
el 2y
2 2 w

w 6
(ee+0.3) *(7 +0.264) ©

AL =0.412h
(ee - 0.258)(K + 0.8)
h

where C=speed of light; &r=dielectric of substrate;
Ee=equivalent dielectric, and AL=change in length due to
fringing fields at the ends.

[0087] Using the following Matlab algorithm to simulate
the calculations, the dimensions for four antennas shown in
Table 1 were calculated:

INDEX 1:

Matlab script for the Microstrip antenna dimensions:

38 3k kR SOK 3K 3R KOR 30K 3R KR 3K Kok 30K R 35K 30K 3R 3% KR 3K OR 30R R OR 30K R 3OR SR ORR R K IR IO SOORORE
% program to calculate the dimensions for a rectangular microstrip
antenna

% with a known thickness

% all dimensions in meters or SI units
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-continued

% use assumptions from book: RF MEMS & the Humberto article on TTL
microstrip antenna
kool skok okl kb ioloiolobiololokookoiokolonkioioiok okololokokokoiokolodokololokdokokokoiokok
c=3¢8; % speed of light
0= input(* frequency of operation="); % frequency of operation
h= input(*height of dielectric substrate= "); % thickness of the dielectric
substrate
ebs_r=input(* Dielectric of material="); % dielectric constant
w= c/(2*f0)*(((ebsfr+1)/2)A—.5) ; % width of the patch
ebs_e= (ebs_r+1)/2 + (ebs_r-1)/2 *({(1+12*h)/w) -.5); % calculate
effective K
Num = (ebs_e+0.3)* ( w/h +0.264); % numerator of delta L, a
dummy variable
Den = (ebs_e - 0.258)*(w/h +0.8); % Denominator of delta 1, a
dummy variable
deltal.= 0.412*h * (Num/Den) ;
I=(c/(2*{0*(sqrt(ebs_e)))-2*deltal. );% length of the patch
w_mm =w*1000 % dimensions in mm

|_mm=[*1000 % dimensions in mm

h_mm=h*1000 % dimensions in mm

$ofokobok oo b looioiobiololooloolonbioioiok ookl loloblokdokolokolokok
[0088] A preferred set of dimensions are those in row 3;

namely, 0.15 mmx0.588 mmx0.463 mm. A dielectric mate-
rial with a value of €=12 (such as silicon) is suitable for the
substrate. The thickness of the antenna patch is not critical to
the performance, and a thickness of 10 um was chosen for this
embodiment.

[0089] Note that in selecting a high dielectric constant, the
substrate becomes electrically thick at higher frequencies;
namely, Am/4 at 100 GHz, where Am is the wavelength inside
the substrate. Higher thickness leads to increased surface
waves and hence losses. Therefore, in the present invention,
artificial methods are preferably used to reduce the effective
dielectric constant of the substrate below the antenna. One
method to do so is by micromachining the substrate and
creating a cavity 38 under the antenna as shown in FIG. 5 and
FIG. 6. The resulting substrate then comprises a composite of
airand Si. This configuration can be achieved by, for example,
a DRIE etching of the substrate under the antenna patch.
Assuming a vertical wall etching, this method improves the
antenna bandwidth and the efficiency over conventional sub-
strates by as much as 60% and 28%, respectively. Preferably,
the cavity is designed to have a resonant frequency close to
that of the antenna patch to reduce losses.

[0090] When the cavity is added, the new effective dielec-
tric constant is estimated to be:

Ecavity (L + ZALSfringe ] (7)
L+2AL

Ecavity

er. eff =

where the dielectric constant for the fringing field region and
the mixed substrate cavity region are given by:

Efinge _ Lair + (Esub = EairXeir ®

Ecavity Egir + (Exub - Sair)x fringe

€ GirCsub [€)]

Eoavity =
Eqir + (Esub — Eair)Xair

wherex,,;, and X, are ratios of air to substrate thickness in
the mixed and fringing field regions. Note that with this cavity
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redesign, the dimensions of the antenna will change based on
the new values of the dielectric constant of the mixed sub-
strate region.

[0091] Analysis of the antenna radiation spectrum is then
used to calculate the optimum location for receiving data
from the system. The radiation pattern describes the angular
variation of power density of the signal throughout space. The
antenna radiation pattern is divided into two major regions;
the far field and the near field. It is preferable to receive the
waveform in the far field region to maximize the received
signal and to ensure accurate readings.

[0092] Referring now to FIG. 7, in a preferred embodiment
the microstrip antenna is fabricated in a similar manner to a
parallel plate capacitor according to the steps shown. Top
views appear on the left and cross-sectional views appear on
the right.

[0093] The process begins at step 100 with a silicon wafer.
[0094] At step 102, the surface is passivated with thermal
oxidation (2 um).

[0095] At step 104, photoresist (PR) is spun onto the pas-
sivated surface.

[0096] At step 106, a first mask is used to pattern the
antenna.

[0097] At step 108, aluminum is deposited using LPCVD.
[0098] At step 110, excess aluminum is lifted off using
acetone.

[0099] At step 112, the silicon is etched from the backside

using DRIE. The bottom side of the wafer is also polished
down. This creates the dimensions of the air cavity.

[0100] At step 114, photoresist is spun onto the backside to
create the air cavity.

[0101] At step 116, a second mask is used to pattern the air
cavity. The PR is then exposed and developed.

[0102] At step 118, silicon is etched from the backside
using RIE.

[0103] At step 120, SiO, is etched from the backside using
BOE.

[0104] At step 122, the PR is removed using acetone.
[0105] At step 124, asecond silicon wafer is fusion bonded

to the etched wafer to create the air cavity.

[0106] At step 126, silicon is etched from the backside
using DRIE and the bottom side of the wafer is polished
down.

[0107] At step 128, SiO, is deposited on the backside to
passivate the surface.

[0108] At step 130, titanium is sputtered on the backside to
create the ground plane.

[0109] At step 132, SiO, is deposited on the backside for
electrical isolation.

[0110] At step 134, gold bumps are patterned for “gold
bump compression bonding.”

Inductive Power Subsystem

[0111] TItwill also be appreciated that supplying power to a
sensor for short- or long-term monitoring in human recipients
can be a challenge. A generally unacceptable method of pro-
viding power would consist of having electrodes riveted to the
patient’s skinto connect the microsystem to the outside world
for power and data collection. This “Frankenstein-like” solu-
tion could potentially work, but the risk of infection and
injury to the patient makes this method of supplying power to
the device less than appealing. Furthermore, due to the harsh
environment inside the human body, the sensor cannot con-
tain any toxic materials because in the event that the packag-
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ing was to fail, contamination of the biological host or dam-
age to the microsensor system itself could occur. This
constraint, along with a relatively short lifetime, eliminates
the possibility of incorporating a chemical battery into the
system.

[0112] Therefore, a more practical method is to supply
power through a wireless medium. In the embodiment shown,
magnetic coupling is employed for this purpose. The basic
approach for supplying power magnetically is to induce a
voltage onto a coil implanted into the biological host with the
sensor. This is accomplished by exciting an external coil that
is located directly over the implant, preferably using a con-
ventional sinusoidal voltage supply (not shown) for excita-
tion. The excitation signal passes through the body and into
the internal coil where an alternating current (AC) voltage is
induced. The induced voltage in the implanted coil is then
rectified and filtered to create a direct current (DC) source for
powering the sensor and associated RF transmitter circuitry.
The method of magnetic coupling described above is a tech-
nology known as passive telemetry, or alternatively absorp-
tion telemetry.

[0113] FIG. 8 illustrates various components of an induc-
tive power subsystem 18 suitable for use in the present inven-
tion. This embodiment is shown in the context of receiving
power from an outer inductive coil 50 which would be con-
nected to the external sinusoidal power source, such as pro-
vided by an RF ID type receiver unit 20. In the embodiment
shown in FIG. 8, the inductive power subsystem comprises an
inner inductive coil 52, a rectifier 54, and a regulator 56. As
can be seen, the internal inductive power unit essentially
comprises a tuned LC receiver, formed by internal coil 52 and
a capacitor 58, rectifier 54 and voltage regulator 56. It will be
appreciated that the efficiency of power transmission is
related to the degree of coupling of the outer coil 50 and the
inner coil 52. Factors that affect this efficiency include shield-
ing of the inner coil, the distance between the coils, and the
orientation of the coils with respect to each other.

[0114] To improve the power link between the internal and
external coils, the size of the two coils should be optimized for
increased coupling coefficient. Other improvements may be
made to the LC circuit of each coil if desired. To maintain a
constant supply of DC voltage, a regulator followed by a
rectifier are used as shown. Also, the internal coil can be
macromachined instead of micromachined to increase effi-
ciency. In addition, the inductive power subsystem is prefer-
ably hermetically sealed for protection and, to minimize the
size of the internal power unit, the coil is placed outside the
hermetically sealed unit and will be located on the implant
itself. A wire connection then would be used between the
inductive power subsystem and the sensor and the RF trans-
mitter subsystem, and any other related circuitry.

Sensor Subsystem

[0115] Two sensing methods that were considered for mea-
suring spinal fusion were (1) semiconductor-based resistive
strain gages and (2) capacitive sensors. With resistive strain
gages, minute changes in resistance are detectable. However,
resistive strain gages have several drawbacks which make
their use in sensing spinal fusion generally undesirable. First,
looking at the power consumption of a resistive strain gage,
there can be a fair amount of power dissipation due to the
resistance (e.g.. power dissipated=I**R). Second, resistive
strain gages are temperature dependent devices and could
provide unreliable measurements.
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[0116] Therefore, in the embodiment shown, the sensor
comprises a capacitive sensor. A capacitive sensor takes
advantage of the absence of temperature dependence and the
minimized power consumption. Because capacitive sensors
are also generally known to be more sensitive than resistive
sensors, a design based on a change in capacitance due to a
change in strain should provide a more accurate measure-
ment.

[0117] Two types of capacitive sensors that were consid-
ered for this purpose were (1) spacing variation motion sen-
sors and (2) area variation motion sensors. In a spacing varia-
tion motion sensor, the change in capacitance is dependent on
the spacing between the two conducting plates. However, a
nonlinear relationship exists between the spacing and capaci-
tance change which presents a problem with measuring
capacitance directly. On the other hand, in an area variation
motion sensor, the change in capacitance is dependent on the
area of overlap between the two conducting plates and capaci-
tance and motion are linearly related. For purposes of sensing
spinal fusion, an area variation motion sensor is preferred
since capacitance and motion are linearly related and capaci-
tance can be measured directly.

[0118] Note, however, that with a conventional area varia-
tion sensor, the capacitance change due to 25 pm of strain is
on the scale of 107*° F and therefore, is effectively too small
of a change to measure accurately. Referring to F1G. 9, to
solve this problem we designed an interdigitated capacitor 60
using fifty-one free-standing, inter-digitated fingers. This
design yielded fifty parallel plate capacitors adding to the
total capacitance measurement. As a result, we are able to
sense a capacitance on the order of 107'* F. Our capacitance
sensing relies on the lateral movement of the inter-digitated
fingers. The change in area between the fingers due to the
lateral movement results in a change of capacitance. The
basic equation for parallel-plate capacitance is

C=[E, o, * A*(n-1)]/d=[(€ ., *W*I*(n-1)]/d (10)

where €_=8.85x107'? F/m is the permittivity of free space,
€,=1 is the permittivity of air, “A” is the area of the plates, “d”
is the gap between the plates, “W” is the width of the plates,
“1” is the length of the plates, and “n” is the number of
inter-digitated fingers.

[0119] Before spinal fusion occurs, there will be a strain
induced from the bending of the vertebrae. By placing our
capacitance sensor in the direction of this strain, a lateral
movement of the plates will cause the area of the capacitor to
change (FIG. 9A, FIG. 9B). The capacitance can then be
calculated using

C=[C, o *wH(-x)* (n-1)J/d an

where “x” is the amount of displacement due to the strain (25
pum).

[0120] Inaddition to the capacitance created between each
of the fingers, there is also a capacitance created between the
tip of each finger and the opposing base. This capacitance
changes as the gap between the finger and the base varies.
Because we desire our overall capacitance to be a function of
only the lateral variation capacitance between the fingers, we
designed our sensor to minimize any capacitances that might
result from tip of each finger and the opposite base. To mini-
mize this capacitance, we designed the gap between the finger
and the opposing base to be large enough that the overall
capacitance is not affected by these space variation capaci-
tances. As a result, we designed the gap, d,, to be 50 um.
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[0121] We also chose our capacitor dimensions such that
maximum displacement due to strain could be sensed. The
inter-digitated fingers remain free standing and function
properly as long as the length of each finger does not exceed
approximately 200 um. For this reason, we chose the total
length of each finger, L, ., to be 200 um. Since we already
declared the gaps, d,, on each finger to be 50 um long, the
remaining 150 um was assigned to the capacitance length,
L., (F1G.9B). By using the relationship between the capaci-
tance, length, width, and gap, a large length and large width
and a small gap are desired for a large capacitance value.
Consequently, we chose a length “L,,,” of 150 pm, width
“We,,” 0of 20 pm, a gap “d,” of 5 pm, and a height “h” of 20
pm. Using 51 inter-digitated fingers, our resulting capaci-
tance under no strain is
Chiosmain=[ (€ *WHH(n=1))/d={(8.85x 107 2)¥(1)*
(5x1070P%(150x1076)*(S0)]/(10x10~)=Ciy,.5-
wrain=3.34x 1074 F 12)

During a maxinum strain of 25 pm, we found the capacitance
to be
Cos = [(E e, W (n=1)]/d=[(8.85x 107 2)*(1)*(5x

107%)*(150x107%-25x1075%(50)]/(10x1075)
Cr5n=2.60x107* F (13)

By carefully choosing these dimensions, we expect to maxi-
mize the capacitance measurement of our sensor.

[0122] Since capacitance and motion are linearly related
for an area variation sensor, the capacitance can be measured
directly. However, a transducer is still needed to translate the
capacitance change response to an electrical output signal. In
ourcase, we prefer a capacitance bridge to convert the capaci-
tance changes into an electrical voltage output. Capacitance
bridges are commonly used as transducers, which is primarily
reason we chose to use it in our design.

[0123] Referring to FIG. 10, we designed our capacitance
bridge 62 such that we combined the capacitances of all fifty
capacitors as one of the four legs, C,, of the capacitance
bridge. The other three legs (C,,, C,,», and C, ) are set as
reference capacitors. The reference capacitors are equal to C,
during no strain:

C

refl
[0124] When there spinal fusion has occurred, and there-
fore, no strain is present, we expect the voltage output at

=Coe2=Coenp=Cr_No Straim=3-31x10 “F (14)

Vonses 10 equal the voltage outputat V., .
Voo - Cref1 % (2Vm) - Vin (15)
e Crr1 + Crgp3
Coof1 #QVM)  (Crggt + Creg3) # Vi
- Crp1 + Crgp3 h Crept + Crr3
_ (Crept = Cigs) #Vm
Cref1 + Crer3
v _ Crp#(2Vm) =V (16)
ST Crp +Cr
Crapr#2VM)  (Crpr + Cr) Vi
- Cre2 +Cr h Crepr + Cp
(Crer2 —Cr)=Vm
T GptCr
[0125] However, before spinal fusion has occurred, strain

will be induced due to the bending of the vertebrate. During
this time, we expect to see a difference between the output
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voltages, V... and V. . In order to measure the voltage
difference, a differential amplifier 64 with a single-ended
output as shown in FIG. 11 can be used. A differential ampli-
fier is a class of amplifiers that processes the difference
between two signals. Our design includes unity gain buffers
on each of the voltage outputs, V. andV_, .  inorder to
isolate the nodes from other electronics. The signals are then
each connected to the differential amplifier which in turn
processes the difference between the two signals. Finally, the

transducer output voltage, V_, can be calculated using:

Aom * Vsenser + Vsense—  Oatm * Vsenser — Veense— (1

2 2

V,=

where a_,, and a;, are the amplifying gains.

[0126] In a preferred embodiment, the fabrication of our
sensor involves forty-nine steps and nine masks. The inter-
digitated fingers are formed using polysilicon and released by
wet etching sacrificial phososilicate glass (PSG). This pro-
cess is shown in FIG. 12 where top plan views are shown on
the left and cross-sectional views are shown on the right.
[0127] At step 200 the process begins with a silicon wafer.
[0128] Atstep 202, the surface of the wafer is passivated by
thermal oxidation (2 um).

[0129] At step 204, polysilicon (0.5 pm) is LPCVD depos-
ited to create break-away tethers for the final release of the
structure.

[0130] At step 206, photoresist (PR) is spun on the surface.
[0131] At step 208, a first mask is used to pattern the poly-
silicon break-way tethers. The PR is then exposed and devel-
oped.

[0132] At step 210, the polysilicon is etched using RIE.
[0133] At step 212, the PR is removed using acetone.
[0134] At step 214, a sacrificial PSG (1 pm) is deposited,

and also provides some degree of planarization.

[0135] At step 216, PR is spun on the surface.

[0136] At step 218, a second mask is used to make anchor
windows between the first and second layers of polysilicon.
The PR is then exposed and developed.

[0137] At step 220, the PSG is partially etched in 10:1 HF
to create connections to the break-away tethers.

[0138] At step 222, the PR is removed with acetone.
[0139] At step 224, a second layer of polysilicon (2 pm) is
LPCVD deposited.

[0140] At step 226, PR is spun on the surface.

[0141] At step 228, a third mask is used to pattern anchors.
The PR is then exposed and developed.

[0142] At step 230, the polysilicon is etched using RIE.
[0143] At step 232, the PR is removed using acetone.
[0144] At step 234, a second sacrificial PSG (3 pm) is

deposited, and also provides some degree of planarization.
[0145] At step 236, PR is spun on the surface.

[0146] At step 238, a fourth mask is used to make anchor
windows between the second and third polysilicon layers.
The PR is then exposed and developed.

[0147] At step 240, the PSG is etched in 10:1 HF.
[0148] At step 242, the PR is removed using acetone.
[0149] At step 244, a third layer of polysilicon (20 um) is

LPCVD deposited.

[0150] At step 246, PR is spun on the surface.

[0151] At step 248, a fifth mask is used to pattern inter-
digitated fingers. The PR is then exposed and developed.
[0152] At step 250, the polysilicon is etched using RIE.
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[0153] At step 252, the PR is removed using acetone.
[0154] At step 254, a sacrificial PSG (22 pum) is deposited,
and also provides some degree of planarization.

[0155] At step 256, PR is spun on the surface.

[0156] At step 258, a sixth mask is used to make anchor
windows between the third and fourth polysilicon layers. The
PR is then exposed and developed.

[0157] At step 260, the PSG is etched using 10:1 HF.
[0158] At step 262, the PR is removed using acetone.
[0159] At step 264, a fourth layer of politician (2 um) is

LPCVD deposited.

[0160] At step 266, PR is spun on the surface.

[0161] At step 268, a seventh mask is used to pattern
anchors. The PR is then exposed and developed.

[0162] At step 270, the polysilicon is etched using RIE.
[0163] At step 272, the PR is removed using acetone.
[0164] At step 274, PR is spun on the surface.

[0165] At step 276, an eighth mask is used to make contact

holes. The PR is then exposed and developed.
[0166] At step 278, gold is sputtered on the surfaces to
create contacts (10 um).

[0167] At step 280, the excess gold is lifted off using
acetone.

[0168] At step 282, photoresist is spun on the surface.
[0169] At step 284, a ninth mask is used to pattern gold

bumps for “gold bump compression bonding.”

[0170] At step 286, gold is sputtered to create gold bumps.
[0171] At step 288, the excess gold is lifted off using
acetone.

[0172] At step 290, the structure is released by etching the

sacrificial PSG in 10:1 HF.

[0173] At step 292, the structure is flipped and aligned with
a target spinal plate which also has gold bumps.

[0174] At step 294, the structure and target are compressed
at room temperature.

[0175] At step 296, the bonded structure is released from
the original substrate using the breakaway tethers.

[0176] In order to maximize the amount of strain sensed by
the sensor, we want to minimize any adhesive, transitional
material used between the sensor and the spinal plate. Such
materials would attenuate the strain sensed by the sensor. As
a solution, we utilized a technique called “gold bump com-
pression bonding”. This technique allows us to place our
sensor directly on the spinal plate by patterning small, gold
bumps on the sensor and the target spinal plate, aligning the
two surfaces together, compressing them together at room
temperature, and releasing the sensor from its substrate by
severing its fragile, break-away tethers.

[0177] The circuitry for the RF devices and antenna serve
as a housing to protect the inter-digitated fingers of the
capacitive strain sensor from being contacted by sealant
which is used to encapsulate the structure. Thus, the capaci-
tive strain sensor is fabricated separately with gold tethers
that hold the inter-digitated fingers in their correct position.
Upon assembly, the capacitive strain sensor is inverted and
pressed into mounting holes on the spinal plate. The tethers
are then broken to release the inter-digitated fingers, thus
allowing them to move with the bending of the spinal plate.
Over this suspended, isolated capacitive sensor, the other
circuitry and antenna are mounted with an open cavity on the
underside to provide isolation for the capacitive sensor. Lead-
through wires are used to attach the inductive power sub-
system to the surface of the housing and additional lead
through wires are used to attach the antenna and RF sub-
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system to the capacitive sensor. The housing is then sealed to
the spinal plate using parylene. Parylene is preferred because
it provides a conformal coating that will not be degraded by
moisture.

[0178] FIG. 13 illustrates an embodiment of a packaging
configuration 70. FIG. 14 illustrates a process for packaging
the sensor and antenna in this manner where top plan views
are on the left and cross-sectional views are on the right.
[0179] At step 300, the process begins with a silicon wafer.
[0180] Atstep 302, photoresist (PR) is spunon the backside
of the wafer to create a cavity for the sensor.

[0181] At step 304, a mask is used to pattern the cavity.
[0182] At step 306, silicon is etched from the backside
using DRIE, and the photoresist is removed.

[0183] At step 308, gold bumps are patterned for “gold
bump compression bonding.”

[0184] At step 310, the antenna is aligned and compressed
to the top of the wafer.

[0185] At step 312, the structure is aligned with the spinal
plate surface which also has gold bumps patterned on the
surface.

[0186] At step 314, the structure is compressed onto the
spinal plate at room temperature.

[0187] Note that the antenna is specifically designed to be
small enough to fit within the form factor of the spinal plate
and is on the same surface as the circuitry on the surface of the
housing, and is the most external surface of the implanted
device. It communicates via radio telemetry through the tis-
sues and skin with a handheld RF reader. These readers are
readily available through the well-established RFID tag mar-
ket. To accommodate our 100 GHz frequency to limit the size
of the antenna, a commercially available RF reader would
require modification to sense higher frequencies. Alterna-
tively, we would have to increase the size of our antenna
which would require incorporating the antenna into the spinal
instrumentation and use a wire coil rather than the surface
micromachined patch antenna design described herein.
[0188] Spinal fixation plates and related hardware are well
known in the art, and not described herein in any particular
detail. However, there are certain features of the sensor sys-
tem described herein that make modifications of a standard
spinal plate worth consideration.

[0189] For example, it is desirable to fabricate the spinal
plate, nuts, and pedicle screws from titanium. Titanium is
nontoxic, hypoallergenic, biocompatible and exceptionally
corrosion resistant. Titanium is also a nonmagnetic material.
Since our sensors and circuitry will be mounted on the spinal
plate, electromagnetic interference will be minimized by
using titanium.

[0190] FIG. 15 illustrates a machined titanium spinal plate
80 with the sensor system described above attached. Note
that, using the equations for bending in a beam, rigidly fixed
at both ends and with an applied bending moment at both ends
from the pedicle screws, we can obtain a strain of 25 pum with
the sensor system. This is a very small signal, but well within
the capabilities of our capacitive strain sensor. Although a
portion of the beam shown in FIG. 15 has been machined
down to create a concentrated bending location 82, the overall
strength of the beam has not been compromised. The strength
of the titanium plate has a generous safety factor, and actually
only needs to remain intact until the bony ingrowth has fin-
ished. Long term, the strength of the fusion is provided
entirely by new bone and not by the implanted hardware.
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[0191] As indicated above, the system components can be
sealed with a material such as parylene. This sealant can be
applied, for example, using a process which is illustrated in
flow chart form in FIG. 16.

[0192] The electronic strain measurement system
described herein is designed to replace clinical x-rays, as they
are often inconclusive until the bone has completely miner-
alized. During surgery, one of the spinal plates would be
replaced with an electronically instrumented spinal plate. For
humans, the goal would be to have all the instrumentation
fitted onto an otherwise unaltered spinal plate.

[0193] In use for detecting the progress of spinal fusion, a
handheld receiver unit would be brought into proximity of the
sensor and an initial strain level would be recorded. Then,
once a week during routine office visits, the handheld sensor
would again be brought into proximity of the sensor to get
additional strain level recordings. As shown in FIG. 17, over
time, the level of strain should decrease and eventually pla-
teau at a lower level. This should occur within eight to twelve
weeks following surgery, at which time the fusion can be
proclaimed solid and the patient’s external bracing can be
removed.

[0194] Referring now to FIG. 1, FIG. 10, FIG. 11 and FIG.
18, in one embodiment sensor subsystem 12 includes ampli-
fier 64 as described above, as well as a second amplifier 66
and a 12-bit A/D converter 68. The output of the A/D con-
verter 68 provides a digital signal to RF subsystem 14. In this
embodiment, the data can be transmitted as digital telemetry
associated with the RF signal. Packet and other transmission
techniques can be used as well.

[0195] In the digital telemetry embodiment illustrated
above, prior to implantation, the inter-digitated capacitor
strain sensor is preferably set to a “neutral” baseline. For
example, this may be accomplished using the above-de-
scribed operational amplifiers with a 12-bit A/D resolution
that creates 4096 databits. The databits would be subdivided
so that a percentage of the databits represents an equivalent
range of the known values of strain for the area of interest. If,
for example, a spinal implant experiences 1000uE (micros-
train) when implanted, each 1p& would correspond to
approximately 4 databits. Therefore, a neutral baseline value
would be 2048 databits prior to implantation.

[0196] Amplifier 64 should never saturate; if it does, the
output data becomes unusable. The system may still output a
databit value, but it will be a constant value, virtually unvary-
ing over the entire measurement period. The external receiver
subsystem 1s preferably configured to detect this failure
mode. This can be corrected by resetting the neutral baseline
to a new value until it is within range.

[0197] Thesecond amplifier 66 is employed to set the oper-
ating range of the device. For example, in spinal implants a
normal range of strain is approximately 100ue. The second
amplifier 66 is thus preset to represent +/-100uE or arange of
200u€. In a 12-bit A/D, this corresponds to 1uE change for
every 20 databits of change in the strain.

[0198] Note also that, in some applications, the inter-digi-
tated capacitor sensor and implant hardware are subjected to
an initial strain by the surgeon. For example, in spine surgery,
the torque applied to the pedicle screws induces approxi-
mately 600p€ in the spinal hardware. Thus, the inter-digi-
tated capacitor sensor is preferably adjustable to re-center its
value at the example 2048 databits. As the exact amount of
induced strain cannot be predetermined, this adjustability is
important for good performance of the sensor system.
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[0199] Depending on the application, the strain after inser-
tion or implantation will either increase, decrease, or oscillate
with time and conditions. In a spinal fusion application, the
spinal implant hardware may initially be in flexion or exten-
sion, depending on the completely variable orientation of the
pedicle screws, plates, rods, or cages. For example, databit
values below 2048 may indicate extension and values above
2048 may indicate flexion. Thus, the external receiver sub-
system that communicates with the inter-digitated capacitor
sensor should be able to analyze the initial change in strain
from baseline and deduce the initial orientation of the spinal
hardware. This information would then be stored in the exter-
nal receiver subsystem for use in an algorithm that calculates
the actual change in strain. Over time, the overall strain may
decrease towards a plateau value, but the “sign” of this change
is dependent on the initial orientation.

[0200] Itwill be appreciated that, although the system has
been described above in the context of detecting spinal fusion,
strain can be used as an indicator of other biomedical condi-
tions as well. Using MEMS transduction, the system allows
for the implantation or insertion of an inter-digitated capaci-
tor strain sensor into area of interest. Advantageously, the
system employs a sensitive inter-digitated capacitive strain
sensor and RF transmitter subsystem are microscopic in size,
temperature-independent, use no batteries, use biocompat-
ible materials, are sealed from the environment, and can eas-
ily be integrated into an implant or used as part of a self-
contained transponder unit. Preferably, RF frequencies are
used which fall within publicly available bands and which are
safe to biological tissues. In essence, the system can be con-
sidered a lifetime implant.

[0201] As described above, the RF transmitter subsystem
commuuicates sensor information to an external receiver sub-
system, which may, for example, comprise a commercial RF
1D tag type receiver. The receiver subsystem may be embod-
ied in many forms such as a handheld unit, portable unit, or
wristwatch-style unit, and even contain data processing capa-
bilities or capabilities to interface with a computer.

[0202] Preferably, algorithmic information used for data
processing can be stored, processed, and analyzed externally
thus keeping the system small in size and allowing for use of
an inductive power subsystem. In an alternative embodiment,
the system may include memory or the like for storing databit
information from the sensor. This will provide the option of
recording periodic or random time points for later analysis,
and can provide for short-term orlong-term storage. A health-
care professional, for example, would later query the device
with a transmitter and signal it to download its stored data.
The device could optionally be erased after download for long
term studies. This configuration would require use of an
external transceiver for bidirectional communication as an
alternative to the receiver subsystem previously described. In
addition, since data would be stored, this enhanced embodi-
ment of the system would likely require a replaceable and/or
rechargeable power source subcutaneous to the skin.

[0203] In addition, the external wireless transceiver can be
configured to process the databit information received if
desired. For example, the transceiver could include a proces-
sor and associated software that subtracts the databit infor-
mation from the carrier RF wave, averages the databits into a
single value, and applies the appropriate algorithms to con-
vert the databit reading into a useable number. A 1000 Hz
transceiver gathering strain information for one second would
generate 1000 databits for each reading. If the averaged value
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were 2500 databits, the output strain would be 12.5u€. This
would be added to the baseline value of perhaps 600pE and
give a reading to the surgeon of 612.5pc. Each of these
averaged values could be recorded over time to show trends in
the strain, such as a slow decline and eventual plateau in
spinal strain such as illustrated in the example shown in FIG.
19. In some applications, user education may be needed if the
user or patient can influence the sensor reading by, for
instance, body position. If necessary, an operating protocol
might be needed to inform the user how to orient the patient
for consistent readings over a long term study.

[0204] As indicated above, the system is applicable to
detecting biomedical conditions in general and has far reach-
ing application. For example, referring to FIG. 20, a sensor
apparatus 400 is shown that can be used for measurement of
blood chemicals, factors, and minerals using MEMS. In this
embodiment, the inter-digitated capacitor sensor would, for
example, be inserted into the forearm with a syringe into
forearm, or tethered inside a vein as needed to expose sensor
to blood stream. The sensor would be mounted on a housing
402 that includes a chamber 404 containing a hydrogel,
hydrophilic polymer, or other biocompatible material 406
that dynamically and reversibly swells when exposed to spe-
cific chemicals. High selectivity would be a crucial charac-
teristic of the hydrogel. For example, glucose and lactate are
both found in the blood, and have similar affinities in many
hydrogels. It is important to thus test the marker of interest
against potential competitive markers. FIG. 20 illustrates one
configuration for a blood chemical sensor with a disc of
polymer 406 swelling to induce a strain.

[0205] Swelling of the hydrogel, polymer or other material
would induce a strain in the inter-digitated capacitor sensor
that would be transmitted by its corresponding transponder.
This strain would correspond to a specific concentration of
specific marker within the blood and bodily fluids, such as
glucose, electrolytes, sodium, hydration level, pH, toxic
chemicals, or heavy metals (lead, mercury, chromium, etc).
Thus, the strain can inform the user of a high or low level of
a specific marker of interest. This would be of extreme inter-
est to diabetics, endurance athletes, and military personnel in
the field.

[0206] In this embodiment, an external wireless trans-
ceiver, most likely a wristwatch-style device, would analyze
the strain information and process it with an algorithm to
display glucose level, electrolyte levels (perhaps several key
variables on one unit), etc. in terms commonly used for that
application. Potentially, the wristwatch-style transceiver
could communicate with a remote location for monitoring
and advice by a professional, such as the user’s physician or
a military person’s superior officers. The wristwatch style
unit could also be configured to provide alerts or alarms to tell
the user to take a specific action, such as replenish electrolyte
levels, seek immediate medical attention, or inject insulin.
[0207] Similarly, the system could be configured for mea-
surement of heart rate. Similar to the application described
above with reference to FIG. 20, a heart rate monitor inter-
digitated capacitor sensor could be simply injected by syringe
beneath the skin, since the entire body “pulses” upon each
beat of the heart. For an injected version, the sensor would
have a sealed chamber that would flex under the pressure of
each pulse and induce a strain that would be transmitted
wirelessly to a wristwatch-style unit to give the user continu-
ous heart rate monitoring. FIG. 21 illustrates an embodiment
of a heart rate monitor 500 with a sealed chamber 502. Alter-
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natively, as illustrated in FIG. 22, an inter-digitated capacitor
sensor could be configured as a blood vessel cuff for attach-
ment around a blood vessel 602 of the forearm (or other
desirable region of the body) for larger strain potentials. If
needed to achieve a strain above the background noise of the
body, the sensor could be designed to cuffthe external surface
of blood vessel. This would induce a hoop stress and would
maximize the strain potential from the blood vessel.

[0208] As described above, the preferred sensor configura-
tion comprises an inter-digitated capacitor sensor. It will be
appreciated that other types of sensors could be used, but that
an inter-digitated capacitor sensor is clearly advantageous.
Other types of sensors, although inferior to the inter-digitated
capacitor sensor, include microfabricated pies-resistive strain
gages configured in a Wheatstone bridge. In this configura-
tion, change in resistance of the bridge is monitored as a
voltage, converted to a digital signal, and transmitted to a
handheld receiver.

[0209] Also as described above, in order to create a suc-
cessful data acquisition system, several technologies must be
integrated together that are driven by the microsensor design.
The quantity to be measured and the environment that the
sensor will reside in will determine the type of sensor, and the
packaging needed to protect it from the potentially harsh
surroundings. Although the description above contains many
details, these should not be construed as limiting the scope of
the invention but as merely providing illustrations of some of
the presently preferred embodiments of this invention. There-
fore, it will be appreciated that the scope of the present inven-
tion fully encompasses other embodiments which may
become obvious to those skilled in the art, and that the scope
of the present invention is accordingly to be limited by noth-
ing other than the appended claims, in which reference to an
element in the singular is not intended to mean “one and only
one” unless explicitly so stated, but rather “one or more.” All
structural, chemical, and functional equivalents to the ele-
ments of the above-described preferred embodiment that are
known to those of ordinary skill in the art are expressly
incorporated herein by reference and are intended to be
encompassed by the present claims. Moreover, it is not nec-
essary for a device or method to address each and every
problem sought to be solved by the present invention, for it to
be encompassed by the present claims. Furthermore, no ele-
ment, component, or method step in the present disclosure is
intended to be dedicated to the public regardless of whether
the element, component, or method step is explicitly recited
in the claims. No claim element herein is to be construed
underthe provisions of35 U.S.C. 112, sixth paragraph, unless
the element is expressly recited using the phrase “means for.”

TABLE 1

Calculated Dimensions of Microstrip Antenna (m}

Dimensions
f L h W c
1 100 GHz 2.29 *10E-4 1*10E-3  9.49*10E-4 4
2 100 GHz 7.98*%10E-4 1.5*10E-4  9.49*10E-4 4
3 100 GHz 4.63*10E-4 1.5*10E-4  5.88*10E-4 12
4 100 GHz L0056 1.5*10E-4 .0059 12
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1. (canceled)

2. A strain sensor apparatus configured for implantation
into a biological host for detecting strain, the strain sensor
apparatus comprising:

aplurality of free-standing, inter-digitated fingers arranged

to form an area variation inter-digitated capacitor having
a capacitance, the plurality of fingers configured to be
coupled to a surface in a configuration to allow move-
ment with bending of the surface, wherein the inter-
digitated capacitor is configured to change its capaci-
tance as a result of a change in area defined between
fingers of the plurality of fingers due to lateral movement
of the plurality of fingers.

3. The strain sensor apparatus according to claim 2,
wherein lateral movement of the plurality of fingers and the
change in capacitance are linearly related.

4. The strain sensor apparatus according to claim 2,
wherein the inter-digitated capacitor has a sensitivity of 10~'*
F.

5. The strain sensor apparatus according to claim 2,
wherein the inter-digitated capacitor is disposed in a housing.

6. The strain sensor apparatus according to claim 2, further
comprising:

a transmitter coupled to the inter-digitated capacitor; and

an antenna coupled to the transmitter, each of the inter-

digitated capacitor, the transmitter, and the antenna
being configured for implantation in a biological host.

7. The strain sensor apparatus according to claim 6,
wherein the transmitter includes:

a voltage controlled oscillator; and

aradio frequency power amplifier.

8. The strain sensor apparatus according to claim 7,
wherein the voltage controlled oscillator is a ring oscillator.

9. The strain sensor apparatus according to claim 6,
wherein the transmitter has an operating frequency of 100
GHz.

10. The strain sensor apparatus according to claim 6,
wherein the transmitter is at least one of a frequency modu-
lation transmitter or a radio frequency transmitter.

11. The strain sensor apparatus according to claim 6,
wherein the antenna is a microstrip antenna.

12. The strain sensor apparatus according to claim 11,
wherein the microstrip antenna includes:

a conducting ground plane;

a low-loss dielectric substrate positioned on the ground

plane; and

ametallic patch positioned on the dielectric substrate.

13. The strain sensor apparatus according to claim 6, fur-
ther comprising a power supply configured for inductive cou-

Sep. 24, 2015

pling to a power source, the power supply being coupled to
the plurality of fingers and the transmitter, wherein the power
supply is configured for implantation in a biological host.

14. The strain sensor apparatus according to claim 13,
wherein the power supply includes:

an inductive coil;

a rectifier coupled to the inductive coil; and

a regulator coupled to the rectifier.

15. The strain sensor apparatus according to claim 2, fur-
ther comprising:

a first base having a first set of fingers of the plurality of

fingers extending therefrom; and

a second base laterally spaced from and in parallel align-

ment with the first base, the second base having a second
set of fingers of the plurality of fingers extending there-
from.

16. The strain sensor apparatus according to claim 15,
wherein a distance between a tip of each finger of the first set
of fingers and the first base is approximately 50 micrometers.

17. The strain sensor apparatus according to claim 2,
wherein a length of each finger of the plurality of fingers is
approximately 200 micrometers or less.

18. A method of detecting strain, comprising:

coupling a spinal implant to a spine to fuse at least two

vertebrae of the spine, the spinal implant having a strain
sensor apparatus coupled thereto, the strain sensor appa-
ratus including a plurality of free-standing, inter-digi-
tated fingers arranged to form an area variation inter-
digitated capacitor having a capacitance;

sensing a change of the capacitance of the inter-digitated

capacitor due to lateral movement of the plurality of
fingers; and

determining at least one of a change of strain in the spinal

implant or a strain in the spinal implant based on the
sensed change of the capacitance of the inter-digitated
capacitor.

19. The method according to claim 18, wherein the lateral
movement of the plurality of fingers changes an area defined
between fingers of the plurality of fingers.

20. The method according to claim 18, further comprising
inductively coupling the plurality of fingers to a power sup-
ply.

21. The method according to claim 18, further comprising
indicating, via a radio telemetry signal, at least one of the
strain in the spinal implant or when the strain in the spinal
implant has changed.
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