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(57) Abstract: A monitoring method and system include an antenna disposed spaced from a structural member (SM), which itself can
be the target object or attachable to a target object, without using any in-dwelling strain sensor. The antenna is arranged to not touch the
SM in at least the no load condition. As the target object undergoes displacement and/or deformation, the SM undergoes displacement
and/or deformation. The SM is juxtaposed, partially contained with, or fully contained within a magnetic or electromagnetic field
and electromagnetically coupled to the emitting antenna. Characteristics of the electromagnetic field coupling between the antenna
and the SM shift over time due to the displacement and/or deformation applied to the SM. The shift in the characteristics of the
electromagnetic field coupling between the antenna and the SM over time can be used to determine the temporal change in deformation
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and/or displacement o f the S M over time t o enable diagnosis o f the target structural object being monitored.



DISPLACEMENT AND DEFORMATION MONITORI NG METHOD AND SYSTEM WITHOUT

USI NG ANY STRAI N SENSOR, AND COMPONENTS THEREOF

BACKG ROUND

[0001 ] A strain sensing device can be attached to a structural member, such as an implant

device subject to mechanical loading , to monitor the strain applied to the structural member.

For example, US Patent 9,326,728 (hereafter Reference 1) discloses a wireless strain sensor

having a resonating circuitry that is mounted to a structural member, including an implant device,

and US 2007/01 86677 discloses monitoring the strain applied to a target structural member,

using one or more wireless strain sensors attached to the surface(s) of the target structural

member, by monitoring the signals transmitted and/or reflected from the strain sensor using a

known RF signal source.

[0002] Although using one or more strain sensors in the manner disclosed in Reference 1

can be beneficial in that the reflected resonance frequency can be set by designing the wireless

sensor that is attached to the structural member, the strain sensors need to be imprinted ,

otherwise fabricated , or attached to the structural member to monitor the strain, increasing the

cost and complexity of the system. It would be desirable to simplify the manner of monitoring

deformation applied to a structural member by eliminating the in-dwelling strain sensor, which is

in contact with the structural member. The present invention addresses this need .

SUMMARY

[0003] The present inventors have discovered that an in-dwelling strain sensor is not

needed to monitor strain applied to a structural member.

[0004] One aspect of the present invention is a method of monitoring changes in a

structural member (SM) as the SM undergoes at least one of displacement or deformation. The

method can include a disposing step, an inducing step, an outputting step, a first determining

step, and a storing step.

[0005] The disposing step disposes an antenna spaced from the SM so that the antenna

does not contact the SM at least at no load condition. The inducing step induces a magnetic or

electromagnetic field in the vicinity of the SM to create a coupling of the magnetic or

electromagnetic field between the antenna and the SM, where characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM are associated with one of the

distance between the SM and the emitting antenna or the deformation state of the SM. The

outputting step outputs electrical signals representing the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM, without using any strain

sensing device directly attached to the SM. The first determining step determines the



characteristics of the magnetic or electromagnetic field coupling between the antenna and the

SM based on the electrical signals. The storing step stores the determined characteristics of

the magnetic or electromagnetic field coupling between the antenna and the SM in a storage

device.

[0006] The method can further include a repeating step of repeating the inducing step, the

outputting step, the first determining step, and the storing step at a predetermined interval for

one of an evaluation period or until a predetermined number of the characteristics of the

magnetic or electromagnetic field coupling between the antenna and the SM has been

determined .

[0007] The method can further include a second determining step of determining a shift in

characteristics of the magnetic or electromagnetic field coupling between the antenna and the

SM over the evaluation period or a time lapsed to determine the predetermined number of the

characteristics of the magnetic or electromagnetic field coupling between the antenna and the

SM.

[0008] The method can further include a third determining step of determining a temporal

change in relative displacement or deformation of the SM over the evaluation period or the time

lapsed based on the shift determined in the second determining step.

[0009] The method can further include a loading step of applying a known or measurable

force or moment to the SM, an analyzing step of analyzing the determined characteristics in

relation to the known or measurable force of moment applied to the SM in the loading step.

[001 0] The inducing step can comprise using the antenna that has at least one wire

configured to induce the magnetic or electromagnetic field and output the electrical signals,

which is readable by a network analyzer, and the at least one wire is connectable to an input

port of the network analyzer.

[001 1] Alternatively, the inducing step can comprise using the antenna that has a first wire

configured to induce the magnetic or electromagnetic field , and the outputting step can

comprise using the antenna that further has a second wire configured to output the electrical

signals, which is readable by the network analyzer. The first and second wires are connectable

respectively to first and second input ports of the network analyzer.

[001 2] Another aspect is a system for monitoring changes in the (SM) as the SM

undergoes one of displacement or deformation. The system can include the antenna, an

antenna holder, the network analyzer, and a controller.

[001 3] The antenna can be configured to (a) induce, using a first electrical signal, a

magnetic or electromagnetic field in the vicinity of the SM to create a coupling of the magnetic or

electromagnetic field between the antenna and the SM, where characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM are associated with one of the



distance between the SM and the emitting antenna or the deformation state of the SM, and (b)

output a second electrical signal representing the magnetic or electromagnetic field coupling

between the antenna and the SM, without using any strain sensing device directly attached to

the SM.

[001 4] The antenna can comprise at least one wire configured to receive the first signal to

induce the magnetic or electromagnetic field , and output the second signal, and the at least one

wire is connectable to at least one input port of the network analyzer. Alternatively, the antenna

can comprise a first wire configured to receive the first signal to induce the magnetic or

electromagnetic field and a second wire configured to output the second electrical signal. The

first and second wires can be connected respectively to first and second input ports of the

network analyzer. The at least one wire and each of the first and second wires can comprise a

coaxial cable.

[001 5] The antenna holder can be configured to hold the antenna at a fixed distance from

the SM so that the antenna is spaced from the SM and not contact the SM at least at no load

condition.

[001 6] The network analyzer can be configured to (a) output the first electrical signal to the

antenna for inducing the magnetic or electromagnetic field , (b) receive the second electrical

signal from the antenna, and (c) determine the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM based on the received second

electrical signal.

[001 7] The controller can include a memory storing instructions and a processor

configured to implement instructions stored in the memory and execute a collecting task, a first

determining task, and a second determining task. The collecting task can store, in the memory

or another storage device, a plurality of characteristics of the magnetic or electromagnetic field

coupling between the antenna and the SM determined at a predetermined interval by the

network analyzer over an evaluation period . The first determining task can determine a shift in

characteristics of the magnetic or electromagnetic field coupling between the antenna and the

SM over the evaluation period . The second determining task can determine a temporal change

in relative deformation or displacement of the SM over the evaluation period .

[001 8] In an alternative embodiment, the system can include the antenna, the antenna

holder, and the controller described above. Instead of the network analyzer, it can include a

hardware interface configured to output the first electrical signal to the antenna and receive the

second electrical signal and convert the received electrical signal to a third signal readable by

the controller.

[001 9] The processor of the controller is configured to execute a first determining task, a

repeating task, a second determining task, and a third determining task. The first determining



task receives the third electrical signal from the hardware interface and determines

characteristics of the magnetic or electromagnetic field coupling between the antenna and the

SM based on the third signal. The repeating task repeats the first determining task to obtain a

plurality of characteristics of the magnetic or electromagnetic field coupling between the

antenna and the SM determined by the first determining task at a predetermined interval over

an evaluation period . The second determining task determines the shift in characteristics of the

magnetic or electromagnetic field coupling between the antenna and the SM after each

occurrence of the first determining task determining twice the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM at the predetermined interval,

or collectively at the end of the evaluation period . The third determining task determines a

temporal change in relative deformation or displacement of the SM over the evaluation period .

[0020] Another aspect is an apparatus for monitoring change in the SM as it undergoes

one of deformation or displacement, using the antenna. The monitoring apparatus includes the

controller and the hardware interface. The processor is configured to execute the first

determining task, the repeating task, the second determining task, and the third determining

task described above.

[0021 ] Another aspect is an antenna interface mountable to the SM, which is mountable to

a target structural object, where the SM undergoes one of deformation or displacement. The

antenna interface includes the antenna housing configured to be mountable to the SM and the

antenna, where the output second electrical signal is usable to determine a temporal change in

relative deformation or displacement of the SM over a predetermined evaluation period .

[0022] The SM can be mountable to a target object to be monitored , the SM undergoing

the at least one of displacement or deformation as the target structural object undergoes at

least one of displacement or deformation.

[0023] The change in relative displacement or deformation of the SM over the evaluation

period or the lapsed time can be represented as a slope of resonant frequency/load. The

degree of the slope can represent stability, with a higher slope representing a more unstable

condition and a less slope representing a more stable condition.

BRI EF DESCRIPTION OF THE DRAWINGS

[0024] Fig . 1 schematically illustrates an embodiment of a present system for monitoring

changes in a structural member.

[0025] Fig . 2 schematically illustrates another embodiment of the present system for

monitoring changes in the structural member.

[0026] Fig . 3 schematically illustrates a sectional view of a present antenna interface that

can detect the electromagnetic coupling between the structural member and the antenna.



[0027] Fig . 4 illustrates a first embodiment of an antenna that can be used in the systems

of Figs. 1-2.

[0028] Fig . 5 illustrates a second embodiment of the antenna that can be used in the

systems of Figs. 1-2.

[0029] Fig . 6 illustrates a third embodiment the antenna that can be used in the systems of

Figs. 1-2.

[0030] Fig . 7 illustrates a fourth embodiment the antenna that can be used in the systems

of Figs. 1-2.

[0031 ] Fig . 8 illustrates a controller or computer that determines the instantaneous or

temporal change in the structural member over a period of time.

[0032] Fig . 9 illustrates an operational diagram, namely a flowchart of the present system

for monitoring changes in the structural member.

[0033] Fig . 10 illustrates a testing setup for measuring the effects of plate (SM)

displacement relative to the antenna.

[0034] Figs. 11A and 11B illustrate plots of resonant frequency versus displacement of a

metal plate (SM) , showing that the displacement of the metal plate relative to the antenna shifts

the system's resonant frequency, Fig . 11A showing that the frequency shift follows an inverse

square relationship, while Fig . 11B showing that the curve can be well approximated with a

linear model when focused on a short displacement range.

[0035] Fig . 12 illustrates another testing setup for a sheep metatarsal bone, where a metal

plate has been mounted with a strain gauge attached to the plate, and the antenna according to

the present invention clamped to the structure.

[0036] Fig . 13 illustrates radiographs of three different metatarsal bone conditions for

testing in the setup of Fig . 12 .

[0037] Fig . 14 illustrates a plot of the resonant frequency versus the compressive load

applied to the metatarsal bone of the test results, which show an increasing slope for the

increasingly destabilized testing cases, the increased slope of the curves also corresponding to

increased plate maximum principal strain measurements.

[0038] Fig . 15 illustrates radiographs of four different metatarsal bone conditions for the

testing in the setup of Fig . 12 .

[0039] Fig . 16 illustrates the testing setup of Fig . 12 for testing a metatarsal bone illustrated

in Fig . 12 with a compression load 0-500N, 5 cycles, with 3 tests for each condition.

[0040] Fig . 17 illustrates the test results showing differences between the antenna of Fig . 4

and the antenna of Fig. 5 .

[0041 ] Fig . 18 illustrates the resonant frequency/load slope using the antenna of Fig . 4 and

the antenna of Fig . 5 .



DETAILED DESCRI PTION

[0042] Monitoring method and system, as well as components thereof, according to the

present development can be used to determine a relative deformation on a structural member

(hereafter SM for brevity) , such as a beam, rod , or orthopedic hardware implanted in patients,

without using any in-dwelling strain sensor.

[0043] Referring to Figs. 1-3, the monitoring system 20, which includes an antenna

interface 24I that includes an antenna 24A, can detect the displacement or deformation of the

SM, such as a plate, relative to the antenna 24A, due to an applied load . An electromagnetic

field is generated by a source, such as a network analyzer, and emitted using the antenna 24A

over pre-determined frequency bandwidth sweeps. The antenna 24A receives signals from

electromagnetic field , and alterations thereof. The pattern of the electromagnetic field changes

with the SM's deformation state and/or distance between the SM and the antenna 24A, with

shifts in the characteristics of the electromagnetic field coupling between the antenna and the

SM being representative of the SM's deformation and/or distance change between the SM and

the antenna 24A. The characteristics of the electromagnetic field coupling between the antenna

and the SM are determined by analysis of the electrical signals from the antenna 24A. These

electrical signals can be analyzed to determine the properties of the antenna and include, but

are not limited to, the resonant frequency, response magnitude of the S parameters, and

impedance. The electromagnetic field data are analyzed to determine characteristics of the

electromagnetic field coupling between the antenna and the SM over an evaluation period .

Accordingly, the temporal changes in the relative deformation of the SM can be monitored

based on the shift in characteristics of the electromagnetic field coupling between the antenna

and the SM over the evaluation period .

[0044] Referring to Fig . 3 , the antenna interface 24I measures the load on a fixation plate

SM used to stabilize a fractured bone. The compressive load on the bone causes the plate SM

to bend , and the resulting displacement of the plate SM relative to the antenna 24A is detected

as a shift in the antenna's resonant frequency. Specifically, the antenna interface 24I houses

the antenna 24A, which can be composed of a pair of wires (or poles) W 1, W2 providing a Port

1 and Port 2 configuration of a dipole antenna, or a single pole antenna using just a single wire

W 1 or W2. At least one bare wire portion is disposed in the vicinity of the SM so that the SM is

juxtaposed to, partially within, or entirely within the electromagnetic field emitted by the antenna.

The antenna interface 24I includes an antenna housing 24B composed of a non-conductive

material(s) to hold the antenna 24A in a fixed reference position. The antenna housing 24B can

function as a spacer that maintains the bare antenna wire portion(s) spaced from and

substantially parallel to the SM so that the bare wire portions are at a fixed distance from a

reference point or points on the SM, while not coming in contact with the confronting surface of



the SM at the no load condition and at expected higher load condition (e.g ., 500N) .

Alternatively, the antenna housing 24B can be fixed to a structure other than the target SM to

hold the antenna 24A in a fixed reference position but not in contact with the SM. Since the

antenna is disposed spaced from the SM so that it does not come in contact during use, the

present system is wireless.

[0045] The antenna illustrated in Fig . 4 uses a dipole configuration with a pair of poles

(wires W 1, W2) of the antenna 24A that can be connected to port 1 and port 2 of the network

analyzer 26 in the system of Fig . 1. The SM is located between the two poles (wires W 1, W2) .

The network analyzer 26 and the antenna 24A function as a transceiver that outputs and inputs

electrical signals. The pair of poles can be disposed parallel to each other. Each pole can be a

coaxial cable. The shielding of the coaxial cables is removed to expose the inner wire at the

end of the coaxial cables. One of the two wires can be used as a probe and the other to receive

signals corresponding to the characteristics of the electromagnetic coupling . Specifically, an

interrogating electromagnetic field can emanate from one (e.g ., W 1) of the two wires W 1, W2,

while the other wire (e.g ., W2) receives the characteristics of the electromagnetic field coupling

between the antenna and the SM so that the electromagnetic field coupling can be monitored .

The antenna outputs the characteristics of the electromagnetic field coupling between the

antenna and the SM as electrical signals. For example, the network analyzer obtains or

calculates the S 12 parameter, which can represent the ratio of power transferred from port 2 to

port 1. At the antenna's resonant frequency, the power transfer is most efficient, and the S 12

response, which is typically measured on a decibel scale, reaches a local maxima.

[0046] A second antenna variant, illustrated in Fig . 5 , also uses a dipole configuration. But

for this antenna variant, only the S 11 parameter is obtained. The S 11 parameter is measured

with port 1 wire W 1 centered in front of the SM. Rotations of the antenna have smaller effect on

the location of antenna relative to the SM to improve consistency. Specifically, the S 11

parameter represents the ratio of the power sourced at port 1 that is returned back to port 1,

also known as the "return loss." At the antenna's resonant frequency, the S 11 parameter

reaches a local minima. The second pole (wire W2) of the antenna can be connected to port 2

of the network analyzer to ground the shielding , or the shielding of the second pole (wire W2)

can be grounded directly to the shielding of the first cable. But the second pole (wire W2) can

be a dud as, while the shieldings of both wires are grounded , the second pole (wire W2) , which

is an offset pole, is not connected to anything . Although the second pole (wire W2) is not

directly used in signal analysis, it helps to eliminate noise compared to a monopole antenna.

For either antenna configuration, the SM affects the frequency at which the local maxima or

minima occurs.



[0047] A third antenna variant, illustrated in Fig . 6 , has a coiled or loop configuration,

where the antenna 24A comprises a coiled wire W 1, W2 is disposed on each side of a substrate

24S, which can be made of a dielectric material. The two coil wires W 1, W2 are symmetrical

and are disposed aligned with each other, with the substrate being sandwiched between them,

providing a spacing therebetween in the thickness direction of the substrate. Each of the two

coil wires terminates inside the coil. The two terminating ends of the two coil wires disposed at

the farthest interior points of the coils are electrically connected through the dielectric material,

while the two ends terminate outside of the coils. Accordingly, the antenna functionally is a

single conductor. One outer end of the coils connects to an inner wire of a coaxial cable, while

the other outer end of the coils connects to the shielding of the coaxial cable.

[0048] In the embodiment of Fig . 6 , the illustrated side of the coil wire W 1 would be

disposed on the side facing the SM. This embodiment uses only one coaxial cable connected

to the network analyzer to obtain the S 11 parameter. That is, the antenna connects, via the

coaxial cable, to a single port of the network analyzer, which obtains the S 11 parameter. The

resonant frequency is found at the local minima of the S 11 parameter. The antenna illustrated

in Fig . 6 can have a resonant frequency of 200 MHz.

[0049] A fourth antenna variant, illustrated in Fig . 7 , uses a similar dipole configuration as

the antenna of Fig . 5 , with only one (e.g ., W 1) of the two coaxial cables connected to the

network analyzer to obtain the S 11 parameter. This antenna 24A, however, is coiled and the

SM is interrogated from the side of the coiled (unexposed) cables instead of being interrogated

at the tip where the inner wire is exposed . The signal strength is greater in this configuration

because there are specific locations along the length of the wire where the shift in signal is

greatest. These locations depend on the resonant frequency harmonic that is measured . The

coiled shape further increases the signal strength by aligning 3 locations along the wire length

where the signal is strongest. For this configuration, the antenna parameters can be optimized

by adjusting the antenna length, spacing between cables, and resonant frequency harmonic

while interrogating a stainless steel bar at known distances from the antenna. The resulting

signal strength and noise were calculated. In brief, increasing the spacing between wires

increases the signal strength but also increases the noise. Higher frequency harmonics also

result in a stronger signal but greater noise.

[0050] Upon directing and emitting an alternating magnetic or electromagnetic field through

a pre-determined frequency sweep using a source 22 toward the SM, the SM interacts with the

applied electromagnetic field through near field effects. The source 22, in one embodiment, can

be an inductor that produces an alternating electromagnetic field . The SM is

electromagnetically coupled to the antenna 24A. The distance between the SM and the

antenna 24A can be represented by characteristics of the electromagnetic field coupling



between the antenna and the SM. As the distance between the antenna 24A and the SM

changes then the characteristics of the electromagnetic field coupling between the antenna and

the SM become shifted because the fundamental coupling between the antenna 24A and the

SM is altered. For example, one way of inducing deformation in the SM, and thus affect a

change in distance between the antenna 24A and the SM, is to apply a mechanical load to the

SM while the antenna 24A remains fixed in space, resulting in an alteration in the resonance

frequency due to changes in the electromagnetic coupling between the antenna 24A and the

SM. The S-parameters of the antenna can be obtained by the connected network analyzer 26

or the connected analyzer/computer 28 if an A/D converter is used to interface the antenna 24A

thereto. The analyzer/computer 28 can determine the resonance frequency, as well as the S-

parameter magnitude of the antenna 24A if coupled to the SM via the A/D converter, without the

need for any strain sensor directly attached to the SM. The antenna 24A is spaced from the SM

so that it does not touch any surface of the SM during the operational conditions.

[0051] The electromagnetic field surrounding the antenna is affected by objects in the near

field range due to the conductive and/or dielectric properties of the object. A conductive

material has an eddy current induced, which in turn causes the material to act as an antenna

itself, thus altering the electromagnetic field. A non-conductive dielectric material can also alter

the electromagnetic field via the electromagnetic polarization of the material. Therefore, the SM

can be any material that is conductive and/or has a relative permittivity (i.e., dielectric constant)

that is different than the relative permittivity of the surrounding medium (e.g. air).

[0052] In the embodiment of Fig. 1, the components of the present monitoring system 20

includes a network analyzer 26, such as a commercially-available Tektronix TTR503A Network

Analyzer and Rohde & Schwarz ZVB4, which can apply electromagnetic fields in the radio

frequency spectrum, the antenna interface 24I, which includes the antenna 24A, including any

wire extension extending from the antenna wires W 1, W2, the antenna housing 24B, and an

analyzer 28, which can be a computer that reads and analyzes the data output from the network

analyzer or stored over a period, or otherwise receives data that has been accumulated over

the period. The operating frequency range of the present monitoring system can be 10 MHz to

4 GHz, with the preferred range being 40 MHz to 500 MHz for biomedical applications.

[0053] The embodiment of Fig. 2 is similar to the embodiment of Fig. 1, except that it

includes a separate source 22, which can be an inductor or other conventional apparatuses for

applying electromagnetic fields in the radio frequency spectrum. In this instance, the network

analyzer can be an A/D converter, and the analyzer/computer 28 can execute the functions of

the network analyzer 26 using software.

[0054] Fig. 8 schematically illustrates the analyzer, which comprises a controller or

computer that can be programmed to analyze the shifts in the characteristics of the



electromagnetic field coupling between the antenna and the SM over an evaluation period or a

predetermined number of measurements of the characteristics of the electromagnetic field

coupling between the antenna and the SM obtained over a predetermined interval. The

computer includes CPU (processor) 28A, memory 2(B), I/O (input/output) interface 28C. The

I/O interface 28C can include a communication interface, such as Ethernet, for communication

to a network and Internet, a display interface 2 1 , and typical interfaces, such as USB, for

connecting peripheral devices, including a keyboard and a mouse, as well as the network

analyzer or any other device that can obtain the frequency sweep from the electrical signals

obtained from the antenna 24A. The network analyzer 26 can be either a standalone apparatus,

which can also be connected to the computer via the I/O interface 28C, or a peripheral device

that converts the electrical signals from the antenna 24A into digital signals (e.g., A/D converter)

readable by the computer, and can be connected to the computer 28 via either the Ethernet,

USB or serial port.

[0055] The computer 28 can determine the characteristics of the electromagnetic field

coupling between the antenna and the SM from the electrical signal data obtained by the

network analyzer 26 across a pre-determined frequency range. The functions of the network

analyzer are well known and are commercially available either as a standalone unit or software

operated unit using an A/D converter, such as a commercially available Tektronix TTR503A and

Rohde & Schwarz ZVB4 network analyzers. Alternatively, the computer 28 can analyze the

stored data of the characteristics of the electromagnetic field coupling between the antenna and

the SM determined and read over an evaluation period or a predetermined number of times

read over a predetermined interval by the network analyzer 26. The storage device can be a

memory drive within the computer itself, flash memory, network drive, or remote database

connected over the Internet.

[0056] The memory 28B communicates with the CPU 28A via a bus. The memory 151 can

include a ROM 28B1 and a RAM 128B2. The memory 28B also can be configured as a non

volatile computer storage medium, such as a flash memory, instead of the RAM and the ROM.

The computer 28 can also include a removable memory (e.g., flash card) connected via the I/O

interface using, for example, USB or any other conventional memory card interface, and

conventional hard disk 28D. The memory 28B and hard disk 28D are some embodiments of a

non-transitory machine-readable medium that can store instructions, which, when executed by

the processor, that perform various operations. These operations include, but are not limited to,

controlling/operating the source 22 connected to the I/O interface 28C, controlling/operating the

network analyzer connected to the I/O interface 28C, determining the characteristics of the

electromagnetic field coupling between the antenna and the SM, determining the shift in

characteristics of the electromagnetic field coupling between the antenna and the SM based on



the electrical signals received from the antenna 24A in response to an electromagnetic field

applied at different times over an evaluation period, and determining the temporal change in

deformation and/or displacement of the SM, based on the shift in characteristics of the

electromagnetic field coupling between the antenna and the SM.

[0057] Fig. 9 illustrates an operational flow of the present monitoring system that can

monitor the changes in the SM. After the SM has been mounted to the target area to be

monitored, at S100, the source 22 or network analyzer 26 is controlled to generate, emit, or

direct an electromagnetic field over a pre-defined frequency bandwidth towards the SM. The

SM interacts with the emitted electromagnetic field when it is subject to an alternating magnetic

or electromagnetic field. In S101 , the antenna 24A outputs electrical signals based on the

coupled electromagnetic field. The electrical signals from the antenna 24A are input to the

network analyzer 26 (or A/D converter) that reads the received electrical signals. After

determining the initial characteristics of the electromagnetic field coupling between the antenna

and the SM, which represents these parameters at the initial time period, they can be stored in

the analyzer/computer 28 and/or stored to a database or a portable storage device.

[0058] At S102, after determining the initial characteristics of the electromagnetic field

coupling between the antenna and the SM, a timer or a counter is reset (i.e., starting point at

which the initial characteristics of the electromagnetic field coupling between the antenna and

the SM were determined). This can be done using a computer or a standalone timer.

Alternatively, the technician monitoring the target area can keep a calendar or manually keep

track of the time and date as to when the characteristics of the electromagnetic field coupling

between the antenna and the SM were read. At a predesigned time interval after the initial

characteristics of the electromagnetic field coupling between the antenna and the SM have

been determined, process/step S103 essentially repeats process/step S100, and process/step

S104 repeats process/step S101 to determine the current characteristics of the electromagnetic

field coupling between the antenna and the SM.

[0059] At S105, the analyzer or computer 28 can analyze the previously determined

characteristics of the electromagnetic field coupling between the antenna and the SM and the

currently determined characteristics of the electromagnetic field coupling between the antenna

and the SM and determine the shift of the characteristics of the electromagnetic field coupling

between the antenna and the SM by comparing the determined characteristics of the

electromagnetic field coupling between the antenna and the SM over different times.

Alternatively, the shift in the characteristics of the electromagnetic field coupling between the

antenna and the SM can be determined after determining a predetermined number of

characteristics of the electromagnetic field coupling between the antenna and the SM over a

desired evaluation period, or after the desired evaluation period has lapsed (where a desired



total number of characteristics of the electromagnetic field coupling between the antenna and

the SM for the desired evaluation period has been determined) (see S107).

[0060] At S106 the analyzer 28 determines whether the evaluation period or the desired

total number of characteristics of the electromagnetic field coupling between the antenna and

the SM has lapsed after determining each of the characteristics of the electromagnetic field

coupling between the antenna and the SM other than the determination of the initial

characteristics of the electromagnetic field coupling between the antenna and the SM. If the

negative (NO in S106), after the preset interval has lapsed (YES) at S109, processes/steps

S103-S105 are repeated until affirmative in S106 (YES). If affirmative (YES in S106), at S107,

the analyzer 28 determines the temporal change in deformation and/or displacement of the SM

based on the shift in the characteristics of the electromagnetic field coupling between the

antenna and the SM over the evaluation period. The temporal changes in relative deformation

and/or displacement of the SM are determined based on the determined shift over the

evaluation period. The actual temporal changes in deformation and/or displacement of the SM

can be determined by implementing an a priori deformation-electrical parameter or

displacement-electrical parameter calibration of the hardware. Data from an electrical

parameter-deformation or electrical parameter-displacement calibration, performed in advance,

can be stored in memory 28B accessible by the analyzer 28.

[0061] For example, the electrical parameter signal, such as resonant frequency, can be

calibrated to determine the strain on the surface of the SM. This can be done by first applying a

known load and measuring the strain on the SM with a conventional wired strain gauge to

determine the relationship between strain and load. The resonant frequency measurement can

then be made while applying an identical load to the SM to determine the relationship between

load and resonant frequency. Because the relationship is known between the resonant

frequency and the load, and between the load and the strain on the SM, the relationship can be

determined between the resonant frequency and the strain. The resonant frequency

measurement can therefore be calibrated to give a direct measure of strain for that particular

SM, environment, and antenna setup.

[0062] The shift in characteristics of the electromagnetic field coupling between the

antenna and the SM can be used rather than the absolute values of the determined

characteristics of the electromagnetic field coupling between the antenna and the SM in

determining the temporal relative changes in displacement and/or deformation of the SM.

Based on the temporal changes in relative displacement and/or displacement of the SM,

changes in the target area or biological subject can be determined. For instance, for a fracture

fixation plate implanted in a person, these changes can be monitored for use in the diagnosis



and the prognosis for the healing of the bone fractured in the person. For a spinal fixation

device, these changes can be used to determine the course of fusion progression.

[0063] The present development is particularly useful for monitoring relative load sharing

when the SM is an orthopedic implant, where the displacement and/or deformations are typically

small. This allows for monitoring the load applied to a fixation plate for stabilizing a bone

fracture. Referring to Fig . 2 , which illustrates a SM composed of a fixation plate attached to a

bone, when the plate-bone construct is loaded in compression, the fixation plate bends along

with the bone, displacing the fixation plate. The electronic signals in the antenna 24A, which is

disposed fixedly spaced from the SM (at least in the non-load condition) , are affected by the

electromagnetic coupling between the antenna 24A and the SM, which relates to characteristics

of the electromagnetic field coupling between the antenna and the SM that vary according to the

relative distance between the fixation plate and the antenna 24A. These characteristics of the

electromagnetic field coupling between the antenna and the SM are a function of this distance,

which is, in turn, a function of the applied load carried by the SM. Therefore, these

characteristics of the electromagnetic field coupling between the antenna and the SM can be

calibrated based on the known load conditions to determine the load borne by the SM.

[0064] In the case of a fixation plate stabilizing a bone fracture where there exists a distinct

gap between the fracture bone termini, where the plate is the SM of interest, it is known that the

majority of the load applied to the plate-bone construct is initially carried by the plate. With this

known initial loading condition, the characteristics of the electromagnetic field coupling between

the antenna and the SM can be calibrated to determine the load carried by the SM relative to

the load applied to the plate-bone construct throughout the temporal healing of the bone.

Subsequent measurements of the relative load carried by the SM therefore require the

application of a known load to the plate-bone construct.

[0065] When applying the present methodology to fracture healing , the objective is to

determine the level of healing that has occurred by testing the mechanical stability of the bone-

implant construct. As the healing progresses, the stability increases. As the stability increases,

the relative load borne by the implant decreases, and the signal from the antenna, such as

resonant frequency shift, also decreases because it is a measure of the load on the implant.

See Figs. 14 , 17 , and 18 . Calculating the shift in resonant frequency relative to the load applied

to the bone-implant construct provides a measure of the relative load borne by the implant.

Therefore, the slope of the resonant frequency versus applied load curve is calculated . This

slope is a good indicator of the stability and level of healing of the bone. By determining this

slope over time and comparing it to an initial measurement, one can determine how the fracture

is healing over that time frame.



[0066] This methodology is particularly useful for monitoring the relative load on the plate

at predetermined time points, such as every two weeks, throughout the healing of the fracture in

order to monitor or predict the healing progress. As a fracture heals, the new tissue that grows

progressively stabilizes the fracture, and therefore increases the relative load borne by the bone

and decreases the relative load borne by the orthopedic plate. As the load on the plate

decreases, the deformation of the plate decreases proportionally, and the characteristics

change accordingly. Calculating the shift in the signal, such as resonant frequency, relative to

the load applied to the plate-bone construct provides a measure of the relative load on the plate.

Therefore, the signal from the antenna is plotted against the load applied to the construct, and

the slope of the resulting curve can represent the stability of the construct and the level of

healing . If the fracture is not healing properly, the load on the plate changes slowly or does not

change over time. By taking temporal measurements, a physician can monitor healing progress

by determining the change in load on the plate relative to the initial measurement. The

measurement can therefore provide the physician with an early indicator if the fracture is not

healing normally and may need further treatment.

[0067] Fig . 10 illustrates a testing setup to measure the effects of a metal plate SM

displacement relative to the antenna, namely to demonstrate a benchtop experiment where the

metal plate SM is attached to a polymeric block with screws. The plate-block construct is rigidly

affixed to a linear actuator. A two prong antenna 24A is kinematically constrained to the linear

actuator base and remains fixed in space during the entire experiment. The plate-block

construct is slowly displaced away from the antenna 24A at a known rate so that the distance

between the antennae 24A and the SM is known at all times during the experiment. An

electromagnetic field is continually emitted by one pole of the two pole antenna 24A towards the

SM over a pre-determined frequency bandwidth (for example, for the experiment depicted in Fig .

10 , the frequency bandwidth was swept from 85 MHz to 90 MHz) , and the electromagnetic field

coupling between the SM and the antenna is continually recorded by the second pole of the

antenna 24A.

[0068] The displacement of the plate SM relative to the antenna causes a shift in the

antenna's resonant frequency measure by the S-parameter. Fig . 11A demonstrates the non-

linear (inverse square fit) resonance frequency dependency on the distance between the plate-

block construct and the antennae 24A. That is, the frequency shift follows an inverse square

relationship. Fig . 11B demonstrates the highly linear relationship resonance frequency

dependency at very small distances (labeled displacements for this experiment) between the

plate-block construct and the antenna 24A. That is, when focused on a short displacement

range, the curve can be approximated with a linear model.



[0069] Fig . 12 shows a benchtop experimental setup used in testing a sheep metatarsal

bone with a strain gauge attached to the fixation plate SM and antenna clamped thereto. The

center of the fixation plate was instrumented with a conventional strain gauge rosette in order to

directly measure the strain imparted on the plate. The antenna illustrated in Fig . 3 was clamped

to the plate-bone construct, which was then loaded in compression from 0 to 500 N . The same

plate-bone construct was tested in three bone conditions to simulate a fracture and the

increased stabilization of the bone as a fracture heals. As shown in Fig. 10 , these three

conditions were healthy (intact), unicortical osteotomy (partially destabilized bone) , and

bicortical osteotomy (full fracture) .

[0070] Fig . 14 illustrates a graph of resonant frequency versus compressive load applied to

the metatarsal showing an increasing slope for the increasingly destabilized testing cases. The

increased slope of the curves also corresponds to increased plate maximum principal strain

measurements. Test results revealed that the resonant frequency associated with the

electromagnetic coupling between the antenna and plate in the plate-bone construct

appropriately shifted in each of the three conditions due to the level of stability that was

simulated across the plate-bone construct. Accordingly, the resonant frequency shift was

greatest for the bicortical osteotomy, followed by the unicortical osteotomy, and the healthy

case. The increase in the resonant frequency shift (corresponding to the increased slope of 264

Hz/N for the bicortical osteotomy versus the less slope of 12 Hz/N for the healthy bone) resulted

from the increasingly unstable conditions to which the plate-bone construct was applied . These

data demonstrate that the frequency shift per applied load can be used to detect and identify the

degree to which the bone has been stabilized . This also corresponded to an increase in the

maximum principal strain measured on the plate (data derived from the wired strain gauge) ,

showing that as the bone became less stable, the load on the plate increased (higher slope) .

These data show that this telemetric sensing technology can be used to measure the relative

load sharing on the fixation plate itself, and this can be applied to monitor fracture healing

without the use of an in-dwelling sensor.

[0071 ] Fig . 16 shows a second benchtop experimental setup using sheep metatarsal bone

similar to Fig . 12 . Here, the center of the fixation plate was instrumented with a wired strain

gauge rosette to directly measure the strain on the plate with mechanical loading and generate

a resonance frequency versus strain calibration curve. The plate-bone construct was loaded

with compression from 0 to 500 N for 5 cycles, with 3 tests for each condition. The same plate-

bone construct was tested in four bone conditions to simulate a fracture and the increased

stabilization of the bone as a fracture heals. A shown in Fig . 15 , these four conditions were

healthy (intact), 1-cortical osteotomy (partially destabilized bone) , 1.5-cortical osteotomy (further

destabilized bone) , and 2-cortical osteotomy (full fracture) . The test of each condition for each



plate-bone construct was repeated six times. For three repetitions, the antenna depicted in Fig.

3 was clamped to the construct, and for the other three repetitions, the antenna depicted in Fig.

4 was clamped to the construct. Between each repetition the antenna was removed and then

clamped back in place in order to test the consistency of the test results with respect to the

placement of the antenna.

[0072] The experimental results using the methods depicted by Figs. 15 and 16 and

described above are shown in Figs. 17 and 18. The data shown in Fig. 17 show the mean

slopes of the resonant frequency versus applied load curves for two tested plate-bone

constructs (M7 and M8). Fig. 18 shows the mean and standard deviations of these data. The

results demonstrate an increasing slope magnitude for each progressively destabilized

condition. Statistical analyses using student's t-tests conducted individually for each plate-bone

construct based on the three repetitions for each antenna showed that statistically significant

differences could be detected in the slope magnitude between conditions, indicating that the

resonant frequency data from the antenna can be used to detect the relative load carried by the

plate (i.e., the destabilization of the plate-bone construct). The antenna depicted in Fig. 4

(Antenna 2) resulted in lower p-values than the antenna depicted in Fig. 3 (Antenna 1).

[0073] Given the disclosure of the present invention, one versed in the art would

appreciate that there may be other embodiments and modifications within the scope and spirit

of the present invention. Accordingly, all modifications attainable by one versed in the art from

the present disclosure within the scope and spirit of the present invention are to be included as

further embodiments of the present invention. The scope of the present invention accordingly is

to be defined as set forth in the appended claims.



What is Claimed Is:

1. A method of monitoring changes in a structural member (SM) as the SM undergoes at

least one of displacement or deformation, the method comprising:

a disposing step of disposing an antenna spaced from the SM so that the antenna does

not contact the SM at least at no load condition;

an inducing step of inducing a magnetic or electromagnetic field in the vicinity of the SM

to create a coupling of the magnetic or electromagnetic field between the antenna and the SM,

where characteristics of the magnetic or electromagnetic field coupling between the antenna

and the SM are associated with one of the distance between the SM and the emitting antenna

or the deformation state of the SM;

an outputting step of outputting electrical signals representing the characteristics of the

magnetic or electromagnetic field coupling between the antenna and the SM, without using any

strain sensing device directly attached to the SM;

a first determining step of determining the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM based on the electrical signals;

and

a storing step of storing the determined characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM in a storage device.

2 . The method according to claim 1, further comprising:

a repeating step of repeating the inducing step, the outputting step, the first determining

step, and the storing step at a predetermined interval for one of an evaluation period or until a

predetermined number of the characteristics of the magnetic or electromagnetic field coupling

between the antenna and the SM has been determined.

3 . The method according to claim 2 , further comprising:

a second determining step of determining a shift in characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM over the evaluation period or a

time lapsed to determine the predetermined number of the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM.



4 . The method according to claim 3 , further comprising:

a third determining step of determining a temporal change in relative displacement or

deformation of the SM over the evaluation period or the time lapsed based on the shift

determined in the second determining step.

5 . The method according to claim 1, wherein the SM is mountable to a target object to be

monitored, the SM undergoing the at least one of displacement or deformation as the target

structural object undergoes at least one of displacement or deformation.

6 . The method according to claim 1, further comprising:

a loading step of applying a known or measurable force or moment to the SM; and

an analyzing step of analyzing the determined characteristics in relation to the known or

measurable force of moment applied to the SM in the loading step.

7 . The method according to claim 5 , further comprising:

a loading step of applying a known or measurable force or moment to the SM; and

an analyzing step of analyzing the determined characteristics in relation to the known or

measurable force of moment applied to the SM in the loading step.

8 . The method according to claim 1, wherein:

the inducing step comprises using the antenna that has at least one wire configured to

induce the magnetic or electromagnetic field and output the electrical signals, which is readable

by a network analyzer, and

the at least one wire is connectable to an input port of the network analyzer.

9 . The method according to claim 8 , wherein the at least one wire comprises a coaxial

cable.

10. The method according to claim 1, wherein:

the inducing step comprises using the antenna that has a first wire configured to induce

the magnetic or electromagnetic field; and

the outputting step comprises using the antenna that further has a second wire

configured to output the electrical signals, which is readable by a network analyzer, and

the first and second wires are connectable respectively to first and second input ports of

the network analyzer.



11. The method according to claim 9 , wherein each of the first and second wires comprises

a coaxial cable.

12. The method according to claim 4 , wherein the change in relative displacement or

deformation of the SM over the evaluation period or the lapsed time is represented as a slope of

resonant frequency/load.

13. The method according to claim 12, wherein a degree of the slope represents stability,

with a higher slope representing a more unstable condition and a less slope representing a

more stable condition.

14. A system for monitoring changes in a structural member (SM) as the SM undergoes one

of displacement or deformation, the system comprising:

an antenna configured to:

induce, using a first electrical signal, a magnetic or electromagnetic field in the

vicinity of the SM to create a coupling of the magnetic or electromagnetic field

between the antenna and the SM, where characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM are associated with

one of the distance between the SM and the emitting antenna or the deformation

state of the SM; and

output a second electrical signal representing the magnetic or electromagnetic

field coupling between the antenna and the SM, without using any strain sensing

device directly attached to the SM;

an antenna holder configured to hold the antenna at a fixed distance from the SM so that

the antenna is spaced from the SM and not contact the SM at least at no load condition;

a network analyzer configured to:

output the first electrical signal to the antenna for inducing the magnetic or

electromagnetic field;

receive the second electrical signal from the antenna; and

determine the characteristics of the magnetic or electromagnetic field coupling

between the antenna and the SM based on the received second electrical signal;

a controller including a memory storing instructions and a processor configured to

implement instructions stored in the memory and execute:

a collecting task that stores, in the memory or another storage device, a plurality

of characteristics of the magnetic or electromagnetic field coupling between the



antenna and the SM determined at a predetermined interval by the network analyzer

over an evaluation period;

a first determining task that determines a shift in characteristics of the magnetic

or electromagnetic field coupling between the antenna and the SM over the

evaluation period; and

a second determining task that determines a temporal change in relative

deformation or displacement of the SM over the evaluation period.

15. The system according to claim 14, wherein:

the antenna comprises at least one wire configured to receive the first signal to induce

the magnetic or electromagnetic field, and output the second signal, and

the at least one wire is connectable to at least one input port of the network analyzer.

16. The system according to claim 14, wherein:

the antenna comprises a first wire configured to receive the first signal to induce the

magnetic or electromagnetic field and a second wire configured to output the second electrical

signal, and

the first and second wires are connectable respectively to first and second input ports of

the network analyzer.

17. The system according to claim 16, wherein the at least one wire comprises a coaxial

cable.

18. The system according to claim 17, wherein each of the first and second wires comprises

a coaxial cable.

19. A system for monitoring change in a structural member (SM) as the SM undergoes one

of deformation or displacement, the system comprising:

an antenna configured to:

induce, using a first electrical signal, a magnetic or electromagnetic field in the

vicinity of the SM to create a coupling of the magnetic or electromagnetic field

between the antenna and the SM, where the characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM are associated with

one of the distance between the SM and the emitting antenna or the deformation

state of the SM; and



output a second electrical signal representing the magnetic or electromagnetic

field coupling between the antenna and the SM, without using any strain sensing

device directly attached to the SM;

an antenna holder configured to hold the antenna at a fixed distance from the SM so that

the antenna is spaced from the SM and not contact the SM at least at no load condition;

a controller including a memory storing instructions and a processor configured to

implement instructions stored in the memory; and

a hardware interface configured to output the first electrical signal to the antenna and

receive the second electrical signal and convert the received electrical signal to a third signal

readable by the controller,

wherein the processor is configured to execute:

a first determining task that receives the third electrical signal from the hardware

interface and determines characteristics of the magnetic or electromagnetic field

coupling between the antenna and the SM based on the third signal;

a repeating task that repeats the first determining task to obtain a plurality of

characteristics of the magnetic or electromagnetic field coupling between the

antenna and the SM determined by the first determining task at a predetermined

interval over an evaluation period;

a second determining task that determines a shift in characteristics of the

magnetic or electromagnetic field coupling between the antenna and the SM after

each occurrence of the first determining task determining twice the characteristics of

the magnetic or electromagnetic field coupling between the antenna and the SM at

the predetermined interval, or collectively at the end of the evaluation period; and

a third determining task that determines a temporal change in relative

deformation or displacement of the SM over the evaluation period.

20. The system according to claim 19, wherein:

the antenna comprises at least one wire configured to receive the first signal to induce

the magnetic or electromagnetic field, and output the second signal, and

the at least one wire is connectable to at least one input port of the hardware interface.

2 1 . The system according to claim 19 , wherein:

the antenna comprises a first wire configured to receive the first signal to induce the

magnetic or electromagnetic field and a second wire configured to output the second electrical

signal, and



the first and second wires are connectable respectively to first and second input ports of

the hardware interface.

22. The system according to claim 20, wherein the at least one wire comprises a coaxial

cable.

23. The system according to claim 2 1 , wherein each of the first and second wires comprises

a coaxial cable.

24. An apparatus for monitoring change in a structural member (SM) as the SM undergoes

one of deformation or displacement, using an antenna configured to:

induce, using a first electrical signal, a magnetic or electromagnetic field in the vicinity of

the SM to create a coupling of the magnetic or electromagnetic field between the antenna and

the SM, where the characteristics of the magnetic or electromagnetic field coupling between the

antenna and the SM are associated with one of the distance between the SM and the emitting

antenna or the deformation state of the SM; and

output a second electrical signal representing the magnetic or electromagnetic field

coupling between the antenna and the SM into a second electrical signal, without using any

strain sensing device directly attached to the SM,

wherein the apparatus comprises:

a controller including a memory storing instructions and a processor configured to

implement instructions stored in the memory; and

a hardware interface configured to output the first electrical signal to the antenna and

receive the second electrical signal and convert the received electrical signal to a third signal

readable by the controller,

wherein the processor is configured to execute:

a first determining task that receives the third electrical signal from the hardware

interface and determines the characteristics of the magnetic or electromagnetic field

coupling between the antenna and the SM based on the third electrical signal;

a repeating task that repeats the first determining task to obtain a plurality of

characteristics of the magnetic or electromagnetic field coupling between the

antenna and the SM determined by the first determining task at a predetermined

interval over an evaluation period;

a second determining task that determines a shift in characteristics of the

magnetic or electromagnetic field coupling between the antenna and the SM after

each occurrence of the first determining task determining twice the characteristics of



the magnetic or electromagnetic field coupling between the antenna and the SM at

the predetermined interval, or collectively at the end of the evaluation period; and

a third determining task that determines a temporal change in relative

deformation or displacement of the SM over the evaluation period.

25. An antenna interface mountable to a structural member (SM), which is mountable to a

target structural object, where the SM undergoes one of deformation or displacement, the

antenna interface comprising:

an antenna housing configured to be mountable to the SM; and

an antenna mounted to the housing and configured to:

induce, using a first electrical signal, a magnetic or electromagnetic field in the

vicinity of the SM to create a coupling of the magnetic or electromagnetic field

between the antenna and the SM, where characteristics of the magnetic or

electromagnetic field coupling between the antenna and the SM are associated with

one of the distance between the SM and the emitting antenna or the deformation

state of the SM; and

output a second electrical signal representing the magnetic or electromagnetic

field coupling between the antenna and the SM, without using any strain sensing

device directly attached to the SM,

wherein the second electrical signal is usable to determine a temporal change in

relative deformation or displacement of the SM over a predetermined evaluation

period.

26. The antenna interface according to claim 25, wherein:

the antenna comprises at least one wire configured to receive the first electrical signal to

induce the magnetic or electromagnetic field, and output the second electrical signal, and

the at least one wire is connectable to at least one input port of a hardware interface

configured to output the first electrical signal to the antenna and receive the second electrical

signal.

27. The antenna interface according to claim 25, wherein:

the antenna comprises a first wire configured to receive the first electrical signal to

induce the magnetic or electromagnetic field and a second wire configured to output the second

electrical signal.



28. The antenna interface according to claim 26, wherein the at least one wire comprises a

coaxial cable.

29. The system according to claim 27, wherein each of the first and second wires comprises

a coaxial cable.
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