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Description

Field of the Invention

[0001] The present application is directed generally to surgical catheters with the ability to determine forces applied
at a distal end of the catheter. More specifically, the present application is directed to a temperature compensated strain
sensing catheter utilizing optical fiber strain sensors.

Background of the Invention

[0002] Catheter systems utilizing light-based, optical fiber strain sensors to determine touching forces on a distal
extremity of an end effector have found favor in recent years for the exploration and treatment of various organs or
vessels with catheter-based diagnostic and treatment systems. Such light-based systems can be configured so that
they are do not affect and are not affected by electromagnetic radiation environments.
[0003] One such light-based catheter system is described in U.S. Patent No. 6,470,205 to Bosselman which describes
a robotic system for performing surgery comprising a series of rigid links coupled by articulated joints. A plurality of Bragg
gratings are disposed at the articulated joints so that the bend angle of each joint may be determined optically, for
example, by measuring the change in the wavelength of light reflected by the Bragg gratings using an interferometer.
[0004] An article by J. Peirs et al., entitled "Design of an Optical Force Sensor for Force Feedback during Minimally
Invasive Robotic Surgery," published by Katholieke Universiteit Leuven, Belgium, describes a tri-axial force sensor for
use generating force feedback systems in a robotic surgery system. The apparatus includes a plurality of optical fibers
that direct light onto a mirrored surface disposed adjacent to a distal tip of the device. The intensity of the light reflected
from the mirrored surface is measured and may be correlated to the force required to impose a predetermined amount
of flexure to the distal tip. The article describes a flexible and compact structure that may be used to produce variations
in light intensity responsive to contact forces that deform the structure.
[0005] WO 2007/015139 to Leo, et al. (Leo), discloses a device and method for resolving a force vector (magnitude
and direction) applied to the distal end of a catheter. Leo discloses the use of optical fiber strain elements in a catheter
without increasing the profile of the catheter and is substantially immune to electromagnetic interference. The device is
also provided with temperature sensor means to monitor the temperature variations of the distal end of the catheter.
[0006] WO02/198 discloses a similar device provided with an optical fibre strain sensor and temperature sensor
integrated into the optical fibre strain sensor.
[0007] WO 2007/111737 discloses similar device without distal end temperature monitoring.
[0008] Generally, optical fiber strain sensors are sensitive to changes in temperature. For example, fiber Bragg grating
(FBG) sensors include a fiber optic with uniformly spaced gratings formed or etched thereon. Light propagating through
the fiber optic is reflected back by the gratings across a narrow wavelength bandpass. The bandpass of the reflected
light is related to the spacing of the gratings in accordance with diffraction theory. The spacing is affected not only by
the elastic strain experienced by the FBG, but also by thermal contraction and expansion of the FBG relative to a
reference state. Temperature changes may also alter the refractive index of the FBG, further affecting wavelength
bandpass that is reflected by the grating.
[0009] Another example of an optical fiber strain sensor that is generally sensitive to temperature is a Fabry-Perot
strain sensor. Fabry-Perot strain sensors include a gap between the end of a transmitting fiber and a reflector. The
transmitting fiber is often set up to be partially reflective. Light that enters the gap is inter-reflected between the reflector
and the partially reflective transmitting fiber. The signal returned by a Fabry-Perot strain sensor is modulated in accordance
with interference theory caused by the inter-reflections. The modulation is related to the dimension of the gap. The gap
is affected not only by elastic strain of the structure that defines the gap, but also by thermal contraction and expansion
of the structure relative to a reference state.
[0010] WO 2007/015139 A2 relates to an apparatus for exploring and treating an organ that permits computation of
multi-dimensional force vector resulting from contact between the distal extremity of the apparatus and the tissue of the
wall of the organ.
[0011] WO 02/19898 A2 relates to fibre optic probes and sensors, in particular but not exclusively for invasive medical
applications used in the measurement of at least one parameter within the body.
[0012] While optical fiber strain sensors can provide advantages for certain types of catheter procedures, the use of
such strain sensors can be negatively impacted in situations involving temperature changes proximate the distal end of
the catheter. What is needed is a device and method that adequately compensates for changes in the thermal state of
strain sensing catheters utilizing optical fiber strain sensors.
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Summary of the Invention

[0013] Various embodiments of the invention include a strain sensing assembly that utilizes a polymer-based body
and implements thermal management and/or temperature measurement techniques to adequately mitigate against and
compensate for temperature changes in optical fiber strain sensors.
[0014] Thermal management techniques in accordance with various aspects of the invention may include reducing
the axial conduction between a high temperature component of an end effector (e.g. an ablation head) and the optical
fiber strain sensors. Thermal management technique in accordance with other aspects of the invention may include
closer coupling of the optical fiber strain sensor to a controllable temperature sink, such as an irrigation flow stream. Still
another thermal management technique in accordance with some embodiments of the invention may entail isolation of
the optical fiber strain sensors from radial heating or cooling through the walls of the strain sensing assembly.
[0015] The temperature measurement techniques of the various embodiments may include measurement of a repre-
sentative temperature of the optical fiber strain sensors. Such an approach may be adequate for applications or config-
urations where the thermal management of the optical fiber strain sensors produces a generally uniform temperature at
a given axial location on the body of the strain sensing assembly. In other embodiments, the use of multiple temperature
sensors may adequately characterize the thermal profile of the strain sensing assembly, providing representative tem-
peratures of each optical fiber strain sensor.
[0016] Previous attempts have been made to compensate for changes in the temperature of optical fiber strain sensors.
For example, U.S. Patent Application Publication No. 2007/0060847 to Leo et al. (Leo) and assigned to the assignee of
the present application, describes a method for measuring a representative temperature of a plurality of optical fiber
strain sensors and applying a correction that compensates for the effects of a change in temperature relative to a
reference or calibration state. Leo also disclosed the use of a metallic flow conduit to which the optical fiber strain sensors
were mounted for low thermal resistance between the optical fiber strain sensors and the irrigation flow stream.
[0017] However, a sensitivity problem was found to exist with the metallic flow conduit. A wall thickness of the metallic
conduit designed to provide the necessary sensitivity to bending and compression forces was discovered to be too fragile
for reliable operation. Increasing the wall thickness to a dimension that was mechanically reliable was found to impart
too much stiffness and rendered the assembly inoperative due to loss of sensitivity.
[0018] One possible way to resolve the sensitivity/reliability conundrum is to utilize a material having less strength
than metals so that the requisite sensitivity to bending and compression forces is realized with a thicker wall. Returning
to polymer-based bodies, existing designs featured exterior walls at nearly full diameter with the fiber optic sensors
mounted at or near the outer perimeter, while providing the requisite sensitivity to bending and axial compression forces.
[0019] However, in applying temperature correction to a polymer-based body having thicker walls, it was discovered
that the representative temperature compensation technique was insufficient in certain circumstances. Polymers have
substantially lower thermal conductivity than metals, which, coupled with thicker wall temperatures, reduces the thermal
coupling between the optical fiber strain sensor and the irrigation flow. Thus, where the end effector generates and
dissipates substantial thermal energy, such as in an ablation application, the temperature change of the strain sensing
assembly is not always uniform, even at a given axial location. In such instances, the temperature rise of one optical
fiber strain sensor may differ substantially from the temperature rise of another optical fiber strain sensor. Hence, the
representative temperature may not accurately represent the temperature of all optical fiber strain sensors in the system.
[0020] By utilizing one or more of the various aspects of the present invention, the shortcomings of the prior art may
be overcome.
[0021] Structurally, one embodiment of the invention includes a flexible elongate body adapted to be introduced into
a patient during the medical procedure and including an end effector, the end effector including a strain sensing assembly,
the strain sensing assembly including a deformable body, a plurality of optical fiber strain sensors operatively coupled
with the deformable body, and a plurality of temperature sensors proximate the plurality of optical fiber strain sensors
to determine the temperatures of the plurality of fiber strain sensors. In one embodiment, the deformable body is made
of a liquid crystal polymer material. The plurality of temperature sensors may be of an equal or greater number than the
plurality of optical fiber strain sensors. In one embodiment, each of the plurality of temperature sensors is positioned
substantially closer to a corresponding one of the plurality of optical fiber strain sensors than to the other of the plurality
of optical fiber strain sensors.
[0022] A sleeve may surround a portion of the deformable body, the plurality of optical fiber strain sensors and the
plurality of temperature sensors being operatively coupled to the portion of the deformable body surrounded by the
sleeve portion, the sleeve and the deformable body defining an annular gap therebetween. A thermal insulator comprising
a solid insulation material may be disposed in the annular gap. The sleeve may include a structural member, such as a
helical coil, that resists radial constriction from an external pressure increase without substantially restricting bending
or axial compression of the deformable body. The optical fiber strain sensors may be, for example, fiber Bragg grating
sensors or Fabry-Perot sensors. The temperature sensors may be thermocouples.
[0023] Certain embodiments may include an ablation head operatively coupled to a distal extremity of the deformable
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body, the ablation head having a base surface, the base surface being separated from the deformable body to define
an axial gap therebetween. The deformable body may further include an irrigation passage that terminates at the axial
gap for accommodation of an irrigation flow, the irrigation flow cooling the base surface of the ablation head.
[0024] In another embodiment, an end effector for a catheter is disclosed, comprising a deformable body, a plurality
of optical fiber strain sensors operatively coupled to the deformable body, and a temperature sensor proximate the
plurality of optical fiber strain sensors for determination of the temperature of the plurality of fiber strain sensors. A sleeve
may surround a portion of the deformable body, with the plurality of optical fiber strain sensors and the temperature
sensor being operatively coupled to the portion of the deformable body surrounded by the sleeve. In one embodiment,
the sleeve and the deformable body define an annular gap therebetween: The sleeve may include a structural member
that resists radial constriction from an external pressure increase without substantially restricting bending or axial com-
pression of the deformable body. An insulator comprising a solid material may be disposed in the annular gap. The end
effector may further include an ablation head operatively coupled to a distal extremity of the deformable body, the ablation
head having a base surface, the base surface being separated from the deformable body to define an axial gap there-
between. The deformable body may include an irrigation passage that terminates at the axial gap for accommodation
of an irrigation flow, the irrigation flow cooling the base surface of the ablation head.
[0025] In another embodiment of the invention, a strain sensing system is disclosed that includes a strain sensing
assembly for an end effector of a catheter, the strain sensing assembly including a plurality of optical fiber strain sensors
and a plurality of temperature sensors proximate the plurality of optical fiber strain sensors. An electromagnetic source
may be operatively coupled with the plurality of optical fiber strain sensors for transmission of electromagnetic radiation
to the plurality of optical fiber strain sensors. In this embodiment, at least one receiver operatively coupled with the
plurality of optical fiber strain sensors for reception of a returned portion of the electromagnetic radiation, the returned
portion being returned by the plurality of optical fiber strain sensors. Also, at least one signal conditioner operatively
coupled with the plurality of temperature sensors for measurement of temperatures proximate the plurality of optical
fiber strain sensors in this embodiment. A microprocessor may be operatively coupled with the receiver and the signal
conditioner, as well as a digital storage device operatively coupled with the microprocessor, the digital storage device
containing instructions for execution by the microprocessor.
[0026] The executable instructions may include determining a plurality of apparent strains, one for each of the plurality
of optical fiber sensors, the plurality of apparent strains being inferred from the returned portion of electromagnetic
radiation; determining a plurality of thermal bias components, one for each of the plurality of apparent strains, the plurality
of thermal bias components being inferred from the temperatures proximate the plurality of optical fiber strain sensors;
and inferring an elastic strain for each of the plurality of optical fiber sensors based on the apparent strain and the thermal
bias component of each of the plurality of optical fiber sensors. A laser may be utilized as the electromagnetic source.
[0027] A method for determining a force exerted on a distal end of a catheter is also disclosed. Generally, a strain
sensing assembly including a plurality of optical fiber strain sensors and a plurality of temperature sensors proximate
the plurality of optical fiber strain sensors is provided. A plurality temperature measurements may be obtained, one each
from the plurality of temperature sensors. A plurality optical fiber strain sensor temperatures may be inferred therefrom,
one for each of the plurality of optical fiber strain sensors, the plurality of temperatures being inferred from the plurality
of temperature measurements. A plurality of apparent strain measurements can also be obtained, one for each of the
plurality of optical fiber strain sensors. A plurality of thermal bias components may be inferred, one each from the plurality
of optical fiber strain sensors, the plurality of thermal bias components being inferred from the plurality of optical fiber
strain sensor temperatures. A plurality of elastic strains may be inferred, one for each of the plurality of optical fiber strain
sensors, from the plurality of apparent strain measurements and the plurality of thermal bias components. A magnitude
and a direction of the force exerted on the distal end of the catheter may be inferred from the elastic strains. Inferring
the plurality of thermal bias components may be performed implicitly or explicitly.

Brief Description of the Drawings

[0028]

FIG. 1 is a perspective view of a strain sensing assembly operatively coupled to an ablation head;
FIG. 1A is a sectional view of the strain sensing assembly of FIG. 1;
FIG. 1 Bis a cutaway view of the strain sensing assembly of FIG. 1;
FIG. 2 is a graph of the bias of the resolved forces of an uncompensated strain sensing assembly during an ablation
operation;
FIG. 3 is a graph of the output of temperature sensors on a strain sensing assembly body, the temperature sensors
being at a common axial location and distributed at uniform intervals about the perimeter of the body of the strain
sensing assembly;
FIG. 4 is a temperature compensated strain sensing assembly in an embodiment of the invention;
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FIG. 5 is a perspective view of a temperature compensated strain sensing assembly in an embodiment of the
invention;
FIGS. 6 and 7 are sectional views of the temperature compensated strain sensing assembly of FIG. 5;
FIG. 8 is an enlarged partial view of the sectional view of FIG. 6;
FIG. 9 is a perspective view of the temperature compensated strain sensing assembly of FIG. 5 in partial assembly;
FIG. 10 is an enlarged view of the partial assembly of FIG. 9;
FIG. 11 is a perspective view of a partial assembly of a temperature compensated strain sensing assembly in an
embodiment of the invention;
FIG. 12 is a sectional view of the partial assembly of FIG. 11;
FIG. 13 is a multiple graph depicting temperature variation, wavelength variation and resolved forces of a temperature
compensated strain sensing assembly using fiber Bragg gratings in an embodiment of the invention; and
FIGS. 14 and 15 are multiple graphs depicting a calibration technique in an embodiment of the invention.

Detailed Description

[0029] Referring to FIGS. 1, 1A and 1B, a strain sensing assembly 20 comprising a deformable body 22 that defines
a central axis 23 having a sensing portion 24 and a collar portion 26 is depicted. The sensing portion 24 of the strain
sensing assembly 20 is further characterized as including a stem 28 having an outer surface 29 that is shrouded by a
sleeve 30. A trio of fiber Bragg gratings 32, each sourced via a fiber optic 33, are operatively coupled to the stem 28. In
the depicted embodiment, the collar portion 26 is operatively coupled to an ablation head 34. An irrigation passage 36
passes through the stem 28 and ablation head 34, terminating at the exterior of the ablation head 34 via a plurality of
transpiration passages 37.
[0030] In this embodiment, the strain sensing assembly 20 is characterized as having a stem radius 38 that is approx-
imately 3© times the radius 40 of irrigation passage 36. The fiber Bragg gratings 32 are mounted in a trio of grooves 42
on the outer surface 29 of the stem 28. The fiber Bragg gratings 32 are thereby located at a sensing radius 44 from the
central axis 23 that is proximate the interior of the sleeve 30.
[0031] Referring to FIG. 2, a graph of representative uncorrected zero strain indications 46 produced by the strain
sensing assembly 20 are depicted. The graph 46 presents a resolved force ordinate 48 in units of equivalent grams of
force plotted against a time abscissa 49 in units of seconds. A resolved axial force 50 and a resolved transverse force
51 during a time frame surrounding an ablation operation 52 are presented on the graph 46. The ablation operation 52
was conducted with the ablation head 34 and the deformable body 22 having no contact with an external body; hence,
the actual forces experienced by the strain sensing assembly 20 during the ablation operation 52 were zero.
[0032] The uncorrected zero force indications 46 illustrates a negative drift (i.e. an implied tension load) in the resolved
axial force 50 indication during the ablation operation 52 while the resolved transverse force 51 remains substantially
constant. The drift in the resolved axial force 50 is due to the effects of an increase in the temperature (e.g. the thermal
expansion and a change in the refractive index) of the fiber Bragg gratings 32 during the ablation operation 52.
[0033] The substantial consistency of the resolved transverse force 51 of FIG. 2 indicates that all three of the fiber
Bragg gratings 32 grew by an equal amount (i.e. the indicated force is nearly a pure tension force), suggesting that the
heating of the fiber Bragg gratings 32 was substantially uniform. However, uniform heating of the fiber Bragg gratings
32 is not always realized.
[0034] Referring to FIG. 3, a time vs. temperature trace 53 is depicted for a strain sensing assembly/ablation head
end effector that did not experience uniform heating. The time vs. temperature trace 53 presents a temperature ordinate
54 vs. a time abscissa 55, with traces of a first temperature trace 56, a second temperature trace 57 and a third temperature
trace 58 during the timeframe surrounding and including an ablation interval 59.
[0035] The particular strain sensing assembly (not depicted) that generated the time vs. temperature trace 53 included
three temperature sensors operatively coupled thereto that generated the three temperature traces 56, 57, 58, each of
the temperature sensors being centered at the same axial position and spaced rotationally equidistant from each other
(i.e. spaced 120° apart).
[0036] In this instance, the second temperature trace 57 indicates that a portion of the strain sensing assembly was
about 1.5 °C cooler than the temperature traces 56 or 58 the time vs. temperature trace 53 demonstrates that the strain
sensing assembly was not uniformly heated during the ablation interval 59. The error propagated by temperature un-
certainties can be on the order of 10 grams/K for certain strain sensing assemblies. Accordingly, the temperature dif-
ference of the second temperature trace 57 may translate to an error on the order of 15 equivalent grams of the resolved
forces.
[0037] The non-uniform heating of the strain sensing assembly may be caused by several factors, including the flow
rate of the irrigation medium, the uniformity of the conduction path from a high temperature source such as an ablation
head, and external influences that may cause uneven radial heat conduction. Therefore, for certain configurations of
the strain sensing assembly, it has been discovered that one cannot rely on the assumption of a uniform heating of the
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optical fiber strain sensors.
[0038] Referring to FIG. 4, an embodiment of a strain sensing system 60 is depicted in an embodiment of the invention.
The strain sensing system 60. may comprise an electromagnetic source 62, a coupler 64, a receiver 66, an operator
console 67 operatively coupled with a microprocessor 68 and a digital storage device 69. The electromagnetic source
62 may generate a transmitted component 70 of electromagnetic radiation, such as a laser or a broadband light source.
[0039] A transmission line 72 such as a fiber optic cable carries the transmitted component 70 to the coupler 64, which
directs the transmitted radiation 70 through a transmitting/receiving line 74 to an optical fiber strain sensor 76. The
transmitted component 70 may be transmitted to the optical fiber strain sensor 76 that is located within an end effector
77. A returned portion 78 of the transmitted radiation 70 that enters the optical fiber strain sensor 76 is returned back
through the transmitting/ receiving line 74 to the receiver 66.
[0040] The strain sensing system 60 may also comprise a temperature sensor 80 positioned proximate the optical
fiber strain sensor 76 in the end effector 77. The temperature sensor 80 may be operatively coupled with a signal
conditioner 82 via a signal cable 84. The signal conditioner 82 may be operatively coupled with the microprocessor 68.
[0041] The transmitting/receiving line 74 and the signal cable 84 may be coupled through a connector 88 as depicted
in FIG. 4.
[0042] Though only one optical fiber strain sensor 76 is depicted, a plurality of optical fiber strain sensors and tem-
perature sensors (not depicted) may be utilized, such as by parallel processing paths or by a multiplexing arrangement.
[0043] The transmitting/receiving line 74 may be operatively coupled with the optical fiber strain sensor 76 through a
flexible, elongate catheter assembly 90. In one embodiment, the catheter assembly 90 comprises a proximal portion
90a, a middle portion 90b and a distal portion 90c. The distal portion 90c may include the end effector 77 containing the
optical fiber strain sensor 76. The catheter assembly 90 may be of a hollow construction (i.e. having one or more lumens)
or of a non-hollow construction (i.e. no lumen), depending on the application.
[0044] The strain sensing system 60 may interrogate the optical fiber strain sensor 76 at an exemplary and non-limiting
rate in the range of 10-Hz to 1-kHz. The receiver 66 manipulates and/or converts the incoming returned portion 78 into
digital signals for processing by the microprocessor 68. The receiver 66 may be chosen from a variety of receiving
devices commercially available. For example, a receiver appropriate for Fabry-Perot optical fiber strain sensors is the
FPI-HR signal conditioning module, produced by FISO Technologies of Quebec, QC Canada. A receiver appropriate
for fiber Bragg grating strain sensors is the Model SM 125 Optical Sensing Interrogator, produced by Micron Optics of
Atlanta, Georgia USA.
[0045] In one embodiment, the optical fiber strain sensor 76 is a fiber Bragg grating (FBG) and the returned portion
78 is a narrow wavelength band of radiation that is reflected from the gratings. The temperature sensor 80 may comprise
any sensor of appropriate size and sensitivity in the temperature range of interest, such as a thermistor, resistance
thermometer or thermocouple.
[0046] Referring to FIGS. 5 through 10, a temperature compensated strain sensing assembly 100 is depicted in an
embodiment of the invention that may be utilized as the end effector 77 of FIG. 4. The temperature compensated strain
sensing assembly 100 may have an overall diameter 102 and is depicted as being immersed in an operating environment
106. The temperature compensated strain sensing assembly 100 includes a deformable body 110 having an outer
surface 112 and defining a central axis 114. In the depicted embodiment, the temperature compensated strain sensing
assembly 100 comprises an ablation head 116 operatively coupled to the deformable body 110, and external sleeve
electrodes 118a, 118b and 118c. An external force vector F is depicted as being applied to the ablation head 116. Dual
coordinate systems (i.e. Cartesian x-y-z and cylindrical r-θ-z) are depicted at the base of the deformable body 110.
[0047] The deformable body 110 may include a collar portion 122, a neck portion 124 having a neck radius 126, a
radial standoff structure 128, and an outer sleeve 130 that surrounds the neck portion 124. The outer sleeve 130 may
bridge between the radial standoff structure 128 and the collar portion 122 and cooperate with the neck portion 124 to
define an annular gap 132. The annular gap 132 may include a thermal insulator 134.
[0048] An irrigation passage 140 may be defined as passing through the deformable body 110 and the ablation head
116, and may terminate at irrigation outlets 142 formed in the ablation head 116. An irrigation tube 144 may be operatively
coupled with the irrigation passage 140 for sourcing the irrigation passage 140 with irrigation fluid 145. An axial gap 146
may be defined between the deformable body 110 and a base surface 148 of the ablation head 116.
[0049] Note that relative to the strain sensing assembly 20 of FIG. 1A, the neck radius 126 is smaller and the irrigation
passage 140 is of smaller diameter, defining a local wall thickness 150 of the deformable body 110. In this embodiment,
a representative wall thickness 150 is .approximately 200- to 300- micrometers; however, this wall thickness may not
be representative or limiting for all embodiments.
[0050] A plurality of optical fiber strain sensors 152 may be operatively coupled to the deformable body 110. One or
more temperature sensors 154 may also be operatively coupled to the deformable body 110. In one embodiment (de-
picted), the number of temperature sensors 154 is equal to the number of optical fiber strain sensors 152, one temperature
sensor 154 for a corresponding optical fiber strain sensor 152, with the sensitive portion of temperature sensor 154
being mounted in close proximity to the corresponding optical fiber strain sensor 152. Channels 156 may be defined on



EP 2 291 135 B1

7

5

10

15

20

25

30

35

40

45

50

55

the outer surface 112 of the deformable body 110 and the sensors 152, 152 coupled thereto. The sensitive portions of
the optical fiber strain sensors 152 and temperature sensor(s) 154 may be substantially centered at the same axial
location 160 relative to a proximal end 162 of the deformable body 110.
[0051] Referring to FIGS. 11 and 12, a radially reinforced temperature compensated strain sensing assembly 180 is
depicted in an embodiment of the invention. In the depicted embodiment, a helical coil 182 is arranged inside the outer
sleeve 130. Alternatively, the helical coil 182 may be embedded within the outer sleeve 130. An annular gap 183 may
be defined between the outer sleeve 130 or helical coil 182 and the deformable body 110. An insulation material 184
comprising a solid material may be disposed in the annular gap 183.
[0052] The outer sleeve 130 may be comprised of thermoplastic elastomer such as polyether block amide (marketed
under the trade name PEBAX, a registered trademark of the Arkema France Corp. of Colombes, France). The insulation
material 184 may comprise a polymide or mylar sheet material rolled around the deformable body 110 within the annular
gap 183.
[0053] Functionally, the helical coil 182 can provide radial stiffness while being compliant to axial and lateral forces
applied on a distal portion of the end effector. Radial stiffness of the helical coil 182 can maintain the dimension of the
annular gap 183 when the end effector experiences additional external pressure upon being inserted in a body or organ.
By maintaining the dimension of the annular gap 183, the annular gap 183 and any insulative material that may be
disposed therein substantially maintains its thermal insulative properties. Meanwhile, the compliance of the helical coil
182 to axial and bending forces enables the deformable body 118 to flex and compress without significant interference.
[0054] The depicted embodiment also includes V-grooves 186 formed in the deformable body 110 (FIG. 10) to ac-
commodate passage of a power lead 188 and an ablation head temperature sensor 190. The power lead 188 and
ablation head temperature sensor 190 may be routed through passageways 194 and 196, respectively in the collar
portion 122 and operatively coupled to the ablation head 116. The passageways 194 and 196 may be filled with a suitable
potting, for example, to prevent irrigation fluid 145 present in the axial gap 146 from entering the annular gap 132.
[0055] Generally, the deformable body 110 may comprise a polymeric material such as liquid crystal polymer (LCP)
or polyetheretherketone (PEEK), such as disclosed in United States Patent Application Publication Nos. 2006/0200049
and 2007/0060847 to Leo et al., both of which are assigned to the assignee of the present application.
[0056] The channels 156 may aid in the precise location of the sensitive portions of the sensors 152, 154. The optical
fiber strain sensors 152 may comprise a fiber Bragg grating (FBG) sensor or a Fabry-Perot sensor.
[0057] Operative coupling of the optical fiber strain sensors 152 and/or the temperature sensor(s) 154 may be accom-
plished in one embodiment using a glue 162. The glue 162 may be placed in the channels 156 or on the optical fiber
strain sensors 152 and the optical fiber strain sensors 152 place in the channels 156. Excess glue may be removed
after placement. Some glues may enable placement of the optical fiber strain sensors 152 in the channels 156 followed
by a coating or dabbing of glue on the optical fiber strain sensors 152 to secure it to the channels 156.
[0058] Another bonding technique may involve the use of a solvent designed to cause the material of the deformable
body 110 to melt or flow while not affecting the material of the optical fiber strain sensors 152. The solvent may be
applied to an area or zone of the deformable body 110 that encompasses at least a portion of the channels 156 where
the optical fiber strain sensors 152 are to be mounted, and the optical fiber strain sensors 152 placed therein. Alternatively,
the optical fiber strain sensors 152 may be temporarily held in place in the channels 156 of the deformable body 110
and the solvent applied as a coating over both. The flowing of the material in and around the channels 156 can cause
a bond between the deformable body 110 and the optical fiber strain sensors 152. The solvent may be removed by a
process such as washing or evaporation to arrest the melting process.
[0059] While the mounting and bonding techniques above are directed to an embodiment that includes channels 156,
it is recognized that the same procedures may be utilized in the absence of channels 156.
[0060] Dimensionally, representative and non-limiting ranges for the various parameters include the overall diameter
102 of approximately 2.3-mm, the irrigation passage 140 of approximately 0.4- to 0.8- mm diameter, and the representative
wall thickness 150 on the order of 200- to 300- micrometers.
[0061] Functionally, the reduced neck radius 126 of the neck portion 124 and/or the decreased diameter of the irrigation
passage 140 relative to configurations such as depicted in FIG. 1 provides several advantages. For a given flow rate of
irrigation fluid 145, the smaller diameter irrigation passage 140 increases the Reynolds number of the fluid flow, which
can increase the convection heat transfer coefficient between the irrigation fluid 145 and the boundary of the irrigation
passage 140, thereby enhancing the overall heat transfer between the irrigation fluid 145 and the optical fiber strain
sensors 152. The reduced radius 126 may also provide a reduced cross-section of material, thereby reducing the thermal
conductance through the neck portion 124 in the axial direction Z and the thermal coupling between the ablation head
116 and the optical fiber strain sensors 152. The wall thickness 150 of the neck portion 124 can also be tailored for a
desired sensitivity (displacement) of the temperature compensated strain sensing assembly 100 in response to the force
vector F. The reduced neck radius 126 of the neck portion 124 may also provide an increased thickness of the annular
gap 132 relative to existing designs, thereby enhancing the thermal isolation between the operating environment 106
and the optical fiber strain sensors 152.
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[0062] The channels 156, when present, may further decrease the thermal conduction path between the irrigation fluid
145 and the optical.fiber strain sensors 154.
[0063] The axial gap 146, being flooded with irrigation fluid 145, may actively cool the base surface 148 of the ablation
head 116 and mitigate against axial conduction of heat between the base surface 148 and the deformable body 110.
[0064] By these various thermal management aspects, various embodiments of the invention may cause the optical
fiber strain sensors 152 to be dominated by the temperature of the irrigation fluid 145, with the influence of the ablation
head 116 and the surroundings being secondary. An advantage of having the irrigation fluid 145 dominate the thermal
state of the optical fiber strain sensors 152 is that the temperature of the irrigation fluid 145, as well as the convective
coupling between the irrigation fluid 145 and the irrigation passage 140, tends to be more stable than the temperature
of the ablation head 116 and the temperature and convective coupling between the operating environment 106 and the
outer sleeve 130 during operation.
[0065] In operation, the temperature sensor(s) 154 may be utilized to compensate for the thermal expansion/contraction
of the optical fiber strain sensors 152 relative to the calibration or nulling state. For configurations where the irrigation
fluid 145 dominates the temperature of the neck portion 124, the temperature profile of the neck portion 124 may be
substantially uniform or at least be substantially linear with respect to the axial coordinate Z, with no substantial variation
tangentially in the temperature of the deformable body 110 at a given axial location (e.g. 160). In such conditions, a
single temperature sensor 154 may be sufficient to accomplish the temperature compensation, particularly if the optical
fiber strain sensors 152 and the temperature sensor 154 are positioned so the sensitive portions are centered about the
same axial location 160.
[0066] Various configurations may produce non-uniform temperatures relative to the tangential coordinate θ at a given
axial location Z (e.g. at axial location 160) during operation, as discussed above in reference to FIG. 3. Such condition
may exist, for example, where structural and / or overall size requirements do not allow for a substantially reduced neck
radius 126 relative to the overall diameter 102 of the temperature compensated strain sensing assembly 100. Non-
uniform thermal profiles may also exist due in part to uneven or non-uniform thermal contact resistances between the
ablation head 116 and the deformable body 110. In such circumstances, a plurality of the temperature sensors 154 may
be preferable. The temperature sensors 154 may number the same as the optical fiber strain sensors 152, and each of
the temperature sensors 154 may be located at a position that is closer to a corresponding one of the optical fiber strain
sensors 152 than any of the other optical fiber strain sensors 152. In this way, the temperature of each of the optical
fiber strain sensors 152 may be more closely approximated by the measurand produce by the corresponding temperature
sensor 154.
[0067] In one embodiment, the optical fiber strain sensors 152 may comprise a fiber Bragg grating (FBG) section of
length L and having gratings etched thereon. The FBG section may reflect a reference wavelength λr when the FBG
section is at a reference temperature Tr at a reference time r when the reference (null) measurement is performed. In
operation, the FBG section may reflect a wavelength λt at time t relative to the reference time r. The wavelength λt may
differ from the reference wavelength λr due to a change in the length ΔL of the FBG section relative to the length L at
time r. The change in the length ΔL may be caused by a strain on the FBG section, a temperature change that induces
a thermal expansion of the FBG section, or a combination thereof. An apparent strain ΔL/L may therefore be expressed as 

where 

and C is the coefficient of linearity between the FBG reflected wavelength and strain, ε is the elastic strain imposed on
the FBG section, α is an equivalent coefficient of thermal expansion for the FBG section, and ΔT is the difference between
the temperature Tt of the FBG section at time t and the reference temperature Tr. The apparent strain ΔL/L is so named
because, without knowledge of the temperature and thermal behavior of the optical fiber sensor, the ratio ΔL/L would
appear to be the result of an elastic strain.
[0068] Generally, it is desirable to mathematically isolate the elastic strain ε because it is primarily due to axial forces
imposed on the FBG section. Isolating the elastic strain gives 
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[0069] For a plurality of FBG sections, Eqn. (3) may be expressed by 

where the subscript i denotes one of a plurality of FBG sections.
[0070] But for the effects of temperature change on the optical fiber sensors, the apparent strain ΔL/Li is equal to the
elastic strains εi. Accordingly, the product αi·ΔTi may be considered a thermal bias component of the respective apparent
strain ΔL/Li.
[0071] The equivalent coefficient of thermal expansion α is a parameter that is influenced by many factors. In some
embodiments, α is influenced primarily by the coefficient of thermal expansion (CTE) of the deformable body 110. The
CTE of the optical fiber strain sensor 152 may also be a contributing factor, as well as the CTE of the glue 162. The
range of the CTEs of these components can vary substantially. For example, the CTE of the optical fiber strain sensor
can be on the order of about 0.3 micrometers per Kelvin (m/K), whereas the CTE of a deformable body constructed of
LCP may have a CTE from 1- to 4- m/K. When utilized, the glue 162 can have a CTE on the order of 60 m/K.
[0072] Furthermore, the refractive index of the optical fiber strain sensor 152 may be sensitive to changes in temper-
ature. The sensitivity of the refractive index of some optical fibers is on the order of 10 picometers per Kelvin (pm/K).
Depending on the configuration of the temperature compensated strain sensing assembly 100, 180 (e.g. geometry,
CTEs of the various materials, sensitivity of the refractive index to temperature), the influence of the refractive index
change may be dominant. For example, the resultant changes due to refractive index changes have been known to be
an order of magnitude greater than the influence of CTE changes.
[0073] The true equivalent coefficient of thermal expansion α is generally affected by imperfections and/or non-re-
peatability of assembly. For example, the α of an optical fiber sensor may be substantially affected by minute differences
in the amount of glue 162 utilized to affect the bond. Accordingly, each optical fiber strain sensor 152 in a given strain
sensing assembly is generally characterized by its own unique equivalent coefficient of thermal expansion α.
[0074] All of these thermal influences are rolled into the equivalent coefficient of thermal expansion α. Moreover, the
complexity of the parameter may cause α to be non-linear. Accordingly, it is often preferable to determine the equivalent
coefficient of thermal expansion α experimentally, such as by calibration, and for each optical fiber strain sensor in an
assembly.
[0075] Equation (4) may be expressed in matrix form. Consider, for example, a temperature compensated strain
sensing assembly 100 that implements three FBG sensors (i = 1, 2, 3). The corresponding matrix expression is 

 or 

where: ε(i,t) = elastic strain of the FBG section i at time t;
ΔL/L(i,t) = apparent strain of FBG section i at time t;
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ΔT(i,t) = change in the temperature of the FBG section i at time t
αi = equivalent coefficient of thermal expansion of FBG section i
λ(i,r) = wavelength reflected by FBG section i at time r (reference wavelength);
λ(i,t) = wavelength reflected by FBG section i at time t;
T(i,r) = temperature of FBG section i at time r (reference temperature); and
T(i,t) = temperature of FBG section i at time t.

[0076] When Eqns. (5) or (6) are executed, the products αi·ΔT(i,t) or αi·(T(i,t)-T(i,r)) are the inferred bias components
for the FBG section i. The inferred bias components αi·ΔT(i,t) or αi·Δ(T(i,t)-T(i,r)) may be determined implicitly as illustrated
in Eqns. (5) and (6), or they may be determined explicitly for subtraction from the apparent strains ΔL/L(i,t).
[0077] As discussed above, some temperature compensated strain sensing assemblies may be configured to have
negligible or otherwise tolerable radial temperature gradients between optical fiber sensors, such that a single temperature
sensor is adequate for the temperature correction. The corresponding matrices for a single temperature measurement
correction are as follows: 

or 

where T(r) and T(t) is the temperature of the FBG sections at time t and r, respectively, as determined by the single
temperature sensor.
[0078] The elastic strains ε(i,t) are related to the forces experienced by the optical fiber strain sensors as a function
of both the physical dimensions of, and the material properties of, the deformable body. Regardless of the number of
temperature sensors utilized to obtain the temperature correction, the strain / force relationship may be expressed by 

where: xi and yi = coordinates of the FBG section i with respect to the center of gravity of the catheter cross-section;
ET = equivalent tension / compression Young modulus of the deformable body 110;
EF = equivalent flexural Young modulus of the deformable body 110;
Ix = moment of inertia with respect to the x-axis;
Iy = moment of inertia with respect to the y-axis;
N(z,t) = normal force in direction of z-axis at time t;
M(x,t) = bending moment with respect to x-axis at time t; and
M(y,t) = bending moment with respect to y-axis at time t.

[0079] Equation (9) may be rearranged to solve for the normal force N(z,t) and the bending moments M(x,t) and M(y,t)
as a function of the elastic strains ε(i,t): 
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[0080] The components F(x,t), F(y,t) and F(z,t) of the external force vector F at time t may be resolved based on the
positions of the FBG sections relative to the central axis 112 of the deformable body 110, assuming the deformable body
110 is substantially incompressible: 

were rN is the neck radius 126.
[0081] The solution of Eqns. (9) through (11) can provide a normal force F(norm, t) and a transverse force F(trans,t)
applied to the external surface of the deformable body at time t, i.e., F(norm,t) = F(z,t) and F(trans,t) = (F(x,t)2+ F(y,t)2)©.
An angle of application γt of the transverse force may be computed from Table I:

[0082] Equations (9) through (11) are related to the material properties of the deformable body or optical fiber strain
sensors, such as the elastic moduli of the deformable body. Other values, such as the coordinate distances between
the optical fiber strain sensors, the operative lengths of the interferometric gaps and the external surface of the deformable
body may be subject to variations as a consequence manufacturing tolerances.
[0083] To improve the accuracy of the resolved direction and magnitude of the computed force vector, specific infor-
mation for each deformable body may be stored in the digital storage device 69. Generally, the information make take
the form of a data file that is input to console 67 prior to use of the temperature compensated strain sensing assembly
100. For example, the digital storage device 69 may comprise a memory chip associated with the transmitting / receiving
line 74 in which such information is stored, or a bar code or a RFID tag located on the body of the strain sensor assembly
20 or on the packaging. Alternatively, data specific to an individual deformable body may be uploaded to console 67
from an item of removable storage (e.g., CD, ROM or nonvolatile RAM) or via secure download from the manufacturer’s
website.
[0084] The information specific to each deformable body may be obtained during a calibration step, conducted during
manufacture of the deformable body, by subjecting the deformable body to a series of known force vectors. In this case,
the foregoing equations may be collapsed so the normal and transverse forces may be computed directly from a strain-
to-force conversion matrix: 

where F(t) is the vector of forces [F(x,t), F(y,t), F(z,t)] (corresponding for example to the force vector F of FIG. 5), ε (t)
is the vector of strains [ε1,t, ε2,t, ε3,t] measured by the individual optical fiber strain sensors 152, ε0 is the vector of strains
[ε0

1, ε0
2, ε0

3] measured by the individual optical fiber strain sensors 152 with zero applied force, and K is a matrix
computed when the deformable body is subjected to the series of known forces.

Table I

Fx,t Fy,t γt

≥  0 ≥  0 arcsin(F(y,t) /F(trans,t))

< 0 ≥  0 Π  - arcsin(F(y,t)/F(trans,t)

< 0 < 0 Π  + arcsin(F(y,t)/F(trans,t)

≥  0 < 0 2*Π  - arcsin(F(y,t) /F(trans, t)
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[0085] During the calibration step of manufacture, in constant temperature conditions, the deformable body may be
subjected to the following forces in series: (1) a purely axial force of known magnitude F(z,t); (2) a lateral force of known
magnitude F(x,t); and (3) a lateral force of known magnitude F(y,t) applied 90 degrees to the orientation of force F(x,t).
When all of the forces [F(x,t), F(y,t), F(z,t)] and wavelengths are known, the force-to-strain conversion matrix K may be
computed as: 

 or: 

Force-to-strain conversion matrix K then may be stored in the digital storage device 69 associated with the corresponding
deformable body, as disclosed herein. The values of the force-to-strain conversion matrix then may be input to console
67 when the deformable body is coupled to the console 67 using a bar code reader, input pad or direct electrical connection
through transmitting / receiving line 74. Once matrix K is provided for a given deformable body, the normal force,
transverse force and angle of application of the transverse force may be computed as described above and using Table I.
[0086] The values for the normal force, transverse force and angle of application of the transverse force, computed
as described above, may be output as numerical values to a display monitor that forms part of console 67. In addition,
a graphic including a variable size or colored arrow may be displayed pointing at a position on the circumference of a
circle to visualize the magnitude and direction of the transverse force applied to the distal extremity of the deformable
body. By monitoring this display, the operator may continuously obtain feedback concerning the contact forces applied
to the distal extremity of the deformable body.
[0087] The invention may be practiced in other embodiments not disclosed herein, particularly where large local
temperature gradients are generated in a surgical procedure. For example, various aspects of the disclosed embodiments
may be utilized in a cryoablation context for the treatment of prostate cancer or other urinary maladies. Other aspects
of the disclosed embodiments may find application in endoscopic applications, such as orthroscopic surgery or entry
through open orifices such as the throat, nose or anus.
[0088] Referring to FIG. 13, an ablation analysis 200 is presented for the radially reinforced temperature compensated
strain sensing assembly 180 in an embodiment of the invention. The optical fiber strain sensors 152 utilized for the
ablation analysis 200 were FBG optical sensors. The temperature sensors 154 utilized were copper-constantan (type
T) thermocouples. The optical fiber strain sensors 152 in the radially reinforced temperature compensated strain sensing
assembly 180 were uniformly spaced in the tangential coordinate θ (i.e. spaced 120° apart). The temperature sensors
154 and the optical fiber strain sensors 152 were substantially centered at the same axial location on the deformable
body 110, such as depicted in FIG. 9. Each of the temperature sensors 154 were located closer to a corresponding one
of the optical fiber strain sensors 152 than to the other optical fiber strain sensors 154 (e.g. FIG. 12), and thus represented
the temperature of the corresponding closest optical fiber strain sensor 154.
[0089] The ablation analysis 200 comprises a temperature variation graph 202, a wavelength variation graph 204 and
a resolved force component graph 206, all obtained simultaneously with the radially reinforced temperature compensated
strain sensing assembly 180 residing in a beating heart during an ablation operation. The three graphs 202, 204 and
206 share a common time abscissa 210 that spans about 80 seconds. The temperature variation graph 202 presents
a temperature variation ordinate 212 in degrees Celsius for indication of the variation in indicated temperatures 214,
216 and 218 of the three temperature sensors 154. The wavelength variation graph 204 presents a wavelength variation
ordinate 222 in nanometers for indication of central wavelength variation in the reflected signals 224, 226 and 228 from
each of the trio of FBG optical sensors. The resolved force component graph 206 presents a force variation ordinate
232 for indication of the variation in a resolved axial force component 234 and a resolved transverse force component
236. The corrected reflected signals 224, 226, 228 and resolved forces 234, 236 were compensated according to the
method described in Eqns. (1) through (6) and Eqns. (9) through (14).
[0090] The procedure followed for generating the ablation analysis 200 was to obtain null measurements for the various
ordinates 212, 222 and 232 with the radially reinforced temperature compensated strain sensing assembly 180 at
substantial thermal equilibrium with its surroundings and with an irrigation flow (e.g. irrigation flow 145 of FIG. 7) of 2
cubic centimeters per minute (ccm). The irrigation flow rate was increased to 17 ccm at an increased irrigation onset
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time 240 and maintained for an increased cooling time interval 242, after which the irrigation flow was returned to 2 ccm.
The effect of the increased cooling time interval was to produce an interval of reduced temperature 244.
[0091] The ablation head 116 was energized continuously over an ablation operation time interval 246, starting at an
ablation onset time 248. The temperature variation graph 202 indicates a temperature drop 252 during the increased
cooling interval 242, caused by a dominant cooling effect of the increased flow rate in the irrigation fluid. Immediately
after the ablation onset time 248, the indicated temperatures 214, 216 and 218 remains substantially stable for the
duration of the ablation time interval 246. At the end of the increased cooling time interval 242 and the ablation time
interval 248, the indicated temperatures 214, 216 and 218 returned to substantially the same level as the null measure-
ment.
[0092] The wavelength variation graph 204 indicates a shift 254 in the time-averaged wavelength variations 222 of
the reflected signals 224, 226, 228 during the interval of reduced temperature 244. The magnitude of the shift 254 is
about 0.08-nm, which translates to an elastic force of about 80-gm for the particular strain sensing assembly under test.
[0093] Meanwhile the resolved forces 234, 236, which are compensated for temperature change, maintain essentially
a steady time averaged level. That is, while these signals oscillate about respective mean values due to the pulsing
nature of the application, the mean values themselves remain essentially steady, regardless of the changes in the
indicated temperatures 214, 216 and 218 and reflected signals 224, 226, 228. Hence, the above disclosed apparatus
and method effectively compensates for thermal induced changes in the optical fiber strain sensors 152.
[0094] After cessation of the ablation operation time interval 246, but before cessation of the increased cooling time
interval 242, a temperature depression 258 is observed for the three indicated temperatures 214, 216, 218. The tem-
perature depression 258 drops approximately 0.5 °C from the temperature levels established during the ablation operation
time interval 246 to a substantially steady state level.
[0095] The temperature depression 258 is believed to be the result of reduced heat transfer, both radially and axially,
through the radially enforced temperature compensated force sensor 180. Accordingly, the difference between the
temperature during the ablation operation time interval 246 and the steady-state extremity of the temperature depression
258 for one of the indicated temperatures 214, 216, 218 illustrates the effect of the ablation operation. The small decrease
of the temperature depression 258 relative to the temperature drop 252 implies that the temperature sensors 154 and
the optical fiber strain sensors 152 are dominated by the flow of the irrigation fluid 145, and that the effects of ablation
are secondary when the radially enforced temperature compensated force sensor 180 is being actively cooled by the
irrigation fluid 145.
[0096] Referring to FIGS. 14 and 15, a method of calibrating or verifying the calibration of a temperature compensated
strain sensing assembly of the present invention is described in an embodiment of the invention. Figure 14 depicts a
calibration data plot 270 of the temperature variation graph 206 and the wavelength variation graph 208, with the indicated
temperatures 214, 216 and 218 are slowly oscillating with a time period 274 of approximately 6 seconds. The reflected
signals 224, 226 and 228 also oscillate, closely tracking the indicated temperatures 214, 216 and 218. The amplitude
of the temperature oscillation is just under 1° C.
[0097] Figure 15 depicts a trio of correlation plots 280, 282 and 284. Each of the correlation plots 280, 282, 284 includes
a reflected central wavelength ordinate 288 in nanometers and a temperature abscissa 290 in degrees Celsius. Each
of the correlation plots 280, 282, 284 includes correlation data 281, 283 and 285 from one of the reflected signals 224,
226, 228 and a corresponding one of the indicated temperatures 214, 216, 218. That is, correlation plot 280 presents
correlation data 281 of the wavelengths of the reflected signal 224 plotted against the indicated temperature 214, cor-
relation plot 282 presents correlation data 283 of the wavelengths of the reflected signal 226 plotted against the indicated
temperature 216, and correlation plot 284 presents correlation data 285 the wavelengths of the reflected signal 228
plotted against the indicated temperature 218.
[0098] Each of the correlation plots 280, 282 and 284 also presents a line fit 294, 296 and 298 of the respective
temperature/wavelength data. The line fit may be acquired using least-squares fitting techniques. The slope of the line
fits 294, 296, 298 provides a calibration of the change in the central reflected wavelengths, which can then be utilized
to provide the equivalent coefficients of thermal expansion α1, α2 and α3 ofEqn. (6).
[0099] The oscillating temperatures may be produced a variety of ways. For the calibration analyses of FIGS. 14 and
15, the oscillation was produced by immersing the radially reinforced temperature compensated strain sensing assembly
180 in a warm bath at a temperature of about 36° C without the tip being in contact or otherwise experiencing an external
force. Irrigation fluid at about 31° C was then pumped through the strain sensing assembly 180 at a low flow rate (about
2 ccm) with a peristaltic pump. Peristaltic pumps produce an oscillatory flow which, if slow enough (long enough period)
can cause an oscillatory cooling of the optical fiber strain sensors 152 of the strain sensing assembly 180. As the flow
waxes and wanes through the strain sensing assembly 180, data for the calibration can be gathered and the correlations
drawn.
[0100] The technique of this embodiment may be implemented as a stand alone calibration or as an in-situ calibration
or calibration check. In a stand alone scenario, the difference between the hot and cold temperatures of the bath and
irrigation fluid, respectively, may represent a large temperature range, so that the curve fit is over a temperature range
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representative of what is experienced in a high energy dissipation application such as ablation. The line fit in such a
scenario may be utilized to account for non-linearities in the calibration, such as by fitting the data to a higher order
polynomial. In an in-situ scenario, a line fit over a more narrow range of temperatures may be utilized. The data may be
used to generate a calibration or to check the validity of a prior calibration.
[0101] References to relative terms such as upper and lower, front and back, left and right, or the like, are intended
for convenience of description and are not contemplated to limit the invention, or its components, to any specific orien-
tation. All dimensions depicted in the figures may vary with a potential design and the intended use of a specific embod-
iment of this invention without departing from the scope thereof.
[0102] Each of the additional figures and methods disclosed herein may be used separately, or in conjunction with
other features and methods, to provide improved devices, systems and methods for making and using the same. There-
fore, combinations of features and methods disclosed herein may not be necessary to practice the invention in its
broadest sense and are instead disclosed merely to particularly describe representative embodiments of the invention.

Claims

1. A catheter for use in a medical procedure provided with a strain sensing system, comprising:

a flexible elongate body (90) adapted to be introduced into a patient during said medical procedure and including
an end effector (77), said end effector including a strain sensing assembly (100), said strain sensing assembly
characterized by:

a deformable body (110);
a plurality of optical fiber strain sensors (152) operatively coupled with said deformable body;
an equal number of temperature sensors (154), respectively proximate said plurality of optical fiber strain
sensors to determine the respective temperatures of said plurality of fiber strain sensors, said plurality of
optical fiber strain sensors (152) and said plurality of temperature sensors being centered at the same axial
location (160) relative to a proximal end (162) of the deformable body (110) and each of the temperature
sensors (154) being spaced rotationally equidistant from each other,
and channels (156) defined on an outer surface (112) of the deformable body (110) for aiding in precise
location of sensitive portions of the optical fiber strain sensors (152) and the temperature sensors (154),
respectively, by placing the sensors (152, 154) in the channels (156).

2. The catheter of claim 1 wherein each of said plurality of temperature sensors is positioned substantially closer to a
corresponding one of said plurality of optical fiber strain sensors than to the other of said plurality of optical fiber
strain sensors.

3. The catheter of claims 1 or 2 , wherein said optical fiber strain sensors are fiber Bragg grating sensors.

4. The catheter of any one of claims 1-3,
wherein said temperature sensors are
thermocouples.

5. The catheter of any one of claims 1-4 , wherein said deformable body comprises a liquid crystal polymer material.

6. The catheter of any one of claims 1-5
wherein said plurality of optical fiber strain
sensors number three and said plurality of temperature sensors number three.

7. The catheter of any one of claims 1-6 , further comprising:

an electromagnetic source (62) operatively coupled with said plurality of optical fiber strain sensors for trans-
mission of electromagnetic radiation (70) to said plurality of optical fiber strain sensors;
at least one receiver (66) operatively coupled with said plurality of optical fiber strain sensors for reception of a
returned portion (78) of said electromagnetic radiation, said returned portion being returned by said plurality of
optical fiber strain sensors;
at least one signal conditioner (82) operatively coupled with said plurality of temperature sensors for measure-
ment of temperatures proximate said plurality of optical fiber strain sensors;
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and
a microprocessor (68) operatively coupled with said receiver and said signal conditioner.

8. The catheter of claim 7,
further comprising a digital storage device (69) operatively coupled with said microprocessor, said digital storage
device including instructions for execution by said microprocessor, said instructions including:

determining a plurality of apparent strains, one for each of said plurality of optical fiber strain sensors, said
plurality of apparent strains being inferred from said returned portion of electromagnetic radiation;
determining a plurality of thermal bias components, one for each of said plurality of apparent strains, said plurality
of thermal bias components being inferred from said temperatures proximate said plurality of optical fiber strain
sensors;
inferring an elastic strain for each of said plurality of optical fiber sensors based on said apparent strain and
said thermal bias component of each of said plurality of optical fiber sensors; and
determining a magnitude and a direction of a force exerted on said distal end of said catheter from said plurality
of elastic strains.

9. The catheter of claims 7 or 8 wherein said electromagnetic source is a laser.

10. The catheter of claims 7, 8 or 9
wherein each of said plurality of temperature
sensors is a thermocouple.

Patentansprüche

1. Katheter zur Verwendung in einem medizinischen Verfahren, das mit einem Belastungserfassungssystem versehen
ist, mit:

einem flexiblen länglichen Körper (90), der angepasst ist zur Einführung in einen Patienten während des me-
dizinischen Verfahrens, und der einen Endeffektor (77) aufweist, wobei der Endeffektor eine Belastungsabta-
stanordnung (100) aufweist, wobei die Belastungserfassungsanordnung gekennzeichnet ist durch:

einen verformbaren Körper (110);
eine Mehrzahl von Lichtleiterbelastungssensoren (152), die operativ mit dem verformbaren Körper gekop-
pelt sind;
eine gleiche Anzahl von Temperatursensoren (154), die jeweils proximal zu der Mehrzahl von Lichtleiter-
belastungssensoren vorgesehen sind zur Bestimmung der jeweiligen Temperaturen der Mehrzahl von
Lichtleiterbelastungssensoren, wobei die Mehrzahl der Lichtleiterbelastungssensoren (152) und die Mehr-
zahl der Temperatursensoren an dem gleichen axialen Ort (160) relativ zu einem proximalen Ende (162)
des verformbaren Körpers (110) zentriert sind und die Temperatursensoren (154) voneinander gleich be-
abstandet sind, und
Kanäle (156), die auf einer äußeren Fläche (112) des verformbaren Körpers (110) definiert sind zur Unter-
stützung einer präzisen Lokalisierung der sensitiven Bereiche der Lichtleiterbelastungssensoren (152) bzw.
der Temperatursensoren (154), indem die Sensoren (152, 154) in den Kanälen (156) platziert sind.

2. Katheter nach Anspruch 1, bei dem jeder von der Mehrzahl von Temperatursensoren im Wesentlichen näher an
einem entsprechenden von der Mehrzahl von Lichtleiterbelastungssensoren positioniert ist, als ein anderer von der
Mehrzahl von Lichtleiterbelastungssensoren.

3. Katheter nach Anspruch 1 oder 2, bei dem die Lichtleiterbelastungssensoren Faser-Bragg-Gitter-Sensoren sind.

4. Katheter nach einem der Ansprüche 1 bis 3, bei dem die Temperatursensoren Thermoelemente sind.

5. Katheter nach einem der Ansprüche 1 bis 4, bei dem der verformbare Körper ein Flüssigkristallpolymermaterial
aufweist.

6. Katheter nach einem der Ansprüche 1 bis 5, bei dem die Mehrzahl der Lichtleiterbelastungssensoren gleich drei
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ist, und die Mehrzahl der Temperatursensoren gleich drei ist.

7. Katheter nach einem der Ansprüche 1 bis 6, ferner mit:

einer elektromagnetischen Quelle (62), die operativ gekoppelt ist mit der Mehrzahl von Lichtleiterbelastungs-
sensoren zur Übertragung einer elektromagnetischen Strahlung (70) an die Mehrzahl der Lichtleiterbelastungs-
sensoren;
mindestens einem Empfänger (66), der operativ gekoppelt ist mit der Mehrzahl von Lichtleiterbelastungssen-
soren zum Empfangen eines zurückgegebenen Teils (78) der elektromagnetischen Strahlung, wobei der zu-
rückgegebene Teil durch die Mehrzahl von Lichtleiterbelastungssensoren zurückgegeben wird;
mindestens einem Signalkonditionierer (82), der operativ gekoppelt ist mit der Mehrzahl von Temperatursen-
soren zur Messung von Temperaturen in der Nähe der Mehrzahl von Lichtleiterbelastungssensoren; und
einem Mikroprozessor (68), der operativ gekoppelt ist mit dem Empfänger und dem Signalkonditionierer.

8. Katheter nach Anspruch 7, ferner mit einer digitalen Speichervorrichtung (69), die operativ gekoppelt ist mit dem
Mikroprozessor, wobei die digitale Speichervorrichtung Anweisungen aufweist zum Ausführen durch den Mikropro-
zessor, wobei die Anweisungen aufweisen:

Bestimmen einer Mehrzahl von offensichtlichen Belastungen, eine für jeden von der Mehrzahl von Lichtleiter-
belastungssensoren, wobei die Mehrzahl der offensichtlichen Belastungen von dem zurückgegebenen Teil der
elektromagnetischen Strahlung abgeleitet werden;
Bestimmen einer Mehrzahl von thermischen Vorbelastungskomponenten, eine für jede von der Mehrzahl von
offensichtlichen Belastungen, wobei die Mehrzahl der thermischen Vorbelastungskomponenten von den Tem-
peraturen in der Nähe der Mehrzahl von Lichtleiterbelastungssensoren abgeleitet werden;
Ableiten einer elastischen Belastung für jeden von der Mehrzahl von Lichtleitersensoren basierend auf der
offensichtlichen Belastung und der thermischen Vorbelastungskomponente von jedem der Mehrzahl von Licht-
leitersensoren; und
Bestimmen einer Größe und einer Richtung einer Kraft, die auf das distale Ende des Katheters wirkt, aus der
Mehrzahl von elastischen Vorspannungen.

9. Katheter nach Anspruch 7 oder 8, bei dem die elektromagnetische Quelle ein Laser ist.

10. Katheter nach Anspruch 7, 8 oder 9, bei dem jeder von der Mehrzahl von Temperatursensoren ein Thermoelement ist.

Revendications

1. Cathéter à utiliser dans une procédure médicale pourvu d’un système de détection de contraintes, comprenant :

un corps allongé flexible (90) adapté pour être introduit dans un patient durant ladite procédure médicale et
incluant un effecteur terminal (77), ledit effecteur terminal incluant un ensemble de détection de contraintes
(100), ledit ensemble de détection de contraintes étant caractérisé par :

un corps déformable (110) ;
une pluralité de capteurs de contraintes à fibres optiques (152) fonctionnellement couplés audit corps
déformable ;
un nombre égal de capteurs de température (154), respectivement à proximité de ladite pluralité de capteurs
de contraintes à fibres optiques afin de déterminer les températures respectives de ladite pluralité de
capteurs de contraintes à fibres, ladite pluralité de capteurs de contraintes à fibres optiques (152) et ladite
pluralité de capteurs de température étant centrés au niveau du même emplacement axial (160) par rapport
à une extrémité proximale (162) du corps déformable (110) et chacun des capteurs de température (154)
étant espacé en rotation de manière équidistante les uns des autres,
et des canaux (156) définis sur une surface extérieure (112) du corps déformable (110) pour faciliter la
localisation précise de parties sensibles des capteurs de contraintes à fibres optiques (152) et des capteurs
de température (154), respectivement, en plaçant les capteurs (152, 154) dans les canaux (156).

2. Cathéter selon la revendication 1 dans lequel chaque capteur de ladite pluralité de capteurs de température est
positionné sensiblement plus près d’un capteur correspondant de ladite pluralité de capteurs de contraintes à fibres
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optiques que des autres capteurs de ladite pluralité de capteurs de contraintes à fibres optiques.

3. Cathéter selon la revendication 1 ou 2, dans lequel lesdits capteurs de contraintes à fibres optiques sont des capteurs
de réseau de Bragg à fibres.

4. Cathéter selon l’une quelconque des revendications 1-3, dans lequel lesdits capteurs de température sont des
thermocouples.

5. Cathéter selon l’une quelconque des revendications 1-4, dans lequel ledit corps déformable comprend un matériau
polymère à cristaux liquides.

6. Cathéter selon l’une quelconque des revendications 1-5,
dans lequel ladite pluralité de capteurs de contraintes à fibres optiques sont au nombre de trois et ladite pluralité
de capteurs de température sont au nombre de trois.

7. Cathéter selon l’une quelconque des revendications 1-6, comprenant en outre :

une source électromagnétique (62) fonctionnement couplée à ladite pluralité de capteurs de contraintes à fibres
optiques pour transmission de rayonnement électromagnétique (70) à ladite pluralité de capteurs de contraintes
à fibres optiques ;
au moins un récepteur (66) fonctionnement couplé à ladite pluralité de capteurs de contraintes à fibres optiques
pour réception d’une partie retournée (78) dudit rayonnement électromagnétique, ladite partie retournée étant
retournée par ladite pluralité de capteurs de contraintes à fibres optiques ;
au moins un conditionneur de signal (82) fonctionnellement couplé à ladite pluralité de capteurs de température
pour mesure de températures à proximité de ladite pluralité de capteurs de contraintes à fibres optiques ; et
un microprocesseur (68) fonctionnellement couplé audit récepteur et audit conditionneur de signal.

8. Cathéter selon la revendication 7, comprenant en outre un dispositif de stockage numérique (69) fonctionnellement
couplé audit microprocesseur, ledit dispositif de stockage numérique incluant des instructions pour exécution par
ledit microprocesseur, lesdites instructions incluant :

la détermination d’une pluralité de contraintes apparentes, une pour chaque capteur de ladite pluralité de
capteurs de contraintes à fibres optiques, ladite pluralité de contraintes apparentes étant déduites de ladite
partie retournée de rayonnement électromagnétique ;
la détermination d’une pluralité de composantes de sollicitation thermique, une pour chaque capteur de ladite
pluralité de contraintes apparentes, ladite pluralité de composantes de sollicitation thermique étant déduites
desdites températures à proximité de ladite pluralité de capteurs de contraintes à fibres optiques ;
la déduction d’une contrainte élastique pour chaque capteur de ladite pluralité de capteurs à fibres optiques
sur la base de ladite
contrainte apparente et de ladite composante de sollicitation thermique de chaque capteur de ladite pluralité
de capteurs à fibres optiques ; et
la détermination d’une amplitude et d’une direction d’une force exercée sur ladite extrémité distale dudit cathéter
à partir de ladite pluralité de contraintes élastiques.

9. Cathéter selon la revendication 7 ou 8, dans lequel ladite source électromagnétique est un laser.

10. Cathéter selon la revendication 7, 8 ou 9,
dans lequel chaque capteur de ladite pluralité de capteurs de température est un thermocouple.
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