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(57) ABSTRACT

A medical probe, including a flexible insertion tube, having a
distal end for insertion into a body cavity of a patient and
which is configured to be brought into contact with tissue in
the body cavity. The probe further includes a sensor tube of an
elastic material, contained inside the distal end of the inser-
tion tube and configured to deform in response to forces
exerted by the tissue on the distal end. The probe also includes
a plurality of strain gauges fixedly attached to a surface of the
sensor tube at different, respective locations and configured to
generate respective signals in response to deformations of the
sensor tube.
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CATHETER WITH STRAIN GAUGE SENSOR

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of, and claims
priority to, co-pending U.S. application Ser. No. 12/647,824,
filed on Dec. 28, 2009, which is incorporated in its entirety
herein by explicit reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to invasive
medical devices, and specifically to the construction of
probes for insertion into body organs.

BACKGROUND OF THE INVENTION

[0003] In some diagnostic and therapeutic techniques, a
catheter is inserted into a chamber of the heart and is brought
into contact with the inner heart wall. In such procedures, it is
generally important that the distal tip of the catheter engages
the endocardium with sufficient pressure to ensure good con-
tact. Excessive pressure, however, may cause undesired dam-
age to the heart tissue and even perforation of the heart wall.
[0004] For example, in intracardiac radio-frequency (RF)
ablation, a catheter having an electrode at its distal tip is
inserted through the patient’s vascular system into a chamber
of the heart. The electrode is brought into contact with a site
(or sites) on the endocardium, and RF energy is applied
through the catheter to the electrode in order to ablate the
heart tissue at the site. Proper contact between the electrode
and the endocardium during ablation is necessary in order to
achieve the desired therapeutic effect without excessive dam-
age to the tissue.

[0005] A number of patent publications describe catheters
with integrated pressure sensors for sensing tissue contact. As
one example, U.S. Patent Application Publication 2007/
0100332 to Saurav et al., whose disclosure is incorporated
herein by reference, describes systems and methods for
assessing electrode-tissue contact for tissue ablation. An elec-
tro-mechanical sensor within the catheter shaft generates
electrical signals corresponding to the amount of movement
of the electrode within a distal portion of the catheter shaft. An
output device receives the electrical signals for assessing a
level of contact between the electrode and a tissue.

[0006] Thedescriptionaboveis presented as a general over-
view of related art in this field and should not be construed as
an admission that any of the information it contains consti-
tutes prior art against the present patent application.

SUMMARY OF THE INVENTION

[0007] An embodiment of the present invention provides a
medical probe, including:

[0008] a flexible insertion tube, having a distal end for
insertion into a body cavity of a patient and which is config-
ured to be brought into contact with tissue in the body cavity;
[0009] a sensor tube including an elastic material, con-
tained inside the distal end of the insertion tube and config-
ured to deform in response to forces exerted by the tissue on
the distal end; and

[0010] a plurality of strain gauges fixedly attached to a
surface of the sensor tube at different, respective locations
and configured to generate respective signals in response to
deformations of the sensor tube.
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[0011] Typically, the sensor tube is fixedly attached inside
the distal end to the insertion tube, and the surface of the
sensor tube may include an outer curved surface of the sensor
tube.

[0012] In one embodiment the respective signals are con-
figured to generate a magnitude and a direction of a pressure
on a termination of the distal end. Alternatively or addition-
ally, the respective signals are configured to generate a mag-
nitude and a direction of a deflection of a termination of the
distal end.

[0013] Theplurality of strain gauges may be symmetrically
disposed with respect to an axis of the sensor tube, and addi-
tionally may be positioned on a circumference of the surface
of the sensor tube, wherein the circumference is centrally
located with respect to the sensor tube.

[0014] In a disclosed embodiment the plurality of strain
gauges have respective gauge directions, and the gauges are
fixedly attached to the surface of the sensor tube so that the
respective gauge directions areparallel to an axis of the sensor
tube.

[0015] In a further disclosed embodiment the probe
includes at least one temperature-compensating strain gauge
configured to generate signals to compensate for changes in
temperature of the plurality of strain gauges. The at least one
temperature-compensating strain gauge may be mounted on a
block having a block-thermal mass, and the sensor tube may
have an assembly-tube-thermal mass equal to the block-ther-
mal mass.

[0016] The at least one temperature-compensating strain
gauge may be mounted on the block in a location that does not
deform in response to deformations of the sensor tube.
[0017] The at least one temperature-compensating strain
gauge may have a temperature-compensating strain gauge
direction configured to be orthogonal to an axis of the sensor
tube.

[0018] There is further provided, according to a disclosed
embodiment of the present invention, a method for producing
amedical probe, including:

[0019] providing a flexible insertion tube, having a distal
end for insertion into a body cavity of a patient and which is
configured to be brought into contact with tissue in the body
cavity;

[0020] installing a sensor tube including an elastic material
inside the distal end of the insertion tube, the sensor tube
being configured to deform in response to forces exerted by
the tissue on the distal end; and

[0021] fixedly attaching a plurality of strain gauges to a
surface of the sensor tube at different, respective locations,
the strain gauges being configured to generate respective
signals in response to deformations of the sensor tube.
[0022] There is further provided, according to a disclosed
embodiment of the present invention, apparatus for perform-
ing a medical procedure, including:

[0023] a medical probe, including:

[0024] a flexible insertion tube, having a distal end for
insertion into a body cavity of a patient and which is config-
ured to be brought into contact with tissue in the body cavity;
[0025] a sensor tube including an elastic material, con-
tained inside the distal end of the insertion tube and config-
ured to deform in response to forces exerted by the tissue on
the distal end; and

[0026] a plurality of strain gauges fixedly attached to a
surface of the sensor tube at different, respective locations
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and configured to generate respective signals in response to
deformations of the sensor tube; and

[0027] a console, which receives the respective signals
from the strain gauges and in response provides an indication
of the forces on the distal end.

[0028] There is further provided, according to a disclosed
embodiment of the present invention, a method for perform-
ing a medical procedure, including:

[0029] providing a flexible insertion tube, having a distal
end for insertion into a body cavity of a patient and which is
configured to be brought into contact with tissue in the body
cavity;

[0030] installing a sensor tube including an elastic material
inside the distal end of the insertion tube, the sensor tube
being configured to deform in response to forces exerted by
the tissue on the distal end;

[0031] fixedly attaching a plurality of strain gauges to a
surface of the sensor tube at different, respective locations,
the strain gauges being configured to generate respective
signals in response to deformations of the sensor tube;
[0032] receiving the respective signals at a console; and
[0033] providing at the console an indication of the forces
on the distal end in response to receiving the respective sig-
nals.

[0034] Thepresent invention will be more fully understood
from the following detailed description of the embodiments
thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1 is a schematic illustration of operation of a
catheter, according to an embodiment of the present inven-
tion;

[0036] FIG. 2A is a schematic, cutaway view of the cath-
eter, showing a pressure sensing assembly, and FIG. 2B is a
schematic perspective view of the pressure sensing assembly,
according to an embodiment of the present invention;
[0037] FIG. 3A is a schematic, cutaway view of the cath-
eter, showing an alternative pressure sensing assembly, and
FIG. 3B is a schematic perspective view of the alternative
pressure sensing assembly, according to an embodiment of
the present invention;

[0038] FIG. 4 is a schematic perspective view of a further
alternative pressure sensing assembly, according to an
embodiment of the present invention; and

[0039] FIG. 5 is a schematic perspective view of a yet
further alternative pressure sensing assembly, according to an
embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OVERVIEW

[0040] Embodiments of the present invention provide a
novel design of an invasive probe, such as a catheter. The
probe comprises a flexible insertion tube for insertion into a
body cavity of a patient, and a pressure sensing assembly is
installed inside the distal end of the insertion tube. The assem-
bly comprises a tube of elastic material having a plurality of
strain gauges fixedly attached to different respective locations
of a surface, typically the outer curved surface, of the tube.
Typically, three or more strain gauges are fixedly attached to
the surface.

[0041] When the distal end of the probe engages tissue in
the body cavity, force on the end causes the probe to bend
and/or compress, and the tube of elastic material to deform.
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Depending on the magnitude and direction of the force rela-
tive to the tube, the deformation of the tube consists of expan-
sion and/or contraction of the locations of the tube’s surface
to which the strain gauges are attached. The strain gauges
provide respective signals in response to the deformation of
the locations of the tube to which the gauges are attached, and
aprocessing unit calculates the pressure (caused by the force)
on the end, from the strain gauge signals. The processing unit
may also calculate a deflection of the end from the signals.

[0042] The combination of strain gauges attached to an
elastic tube provides a reliable, accurate, pressure sensing
device that is simpler and cheaper to manufacture than other
pressure sensing devices known in the art.

DETAILED DESCRIPTION OF THE DRAWINGS

[0043] FIG. 1 is a schematic illustration of operation of a
catheter 20, according to an embodiment of the present inven-
tion. As is illustrated in FIG. 1, a proximal end of catheter 20
is coupled to an operating console 21, which is controlled by
an operator of the catheter. The operator also manipulates the
catheter using controls (not shown) while the catheter is being
used to perform a medical procedure. Console 21 comprises
a processing unit (PU) 23, which, inter alia, receives and
analyzes signals from elements at a distal end of catheter 20.
The elements and the signal analysis are described in more
detail below. Processing unit 23 uses software stored in a
memory 25, the software typically including a look-up table
27, for the signal analysis, as well as for performing other
functions related to operation of the catheter. The software
may be downloaded to console 21 in electronic form, over a
network, for example, or it may, alternatively or additionally,
be provided and/or stored on tangible media, such as mag-
netic, optical, or electronic memory.

[0044] Catheter 20 comprises a flexible insertion tube 26. A
lower portion of FIG. 1 schematically illustrates a sectional
view of a chamber of a heart 22, showing flexible insertion
tube 26 of the catheter 20 inside the heart. The catheter is
typically inserted into the heart percutaneously through a
blood vessel, such as the vena cava or the aorta. A termination
28 of tube 26, fixedly attached to a distal end 24 of the tube,
engages endocardial tissue 30. Typically termination 28 com-
prises an electrode, which may be used for ablation. However,
there is no requirement that termination 28 comprises an
electrode and the termination may comprise any other ele-
ment, such as a camera. For simplicity, in the following
description termination 28 is assumed to comprise an elec-
trode, and those having ordinary skill in the art will be able to
adapt the description, mutatis mutandis, for other types of
termination. Force exerted by termination 28 against the
endocardium deforms the endocardial tissue locally, and
leads to a countervailing force from the endocardium on the
termination.

[0045] Inthe pictured example, termination 28 engages the
endocardium head-on. The countervailing force causes distal
end 24 of insertion tube 26 to compress slightly. Alternatively
(not pictured), the termination engages the endocardium at an
angle. In this case, the countervailing force from the endocar-
dium bends distal end 24 of the tube, and may also compress
the distal end. As 1s explained in more detail below, embodi-
ments of the present invention measure either type of defor-
mation, due to head-on or angled engagement, and the mea-
surements provide an indication of the direction and
magnitude of the force, and also of the pressure, causing the
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deformation. (The measurements may also provide an indi-
cation of the deflection of termination 28.)

[0046] The pressure indication may be used by the operator
of catheter 20 to ensure that termination 28 is pressing against
the endocardium firmly enough, and in a required direction,
to give the desired result, but not so hard orina direction as to
cause undesired tissue damage. U.S. Patent Application
20090093806, to Govari et al., filed Oct. 8, 2007, whose
disclosure is incorporated herein by reference, describes a
system that uses a pressure-sensing catheter in a similar man-
ner. Catheter 20 may be used in such a system.

[0047] The deflection indication may be used by the opera-
tor to judge if termination 28 is correctly positioned.

[0048] FIG.2Aisaschematic, cutaway view of catheter 20,
showing a pressure sensing assembly 40 installed in distal end
24 of insertion tube 26, and FI1G. 2B is a schematic perspec-
tive view of the pressure sensing assembly, according to an
embodiment of the present invention. Pressure sensing
assembly 40 comprises a thin-walled tube 42 of an elastic
material, typically a metal material, and the tube is herein also
referred to as sensor tube 42. The sensor tube is typically in
the form of a hollow right circular cylinder, having an axis of
symmetry 46. The elastic material forming the tube may
comprise a superelastic alloy such as nickel titanium (Niti-
nol). For intracardiac applications, the overall length of tube
42 may be approximately 5 mm, with a wall thickness of
approximately 0.1 mm, and an outer diameter of approxi-
mately 2 mm. Alternatively, in other applications, the dimen-
sions of sensor tube 42 may be larger or smaller than those
exemplified above.

[0049] For clarity, in the following description, sensor tube
42 is assumed to be oriented and aligned with a set of xyz
orthogonal axes, as shown in FIG. 2A, (the x- and y-axes
beingin the plane of the paper) so that axis 46 is parallel to the
x-axis. However, it will be appreciated that embodiments of
the present invention may function in substantially any ori-
entation.

[0050] A plurality of strain gauges 44A, 44B, 44C, . . . are
fixedly attached to a surface 48 of sensor tube 42. In the
following description, except where otherwise indicated, sut-
face 48 is assumed to comprise the outer curved surface of
tube 42. Strain gauges 44A, 44B, 44C, . . . are also referred to
herein generically as strain gauges 44 and are also referred to
as strain-measuring gauges 44.

[0051] Typically, strain gauges 44 are of generally similar
types. A number of different types of strain gauges, i.e.,
gauges that provide an indication of the amount of deforma-
tion of a material, are known in the art. For example, strain
gauges 44 may comprise metallic foil gauges or semiconduc-
tor gauges (the latter using a piezoresistive effect), which
respectively indicate strain by a change in resistance of a
metal or a semiconductor. Alternatively, strain gauges 44 may
comprise other devices capable of providing an indication of
strain, such as a piezoelectric crystal, which indicates strain
according to a potential developed across the crystal in
response to the strain, or a fiber optic, which indicates strain
by a change in a characteristic of the fiber optic, such as a
resonant wavelength of a diffraction grating formed in the
fiber optic. The fiber optic characteristic is typically evaluated
by radiation transmitted through the fiber optic.

[0052] Inthe description and in the claims, the terms strain
gauge and strain-measuring gauge are assumed to comprise
any device, such as those exemplified above, which is able to
provide an indication of strain. For simplicity, except where
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otherwise indicated, in the following description strain-mea-
suring gauges 44 are assumed to comprise metallic foil
gauges.

[0053] Strain gauges typically measure strain in a particular
direction, herein termed the “gauge direction,” relative to the
gauge. In the figures, the gauge direction for a particular
gauge is indicated by a double-headed arrow adjoining the
symbol for the gauge. Thus, by way of example and as shown
in FIGS. 2A and 2B, strain gauges 44 have a common align-
ment, so that their gauge directions are parallel to the x-axis.
However, there is no requirement that the gauge direction of
strain gauges 44 have a common alignment, and in some
embodiments the gauge directions are different.

[0054] In the following description of a disclosed embodi-
ment, there are assumed to be three strain-measuring gauges
44A, 44B, and 44C, which are symmetrically disposed with
respect to sensor tube 42. It will be understood that such a
symmetric disposition of the strain gauges with respect to the
sensor tube facilitates determining the magnitude and direc-
tion of the pressure exerted on termination 28, as well as the
magnitude and direction of the deflection of the termination,
regardless of the direction of the pressure. Also in the dis-
closed embodiment, strain gauges 44A, 44B, and 44C are
fixedly attached to tube 42 on a common circumference 50 of
an outer surface of the tube. Common circumference 50 is
typically approximately centrally positioned with respect to
tube 42, and is orthogonal to axis 46 so that it lies ina yz plane.
It will be understood that central positioning of circumfer-
ence 50 typically enhances values read from gauges 44 for a
given pressure on termination 28.

[0055] The attachment of the gauges may be implemented
using any convenient bonding material, such as a cyanoacry-
late based adhesive. The gauges are typically attached so that
they are disposed symmetrically on circumference 50, and so
that their gauge directions are as described above, i.e., parallel
to the x-axis.

[0056] However, in other embodiments of the present
invention, the plurality of strain-measuring gauges 44 may
comprise any integral number greater than or equal to 2, and
there is no requirement that the plurality be disposed sym-
metrically with respect to tube 42. An embodiment with an
asymmetric disposition of strain gauges is described with
reference to FIG. 5 below.

[0057] Each strain gauge 44 is typically connected by
respective cabling to processing unit 23 (FIG. 1). In FIG. 2A,
cabling 52 to gauge 44B and cabling 54 to gauge 44C are
shown. The cabling to strain gauges 44 is also referred to
herein generically as cabling 55. Depending on the type of
strain gauge, cabling 55 may typically comprise a twisted-
pair cable or a fiber optic cable. Signals are transferred via the
cabling to processing unit 23, which is configured to analyze
the signals so as to determine the strain of each gauge.
[0058] Insertion tube 26 of the catheter comprises an outer
flexible tubular sheath 60, which encloses operative portions
of the catheter. The operative portions include elements such
as conductive cabling and/or fluid-carrying tubing and/or
pull-wires to guide catheter 20. For simplicity, these operative
portions of the catheter are not shown in FIG. 2A. Sheath 60
typically comprises a composition of plastic with strengthen-
ing elements, such as metallic wiring, included in the com-
position.

[0059] Pressure sensing assembly 40 is fixedly attached to
sheath 60. By way of example, the attachment is assumed to
be implemented by two generally similar rings 56, 58. Rings
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56, 58 have internal diameters equal to the external diameter
of sensor tube 42, and external diameters equal to the internal
diameter of sheath 60. Rings 56, 58 are typically positioned at
respective ends of the sensor tube. During positioning, assem-
bly 40 may be fixedly attached to sheath 60 by application of
an adhesive or cement to the internal and external circumfer-
ences of rings 56, 58. Rings 56, 58 are typically configured so
that, on attachment of assembly 40 to sheath 60, the assembly
is symmetrically disposed with respect to the sheath, i.e., with
respect to distal end 24.

[0060] Rings 56, 58 are one possible method by which
assembly 40 is fixedly attached to sheath 60. Those having
ordinary skill in the art will understand that other methods for
attachment, for example using a plurality of spacers between
the assembly and the sheath, may be used instead of, or in
addition to, rings 56, 58. All such methods are assumed to be
comprised within the scope of the present invention.

[0061] Once assembly 40 has been fixedly installed in dis-
tal end 24, the assembly may be calibrated, prior to the cath-
eter being used for an invasive procedure such as that
described above. The calibration comprises applying forces,
that are known in both magnitude and direction, to distal end
24, typically by applying such forces to termination 28. In the
following description, it is assumed that the known forces are
converted to corresponding known pressures, using an effec-
tive area of termination 28 upon which the forces are applied.
The applied known pressures include ranges of head-on pres-
sures, as well as ranges (in magnitude and direction) of angled
pressures, and the pressures cause corresponding deforma-
tions in sensor tube 42. For each known pressure, measure-
ments of the strain generated by gauges 44 attached to the
sensor tube are recorded and stored as calibration parameters
of catheter 20, for example as look-up table 27 in memory 25.
[0062] The applied known pressures generate correspond-
ing respective deflections of termination 28. The deflections
may be measured. in both direction and magnitude, and are
assumed, by way of example, to also be incorporated in the
calibration parameters of catheter 20.

[0063] It will be understood that the calibration procedure
described above, i.e., generating a look-up table, is one of a
number of methods that may be used to calibrate assembly 40.
[0064] Other methods for calibrating the assembly will be
familiar to those having ordinary skill in the art. For example,
a first function relating the magnitude of the pressure to the
values of strain of gauges 44, and a second function relating
the direction of the pressure to the values of strain of the
gauges 44, may be formulated. Typically, both functions are
in the form of polynomials having the values of the strains of
gauges 44, as well as higher powers of the strain values, as
variables of the polynomials, each variable being multiplied
by a respective coefficient. Similar functions may be formu-
lated for the deflections of termination 28. The calibration
procedure described above is used to determine the values of
the coefficients for the respective functions, typically by
applying a fitting procedure to the functions.

[0065] The equations and coefficient values determined in
the calibration may be stored in memory 25 as the calibration
parameters referred to above.

[0066] All calibration methods such as those described
above are assumed to be comprised within the scope of the
present invention.

[0067] During an invasive procedure such as is exemplified
above, processing unit 23 determines “raw” values of strain
measured by each of gauges 44. The processing unit accesses
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the calibration parameters stored in memory 25, in order to
evaluate from the raw strain values, values of the magnitude
and the direction of the pressure on termination 28, as well as
values of the magnitude and direction of the deflection of the
termination. The determined values may be provided to the
operator of catheter 20, typically as part of a graphic user
interface displayed on console 21.

[0068] The determination of the values of the magnitude
and the direction of the pressure, and of the deflection, by
processing unit 23 typically involve operations on the raw
values, such as smoothing and/or filtering. In addition,
depending on the type of calibration parameters, further
operations may be required, For example, if the calibration
comprises look-up table 27, processing unit 23 may apply an
operation such as interpolation or extrapolation to determine,
from the measured strain values of gauges 44, the direction
and magnitude of the pressure on termination 28, and/or of
the deflection of the termination. All such operations will be
familiar to those having ordinary skill in the art, and are
assumed to be included within the scope of the present inven-
tion.

[0069] FIG. 3A is a schematic, cutaway view of catheter 20,
showing a pressure sensing assembly 140 installed in distal
end 24 of insertion tube 26, and FIG. 3B is a schematic
perspective view of the pressure sensing assembly, according
to an alternative embodiment of the present invention. Apart
from the differences described below, the operation of assem-
bly 140 is generally similar to that of assembly 40 (FIGS. 2A
and 2B), and elements indicated by the same reference
numerals in both assemblies 40 and 140 are generally similar
in construction and in operation.

[0070] Readings from strain gauges 44 may be sensitive to
temperature changes of the gauges. Because of its dimen-
sions, sensor tube 42 has a low thermal mass, so that any
changes in the ambient temperature around the tube typically
cause corresponding changes in the temperature of gauges 44,
affecting the accuracy of the values read from the gauges.
Assembly 140 enables processing unit 23 to compensate for
these changes, by incorporating one or more temperature-
compensating strain gauges 142 in the assembly. Typically,
gauges 142 are the same type of gauges as gauges 44, and are
coupled by cabling similar to cabling 55 to PU 23. For sim-
plicity, in FIGS. 3A and 3B only one temperature-compen-
sating gauge 142 without cabling is shown.

[0071] In the alternative embodiment described herein,
temperature-compensating gauges 142 are assumed to be
mounted on a block 144, which has a thermal mass that is
typically approximately the same as that of sensor tube 42.
However, block 144, in contrast to tube 42, is configured and
positioned in assembly 140 to be relatively inflexible when
distal end 24 deforms. In addition, the gauge direction of
temperature-compensating gauges 142 are typically set to be
orthogonal to the gauge directions of gauges 44, so that in the
embodiment described herein, the gauge directions of gauges
142 are orthogonal to axis 46. Thus, temperature-compensat-
ing gauges 142 have approximately the same temperature
changes as gauges 44, but do not respond to the strains mea-
sured by gauges 44.

[0072] By way of example, block 144 is assumed to be a
disk, having an external diameter equal to the internal diam-
eter of tube 42. The block may be fixedly attached to sensor
tube 42, for example, as illustrated in FIGS. 3A and 3B, by
being positioned at the proximal end of the sensor tube, with
a disk axis 148 congruent with axis 46. This arrangement
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facilitates the positioning of temperature-compensating
gauges 142 so that their gauge directions are orthogonalto the
gauge directions of gauges 44. Typically, block 144 com-
prises one or more apertures 146, which may be used to allow
passage of elements such as cabling through sensor tube 42.
In addition, the dimensions of apertures 146 may be adjusted
so that the thermal mass of block 144 is approximately the
same as that of tube 42.

[0073] Assembly 140 is calibrated substantially as
described above for assembly 40. However, rather than using
the “raw” values from strain gauges 44, as are used by pro-
cessing unit 23 to calibrate assembly 40, the processing umit
typically uses values of differences between strain-measuring
gauges 44 and temperature-compensating strain gauges 142
to generate calibration parameters for assembly 140. Once the
calibration of assembly 140 has been performed, during a
procedure such as is described above, processing unit 23
typically uses difference values between the two types of
gauges, and the assembly 140 calibration parameters, to
determine the magnitude and direction of the pressure being
applied to termination 28, as well as the deflection of the
termination.

[0074] FIG. 4 is a schematic perspective view of a pressure
sensing assembly 240, according to a further alternative
embodiment of the present invention. Apart from the differ-
ences described below, the operation of assembly 240 is gen-
erally similar to that of assembly 140 (FIGS. 3A and 3B), and
elements indicated by the same reference numerals in both
assemblies 140 and 240 are generally similar in construction
and in operation. Assembly 240 is typically installed within
distal end 24 of catheter 20, substantially as is described
above for assembly 140 (FIG. 3A).

[0075] In assembly 240, in contrast to assembly 140, tem-
perature-compensating gauges 142 are not mounted on block
144, and the block does not form part of assembly 240.
Rather, in assembly 240, gauges 142 are mounted on, or in
proximity to, a region of sensor tube 42 that is not subject to
the strains measured by gauges 44. Such regions, by way of
example, comprise the ends of sensor tube 42, where the tube
is fixedly attached to sheath 60 by rings 56,58 (FIGS. 3A and
3B). Thus, as is exemplified by one temperature-compensat-
ing gauge 142 illustrated in FIG. 4, gauges 142 may be
mounted on an internal curved surface 49 of sensor tube 42,
close to the proximal end of the tube. Alternatively or addi-
tionally, at least some gauges 142 may be mounted on outer
curved surface 48, close to the proximal end of the sensor
tube; in some cases the mounting may be beneath rings 56 or
58 by providing a recess in the rings.

[0076] As for assembly 140, in assembly 240 temperature-
compensating gauges 142 are typically oriented so that their
gauge directions are orthogonal to the gauge directions of
strain gauges 44.

[0077] FIG.5isa schematic perspective view of a pressure
sensing assembly 340, according to a yet further alternative
embodiment of the present invention. Apart from the differ-
ences described below, the operation of assembly 340 is gen-
erally similar to that of assembly 40 (FIGS. 2A and 2B), and
elements indicated by the same reference numerals in both
assemblies 40 and 340 are generally similar in construction
and in operation. Assembly 340 is typically installed within
distal end 24 of catheter 20, substantially as is described
above for assembly 40 (FIG. 2A).

[0078] By way of example, in assembly 340 strain-measur-
ing gauges 44 are assumed to comprise five gauges 44D, 44E,
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44F, 44G, and 44H. In contrast to assembly 40, in assembly
340 the five strain gauges 44 are not mounted on sensor tube
42 symmetrically. Rather, gauges 44D, 44E, 44F, 44G, and
44H are mounted in an asymmetric manner on the tube. Such
an asymmetric disposition of gauges 44 with respect to the
sensor tube may allow greater flexibility in positioning the
strain gauges compared to a symmetric arrangement. Typi-
cally, gauges 44 are evenly distributed on either side of cir-
cumference 50, i.e., in a positive or a negative direction par-
allel to axis 46, with respect to the circumference. However,
there is no necessity for such an even distribution, and an
uneven distribution may be implemented in some embodi-
ments.

[0079] The angles subtended by adjacent strain gauges 44
with axis 46, measured orthogonally to the axis, may be set to
be approximately equal. The equalization of the angles facili-
tates determining the pressure exerted on termination 28
regardless of the direction of the pressure, as well as facili-
tating determining the deflection of the termination regard-
less of the pressure direction.

[0080] In some embodiments of the present invention, it
may be desirable to measure the pressure exerted on termi-
nation 28, and/or the termination’s deflection, if the pressure
is in one or more predetermined directions. For example,
catheters known in the art have pull-wires that bend the cath-
eter in one or more particular predetermined directions.
Embodiments of the present invention allow for measuring
the pressure and the deflection in a predetermined direction
by appropriate positioning of gauges 44.

[0081] For example, gauges 44F and 44D may be respec-
tively repositioned to locations 342 and 344 on surface 48 of
tube 42, the locations being selected so that gauges 44E, 44F,
and 44D lie on a line 346 of surface 48, where line 346 is
parallel to axis 46. Such an arrangement of gauges typically
enables processing unit 23 to measure deformation of distal
end 24 in predetermined directions, defined by being within
the plane comprising line 346 and axis 46, more accurately
than if gauges 44F and 44D are not repositioned. The pressure
on, and/or the deflection of, termination 28 may consequently
be measured more accurately. Other arrangements of gauges
44 on tube 42, for measurement of deformation of distal end
24 in a predetermined direction, will be apparent to those
having ordinary skill in the art, and all such arrangements are
assumed to be within the scope of the present invention.

[0082] It will be understood that features described above
may be combined in ways that are not specifically described.
As a first example, temperature-compensating gauges, such
as are described with reference to assemblies 140 and 240,
may be incorporated into assembly 340. As a second example,
strain-measuring gauges. in assemblies such as assembly
340, may be arranged so that they are able to measure pressure
substantially regardless of direction, and additionally or alter-
natively in one or more predetermined directions.

[0083] It will thus be appreciated that the embodiments
described above are cited by way of example, and that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcombi-
nations of the various features described hereinabove, as well
as variations and modifications thereof which would occur to
persons skilled in the art upon reading the foregoing descrip-
tion and which are not disclosed in th
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e prior art.

What is claimed is:

1. A medical probe, comprising:

a flexible insertion tube, having a distal end for insertion
into a body cavity of a patient and which is configured to
be brought into contact with tissue in the body cavity;

a sensor tube comprising an elastic material, contained
inside the distal end of the insertion tube and configured
to deform in response to forces exerted by the tissue on
the distal end; and

a plurality of strain gauges fixedly attached to a surface of
the sensor tube at different, respective locations and
configured to generate respective signals in response to
deformations of the sensor tube.

2. The probe according to claim 1, wherein the sensor tube

is fixedly attached inside the distal end to the insertion tube.

3. The probe according to claim 1, wherein the surface of
the sensor tube comprises an outer curved surface of the
sensor tube.

4. The probe according to claim 1, wherein the respective
signals are configured to generate a magnitude and a direction
of a pressure on a termination of the distal end.

5. The probe according to claim 1, wherein the respective
signals are configured to generate a magnitude and a direction
of a deflection of a termination of the distal end.

6. The probe according to claim 1, wherein the plurality of
strain gauges are symmetrically disposed with respect to an
axis of the sensor tube.

7. The probe according to claim 1, wherein the plurality of
strain gauges are positioned on a circumference of the surface
of the sensor tube, and wherein the circumference is centrally
located with respect to the sensor tube.

8. The probe according to claim 1, wherein the plurality of
strain gauges have respective gauge directions, and wherein
the gauges are fixedly attached to the surface of the sensor
tube so that the respective gauge directions are parallel to an
axis of the sensor tube.

9. The probe according to claim 1, and comprising at least
one temperature-compensating strain gauge configured to
generate signals to compensate for changes in temperature of
the plurality of strain gauges.

10. The probe according to claim 9, wherein the at least one
temperature-compensating strain gauge is mounted on a
block having a block-thermal mass, and wherein the sensor
tube has an assembly-tube-thermal mass equal to the block-
thermal mass.

11. The probe according to claim 10, wherein the at least
one temperature-compensating strain gauge is mounted on
the block in a location that does not deform in response to
deformations of the sensor tube.

12. The probe according to claim 9, wherein the at least one
temperature-compensating strain gauge has a temperature-
compensating strain gauge direction configured to be
orthogonal to an axis of the sensor tube.

13. A method for producing a medical probe, comprising:

providing a flexible insertion tube, having a distal end for
insertion into a body cavity of a patient and which is
configured to be brought into contact with tissue in the
body cavity;

installing a sensor tube comprising an elastic material
inside the distal end of the insertion tube, the sensor tube
being configured to deform in response to forces exerted
by the tissue on the distal end; and
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fixedly attaching a plurality of strain gauges to a surface of

the sensor tube at different, respective locations, the

strain gauges being configured to generate respective
signals in response to deformations of the sensor tube.

14. The method according to claim 13, wherein the sensor
tube 1s fixedly attached inside the distal end to the insertion
tube.

15. The method according to claim 13, wherein the surface
of the sensor tube comprises an outer curved surface of the
sensor tube.

16. The method according to claim 13, wherein the respec-
tive signals are configured to generate a magnitude and a
direction of a pressure on a termination of the distal end.

17. The method according to claim 13, wherein the respec-
tive signals are configured to generate a magnitude and a
direction of a deflection of a termination of the distal end.

18. The method according to claim 13, wherein the plural-
ity of strain gauges are symmetrically disposed with respect
to an axis of the sensor tube.

19. The method according to claim 13, wherein the plural-
ity of strain gauges are positioned on a circumference of the
surface of the sensor tube, and wherein the circumference is
centrally located with respect to the sensor tube.

20. The method according to claim 13, wherein the plural-
ity of strain gauges have respective gauge directions, and
wherein the gauges are fixedly attached to the surface of the
sensor tube so that the respective gauge directions are parallel
to an axis of the sensor tube.

21. The method according to claim 13, and comprising
providing at least one temperature-compensating strain
gauge configured to generate signals to compensate for
changes in temperature of the plurality of strain gauges.

22. The method according to claim 21, wherein the at least
one temperature-compensating strain gauge is mounted on a
block having a block-thermal mass, and wherein the sensor
tube has an assembly-tube-thermal mass equal to the block-
thermal mass.

23. The method according to claim 22, wherein the at least
one temperature-compensating strain gauge is mounted on
the block in a location that does not deform in response to
deformations of the sensor tube.

24. The method according to claim 21, wherein the at least
one temperature-compensating strain gauge has a tempera-
ture-compensating strain gauge direction configured to be
orthogonal to an axis of the sensor tube.

25. Apparatus for performing a medical procedure, com-
prising:

a medical probe, comprising:

a flexible insertion tube, having a distal end for insertion
into abody cavity of a patient and which is configured
to be brought into contact with tissue in the body
cavity;

a sensor tube comprising an elastic material, contained
inside the distal end of the insertion tube and config-
ured to deform in response to forces exerted by the
tissue on the distal end; and

a plurality of strain gauges fixedly attached to a surface
ofthe sensor tube at different, respective locations and
configured to generate respective signals in response
to deformations of the sensor tube; and

a console, which receives the respective signals from the

strain gauges and in response provides an indication of

the forces on the distal end.
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26. A method for performing a medical procedure, com-
prising:

providing a flexible insertion tube, having a distal end for
insertion into a body cavity of a patient and which is
configured to be brought into contact with tissue in the
body cavity;

installing a sensor tube comprising an elastic material
inside the distal end of the insertion tube, the sensor tube
being configured to deform in response to forces exerted
by the tissue on the distal end;

fixedly attaching a plurality of strain gauges to a surface of
the sensor tube at different, respective locations, the
strain gauges being configured to generate respective
signals in response to deformations of the sensor tube;

receiving the respective signals at a console; and

providing at the console an indication of the forces on the
distal end in response to receiving the respective signals.
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