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ABSTRACT

An apparatus 1s provided that includes a medical probe
anad a processor. The medical probe has a distal end comprising
a plurality o¢of arms that extend diagonally outward from a
central shaft and have respective position transducers coupled
thereto, the arms configured to press against an intra-body
surface so as to exert pressure on the surface and bend with
respect to the central shaft i1in response to the pressure. The
processcor 1s configured to measure positions of the respective
position transducers coupled to the arms, and to estimate the
pressure exerted by the arms responsively to the measured

positions.
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PRESSURE SENSING FOR A MULTI-ARM CATHETER

R e R P Ay —————— R ———— ey — b ey e—————

FIELD OF THE INVENTION

The present 1nvention relates generally to 1invasive
probes, and specifically to determining pressure exerted by a

multi-arm catheter on a surface.

BACKGROUND OF THE INVENTION

A wide range of medical procedures involve placing
objects, such as sensors, tubes, catheters, dispensing devices
and implants, within the body. Position sensing systems have
been developed for tracking such objects. Magnetic position
sensing 1s one of the methods known 1in the art. In magnetic
position sensing, magnetic field generators are typically
prlaced at known positions external to the patient. One or
more magnetic field sensors within the distal end of a probe
generate electrical signals 1in response to these magnetic
fields, which are processed in order to determine the position
coordinates of the distal end of the probe. These methods and
systems are described in U.S. Patents 5,391,199, 6,690,963,
6,484,118, 6,239,724, 6,618,612 and 6,332,089, in PCT
International Publication WO 1996/005768, and in U.S. Patent
Application Publications 2002/0065455 Al, 2003/0120150 Al and
2004/0068178 Al, whose disclosures are all incorporated herein

by reference.

In addition to catheters with a single distal ¢tip
discussed supra, U.S. Patent 6,574,492, whose disclosure 1is
incorporated herein by reference, discusses a catheter with a
tuft of multiple resilient arms (also referred to as lobes)
extending from the distal end of the catheter. Each of the
distal arms has a position sensor and one or more electrodes.
There is also an additional position sensor in the distal end
of the catheter, located at the base of the tutft.

When placing a probe within the body, it may be desirable

to have the distal tip(s) of the probe in direct contact with
1
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body tissue. The contact can be verified, for example, by
measuring the contact pressure between the distal tip(s) and
the Dbody tissue. U.S. Patent Application Publications
2007/0100332, 2009/0093806 and 2009/0138007, whose disclosures
are 1ncorporated herein by reference, describe methods of
sensing contact pressure between the distal tip of a catheter
and tissue 1in a body cavity using a force sensor embedded in
the catheter. The distal tip of the catheter is coupled to
the distal end of the catheter insertion tube by a resilient
member, such as a spring, which deforms in response to force
exerted on the distal tip when it presses against endocardial
tissue. A magnetic position sensor within the catheter senses
the deflection (location and orientation) of the distal tip
relative to the distal end of the insertion tube. Movement of
the distal tip relative to the insertion tube is indicative of
deformation of the resilient member, and thus gives an

indication of the pressure.

SUMMARY OF THE INVENTION

An embodiment of the present 1invention that 1s described
herein provides a method for operating a mwmedical probe,
including:

pressing a distal end of the medical probe, which
includes one or more arms that extend diagonally outward from
a central shaft and have respective position transducers
coupled thereto, against an intra-body surface, so as to cause
the arms to exert pressure on the surface and bend with
respect to the central shaft in response to the pressure;

measuring positions of the respective position
transducers coupled to the arms; and

estimating the pressure exerted by the arms responsively
to the measured positions.

In some embodiments, the medical probe includes a
catheter. In an embodiment, estimating the pressure 1includes

verifying a physical contact between the arms and the surface.
2
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In a disclosed embodiment, estimating the pressure 1ncludes
identifying that a given arm makes a physical contact with the
surface by detecting, using the measured positions, a change
in a curvature of the given arm. In another embodiment,
measuring the positions includes applying one or more magnetic
fields in a vicinity of the probe, receiving from the position
transducers respective signals, which are generated by the
position transducers responsively to the magnetic fields and
are 1indicative of the respective positions of the position
transducers, and calculating the positions based on the
received signals.

In some embodiments, estimating the pressure includes
calculating at least one distance between at least one
respective pair of the position transducers, and estimating
the pressure responsively to the distance. In another
embodiment, estimating the pressure includes calculating at
least one angle between at least one respective pair of the
arms, and estimating the pressure responsively to the angle.
In yet another embodiment, estimating the pressure includes
calculating at least one angle between the central shaft and
at least one of the arms, respectively, and estimating the
pressure responsively to the angle. In still another
embodiment, estimating the pressure includes applying to the
measured positions a pre-calibrated relation between the
pressure and the positions.

In an embodiment, measuring the positions includes
measuring a position of an additional position transducer that
is coupled to the central shaft, and estimating the pressure
includes assessing the pressure responsively to the measured
position of the additional position transducer. Estimating the
pressure may include calculating at least one distance between
the additional position transducer and a respective at least
one of the position transducers, and estimating the pressure
responsively to the distance. In an embodiment, estimating the

3
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pressure includes calculating at least one angle between the
central shaft and a respective at least one of the arms, and
estimating the pressure responsively to the angle.

In some embodiments, the method includes displaying an
image of the arms and the surface to an operator, and
selecting a graphical feature wusing which the arms are
presented in the image responsively to the estimated pressure.
In an embodiment, the method includes selectively enabling
sensing of signals by one or more electrodes coupled to at
least one of the arms responsively to the estimated pressure.

There 1is additionally provided, 1in accordance with an
embodiment of the present invention, including:

a medical probe, having a distal end including one or
more arms that extend diagonally outward from a central shaft
and have respective position transducers coupled thereto, the
arms configured to press against an intra-body surface so as
to exert pressure on the surface and bend with respect to the
central shaft in response to the pressure; and

a processor, which is configured to measure positions of
the respective position transducers coupled to the arms, and
to estimate the pressure exerted by the arms responsively to
the measured positions.

There 1is also provided, in accordance with an embodiment
of the present invention, a computer software product,
operated in conjunction with a medical probe that includes one
or more arms that extend diagonally outward from a central
shaft and have respective ©position transducers coupled
thereto, the product including a computer-readable medium, 1n
which program instructions are stored, which 1instructions,
when read by a computer, cause the computer to measure
positions of the respective position transducers coupled to
the arms, and to estimate the pressure exerted by the arms

responsively to the measured positions.
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The present 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

Figure 1 1s a schematic pictorial 1llustration of a
medical system that uses a multi-arm catheter, in accordance
with an embodiment of the present invention;

Figure 2 is a schematic side view showing details of the
distal portion of a multi-arm catheter, 1n accordance with an
embodiment of the present invention; and

Figure 3 is a flow diagram that schematically illustrates
a method of measuring pressure exerted by a multi-arm catheter

on an intra-body surface, in accordance with an embodiment of

the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Various diagnostic and therapeutic procedures, such as
intracardiac electrical mapping or cardiac ablation, use an
invasive probe whose distal tip is fitted with at least one
electrode. The electrode is typically operated when the probe
is pressed against intra-body tissue. 1In these procedures, 1t
is usually important to maintain sufficient contact pressure
between the probe and the tissue 1in question. On the other
hand, excessive pressure can have undesired effects on the
procedure, and in extreme cases even cause physical damage to
the tissue.

Embodiments of the present invention provide methods and
systems for measuring the pressure that a multi-arm probe
(e.g., a catheter) exerts on tissue in a body cavity. In some
embodiments, the distal end of a medical probe 1includes a
central shaft and multiple arms that extend diagonally outward
from the central shaft. Each arm is fitted with a position

transducer. During a medical procedure, the distal end of the
5
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catheter is pressed against an intra-body surface, so that the
arms exert pressure on the surface. As a result of the
pressure, the arms bend with respect to the central shaft.
The positions of the position transducers 1in the arms are
measured, and the contact pressure between the arms and the
surface 1s estimated based on the measured positions of the
arms.

In some embodiments, an additional position transducer 1is
fitted in the distal end of the central shaft, in addition to
the position transducers fitted 1in the multiple arms. The
positions of the different position transducers are measured,
including the additional position transducer in the central
shaft, and the contact pressure is estimated based on the
position measurements.

Although the embodiments described herein refer mainly to
multi-arm probes, some of the disclosed techniques can also be
used in a probe having a single arm fitted with a position
transducer. In some embodiments, the magnitude of the contact
pressure 1is estimated based on the measured positions of the
arms. In alternative embodiments, the mwmeasured positions of
the arms are used to verify physical contact between the arms
and the surface, without necessarily measuring the pressure
magnitude.

In some embodiments, the dependence of the measured
positions on the pressure may be calibrated 1n advance.
Coefficients calculated during a calibration procedure can be
stored as a calibration matrix in a non-volatile memory that
is coupled to the catheter. Then, when the catheter is inside
a body cavity such as a heart, the probe measurements and the
calibration coefficients may be used to verify that the
electrodes are in contact with the heart wall, and/or that the
pressure between the electrodes and the heart wall 1s 1n the

proper range for ablation and/or sensing.
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SYSTEM DESCRIPTION

Figure 1 1s an illustration of a medical system 20 that
uses a multi-arm catheter, which is constructed and operative
in accordance with a disclosed embodiment of the 1invention.
System 20 may be based, for example, on the CARTO™ system,
produced by Biosense Webster Inc. (Diamond Bar, California).
System 20 comprises a multi-arm probe 22, such as a catheter,
and a control console 24. In the embodiment described
hereinbelow, it is assumed that probe 22 is wused for
diagnostic or  therapeutic treatment, such as mapping
electrical potentials in a heart 26 or performing ablation of
heart tisgsue. Alternatively, probe 22 may be used, mutatis
mutandis, for other therapeutic and/or diagnostic purposes in
the heart or in other body organs.

An operator 28, such as a cardiologist, inserts multi-arm
probe 22 through the vascular system of a patient 30 so that a
distal end 31 of probe 22 enters a chamber of the patient's
heart 26. Operator 28 advances probe 22 so that the distal
end, comprising a plurality of arms 32 extending from a
central shaft 34, engages endocardial tissue at a desired
location or locations. Probe 22 1is typically connected by a
suitable connector at its proximal end to console 24.

Console 24 uses magnetic position sensing to determine

position coordinates of central shaft 34 and arms 32 1inside

heart 26. To determine the position coordinates, a driver
circuit 36 1n console 24 drives field generators 38 to
generate magnetic fields within the body of patient 30.
Typically, field generators 38 comprise coils, which are
placed below the patient's torso at known positions external
to patient 30. These coils generate magnetic fields 1in a
predefined working volume that contains heart 26. Magnetic
field transducers that are coupled to arms 32 of probe 22, and
in some embodiments also to shaft 34, generate electrical

signals in response to these magnetic fields. (The distal end
7
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of probe 22, arms 32, shaft 34 and the different position
transducers are shown in detail in Figure 2 below.) A signal
processor 40 in console 24 processes the electrical signals 1in
order to determine the position coordinates of arms 32 and
possibly central shaft 34, typically including both location
and orientation coordinates.

Processor 40 typically comprises a general-purpose
computer, with suitable front end and interface circuits for
receiving signals from probe 22 and controlling the other
components of console 24. Processor 40 may be programmed 1n
software to carry out the functions that are described herein.
The software may be downloaded to console 24 in electronic
form, over a network, for example, or it may be provided on
tangible media, such as optical, magnetic or electronic memory
media. Alternatively, some or all of the functions of
processor 40 may be carried out by dedicated or programmable
digital hardware components, or using a combination of
hardware and software elements.

An input/output (I/0) interface 42 enables console 24 to
interact with probe 22. Based on the signals received from
probe 22 (via interface 42 and other components of gystem 20),
processor 40 drives a display 44 to present operator 28 with a
map 46 of cardiac electrophysiological activity, as well as
providing visual feedback regarding the position of distal end
31 in the patient's body, as well as status information and
guidance regarding the procedure that is 1in progress.

Alternatively or additionally, system 20 may comprise an
automated mechanism (not shown) for maneuvering and operating
probe 22 within the body of patient 30. Such mechanisms are
typically capable of controlling both the longitudinal motion
(advance/retract) of probe 22 and transverse motion
(deflection/steering) of central shaft 34 and arms 32. In
such embodiments, processor 40 generates a control 1input for

controlling the motion of probe 22 based on the signals
8
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provided by the magnetic field transducer in the probe. These
signals are indicative of both the position of central shaft
34, and of force exerted on the central shaft (1.e., wvia arms
32), as explained further hereinbelow.

Figure 2 1s a schematic side view of distal end 31 of
multi-arm probe 22, 1n accordance wilith an embodiment of the
present invention. Specifically, Figure 2 shows functional
elements of central shaft 34 and arms 32. Distal end 31
comprises a tuft of three arms 32 extending diagonally outward
from central shaft 34. In the present example, arms 32 are
substantially symmetrically arranged about a longitudinal axis
50 of central shaft 34, although any other gsuitable arm
configuration can also be used. Figure 2 1llustrates the arms
substantially mutually spaced 120° apart about axis 50. A
radial dimple 52 1s formed at a juncture between central shaft
34 and each of arms 32, to enable the arms to bend backwards
when pressing against a surface, such as the wall of heart 26.

Each of the arms comprises an electrode 54, which comes
to contact with the heart tissue and senses electrical signals
in the tigsue. Electrode 54 may comprise, for example, a
monopolar electrode or a Dbipolar electrode useful for
determining local electrical activity (e.g., local activation
time), and 1is typically made of a metallic material, such as a

platinum/iridium alloy or another suitable material.

Alternatively, multiple electrodes (not shown) along the
length of each arm may be used for this purpose.

Each of the arms also comprises a position transducer 56,
which generates a signal to console 24 that 1s 1indicative of
the position coordinates of 1its respective arm 32. An
additional position transducer 58 1s fitted 1n central shaft
34 and generates a signal to console 24 that is indicative of
the position coordinates of the central shaft. Each of
position transducers 56 and 58 may comprise one Or more

miniature coils, and typically comprises multiple co1lls
S
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oriented along different axes. Alternatively, ©position
transducers 56 and 58 may comprise elther another type of
magnetic transducer, an electrode which serves as a position
transducer, or position transducers of other types, such as
impedance-based or ultrasonic position transducers. Although
Figure 2 shows a probe with a single position transducer 1in
each of the arms, embodiments of the present invention may
utilize probes with more than one position transducer 1in any
of the arms. When distal end 31 1s pressed against body
tissue during a medical procedure, processor 40 of console 24
uses the signals received from position transducers 56, and
sometimes transducer 58, to calculate the positions of the
transducers.

In an alternative embodiment, the roles of position
transducers 56, 58 and magnetic field generators 38 may be
reversed. In other words, driver circuit 36 may drive
magnetic field generators in position transducers 56 and 58,
so as to generate magnetic fields. Coils 38 may be configured
to sense the fields and generate signals 1indicative of the
amplitudes of the components of these magnetic fields. In
this embodiment, processor 40 receives and processes the
signals from coils 38 in order to determine the position
coordinates of central shaft 34 and arms 32 within heart 26.

When pressing against a Dbody cavity wall, the

displacement of arms 32, either relative to each other and/or
relative to central shaft 34, gilves a measure of the
deformation of each of the arms. Based on the measurements
received from position transducers 56 (and in some embodiments

also transducer 58), processor 40 can calculate the pressure
applied by arms 32 against the wall of heart 26. Thus, the
combination of field generators 38 with position transducers
56 and 58 serves as a pressure sensing system. This pressure

sensing system reads the pressure correctly regardless of

10
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whether the pressure is exerted on arms 32 head-on or at an
angle.

In the present context, the term “estimating contact
pressure” refers both to quantitative pressure measurement and
to verification of physical contact. In other words, processor
40 may estimate a numerical magnitude of the pressure exerted
by the arms, or verify whether or not the arms come tO
physical contact with the heart surface. In the latter case,
processor 40 produces binary indications that indicate whether
or not the arms are in physical contact with the surface.

Although Figures 1 and 2 show a particular system
configuration, other system configurations can also Dbe
employed to implement embodiments of the present invention,
and are thus considered to be within the spirit and scope of
this invention. For example, the methods described
hereinbelow may be applied using position transducers of other
types, such as impedance-based or ultrasonic position
transducers. The term “position transducer” as used hereiln
refers to an element mounted on probe 22 which causes console
24 to receive signals indicative of the coordinates of the
element. The position transducer may thus comprise a recelver
on the probe, which generates a position signal to the control
unit based on energy received by the transducer; or it may
comprise a transmitter, emitting energy that is sensed by a
receiver external to the probe. In some embodiments, some of
the disclosed techniques can be used with a probe having only
a single arm that is fitted with a position transducer.
Furthermore, the methods described hereinbelow may similarly
be applied in mapping and measurement applications using not

only catheters, but also probes of other types, both 1in the

heart and in other body organs and regions.

11
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CONTACT PRESSURE ESTIMATION USING ARM POSITION MEASUREMENTS

As discussed supra, embodiments of the present invention
provide methods and systems for measuring the contact pressure
between distal end 31 and the intra-body tissue. In some
embodiments, processor 40 processes signals from position
transducers 56 1n order to determine the position coordinates
of arms 32, typically including both location and orientation
coordinates. In some embodiments, processor 40 may use the
collected measurements to calculate one or more angles between
arms 32. With reference to Figure 2, processor 40 may
calculate one or more angles 60 between respective pairs of
longitudinal axes 62 of arms 32. Alternatively or
additionally, processor 40 may calculate one or more distances
64 between pairs of position sensors 56.

In alternative embodiments, processor 40 processes
signals received from position transducer 658, as well, 1in
order to determine the position coordinates of central shaft
34 and arms 32. Processor 40 may use the collected
measurements to calculate an angle 66 between longitudinal
axls 50 of shaft 34 and longitudinal axis 62 of one of arms
32. Such a calculation can be performed for one or more of
position transducers 56. In another embodiment, processor 40
estimates the curvature of a given arm, or of multiple arms,

based on the signals received from position transducers 56 and

58. The estimated curvature can also be used as an indicator
of contact pressure or physical contact. In an example
embodiment, processor 40 senses that a give arm makes physical
contact with the tissue by detecting a change in the curvature
of the arm.

In further alternative embodiments, processor 40 may use
the collected measurements to calculate an angle 67 between a
pair of arcs 68, where each arc 68 traverses position
transducer 58 and one of position sensors 56. Alternatively

or additionally, processor 40 may calculate a respective
12
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distance 69 between posgsition sensor 58 and a given position
sensor 56. Again, this calculation can be performed for one or
more of position transducers 56.

To determine the exerted pressure, processor 40 may use
coefficients (typically pre-calculated during a calibration
procedure) to estimate the pressure arms 32 are exerting on
the intra-body tissue 1n question based on the calculated
distances and/or angles.

In some embodiments, display 44 may present map 46 as a
component of a novel user interface. For example, processor 40
may modify the way in which electrodes 54 1in arms 32 are
displayed on display 44, based on the estimated contact
pressure. For example, 1if the contact pressure 1s within a
predefined range that is regarded acceptable, the electrodes
can be displayed using a certain color, icon or other
graphical feature. If the contact pressure 1s outside the
degsired range, a different graphical feature will be used to
display the electrodes. In an embodiment, processor 40 may
refrain from displaying the electrodes 1f the contact pressure
is out of range.

In some embodiments, processor 40 may enable sensing of
electrical signals by electrodes 54 only when there 1s
sufficient contact pressure against the wall of heart 26 (so
that the potential measurement is likely to be wvalid).

In some embodiments, processor 40 may estimate the
contact pressure applied by distal end 31 as a whole. 1In
alternative embodiments, processor 40 may estimate and output
the individual contact pressure exerted by each individual arm
32. For example, the processor may decide how to display a
given arm 32 on display 44, or whether to enable sensing by
the respective electrode 54, based on the specific pressure
exerted by that individual arm.

Figure 3 is a flow diagram that schematically 1illustrates

a method of measuring the pressure exerted by probe 22 on an

13
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intra-body surface, in accordance with an embodiment of the

present invention. After operator 28 positions probe 22 (step

70) in heart 26, processor 40 processes the signals generated

by position transducers 56 and 58 (step 72) and estimates the

pressure exerted by arms 32 on endocardial tissue of heart 26

based on the signals (step 74). As discussed supra, processor

40 may derive the pressure based on parameters such as
distances 64 and 69 or angles 60, 66 and 67. Processor 40 may
use either a single parameter, or a combination of these or
other parameters. Low pressure indicates that there may be
inadequate contact between electrodes 54 and the endocardial
tissue. High pressure may 1ndicate that the electrodes are
pressing too hard against the endocardial tissue.

Processor 40 checks whether the pressure measured at step
74 above 1is within a pre-specified acceptable range (step 76).
If the contact quality is not within the specified range,
console 24 may output an indication to display 44 of the
pressure measured, and may issue an alert 1f the pressure 1s
too low or too high, thereby prompting operator 28 ¢to
reposition probe 22 (step 78). The method then returns to step
70. Alternatively or additionally, the pressure 1ndication
may be used in closed-loop control of an automated mechanism
for maneuvering and operating probe 22, as described
hereinabove, to ensure that the mechanism causes arms 32 to

engage the endocardium in the proper location, and with the

appropriate pressure against the tissue.

If the contact pressure 1is within the specified range
(step 76), processor 40 operates electrodes 54, e.g., collects
map points (step 80), and updates map 46. Finally, 1if
operator 28 desires to collect additional mapping data (step
82), then the method returns to step 70 until the map 1s
completed.

Although the operation of position transducers 56 and 58

igs described above in the context of using a catheter for

14
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acquisition of electrophysiological mapping data, the
principles of the present invention may similarly be applied
in other therapeutic and diagnostic applications that use
invasive probes, both in heart 26 and in other organs of the
body. For example, the devices and techniques that are
implemented in system 20 may be applied, mutatis mutandis, 1in
gated mapping of other physiological parameters, such as
temperature or chemical activity, both 1in the heart and in
other organs. Alteratively, gystem 20 may operate various
other kinds of electrodes when the contact pressure 1s within
range, e.g., apply ablation.

The corresponding structures, materials, acts, and
equivalents of all means or steps plus function elements 1in
the c¢laims below are 1intended to 1include any structure,
material, or act for performing the function in combination
with other claimed elements as specifically claimed. The
description of the present disclosure has been presented for
purposes of illustration and description, but 1is not intended
to be exhaustive or limiting to the disclosure 1in the form
disclosed. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from
the scope and spirit of the disclosure. The embodiment was
chosen and described in order to best explain the principles
of the disclosure and the practical application, and to enable
others of ordinary skill in the art to understand the
disclosure for various embodiments with various modifications
as are suited to the particular use contemplated.

It 1is intended that the appended claims cover all such
features and advantages of the disclosure that fall within the
spirit and scope of the present disclosure. As numerous
modifications and changes will readily occur to those skilled
in the art, it is intended that the disclosure not be limited
to the limited number of embodiments described herein.
Accordingly, it will be appreciated that all suitable

15
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variations, modifications and equivalents may be resorted to,

falling within the spirit and scope of the present disclosure.
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CLAIMS

1. Apparatus, comprising:

2 mcdical vprobe, having a distal end comprising a
prurality of arms that extend diagonally outward from a
central shaft and have respective position transducers coupled
thereto, the arms configured to press against an intra-body
surface so as to exert pressure on the surface and bend with
respect to the central shaft i1n response to the pressure; and

=z processor, which 1s configured to measure positions of
the respective vosition transducers coupled to the arms, and
to cstimate the pressure exerted by the arms responsively to

the measured positions.

2 . The apparatus according to claim 1, wherein the medical

probe comprises a catheter.

3. The apparetus accorcing to claim 1, wherein the processcr
1s configured to verify a physical contact betwecen the arms

and the surface.

4 . The apparatus according to claim 1, wherein the processor
1s configured to identify that a given arm makes a physical
contact with the surface by detecting, using the measured

positions, a change in a curvature of the given arm.

5. The apparatus according to claim 1, wherein the processor
1s configured to cause one or more field generators to apply
orre or more magnetic fields 1n a vicinity of the probe, to
recelve from the position transducers respective signalg,

which are generated by the position transducers responsively

L7
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to the magnetic fields and are Zndicative of the regpective

positions of the position transducers, and to calculate the

positions based on the received signals.

6 . The apparatus according to claim 1, wherein the processor
15 configured to calculate at least one distance between at
least one respective palr of the position transducers, and to

estimate the pressure responsively to the distance.

7. The apparatus according to claim 1, wherein the procesgsor
18 configured to calculate at least one angle between at least
one respective palr of the arms, and to estimate the pressure

responsively to the angle.

8 . The apparatus according to claim 1, wherein the processor
1s configured to calculate at least one angle Letween the
central sghaft and at least one of the arms, resgpectively, and

Lo estimate the pressure responsively to the angle.

9. The apparatus according to claim 1, wherein the processor
1s conflgured to estimate the vressure by applying to the
measured pos_tions a pre-callbrated relation Dbetweenn the

pressure and the positions.

10. The apparatus according to claim 1, and comprising an
additional position transducer coupled to the central shafc,
whereln the processor 1s configured to measure a position of
the additilional position transducer, and to estimate the
pressure responsively to the measured position of the

additional position transducer.
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11. The apparatus according to c¢claim 10, wherein  the
processor 1s configured to calculate at Lleast one distance
between the additional position transducer and a respective at
least one o¢©f the position transducers, and to estimate the

pressure responsively to the distance.

12. The apparatus according to c¢laim 10, wherein the
processor 1s configured to calculate at least one angle
between the central shaftt and a respective at least one of the

arms, and to estimate the pressure responsively to the angle.

13. The apparatus according to claim 1, wherein the processor
is coupled to cisplay an image of the arms and the surface to
an operator, and to select a graphical feature using which the

arms are presented 1n the 1mage responsively to the estimated

14. The apparatus according to claim 1, wherein the probe
comprises one or more electrodes coupled to at least one of
the arms, and wherein the processor 1s configured to

selectively enable sensing of signals by the electrodes

responsively to the estimated pressure.

15. A computer readable medium containing a stored software
proauct, operated 1n conjunction with a medical probe that
includes a plurallty of arms that extend diagonally outward
from a central shaft and have respective position transducers
coupled thereto, the stored software product having computer
cxecutable software 1nstructions, which 1nstructions, when
read by a computer, cause the'computer to measure positions of

the respective position transducers coupled to the arms, and

19

CA 2745018 2018-10-12



to estimate the pressure exerted by the arms responsively to
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