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process may be repeated for any actuation axes on which
calibration is desired.
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1
ROBOTICALLY CONTROLLED CATHETER
AND METHOD OF ITS CALIBRATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/441,249, filed 6 Apr. 2012 (the 249 application), now
pending, which is a continuation of U.S. application Ser. No.
11/843,589, filed 22 Aug. 2007 (the *589 application), now
U.S. Pat. No. 8,155,910, which is a continuation-in-part of
U.S. application Ser. No. 11/139,908, filed 27 May 2005 (the
*908 application), now U.S. Pat. No. 7,632,265. This appli-
cation is also related to U.S. application Ser. No. 11/647,300,
filed 29 Dec. 2006 (the *300 application), now pending, U.S.
application Ser. No. 11/647,298, filed 29 Dec. 2006 (the *298
application), now pending, U.S. application Ser. No. 11/647,
272, filed 29 Dec. 2006 (the *272 application), now pending,
U.S. application Ser. No. 11/647,296, filed 29 Dec. 2006 (the
’296 application), now pending, U.S. application Ser. No.
11/647,297, filed 29 Dec. 2006 (the *297 application), now
pending, and U.S. application Ser. No. 11/647,304, filed 29
Dec. 2006 (the *304 application), now U.S. Pat. No. 7,974,
674. The °249 application, the 589 application, the 908
application, the *300 application, the *298 application, the
*272 application, the 296 application, the *297 application,
and the 304 application are hereby incorporated by reference
as though fully set forth herein.

BACKGROUND OF THE INVENTION

a. Field of the Invention

The instant invention relates to robotically controlled
devices employing positional feedback systems. Inparticular,
the instant invention relates to a method for obtaining a trans-
fer function in order to calibrate actuation of a robotically
controlled device relative to the positional feedback system.

b. Background Art

Catheters are used for an ever growing number of medical
procedures. To name just a few examples, catheters are used
for diagnostic, therapeutic, and ablative procedures. Typi-
cally, the physician manipulates the catheter through the
patient’s vasculature to the intended site, such as a site within
the patient’s heart. The catheter typically carries one or more
electrodes or other diagnostic or therapeutic devices, which
may be used for ablation, diagnosis, cardiac mapping, or the
like.

It is well known that, to facilitate manipulation of the
catheter through the patient’s vasculature to the intended site,
portions of the catheter shaft, especially the distal regions
thereof, may be made steerable. For example, the catheter
may be manufactured such that the physician can translate,
rotate, and deflect the distal end of the catheter as necessary
and desired to negotiate the tortuous paths of the patient’s
vasculature en route to the target site.

By way of illustration, deflectability is oftentimes achieved
by installing one or more steering wires (sometimes referred
to as “pull wires”) along the length of the catheter shaft. These
steering wires are coupled to one or more actuators that the
physician can utilize to selectively tension the wires, thereby
deflecting the distal end of the catheter. It is also known that
the pull wires may be coupled to a motorized, electrome-
chanical control system for actuating the catheter on the
deflection axis. Similarly, in order to advance and retract (that
is, translate) the catheter, the catheter may be coupled to a
motorized carriage.
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2

Positional feedback systems (sometimes referred to as
localization systems, navigation systems, ot mapping sys-
tems, with the various terms being used interchangeably
herein) may be used to provide the physician with informa-
tion concerning the position or location of the catheter within
the patient. U.S. Pat. No. 5,697,377 (“the *377 patent) and
U.S. Pat. No. 5,983,126 (“the *126 patent™), both of which are
hereby expressly incorporated by reference as if fully set forth
herein, disclose navigation systems for determining the posi-
tion or location of a catheter in a patient’s heart.

In the systems of the *377 and *126 patents, current pulses
are applied to pairs of orthogonally-arranged patch electrodes
placed on the body of the patient. These patches are used to
create electric fields inside the patient defining a set of
orthogonal %, y, and z measurement axes. The patents teach
small amplitude, low current pulses supplied continuously at
three different frequencies, one on each axis. A location elec-
trode placed within these electric fields—for example, within
the patient’s heart—experiences voltages depending on its
location between the pairs of patch electrodes defining each
axis. The voltage on the location electrode, when compared to
that on a reference electrode, indicates the position of the
location electrode relative to the reference electrode. Thus,
the three voltages can be used to define a location of the
location electrode, and thus the catheter, in three-dimensional
space, which may be expressed as a rectangular (X, y, 7)
coordinate relative to a set of orthogonal measurement axes.

While the motors used to actuate a catheter are themselves
quite precise, the mechanical systems employed to deflect,
translate, or rotate the catheter are less so, especially where
actuation forces must be transmitted over significant dis-
tances. In particular, the position of the catheter tip depends
upon many variables, including the catheter’s temperature, its
recent movement history, and the tortuous path it is travers-
ing, as well as the expected and desired dependence upon the
displacement supplied to the pull wires or other mechanical
and electromechanical system elements. Much of this vari-
ability is due to retained forces along the length of the catheter
body and internal catheter structures, which may be collec-
tively referred to as “memory.” In fact, for a given displace-
ment of the pull wires, these factors can resultin a variation of
the tip location in excess of 1 cm. Relative changes desired in
tip position are not precisely predictable for the same reasons.

Furthermore, extant positional feedback systems, such as
the navigation system described above, may have inherent
error. Though intra-cardiac navigation systems are robust in
terms of their reproducibility, the dimensional feedback that
they provide tends to be contextual—dependent upon the
particular patient, heart chamber structure, and other factors.
Though this presents no difficulty for mapping applications,
wherein all sites are mapped and marked in the same relative
context, it does present a problem in open loop characteriza-
tion of the catheter. For example, if the navigation system
indicates that a 10 mm deflection is necessary, but this move-
ment is, in reality, only 9 mm per the catheter’s characteris-
tics, an error of 1 mm results. This navigation system error is
in addition to the device error discussed above.

Thus, itis desirable to obtain a transfer function relating the
desired motion of the catheter in three-dimensional space to
the control vectors or motion commands (referred to herein as
“movement vectors”) that are supplied to the motors. A first
order calibration method might be to actuate the catheter for
an expected movement and measure the actual movement
utilizing the navigation system described above. A scale cor-
rection factor can be derived from the ratio of the expected
movement to the actual movement. This approach, however,
may account for some uncertainties of the catheter itself, but
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does not account for external error sources such as patient
motion, cardiac motion, patient respiration, and electronic
noise.

BRIEF SUMMARY OF THE INVENTION

Disclosed herein is a robotically controlled cardiac cath-
eter and a method of calibrating the catheter. The calibration
method establishes the relationship between the actuation
supplied to the catheter and the actuation obtained while
accounting for external error sources such as patient motion,
cardiac motion, patient respiration, and electronic noise in the
positional feedback system. This facilitates accurate and pre-
cise control of the robotically controlled catheter.

Accordingto a first embodiment of the invention, a method
of calibrating a robotic device capable of movement relative
to at least one actuation axis generally includes: oscillating
the robotic device on a first actuation axis by applying a first
oscillation vector at a first oscillation frequency; while oscil-
lating the robotic device on the first actuation axis, periodi-
cally measuring a location of the robotic device, thereby
generating a first plurality of location data points measured as
a function of time; processing the first plurality of location
data points using a Fourier transform algorithm to isolate a
displacement of the robotic device attributable to application
of the first oscillation vector; and resolving an output of the
processing step into a calibration vector for the first actuation
axis. The location of the robotic device is measured for a
sampling interval between about 0.5 seconds and about 10
seconds at a first sampling rate that is preferably a multiple of
at least about two times greater than, and preferably between
about five and about ten times greater than, the first oscillation
frequency. The location of the robotic device may be mea-
sured relative to a plurality of measurement axes, thereby
creating a first plurality of location data points for each of the
measurement axes, which may then be independently pro-
cessed using a Fourier transform algorithm. The calibration
vector, in turn, may include at least one value for each of the
measurement axes. The plurality of location data points may
be stored in a buffer or other memory. The process may be
repeated for any other actuation axes on which the robotic
device may be actuated, with any or all of the oscillation
frequencies, sampling intervals, and sampling rates option-
ally being equal for the actuation axes. Preferably, the actua-
tion axes include a translation axis, a rotation axis, and a
deflection axis.

According to another embodiment of the invention, a
method of calibrating a robotically controlled catheter
capable of movement relative to at least one actuation axis
generally includes: mechanically actuating the catheter on a
first actuation axis by applying a first oscillation vector at a
first oscillation frequency; periodically measuring a location
of the catheter, thereby generating a first plurality of location
data points measured as a function of time; processing the first
plurality of location data points using a Fourier transform
algorithm to distinguish mechanical actuation of the catheter
from at least one of patient motion, cardiac motion, respira-
tion, and electronic noise; and resolving an output of the
processing step into a calibration vector for the first actuation
axis. The location of the catheter is measured for a sampling
interval between about 0.5 seconds and about 10 seconds ata
first sampling rate that is preferably a multiple of at least
about two times greater than, and preferably between about
five and about ten times greater than, the first oscillation
frequency. The sampling rate is preferably between about 60
Hz and about 200 Hz, and more preferably is about 100 Hz,
while the first oscillation frequency is preferably between
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about 1 Hz and about 10 Hz, and more preferably between
about 3 Hz and about 5 Hz. The location of the catheter, for
example, the location of the tip of the catheter, may be mea-
sured relative to a plurality of measurement axes, thereby
creating a first plurality of location data points for each of the
measurement axes, which may then be independently pro-
cessed using a Fourier transform algorithm. The calibration
vector, in turn, may include at least one value for each of the
measurement axes. The plurality of location data points may
be stored in a buffer or other memory. The process may be
repeated for any other actuation axes on which the catheter
may be actuated, with any or all of the oscillation frequencies,
sampling intervals, and sampling rates optionally being equal
for the actuation axes. Preferably, the actuation axes include
a translation axis, a rotation axis, and a deflection axis.

In yet another embodiment of the invention, a method of
calibrating a robotically controlled catheter generally
includes: oscillating the catheter on an actuation axis by
applying an oscillation vector at an oscillation frequency;
periodically measuring a location of a point on the catheter,
thereby generating a plurality of location data points mea-
sured as a function of time; applying a signal processing
algorithm to the plurality of location data points to isolate a
displacement of the catheter attributable to application of the
oscillation vector; and resolving an output of the signal pro-
cessing algorithm into a calibration vector for the actuation
axis. The signal processing algorithm may be a Fourier trans-
form algorithm. The plurality of data points is measured at a
sampling rate that is preferably a multiple of and at least about
two times greater than, and more preferably about five to
about twenty times greater than, the oscillation frequency.
The location of the catheter may be measured relative to one
or more measurement axes, thereby creating a plurality of
location data points for each of the measurement axes. The
calibration vector, in turn, may include at least one compo-
nent, including zero components, along each of the one or
more measurement axes. The plurality of location data points
may be stored in a buffer or other memory. The actuation axis
is preferably selected from the group consisting of a transla-
tion axis, a deflection axis, and a rotation axis.

According to still another embodiment of the invention, a
method of calibrating a robotically controlled catheter
capable of movement relative to at least one actuation axis
includes: mechanically actuating the catheter on a first actua-
tion axis by applying a first oscillation vector at a first oscil-
lation frequency; periodically measuring a location of the
catheter to generate a first plurality of location data points
measured as a function of time; and processing the first plu-
rality of location data points using a Fourier transform algo-
rithm to generate a transfer function that relates a position of
the robotically controlled catheter to a movement vector for
the first actuation axis. The process may be repeated for
additional actuation axes.

In a further embodiment of the present invention, a roboti-
cally controlled medical device generally includes: an end-
effector configured to perform a medical procedure; an actua-
tor for moving the end-effector; a controller for mechanically
actuating the end-effector by energizing the actuator to apply
an oscillation vector on an actuation axis to the end effector;
a positional feedback system for periodically measuring a
location of the end-effector, thereby creating a plurality of
location data points measured as a function of time; and a
processor for processing the plurality of location data points
according to a Fourier transform algorithm to generate a
transfer function relating the position of the end-effector to a
movement vector for the actuation axis. The end-effector may
be a cardiac catheter. The positional feedback system may
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periodically measure a location of the end of the end-effector
relative to one or more measurement axes, thereby creating a
plurality of location data points for each of the one or more
measurement axes, which may then be independently pro-
cessed using a Fourier transform algorithm. The transfer
function may comprise a calibration vector having at least one
component, including zero components, directed along each
of the one or more measurement axes.

A technical advantage of the present invention is that it
accounts for device variability error, positional feedback sys-
tem error, and external factor error in deriving a transfer
function for calibrating a robotically controlled device.

The foregoing and other aspects, features, details, utilities,
and advantages of the present invention will be apparent from
reading the following description and claims, and from
reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of an embodiment of a
robotic surgical system.

FIG. 2 is a perspective view of one embodiment of a cath-
eter holding device with a catheter placed therein.

FIG. 3 is an end view of the catheter holding device of FIG.
2.

FIG. 4 is a perspective view of one embodiment of a cath-
eter holding device with a catheter secured therein.

FIG. 5is an end view of the catheter holding device of FIG.
4.

FIG. 6 illustrates an exemplary steerable catheter such as
may be used in the robotic surgical system.

FIG. 7 schematically illustrates a robotic surgical system
and a localization system such as may be used in the present
invention.

FIG. 8 is a flowchart of a method of calibrating a roboti-
cally controlled cardiac catheter or other robotically con-
trolled device.

FIGS. 9a through 9c illustrate exemplary calibration plots,
both as raw data and after signal processing, such as by
application of a Fourier transform algorithm, on the x, y, and
Z measurement axes, respectively.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 schematically illustrates an embodiment of a robotic
surgical system 10 for robotic manipulation and control of a
medical device 12. Medical device 12 is preferably a catheter,
which may be any type of catheter, including, by way of
example only and without limitation, an ablation catheter, a
guide wire catheter, an introducer catheter, a probe, or astylet.
It should be understood, however, that any other therapeutic,
diagnostic, or assistive medical device may be controlled by
robotic surgical system 10 without departing from the scope
of the present invention. Such other devices include, but are
not limited to, syringes, electrophoresis devices, iontophore-
sis devices, transdermal pharmaceutical delivery devices,
myoblast delivery devices, stem cell delivery devices, abla-
tion devices, stents, and pacemaker leads, which may be
carried on or delivered by a catheter. It should further be
understood that robotic surgical system 10 may be used to
manipulate and control more than one medical device 12 in
accordance with the quick installation and removal feature
described herein. Accordingly, the terms “medical device,”
“probe,” “therapeutic device,” and “catheter” are used inter-
changeably herein. The general term “end effector” may also
be used to describe medical device 12.
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Robotic surgical system 10 generally includes a track 14, a
catheter holding device 16, a translation servo mechanism 18,
acatheter deflection control mechanism 20, a deflection servo
mechanism 22, and a controller 24 operatively coupled to at
least one of translation servo mechanism 18 and deflection
servo mechanism 22. Translation and deflection servo mecha-
nisms 18, 22 may be any type of device for providing
mechanical control at a distance, including continuous
motors, stepper motors, hydraulic actuators, pulley systems,
and other devices known to those of ordinary skill in the art.
Catheter deflection control mechanism 20 and deflection
servo mechanism 22 are collectively referred to herein as a
“catheter deflection mechanism.”

Catheter holding device 16 includes a catheter receiving
portion 26. Catheter receiving portion 26 is configured to
receive catheter 12 by installing a catheter control handle 28,
located near a proximal end 30 of catheter 12, into catheter
receiving portion 26. Preferably, catheter receiving portion 26
is adapted for quick installation and removal of any type of
catheter 12 (or, as noted above, another medical device),
thereby facilitating the installation of device 12 for control by
robotic surgical system 10 and removal of device 12 for
manual control (e.g., user manipulation of catheter control
handle 28). Accordingly, catheter control handle 28 may be
secured in catheter receiving portion 26 by a frictional fit or
with one or more quick-release fasteners. Alternatively, the
inner surface of catheter receiving portion 26 and the outer
surface of catheter control handle 28 may include mating
threaded portions to permit catheter control handle 28 to be
screwed into catheter holding device 16. In other embodi-
ments of robotic surgical system 10, catheter control handle
28 is clamped or strapped in place in catheter receiving por-
tion 26. An adapter may also be used to facilitate the reception
of catheter control handle 28 within catheter receiving portion
26.

One embodiment of catheter holding device 16 is illus-
trated in FIGS. 2 and 3 with catheter control handle 28 placed,
but not secured, therein. Catheter holding device 16 includes
abase plate 32 and a plurality of upstanding support plates 34.
Support plates 34 support cams 36, which are connected to
pulley systems 38.

Catheter control handle 28 is received downwardly
through an opening 40 into the catheter receiving portion 26
and onto belts 40 of pulley systems 38. As catheter control
handle is urged downwardly, belts 40 rotate upper and lower
pulleys 38a, 385 in the direction of arrows a. This, in turn,
urges cams 36 downwards via links 42 and draws upper
pulleys 38a, 385 towards one another via links 44, while
simultaneously wrapping the belts 40 about catheter control
handle 28. Catheter control handle 28 is thereby secured
within catheter receiving portion 26 as shown in FIGS. 4 and
5. To remove catheter control handle 28 from catheter holding
device 16, the user need only release cams 26, which reverses
the process described above and opens catheter receiving
portion 26.

Catheter holding device 16 is translatably associated with
track 14. The phrase “translatably associated with” encom-
passes all types of relative lateral motion between catheter
holding device 16 and track 14. For example, catheter holding
device 16 may slide relative to track 14. Alternatively, cath-
eter holding device 16 may move laterally along a screw
mechanism 46, such as a worm gear, a lead screw, or a ball
screw, attached to track 14. Preferably, catheter holding
device 16 has a translation range relative to track 14 (i.e., the
lateral distance that catheter holding device 16 can travel
relative to track 14 between extremes) of at least about 5 cm,
the approximate width of a human heart. More preferably, the
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translation range of catheter holding device 16 relative to
track 14 is at least about 10 cm.

In the preferred embodiment of the invention, a carriage 48
is translatably mounted on track 14 via screw mechanism 46.
Catheter holding device 16 is mounted on carriage 48 such
that catheter holding device 16 translates relative to track 14
with carriage 48. Forexample, base plate 32 may be fixedly or
removably mounted on carriage 48. Alternatively, catheter
holding device 16 may be integrally formed with carriage 48
as a single assembly (i.e., base plate 32 and carriage 48 may
be a single, unitary component). Likewise, in some embodi-
ments of the invention, catheter holding device 16 may be
translatably mounted directly on track 14 without an inter-
vening carriage.

Translation servo mechanism 18 is operatively coupled to
catheter holding device 16 and adapted to control translation
of catheter holding device 16 relative to track 14 in order to
adjust the lateral position of catheter holding device 16 along
track 14. Preferably, translation servo mechanism 18 is opera-
tively coupled to carriage 48 in order to move carriage 48, and
therefore catheter holding device 16 mounted thereon, later-
ally along track 14. In the embodiment shown in FIG. 1,
translation servo mechanism 18 drives screw mechanism 46,
thereby moving carriage 48 laterally therealong.

Deflection servo mechanism 22 is operatively coupled to
and adapted to control catheter deflection control mechanism
20. In the preferred embodiment of the invention, deflection
servo mechanism 22 is operatively coupled to catheter deflec-
tion control mechanism 20 such that deflection servo mecha-
nism 22 can rotate catheter deflection control mechanism 20.
Either or both of deflection servo mechanism 22 and catheter
deflection control mechanism 20 may be mounted on carriage
48 in order to simplify the transmission system linking
deflection servo mechanism 22 and catheter deflection con-
trol mechanism 20. In some embodiments of robotic surgical
system 10, catheter deflection control mechanism 20 is incor-
porated in catheter holding device 16, for example by utiliz-
ing pulley systems 38, and in particular belts 40, as further
described below. One of ordinary skill in the art will appre-
ciate, however, that catheter deflection control mechanism 20
may also be separated from catheter holding device 16 with-
out departing from the spirit and scope of the present inven-
tion.

Controller 24 is adapted to control at least one of transla-
tion servo mechanism 18 and deflection servo mechanism 22
in order to navigate catheter 12 received in catheter holding
device 16. It should also be noted that the use of multiple
controllers to control translation servo mechanism 18 and
deflection servo mechanism 22 is regarded as within the
scope of the present invention. Throughout this disclosure,
the term “controller” refers to a device that controls the move-
ment or actuation of one or more robotic systems (that is, the
component responsible for providing command inputs to the
servo mechanisms). One of ordinary skill in the art will under-
stand how to select an appropriate controller for any particu-
lar mechanism within robotic surgical system 10. Further, the
term “controller” should be regarded as encompassing both a
singular, integrated controller and a plurality of controllers
for actuating one or more robotic systems.

As shown in FIG. 6, catheter 12 is preferably a steerable
catheter including at least one pull wire 50 extending from
catheter control handle 28 near proximal end 30 of catheter 12
to adistal end 52 of catheter 12. Pull wires 50 may be coupled
to at least one pull ring 54, also located near distal end 52 of
catheter 12. When placed in tension, pull wires 50 deflect
distal end 52 of catheter 12 into various configurations. As
one of skill in the art will understand, additional pull wires 50
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will enhance the deflection versatility of distal end 52 of
catheter 12. For example, a single pull wire 50 with a single
point of attachment to pull ring 54 will permit distal end 52 of
catheter 12 to deflect on a single axis, and perhaps in only one
direction, for example upwards relative to FIG. 6. By adding
a second pull wire 50 (as shown in FIG. 6), or by looping a
single pull wire 50 to have two points of attachment 56 to pull
ring 54, distal end 52 of catheter 12 may be deflected in two
directions, for example both upwards and downwards relative
to FIG. 6. A catheter 12 with four pull wires 50 attached to pull
ring 54 at about 90° intervals can deflect in four directions, for
example upwards, downwards, and into and out of the plane
of the paper relative to FIG. 6.

One or more catheter deflection actuators 58 may be pro-
vided on catheter control handle 28 to selectively tension one
or more pull wires 50, thereby controlling the direction and
degree of deflection of distal end 52 of catheter 12. In some
embodiments, one or more knobs may be provided, rotation
of which selectively tension one or more pull wires 50. It
should be understood, however, that catheter deflection actua-
tors 58 may take many other forms, including, but not limited
to, sliders and switches, without departing from the spirit and
scope of the present invention. Additionally, it is contem-
plated that rotating catheter control handle 28 itself may
selectively tension pull wires 50 and deflect distal end 52 of
catheter 12.

Returning to FIG. 1, when catheter control handle 28 is
received within catheter receiving portion 26, catheter 12
translates relative to track 14 with catheter holding device 16,
thereby providing a first degree of freedom permitting cath-
eter 12 to be advanced into and retracted from a patient’s
body. Additionally, catheter 12 is operatively coupled to cath-
eter deflection control mechanism 20 such that actuation of
catheter deflection control mechanism 20 causes distal end 52
of catheter 12 to deflect, thereby providing a second degree of
freedom to catheter 12. In particular, catheter deflection
actuator 58 may be operatively coupled to catheter deflection
control mechanism 20 such that catheter deflection control
mechanism 20 can actuate catheter deflection actuator 58 to
selectively tension one or more pull wires 50 and deflect the
distal end 52 of catheter 12 by a desired amount in a desired
direction.

In some embodiments of the invention, rotating catheter
deflection control mechanism 20 will rotate catheter deflec-
tion actuator 58 in turn, thereby selectively tensioning one or
more pull wires 50 within catheter 12. The transmission sys-
tem between catheter deflection control mechanism 20 and
catheter deflection actuator 58 may be a frictional fit pro-
vided, for example, by rubberized coatings surrounding cath-
eter deflection control mechanism 20 and catheter deflection
actuator 58. Alternatively, catheter deflection control mecha-
nism 20 and catheter deflection actuator 58 may be coupled
with mating gear teeth or knurling.

Referring specifically to the embodiment of catheter hold-
ing device 16 depicted in FIGS. 2-5, when catheter 12 is
secured in catheter receiving portion 26, belts 40 frictionally
engage catheter control handle 28. They may also engage
catheter deflection actuator 58. Thus, if pulley system 38 is
driven by deflection servo mechanism 22, belts 40 may rotate
catheter control handle 28, catheter deflection actuator 58, or
both, in order to selectively tension one or more pull wires 50
and deflect distal end 52 of catheter 12.

It should be understood that the particular configurations of
catheter deflection control mechanism 20 and catheter deflec-
tion actuator 58 described above are merely exemplary and
can be modified without departing from the spirit and scope of
the invention. For example, if catheter deflection actuator 58



US 9,237,930 B2

9

is a slider rather than a knob, catheter deflection control
mechanism 20 may be suitably modified, or even replaced as
a modular unit, to actuate a slider. This facilitates the quick
connect/disconnect operation of robotic surgical system 10
by allowing easy installation and interconnection between
off-the-shelf medical devices of varying construction and
robotic surgical system 10.

As described above, the inclusion of additional pull wires
50 in catheter 12 increases the number of directions in which
distal end 52 of catheter 12 can deflect. This is referred to
herein as “deflection versatility.” Where relatively few pull
wires 50 (e.g., fewer than about four pull wires 50) are used,
however, compensation for lost deflection versatility may be
had by rotating catheter 12 about its axis. For example, in a
catheter using only a single pull wire 50 with a single point of
attachment to pull ring 54, permitting the catheter to deflect
only in one direction, the catheter may be deflected in the
opposite direction simply by rotating it 180° about its axis.
Similarly, a catheter that can deflect in two directions 180°
apart can be deflected in the directions midway therebetween
by rotating the catheter 90° about its axis.

Accordingly, in some embodiments of the invention, cath-
eter receiving portion 26 is rotatable. An example of such a
rotatable catheter receiving portion is catheter receiving por-
tion 26 defined by pulley system 38 depicted in FIGS. 2-5. A
rotation servo mechanism 60 is operatively coupled to rotat-
able catheter receiving portion 26 and adapted to control
rotatable catheter receiving portion 26. Thus, pulley system
38 may be driven by rotation servo mechamsm 60, thereby
engaging belts 40 to rotate catheter 12 about its axis.

If desired, rotation servo mechanism 60 may be mounted
on carriage 48 or affixed to catheter holding device 16 such
that rotation servo mechanism 60 translates relative to track
14 with catheter holding device 16. This arrangement creates
a fixed-distance relationship between rotation servo mecha-
nism 60 and catheter holding device 16, which can simplify
the transmission system coupling rotation servo mechanism
60 to catheter holding device 16.

When installed in catheter holding device 16, catheter 12
rotates with catheter receiving portion 26, thereby providing
athird degree of freedom to catheter 12 and compensating for
low deflection versatility attributable to a relatively lower
number of pull wires 50. Catheter receiving portion 26 is
preferably rotatable at least about 360° about its axis, such
that catheter 12 received therein is also rotatable atleast about
360° about its axis, thereby facilitating deflection of distal end
52 of catheter 12 in substantially any direction, significantly
enhancing the deflection versatility of the distal end 52 of the
catheter 12. Catheter receiving portion 26 may also be
designed to rotate about 720° or more about its axis.

Rotating catheter 12 by rotating catheter receiving portion
26 may cause inadvertent deflection of distal end 52 of cath-
eter 12. As one skilled in the art will recognize from this
disclosure, as catheter receiving portion 26 and catheter 12
rotate, catheter deflection actuator 58 may remain stationary,
rather than rotating with catheter control handle 28, if the
torque applied by rotation servo mechanism 60 is insufficient
to overcome the inertia of catheter deflection control mecha-
nism 20. That is, catheter deflection actuator 58 may bind
against catheter deflection control mechanism 20, causing
relative rotation between catheter control handle 28 and cath-
eter deflection actuator 58. This relative rotation may result in
uncommanded tensioning of one or more pull wires 50, inad-
vertently deflecting distal end 52 of catheter 12.

To maintain a substantially constant deflection as catheter
12 rotates, therefore, controller 24 may be operatively
coupled to both rotation servo mechanism 60 and deflection
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servo mechanism 22. Controller 24 is adapted to control at
least one of deflection servo mechanism 22 and rotation servo
mechanism 60, and preferably to simultaneously control both
deflection servo mechanism 22 and rotation servo mechanism
60, to maintain a substantially constant deflection of distal
end 52 as catheter receiving portion 26 and catheter 12 rotate.
For example, as controller 24 commands rotation servo
mechanism 60 to rotate catheter receiving portion 26, con-
troller 24 may simultaneously command deflection servo
mechanism 22 to actuate catheter deflection control mecha-
nism 20 to counter-rotate, thereby substantially eliminating
relative rotation between the catheter deflection actuator 58
and catheter control handle 28, helping to maintain a substan-
tially constant deflection of catheter 12. Alternatively, as con-
troller 24 commands rotation servo mechanism 60 to rotate
catheter receiving portion 26, it may simultaneously com-
mand deflection servo mechanism 22 to decouple catheter
deflection control mechanism 20 from catheter deflection
actuator 58, thereby permitting catheter deflection actuator
58 to rotate freely with catheter control handle 28. In either
case, controller 24 may be configured to eliminate the need to
couple deflection servo mechanism 22 and rotation servo
mechanism 60 through a mechanical transmission system
such as a differential. Further, though described herein as a
single controller adapted to control the translation, deflection,
and rotation servo mechanisms 18, 22, 60, multiple control-
lers may be used without departing from the spirit and scope
of the present invention.

An introducer 62, preferably a steerable introducer, and
most preferably an Agilis™ steerable introducer, may be
provided as part of robotic surgical system 10. A proximal end
64 of introducer 62 is preferably stationary, while a distal end
66 of introducer 62 extends into a patient (not shown for
clarity) to a location proximate a target site (the term “target”
is used herein to refer to a location at which treatment or
diagnosis occurs). Introducer 62 may be steerable via a
robotic control system 68 including at least one servo mecha-
nism 70 adapted to control distal end 66 of introducer 62 in at
least one degree of freedom. Preferably, robotic control sys-
tem 68 includes three servo mechanisms 70 adapted to control
distal end 66 of the introducer 62 in three degrees of freedom
(translation, deflection, and rotation), resulting in a total of six
degrees of freedom for robotic surgical system 10, and at least
one controller 72 adapted to control servo mechanisms 70.
Similar control principles may be applied to steerable intro-
ducer 62 as are described herein with respect to robotic sur-
gical system 10 and medical device 12.

To create a substantially sterile field around catheter 12
outside the patient’s body, an expandable and collapsible
tubular shaft 74 substantially surrounds at least a portion of
catheter 12, such as the region of catheter 12 between catheter
holding device 16 and proximal end 64 of introducer 62.
Preferably, shaft 74 is sterilized before use along with other
relevant components of robotic surgical system 10. As cath-
eter holding device 16 translates to advance catheter 12 into
the patient (i.e., to the right in FIG. 1), tubular shaft 74
collapses upon itself. Contrarily, as catheter holding device
16 translates to retract catheter 12 from the patient (i.e., to the
left in FIG. 1), tubular shaft 74 expands. Preferably, tubular
shaft 74 is assembled from a plurality of telescoping tubular
elements 76. It is contemplated, however, that tubular shaft 74
may alternatively be an accordion-pleated or other expand-
able and collapsible structure.

Robotic surgical system 10 may be employed to robotically
navigate catheter 12 into and through the patient and to one or
more sites within the patient’s body by actuating one or more
of translation servo mechanism 18, deflection servo mecha-
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nism 22, and rotation servo mechanism 60 (if present) via
controller 24. Robotic surgical system 10 may operate auto-
matically according to a computerized program as executed
by controller 24. It is also contemplated that the user, who
may be a surgeon, cardiologist, or other physician, may con-
trol robotic surgical system 10 through an appropriate set of
controls, such as a three-dimensional joystick (e.g., ajoystick
with three input axes), a steering yoke, or another suitable
input device or collection of such devices permitting the user
to robotically steer catheter 12.

One of ordinary skill in the art will appreciate the desir-
ability of knowing the relationship between the movement
vector inputs at servo mechanisms 18,22, 60 to the movement
of catheter 12. A method and system of establishing this
relationship will be described with reference to FIGS. 7 and 8.

FIG. 7 schematically illustrates a surgical system 80
including catheter 12 that is robotically controlled via robotic
surgical system 10 as commanded by controller 24. Inputs to
robotic surgical system 10 may be provided through com-
puter system 92.

For purposes of illustration, catheter 12 is shown inserted
into a chamber 52 of a patient’s heart 82. Catheter 12 carries
one or more sensors or electrodes 84, 88 thereon to locate
catheter 12 using a positional feedback system 86. Preferably,
positional feedback system 86 is the Ensite NavX™ system
of St. Jude Medical, Inc., which includes pairs of electrodes
90 defining measurement axes by which the position of cath-
eter 12 may be measured. For illustration purposes, only a
single pair of electrodes 90 is shown. It is anticipated that
other localization systems, including, for example, the
CARTO navigation system from Biosense Webster, Inc., may
also be employed.

Controller 24 may be commanded to mechanically actuate
catheter 12 by energizing an actuator, such as one or more of
servo mechanisms 18, 22, 60, to apply an oscillation vector on
an actuation axis to catheter 12. While catheter 12 is being
oscillated, positional feedback system 86 periodically mea-
sures a location of catheter 12, thereby creating a plurality of
location data points that are measured as a function of time.
As described above, the plurality of location data points may
be measured relative to one or more measurement axes to
create a plurality of location data points for each of the one or
more axes.

Computer system 92 further includes a processor for pro-
cessing the plurality of location data points according to a
signal processing algorithm, such as a Fourier transform algo-
rithm, to generate a transfer function relating a position of
catheter 12 to a movement vector for the actuation axis (e.g.,
an input a servo mechanism such as servo mechanism 18, 22,
or 60). The signal processing algorithm may be applied sepa-
rate and independently to the plurality of location data points
for each of the one or more measurement axes. The transfer
function may comprise a calibration vector including at least
one component directed along each of the one or more mea-
surement axes.

A method of calibrating catheter 12 on its actuation axes is
illustrated in the flowchart of FIG. 8. In step 110, a first
oscillation vector is applied to catheter 12 at a first oscillation
frequency. The first oscillation vector mechanically actuates
catheter 12 on a first actuation axis, for example the transla-
tion axis, causing oscillation of catheter 12 thereon. Prefer-
ably, the first oscillation vector actuates catheter 12 on only
the first actuation axis such that the resultant actual oscillation
of catheter 12 is limited to the first actuation axis. Thus,
application of the first oscillation vector may require inputs to
oneor more of servo mechanisms 18, 22, 60. For example, as
described above, actuating catheter 12 on only the rotation
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axis may require inputs to both deflection servo mechanism
22 and rotation servo mechanism 60.

As one skilled in the art will appreciate, various error
sources may introduce apparent oscillations on other actua-
tion axes (that is, due to error sources, it may appear that,
when actuated on the first actuation axis, catheter 12 is also
moving on one or more of the remaining actuation axes). As
discussed herein, it is an object of this invention to isolate the
actual mechanical oscillation of catheter 12 on the first actua-
tion axis from the apparent oscillations of catheter 12 attrib-
utable to these error sources.

The first oscillation vector is preferably a small motion
vector resulting in an expected oscillation on the first actua-
tion axis of between about 1 mm and about 10 mm, and more
preferably between about 2 mm and about 3 mm. While larger
distances are contemplated, a short distance is often sufficient
to permit the actuator to be accurately characterized. The first
oscillation frequency is preferably between about 1 Hz and
about 10 Hz, and more preferably between about 3 Hz and
about 5 Hz.

In step 120, a location of catheter 12 (or a point thereon) is
periodically measured. The location measured may be that of
the tip of catheter 12 (e.g., electrode 84). This creates a first
plurality of location data points that are measured as a func-
tion of time. In some embodiments of the invention, the
location of catheter 12 is measured relative to a plurality of
measurement axes, which may differ from the actuation axes.
For example, the location of catheter 12 may be measured
relative to the x-axis, y-axis, and z-axis of the navigation
system disclosed in the *377 and *126 patents, described
above, or relative to the axes defined by patch electrodes 90
illustrated in FIG. 7. Thus, step 120 creates a plurality of
location data points as a function of time for each of the
measurement axes (for example, a plurality of (x, y, z) coor-
dinate points, or, alternatively separate pluralities of location
data points for each of the measurement axes).

Measuring step 120 occurs for a period of time (referred to
herein as the “sampling interval) between about (.5 seconds
and about 10 seconds, and preferably of about 3 seconds,
occurring simultaneously with oscillating step 110 (that s,
the location of catheter 12 is periodically measured while
catheter 12 is being oscillated on the first actuation axis). The
first plurality of location data points may optionally be stored
in a buffer or other memory, which may be part of computer
system 92. Where the location of catheter 12 is measured
relative to a plurality of measurement axes, the plurality of
location data points for each of the measurement axes may be
stored separately (e.g., a first plurality of location data points
for the x-axis, a first plurality of location data points for the
y-axis, and a first plurality of location data points for the
z-axis). It is also contemplated that the plurality of location
data points for each of the measurement axes may be stored
collectively, for example as a first plurality of (x, y, z) coor-
dinates.

During the sampling interval, the first plurality of location
data points are measured at a first sampling rate, which is
preferably a multiple of the first oscillation frequency at least
two times greater than the first oscillation frequency, and is
more preferably between about five times greater and about
twenty times greater than the first oscillation frequency. Most
preferably, the first sampling rate is between about 60 Hz and
about 200 Hz, with a first sampling rate of about 100 Hz being
particularly preferred. Setting the first sampling rate as a
multiple of the first oscillation frequency ensures that an
integral number of oscillations will be captured during the
sampling interval.
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As one skilled in the art will recognize from this disclosure,
and as briefly mentioned above, the first plurality of location
data points generated in step 120 reflects both the mechanical
actuation of catheter 12 and any error sources. These error
sources include, but are not limited to, catheter memory,
patient motion, cardiac motion (e.g., the beating of the heart),
respiration, friction, and electronic noise. In subsequent
steps, the actual displacement of catheter 12 attributable to
application of the first oscillation vector in step 110 is iso-
lated, thereby distinguishing mechanical actuation of catheter
12 attributable to the first oscillation vector from apparent
oscillations attributable to one or more error sources.

Accordingly, the first plurality of location data points is
processed using a signal processing algorithm in step 130.
The signal processing algorithm is preferably a Fourier trans-
form algorithm, though other signal processing algorithms
may be employed without departing from the spirit and scope
of the present invention. Other suitable signal processing
algorithms include, but are not limited to, synchronous
demodulation or cross correlation, wherein waveforms that
are facsimiles of the mechanical forcing function (e.g., the
oscillation vector) are multiplied by the measured navigation
signal (e.g., the plurality of location data points) obtained
from each navigation (e.g., measurement) axis. This advan-
tageously permits the relative displacement on each naviga-
tion axis to be extracted from motion and noise not related to
the mechanical forcing function (that is, it permits isolation of
mechanical actuation of catheter 12 attributable to the first
oscillation vector from apparent oscillations attributable to
one or more error sources or other influences).

When the location of catheter 12 is measured relative to a
plurality of measurement axes, resulting in the generation of
aplurality of location data points for each of the measurement
axes, processing step 130 may include separately processing
the plurality of location data points for each of the measure-
ment axes using a signal processing algorithm such as a
Fourier transform algorithm, though the plurality of location
data points for each of the measurement axes could be col-
lectively processed (e.g., applying a signal processing algo-
rithm to the plurality of (x, y, z) coordinate points) without
departing from the spirit or scope of the present invention.

As mentioned above, the sampling interval captures an
integral number of oscillations of catheter 12 on the first
actuation axis. By enforcing the integral relation between the
forcing function frequency and the sampling interval, the
Fourier power spectrum algorithm will typically produce a
single peak at the first oscillation frequency in step 140, as
opposed to a peak spread over more than one frequency bin.
The value from the frequency bin corresponding to the forc-
ing function may then simply be scaled to recover a dimen-
sionally relevant signal in step 150. This signal processing
effectively isolates movement of catheter 12 attributable to
the application of the first oscillation vector, and may be
independently repeated for each of the measurement axes, as
shown in decision block 160. It is also contemplated, how-
ever, that the first plurality of location data points may be
processed without resolution into measurement axis compo-
nents.

In step 170, a transfer function relating a position of cath-
eter 12 to a movement vector for the first actuation axis is
generated from the dimensional signal or signals recovered
during signal processing. The transfer function calibrates
catheter 12 on the first actuation axis by establishing the
correlation between the desired or expected movement of
catheter 12 and the movement vector commands input thereto
(e.g., the inputs to one or more of servo mechanisms 18, 22,
and 60), thereby ensuring accurate execution of actuation
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commands and permitting precise control of catheter 12
along at least the first actuation axis.

The transfer function generated in step 170 may be
resolved into a calibration vector for the first actuation axis in
step 180. The calibration vector may include at least one value
for each of the measurement axes—in other words, the cali-
bration vector may include at least one component directed
along each of the measurement axes expressing the vector
difference between the applied oscillation vector and the
actual measured response of catheter 12. It should be under-
stood that one or more of these vector components may be a
zero component in the event that catheter 12 is aligned as
expected relative to a particular measurement axis on the first
actuation axis. As described above, the calibration vector
relates the desired or expected movement of catheter 12 to the
actual movement of catheter 12, thereby defining the relation-
ship between the inputs provided to catheter 12 (e.g., trans-
lation commands sent to translation servo mechanism 18) and
their real-world outputs (e.g., translations of distal end 52 of
catheter 12).

As shown at step 190, the process described in detail above
may be repeated for any remaining actuation axes (e.g., the
rotation and deflection axes). For example, catheter 12 may
be mechanically oscillated about a second actuation axis and
a third actuation axis by applying, respectively, a second
oscillation vector at a second oscillation frequency and a third
oscillation vector at a third oscillation frequency. The location
of catheter 12 may be periodically measured in order to gen-
erate respective second and third pluralities of location data
points, which may subsequently be processed using a signal
processing algorithm in order to generate transfer functions
relating a position of catheter 12 to a movement vector for the
second and third actuation axes. These transfer functions may
be resolved into and expressed as calibration vectors for the
second and third actuation axes.

One skilled in the art should recognize from this disclosure
that the details of the process relative to the second and third
actuation axes generally follow those discussed with respect
to the first actuation axis. For example, the second and third
pluralities of location data points may be measured at respec-
tive second and third sampling rates, which are preferably
multiples of the second and third oscillation frequencies,
respectively. Similarly, either or both of the second and third
plurality of location data points may be stored to a buffer or
other memory. It is also contemplated that the first, second,
and third oscillation frequencies may be equal, and that the
first, second, and third sampling rates may be equal. One
skilled in the art should further recognize from this disclosure
that the process is carried out independently for each of the
actuation axes so as to beneficially isolate the transfer func-
tion and/or calibration vector for each of the actuation axes. If
desired, these several transfer functions and/or calibration
vectors can then be composited into a calibration matrix in
step 200, and the calibration matrix may be utilized in direct-
ing catheter 12 to navigate through the patient, for example to
deliver therapy or to perform a diagnostic procedure.

A working example of the present invention will now be
described with references to FIGS. 9a through 9¢. Catheter 12
is mechanically oscillated about an actuation axis, which may
be translation, rotation, deflection, or otherwise, at a fre-
quency of about 1.5 Hz for about 4 seconds, and the location
of catheter 12 is measured in a Cartesian coordinate system as
a function of time. The left-hand plots of FIGS. 9a through 9¢
depict the raw motion data (e.g., the plurality of location data
points) as measured on the x, y, and z axes, respectively. The
right-hand plots of FIGS. 9a through 9¢ depict the location
data after signal processing using a Fourier transform algo-
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rithm. As seen in the Fourier transform plots, the 1.5 Hz
frequency bin has an amplitude of 0.6 mm in the x direction,
0.2 mm in the y direction, and 2.0 mm in the z direction.
Scaling to a 1 mm unit vector yields a calibration vector for
the actuation axis shown of 0.291+0.10j+0.95k.

Although an embodiment of this invention has been
described above with a certain degree of particularity, those
skilled in the art could make numerous alterations to the
disclosed embodiment without departing from the spirit or
scope of this invention. For example, though the present
invention has been described in the context of a robotically
controlled catheter, the calibration method disclosed herein
could be practiced in the context of any other robotically
controlled medical or non-medical devices incorporating a
positional feedback system. Further, localization systems
other than those discussed herein could be employed to peri-
odically measure the location of the robotic device, including
positional feedback systems that measure locations on other
than an (X, y, z) coordinate system (e.g., a positional feedback
system operating using parametric coordinates or displace-
ment vectors).

All directional references (e.g., upper, lower, upward,
downward, left, right, leftward, rightward, top, bottom,
above, below, vertical, horizontal, clockwise, and countet-
clockwise) are only used for identification purposes to aid the
reader’s understanding of the present invention, and do not
create limitations, particularly as to the position, orientation,
or use of the invention. Joinder references (e.g., attached,
coupled, connected, and the like) are to be construed broadly
and may include intermediate members between a connection
of elements and relative movement between elements. As
such, joinder references do not necessarily infer that two
elements are directly connected and in fixed relation to each
other.

Itis intended that all matter contained in the above descrip-
tion or shown in the accompanying drawings shall be inter-
preted as illustrative only and not limiting. Changes in detail
or structure may be made without departing from the spirit of
the invention as defined in the appended claims.

What is claimed is:

1. A robotic surgical system, comprising:

a servo mechanism adapted to be coupled to a medical
device such that the servo mechanism can induce the
medical device to oscillate on a first axis;

apositional feedback system adapted to output a first posi-
tion signal representative of the position of at least one
point on the medical device as the medical device oscil-
lates on the first axis; and

aprocessor to process the first position signal into a transfer
function that relates inputs by the servo mechanism to
movements of the medical device coupled thereto.

2. The robotic surgical system according to claim 1, further
comprising a controller operably connected to the servo
mechanism to energize the servo mechanism.

3. The robotic surgical system according to claim 1,
wherein the servo mechanism comprises a translation servo
mechanism and a deflection servo mechanism.

4. The robotic surgical system according to claim 3,
wherein the servo mechanism further comprises a rotation
servo mechanism.

5. The robotic surgical system according to claim 1,
wherein the positional feedback system defines one or more
measurement axes, and wherein the transfer function com-
prises a calibration vector including a component directed
along each of the one or more measurement axes.

6. The robotic surgical system according to claim 1,
wherein the positional feedback system is adapted to output
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the first position signal by periodically measuring the position
of at least one point on the medical device as the medical
device oscillates on the first axis.
7. The robotic surgical system according to claim 6,
wherein a sampling rate at which the positional feedback
system operates is an integer multiple of an oscillation fre-
quency at which the servo mechanism operates.
8. An apparatus for calibrating a robotic surgical system
including a servo mechanism operable to apply an oscillation
vector to a medical device operably coupled thereto and a
positional feedback system operable to output a position sig-
nal representative of a position of the medical device, the
apparatus comprising:
a position output processor configured to receive the posi-
tion signal and generate a position output signal reflect-
ing movement of the medical device attributable to the
application of the oscillation vector; and
a calibration processor configured to receive the position
output signal and generate atransfer function that relates
inputs to the servo mechanism to movements of the
medical device operably coupled thereto.
9. The apparatus according to claim 8, wherein the position
output processor applies a Fourier transform algorithm to the
position signal.
10. The apparatus according to claim 8, wherein the posi-
tion output processor applies a synchronous demodulation
algorithm to the position signal.
11. The apparatus according to claim 8, wherein the posi-
tion output processor applies a cross correlation algorithm to
the first position signal.
12. An apparatus for calibrating a robotic surgical system
including a servo mechanism and a positional feedback sys-
tem, the apparatus comprising:
aprocessor operably coupled to the robotic surgical system
and configured to:
energize the servo mechanism to apply an oscillation
vector to a device coupled thereto;

periodically measure a location of at least one point on
the device while the oscillation vectoris being applied
to the device, thereby generating a position signal for
the device;

process the position signal to generate an output signal,
wherein the output signal reflects movement of the
device attributable to application of the oscillation
vector to the device by the servo mechanism; and

generate a transfer function from the output signal that
relates inputs to the servo mechanism to resulting
movements of the device.

13. The apparatus according to claim 12, wherein the oscil-
lation vector is applied on a single axis selected from the
group consisting of a translation axis, a rotation axis, and a
deflection axis.

14. The apparatus according to claim 12, wherein the oscil-
lation vector is applied to two or more axes selected from the
group consisting of a translation axis, a rotation axis, and a
deflection axis.

15. The apparatus according to claim 12, wherein the out-
put signal is generated by applying a Fourier transform algo-
rithm to the position signal.

16. The apparatus according to claim 12, wherein the out-
put signal is generated by applying a synchronous demodu-
lation algorithm to the position signal.

17. The apparatus according to claim 12, wherein the out-
put signal is generated by applying a cross correlation algo-
rithm to the position signal.
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