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FIBER OPTIC TRACKING SYSTEM AND METHOD FOR TRACKING
CROSS-REFERENCE TO RELATED PATENT APPLICATIONS
[0001]

This application claims priority from United States Provisional Patent Application

Serial No. 61/132,446, filed June 18, 2008, which is incorporated herein by reference in its

entirety.
BACKGROUND OF THE INVENTION
Field of Invention
[0002]

The invention relates to a fiber optic tracking system for tracking a substantially

rigid object and a method for tracking a substantially rigid object using a fiber optic tracking
system.

Description of Related Art
[0003]

It is often necessary to determine or track the position of an object. For example,

computer assisted surgical systems have been developed that use robotic devices that are
precise and can greatly improve surgical procedures. Proper performance of those devices
requires the tracking of positions of objects, such as portions of the human anatomy, surgical
instruments, and portions of the robotic device.
[0004]

There are several conventional surgical navigation technologies that are used to

track the positions of objects during surgical procedures. For example, infra red tracking
technology has been developed and commercialized by Northern Digital Inc ("NDI"); and
electro magnetic ("EM") tracking has been developed and commercialized by Visualization
Technologies Inc. Additional efforts are currently being made towards the development of
tracking technologies that utilize radio frequency ("RF") technology, ultrasonic technology,
laser scanning devices, a 3D optical camera with triangulation capabilities, and combinations
of some of the above referenced technologies. Disadvantages of such conventional surgical
navigation technologies can include the failure to provide seamless integration; high
accuracy; high sampling rate; robust tracking capability that is not easily affected by a
surgical procedure or by the surgical workflow; and tracking of any combination of, for

example, patient anatomy, surgical instruments, the surgical robotic arm, bone cutting
instruments, and other objects.
[0005]

A need exists for an improved surgical navigation technology that address issues

such as the disadvantages of conventional surgical technologies noted above, which are listed
merely as examples and not as requirements.
SUMMARY OF THE INVENTION
[0006]

According to an aspect of the present invention, there is provided a fiber optic

tracking system for tracking a substantially rigid object, comprising a light source, an optical
fiber, a detection unit, and a calculation unit. The light source provides optical signals. The
optical fiber has a sensing component configured to modify the optical signals from the light
source and the optical fiber is configured to attach to the substantially rigid object. The
detection unit is arranged to receive the modified optical signals from the sensing component.
The calculation unit is configured to determine a pose of the substantially rigid object in six
degrees of freedom based on the modified optical signals.
[0007]

According to another aspect of the present invention, there is provided a method for

tracking a substantially rigid object using a fiber optic tracking system. The method
comprises providing a light source; attaching an optical fiber, having a sensing component
configured to modify the optical signals from the light source, to the substantially rigid
object; and determining a pose of the substantially rigid object in six degrees of freedom

based on the modified optical signals.
[0008]

According to yet another aspect of the present invention, there is provided a fiber

optic tracking system for transducing the angle between a first substantially rigid object and a
second substantially rigid object constrained to move relative to the first substantially rigid
object in one-dimension defined by the angle, comprising a light source, an optical fiber, a
detection unit, and a calculation unit. The light source provides optical signals. The optical
fiber has a first sensing component and a second sensing component. The first sensing
component is configured to modify optical signals from the light source to provide first
modified optical signals and the second sensing component is configured to modify optical
signals from the light source to provide second modified optical signals. The optical fiber is

configured to attach to the first substantially rigid object such that the first sensing component

is fixed relative to the first substantially rigid object and to attach to the second substantially

rigid object such that the second sensing component is fixed relative to the second
substantially rigid object. The detection unit is arranged to receive the first and second
modified optical signals from the first and second sensing components. The calculation unit
is configured to determine the angle based on the first and second modified optical signals.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]

The accompanying drawings, which are incorporated and constitute a part of this

specification, illustrate embodiments of the invention and together with the description serve
to explain aspects of the invention.
[0010]

Figure 1 is a schematic view of a fiber optic tracking system tracking a single object

according to an embodiment of the invention.
[0011]

Figure 2 is a schematic view of a fiber optic tracking system tracking multiple

objects according to another embodiment of the invention.
[0012]

Figure 3 is a schematic view of a fiber optic tracking system using multiple optical

fibers to track multiple objects according to another embodiment of the invention.
[0013]

Figure 4 is a schematic view of a robotic surgical device having a fiber optic

tracking system according to yet another embodiment of the invention.
[0014]

Figure 5 is a schematic view of a robotic surgical device having both a fiber optic

tracking system and a mechanical tracking system according to an embodiment of the
invention.
[0015]

Figure 6 is a perspective view of a surgical system including a fiber optic tracking

system according to an embodiment of the invention.
[0016]

Figure 7 illustrates a sensing component of an optical fiber in a fiber optic tracking

system according to an embodiment of the invention.
[0017]

Figure 8 is a perspective view of an optical fiber of a fiber optic tracking system

connected to objects by trackers according to an embodiment of the invention.
[0018]

Figure 9 illustrates an optical fiber with three sensing points according to an

embodiment of the invention.
[0019]

Figure 10 illustrates an optical fiber with two non-collinear fixed sensing points

according to an embodiment of the invention.

[0020]

Figure 11 illustrates an optical fiber in a constrained geometric shape according to

an embodiment of the invention.
[0021]

Figure 12 illustrates an optical fiber with three non-collinear fixed sensing points

according to an embodiment of the invention.
[0022]

Figure 13 illustrates an optical fiber in a constrained geometric shape according to

an embodiment of the invention.
[0023]

Figure 14 illustrates an optical fiber in a constrained geometric shape according to

an embodiment of the invention.
[0024]

Figure 15 illustrates an optical fiber in a constrained geometric shape according to

an embodiment of the invention.
[0025]

Figure 16A is a view of a fiber optic tracking system serving as an angular

transducer according to an embodiment of the invention.
[0026]

Figure 16B is a cross-section view of a portion of the fiber optic tracking system of

Figure 16A illustrating the relative arrangement of the cores of the optical fiber of the system.
[0027]

Figure 17 is a view of a fiber optic tracking system serving as a multiple angular

transducer according to an embodiment of the invention.
[0028]

Figure 18 is a view of a fiber optic tracking system configured for temperature

compensation according to an embodiment of the invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0029]

Presently preferred embodiments of the invention are illustrated in the drawings.

An effort has been made to use the same or like reference numbers throughout the drawings
to refer to the same or like parts. Although the specification refers primarily to surgical
systems, it should be understood that the subject matter described herein is applicable to the

tracking of objects in general.

Overview of the Fiber Optic Tracking System
[0030]

Referring to Figures 1 and 2, a fiber optic tracking system 100 according to an

embodiment of the present invention preferably includes a light source 7, an optical fiber 6
with at least one sensing component 12, a detection unit 9, and a calculation unit 3. In this
application, the reference numeral 12 is used genetically to refer to a sensing component, and

the reference characters 12a, 12b, 12c, 12', etc. are used to distinguish between specific
sensing components. Each of these portions or components of the fiber optic tracking system
100 will be explained in more detail below.

[0031]

The fiber optic tracking system 100 may be used to track one or more substantially

rigid objects 19, 19'. In the context of the present invention, an object can be considered
substantially rigid if the relative position of any two points on the object remains constant in a
manner sufficient for the intended use when the object is subjected to forces incurred during
typical use. In simplified terms, the fiber optic tracking system 100 can be configured to use
the sensing component 12, including sensing points 17, 24 along the optical fiber 6, to
determine, for example, the position of at least one such sensing point 17 to determine or
estimate the shape of the optical fiber 6, the shape of portions thereof, and/or the location of
points thereon, and use that information to track the one or more substantially rigid objects
19, 19'. The sensing points preferably are large in number and closely distributed in order to

increase the accuracy of the determination of the shape of the optical fiber 6, the shape of
portions thereof, and/or the location of points thereon. Therefore, in general, there preferably
will be many more sensing points than shown in Figures 1 and 2. For ease of illustration,
however, a smaller number of sensing points than likely would be used in practice is shown
in the figures. Specific techniques for performing the tracking will be explained in more
detail below.
[0032]

As shown in Figure 1, the optical fiber 6 may be connected to a single substantially

rigid object 19 to allow the fiber optic tracking system 100 to determine the position and/or
orientation of that substantially rigid object 19. In this preferred configuration, a single
sensing component 12 is associated with the substantially rigid object 19. Alternatively, as
shown in Figure 2, the optical fiber 6 may be connected to multiple substantially rigid objects
19, 19' (two objects in this instance) to allow the fiber optic tracking system 100 to determine

the position and/or orientation of each of those substantially rigid objects 19, 19'. In the
embodiment shown in Figure 2, the optical fiber 6 preferably includes two sensing
components 12a, and 12b, corresponding respectively to substantially rigid objects 19 and
19'. In both of the embodiments of Figures 1 and 2, though not shown, it is to be understood
that multiple (two or more) sensing components may be provided on each substantially rigid
object.

[0033]

The fiber optic tracking system 100 also may include multiple (two or more) optical

fibers 6, 6'. The fiber optic tracking system 100 shown in Figure 2 utilizes only one optical
fiber 6 and obtains information from each of the sensing components 12 associated with the
two substantially rigid objects 19, 19' for tracking purposes. However, as shown in the
example of Figure 3, the fiber optic tracking system 100 may utilize two or more optical
fibers 6, 6'. One optical fiber 6 can obtain information from the sensing component 12
associated with one substantially rigid object 19 and another optical fiber 6' can obtain
information from each of the sensing components 12a and 12b associated with two other
substantially rigid objects 19' and 19" for tracking purposes.
[0034]

As illustrated in Figures 4 and 5, tracking of a substantially rigid object 19 may be

accomplished using the fiber optic tracking system 100 alone (Figure 4) or in combination
with other tracking systems, such as a mechanical tracking system 104 (Figure 5). Figures 4
and 5 are schematic representations in which the light source 7, detection unit 9, and
calculation unit 3 are not shown, but it is to be understood that they are present.
[0035]

With reference to Figure 4, the optical fiber 6 is connected to the substantially rigid

object 19 to perform tracking. The optical fiber 6 also can be connected to an object, such as
a robotic device 13. The optical fiber 6 can be connected to one or more locations on the
robotic device 13, such as a base, an arm, a manipulator, a tool, etc. In this configuration, the
fiber optic tracking system 100 alone can facilitate tracking of the substantially rigid object
19.

[0036]

With reference to Figure 5, the optical fiber 6 again is connected to the substantially

rigid object 19. In this embodiment, however, the optical fiber 6 also is connected to another
tracking system, such as a mechanical tracking system 104, which in turn is connected to the
robotic device 13. Information from both the fiber optic tracking system 100 and the
mechanical tracking system 104 can be used to track the substantially rigid object 19. The
mechanical tracking system 104 may be any suitable tracking system. For example, the
mechanical tracking system may be a passive articulated mechanical arm, as described in
U.S. Patent No. 6,322,567, which is incorporated herein by reference in its entirety. In such a

configuration, the mechanical tracking system 104 can be used, for example, for positioning
over long distances (e.g., on the order of meters), and the fiber optic tracking system 100 can
be used, for example, for positioning over short distances (e.g., on the order of centimeters).

The mechanical tracking system 104 may be substantially constantly movable. Alternatively,
the passive mechanical arm that supports the base of the optical fiber can be locked into a
particular location to serve as a reference point. In lieu of a mechanical tracking system, the
long distance portion of the tracking may be accomplished by another type of tracking
system, such as an optical, electromagnetic, or radio-frequency tracking system.

A Preferred Use of the Fiber Optic Tracking System
[0037]

In a preferred embodiment, the fiber optic tracking system 100 can be used in a

computer assisted surgical system 1. As shown in Figure 6, the surgical system 1 may
include, in addition to the fiber optic tracking system 100, a robotic surgical device 13,
including a computer system 2, to enable a surgeon to execute a surgical procedure. In one
embodiment, the surgical device 13 and computer system 2 comprise an interactive robotic
surgical system as disclosed in U.S. Pub. No. 2006/0142657, published June 29, 2006, which
is hereby incorporated by reference in its entirety. Alternatively, the robotic surgical device
13 and computer system 2 may comprise a teleoperated robotic surgical system or an

autonomous robotic surgical system. The fiber optic tracking system 100 is not limited to use
with a robotic surgical system but can be used with any surgical system in which tracking of
anatomy, surgical instruments, and/or portions of the surgical system are required.
[0038]

In this configuration, the fiber optic tracking system 100 can be used to track one or

more substantially rigid objects 19, 19', 19" of the surgical system 1 and/or the patient, the
location of which is required or preferred to be known to execute a surgical procedure. For
example, the substantially rigid object 19 may include a portion of the human body or
anatomy (e.g., a bone), the substantially rigid object 19' may include a cutting tool, and the
substantially rigid object 19" may include a portion of the robotic surgical device 13, such as
a robot arm. The substantially rigid object also could be other components, such as other
tools/instruments, implants/prosthetic devices, work pieces, and other components. The
optical fiber 6 includes sensing components 12a, 12b, and 12c located, respectively, on the
substantially rigid objects 19, 19', and 19" to assist in determining the pose (i.e., position
and/or orientation) of the substantially rigid objects 19, 19', and 19". The poses of these
substantially rigid objects 19, 19', 19" are used by the surgical system for proper computer
assistance and execution of the surgical procedure.

[0039]

Referring back to Figures 4 and 5, in surgical and other environments, the fiber optic

tracking system 100 can be configured to perform registration. For example, the tracking
system 100 can be used to register (map or associate) coordinates in one space to those in
another to determine spatial alignment or correspondence (e.g., using a conventional
coordinate transform process). For example, the tracking system 100 can be used to register
the substantially rigid object 19 (e.g., a bone) in physical space to an image of the
substantially rigid object 19 in image space. The tracking system 100 can also be used to
register the location of the sensing component 12 on the substantially rigid object 19 and the
location of a point of interest 20 (or multiple points of interest) on the substantially rigid
object 19. This registration may be used, for example, to register points of interest on the end
of a patient's bone relative to the location of the sensing component attached to that bone,
preoperatively and/or intraoperatively, to determine the spatial (or geometric) relationship
between the sensing component 12 attached to the bone and the points of interest on the bone.
Once the spatial relationship is known, movement of the sensing component 12 can be
correlated to movement of the points of interest. Registration is performed using, for
example, a probe 106, which may be any conventional device that can contact the surface of
the substantially rigid object 19 at the points of interest 20. For example, the probe 106 can
be a device with a blunt tip 106' at one end, where the blunt tip 106' is moved by an operator
to contact the surface of the substantially rigid object 19. By contacting points of interest 20
on the substantially rigid object 19 with the blunt tip 106' of the probe 106 and tracking the
blunt tip 106', the surgical system 1 can determine the location of those points of interest 20
in physical space. Knowing the physical space locations of the points of interest 20 and the
sensing component 12 attached to the substantially rigid object 19, the surgical system 1 can
determine the relative spatial relationship between the sensing component 12 of the
substantially rigid object 19 and the points of interest. To perform such registration,
however, the location of the blunt tip 106' of the probe 106 as the blunt tip 106' contacts the
points of interest 20 also must be determined (e.g., tracked). This can be accomplished
through the use of a sensing component 12' of another optical fiber 6' in the fiber optic
tracking system 100. The sensing component 12' can be collocated, for example, with the
blunt tip 106' of the probe 106. Alternatively, the sensing component 12' can be located
elsewhere on the probe 106 such that the sensing component 12' has a known fixed spatial

relationship to the blunt tip 106'. If the spatial relationship is not known, the spatial
relationship can be determined by registering the location of the blunt tip 106' to the location
of the sensing component 12' on the probe 106. Once the spatial relationship is known, the
location of the blunt tip 106' can be determined based on the location of the sensing
component 12'.
[0040]

It is to be understood that the above-described registration (e.g., between the

locations of the points of interest 20 and the location of the sensing component 12 attached to
the substantially rigid object 19, between the substantially rigid object 19 and an image of the
substantially rigid object, etc.) do not require use of the probe 106 and/or the fiber optic
tracking system 100. For example, instead of performing registration using the probe 106
and the fiber optic tracking system 100, it is possible to use a probe that is tracked by a
conventional optical or mechanical tracking system. It is also possible to use a conventional
registration process with an external device, such as a radiographic, MR, ultrasound, or other
medical imaging device. Moreover, a coordinate measuring machine or digitizing arm may
be used to register the location of the blunt tip 106' relative to the location of the sensing
component 12' on the probe 106, if required. Alternatively, the location of the sensing
component 12' relative to the probe tip 106' may be obtained by moving the probe 106 such
that the probe tip 106' remains at a given point, while the sensing component 12' moves
along a surface of a virtual sphere with the sphere center being the given point. The probe tip
106' location can be estimated by fitting the collected point positions of the sensing
component 12' to a sphere and solving for the radius and center of the sphere.
[0041]

The components or portions of the fiber optic tracking system 100 will now be

described in greater detail.

The Light Source
[0042]

In the fiber optic tracking system 100, the light source 7 provides or emits optical

signals that propagate through the optical fiber 6. Modifications by the optical fiber 6 of the
light emitted from the light source 7 are used to determine the configuration of the optical
fiber 6 and track the substantially rigid object(s) 19. Preferably, the light source 7 is a
broadband light source or a tunable laser. For example, the light source 7 may be an LED,
ELED, or SLD.

The Optical Fiber
[0043]

The optical fiber 6 preferably is configured to act as a waveguide and guide light

emitted from the light source 7. The light propagates along a core or cores of the optical fiber
6. The optical fiber 6 can have, for example, a tri-core configuration or a dual-core

configuration. A fiber optic tracking system 100 also can be constructed using a plurality of
single core fibers in place of a single multi-core fiber. For ease of description, the singular
phrase optical fiber will be used herein to describe a plurality of single core fibers, in addition
to describing a single multi-core fiber.
[0044]

The optical fiber 6 includes sensing components 12, each of which is configured to

modify light from the light source 7 (which is propagating through the optical fiber 6) to
create a modified optical signal. This modification of the light can be used, as explained
below, to track the location of all or portion(s) of the optical fiber 6, which in turn allows for
the determination of the position and/or orientation of the substantially rigid object(s) 19.
[0045]

Figure 7 shows in detail an example of a configuration of a sensing component 12 of

an optical fiber 6 with a tri-core configuration, i.e., having three cores 141, 142, 143. The
sensing component 12 may include sets 16 of optical elements 15. The sets 16 of optical
elements 15 may be located at different positions along the optical fiber 6. Each set 16 of
optical elements 15 preferably includes an optical element 15 corresponding to each core 141,
142, 143 of the optical fiber 6. The optical elements 15 in a set 16 are preferably positioned

proximate one another, and at the same point along the length of the optical fiber 6.
[0046]

In a preferred embodiment, each optical element 15 is a fiber Bragg grating

("FBG"). A FBG may be fabricated by known techniques, such as by exposing a
photosensitive optical fiber to a pattern of pulsed ultraviolet light from a laser, forming a
periodic change in the refractive index of a core of the optical fiber. The pattern, or grating,
reflects a frequency band of light that is dependent upon the modulation period formed in the
core of the optical fiber. However, other types of optical elements 15 may also be used, such
as a microbend sensor or an interferometric strain sensor. Microbend sensors are intensity

based sensors. Examples of interferometric strain sensors include Fabry-Perot sensors,
Michelson sensors, Mach-Zender sensors, and Sagnac sensors. These optical elements 15

produce modified optical signals based on the strain or local bend of the optical fiber 6 or
changes thereto.
[0047]

Each of the sets 16 of optical elements 15 can provide sensing points 17, 24 along

the optical fiber 6, which are used to determine the shape of the optical fiber 6 or portions
thereof. It is preferred that some of the sets 16 of optical elements 15 are constrained, i.e.,
fixed relative to the substantially rigid object 19, and other sets 16 of optical elements 15 are
unconstrained, i.e., substantially free to move relative to the substantially rigid object 19.
The constrained sets 16 of optical elements 15 are referred to herein as fixed sensing points
17, and the unconstrained sets 16 of optical elements 15 are referred to herein as unfixed

sensing points 24. Preferably, a sensing component 12 includes at least two fixed sensing
points 17.
[0048]

In order to determine the shape of the optical fiber 6 up to and including a

substantially rigid object, all of the sensing points of the optical fiber 6 on the substantially
rigid object 19 and between the substantially rigid object 19 and a reference point are used.
Thus, the sensing component for a given substantially rigid object 19 can include all of the
sensing points of the optical fiber 6 on the substantially rigid object and between the
substantially rigid object and the reference point. For example, for the case of the
substantially rigid object 19 shown in Figure 2, the sensing component 12a would include the
sensing point 24 to the left of object 19 and the sensing points 17 on the object 19. In the
case of substantially rigid object 19', the sensing component 12b would include all three
sensing points 24 to the left of object 19' and the sensing points 17 on substantially rigid
objects 19 and 19'. In this case, it can be seen that the sensing component 12b used to track
the substantially rigid object 19' in Figure 2 can include the sensing points of the sensing
component 12a used to track the substantially rigid object 19.
[0049]

For reasons that will become apparent from the description below, it is preferred that

the portion of the optical fiber 6 having the fixed sensing points 17 (the constrained sets 16 of
optical elements 15) will be constrained to have a fixed geometry. It is also preferred that a
pose of one of the constrained sets 16 of optical elements 15 has a pose that is different from
a pose of the other constrained set 16 of optical elements 15.
[0050]

At the fixed sensing points 17, the optical fiber 6 can be fixed or attached directly,

indirectly, or by a combination thereof, to the substantially rigid object 19 by any available

method. For example, direct fixation or attachment can be accomplished using glue, bone
screws, and/or clamps that hold the sensing point 17 of the optical fiber 6 against a
corresponding location on the substantially rigid object 19. Indirect fixation or attachment
can be accomplished by directly attaching the optical fiber 6 to an element that is directly
attached to the substantially rigid object 19. As shown in Figure 8, for example, trackers 107,
108 can be used to fix the position of sensing points 17 of the optical fiber 6 relative to the

substantially rigid object 19. The trackers 107, 108 may include metal plates on pins or
screws that are attached by conventional means to the substantially rigid object(s) 19, 19", so
as to protrude therefrom. Each fixed sensing point 17 is fixed to a portion of a corresponding

tracker 107, 108.
[0051]

When trackers 107, 108 are used for fixation, it is necessary to register the location

of each fixed sensing point 17 relative to its corresponding position on the substantially rigid
object 19, 19' or to some other point of interest on that substantially rigid object 19, 19'.
Such registration can be performed using a probe 106, as described above in connection with
Figures 4 and 5. For example, a tracked probe can be used to collect points on the surface of
the substantially rigid object (relative to the tracker), and a best fit can be calculated between
these surface points and a pre-operative CT model. As a further example, an x-ray image
intensifier (C-arm or fluoroscope) can be used to capture static 2D images intra-operatively in
order to register the tracker to a pre-operative CT model of the substantially rigid object (2D3D registration). As yet another example, an intra-operative multi-dimensional surgical
imaging platform (i.e., 0-arm) can be used to reconstruct a 3D model of the substantially
rigid object and capture static 2D images to locate the position of the tracker with respect to
the substantially rigid object. As yet another example, fiducial markers (e.g., ACUSTAR ® or
similar markers) could be used during imaging (e.g., CT/ MR) to locate the base of the FBG
mounting relative to an anatomical coordinate system, which provides for inherent
localization of the sensing component and registration of the substantially rigid object.

The Detection Unit
[0052]

The detection unit 9 can be coupled to the optical fiber 6 by conventional means and

configured to detect the modified optical signals from the sensing components 12. For
example, the detection unit can be coupled to the optical fiber 6 by means of the optical

coupler 25 that couples optical signal from the optical fiber 6 to an optical fiber 6a. In turn,
the optical signals are transmitted via the optical fiber 6a to the detection unit 9 . Using
conventional technology, the detection unit 9 can be configured to distinguish which
modified optical signals come from which sensing components 12 and, more particularly,
which modified signals come from which optical elements 15. The detection unit 9 also can
be configured to detect a difference between (1) the modified optical signals and (2) the
optical signals from the light source 7 or some other reference information. The detection
unit 9 may comprise, for example, a conventional reflectometer, such as a frequency domain
reflectometer.

The Calculation Unit
By performing calculations based on the detected, modified optical signals, the

[0053]

calculation unit 3 can be configured to determine (1) the pose of the substantially rigid object
19 and/or (2) the relative angle between two substantially rigid objects 19, 19", as will be

explained in more detail below. Moreover, the calculation unit 3 can be configured to detect
a difference between (1) the modified optical signals and (2) the optical signals from the light
source 7 or some other reference information, if such detection does not occur in the
detection unit 9. The calculation unit 3 may be, for example, a computer.
It is to be understood that the detection unit 9 and the calculation unit 3 need not be

[0054]

physically separate devices. Instead, they may be contained within the same housing or
structure.

Using the Fiber Optic Tracking System to Track or Determine the Pose or Angle of an Object
[0055]

In general, according to the present invention, the pose of a substantially rigid object

19 in six degrees of freedom (6D pose) or relative angles can be determined by (1) knowing

or determining the shape of the optical fiber 6 or portions thereof and (2) knowing or
determining the spatial relationship between substantially rigid objects 19 and the optical
fiber 6.
[0056]

The shape (position coordinates and fiber orientation) of the optical fiber 6 may be

determined by determining the local fiber bend at multiple sensing points 17, 24 along the
optical fiber 6. The sensing components 12 located at each of the sensing points 17, 24

provide modified optical signals, which correspond to the strain in the optical fiber 6 at those
points. In particular, the strain in the optical elements 15, such as FBGs, of the sensing
components 12 may be determined based on the frequency distribution of return signals (the
modified optical signals) from each of the FBGs. In general, a change in spacing of the
grating of a FBG will depend on the strain, and thus the frequency distribution of its modified
optical signal will depend on the strain. Because the strain provides an indication of the local
fiber bend at those points, the detection unit 9 and the calculation unit 3 can use the modified
optical signals to determine the local fiber bend at the sensing points 17, 24 and thus
determine the shape of the optical fiber 6 or pertinent portions thereof. A specific example of
how the shape of the optical fiber 6 can be reconstructed based on differential strain
measurement at each sensing point 17 and from sensing points 24 is disclosed, for example,
in United States Patent Application Pub. No. 2007/0065077, published March 22, 2007,
which is incorporated by reference herein in its entirety.
[0057]

The spatial relationship between the substantially rigid object 19 and the optical

fiber 6 can be known or determined by fixing the substantially rigid object 19 relative to the
optical fiber 6. More particularly, two or more fixed sensing points 17 of the optical fiber 6
are fixed relative to the corresponding substantially rigid object 19, as was previously

described. To use the fixed sensing points 17 to determine the spatial relationship between
the substantially rigid object 19 and the optical fiber 6, the fiber orientation or direction for at
least two of the fixed sensing points 17 should be non-collinear, Providing two or more fixed
sensing points 17 with non-collinear fiber orientations provides a clear understanding of the
spatial relationship between the substantially rigid object 19 and the optical fiber 6. If, to the

contrary, the fiber orientation of the fixed sensing points 17 are collinear, pose of the
substantially rigid object 19 cannot be determined. As an aside, it is not necessary to initially
know which of the sensing points 17, 24 are fixed sensing points 17, as that can be
determined through operation. In particular, by tracking the movement of the sensing points
17, 24, it may be determined which of them are fixed sensing points 17 (they exhibit no

change in the modified optical signals) and which are unfixed sensing points 24 (they exhibit
change in the modified optical signals).
[0058]
Pn+

For illustration purposes, Figure 9 shows a non-collinear arrangement of points pn,

and pn+2 , which correspond to fixed sensing points 17 along a tri-core optical fiber 6

(having three cores 141, 142, 143). Using only two non-collinear fixed sensing points 17
(e.g., p n, and p n+i), the 6D pose may be determined based on the position coordinates of those

points and the fiber orientation, i.e., the direction of the optical fiber at those points. Using
three or more non-collinear fixed sensing points 17 (e.g., pn, pn+i, and pn+2), the 6D pose may
be determined merely based on the position coordinates of those points.
[0059]

Figure 10 illustrates an embodiment for determining the 6D pose where the pose is

determined based on only two non-collinear fixed sensing points 17 (namely P 1 and p 2) of the
optical fiber 6, where the optical fiber 6 is in a fixed geometry between the two points.
Though not shown, it is to be understood that the fixed sensing points 17 are fixed (directly or
indirectly) to a substantially rigid object 19. As shown in Figure 10, the pi's are position
vectors to the points and v 's are fiber orientation vectors at the points. The fiber orientation
vectors provide the direction of a tangent to the optical fiber 6 at the points. To determine the
6 degrees of freedom (DOF) of the coordinate system containing P 1 and p2 and the
substantially rigid object 19, three rotation directions may be determined. The first rotation
direction comes from V1. The second rotation direction can be determined from calculating
the cross product of V2 and V1, e.g.,

[V 1 x V2] .

The cross product of V2 and V1 equals V3, known

as the resultant vector, which is the second rotation direction. By forming the cross product

of the resultant vector with V1, a fourth vector V4 , that is mutually orthogonal to V1 and V3, is
created. The third rotation direction is thus determined as the fourth vector V4 . Thus, a 6

DOF coordinate system is determined and can be used to establish a 6D pose of the
substantially rigid object 19. Specifically, by tracking p l V1, p2, and V2, the 6D pose of the
substantially rigid object 19 attached to the optical fiber 6 is established and can thus be
tracked.
[0060]

Figure 12 illustrates an embodiment for determining the 6D pose where the pose is

determined based on at least three non-collinear fixed sensing points 17 (namely, P 1, p 2 and
p 3) . Though not shown, it again is to be understood that the fixed sensing points 17 are fixed
(directly or indirectly) to a substantially rigid object 19. In such a configuration, the 6D pose
may be determined merely based on the position coordinates of those points p 1 p2 and p 3.
Three examples of techniques for doing so are described below.
[0061]

A first technique for determining the 6D pose based on the position coordinates

involves use of basis vectors. In particular, the 6D pose may be determined by defining basis

vectors based on the coordinates of the three fixed sensing points 17

(Jp

1, p 2

and p3) . The

basis vectors are determined in terms of the position vectors of the three points, p l 5 p2, and p 3.
For example, V1 = P2 - P1, v2 = P - P , x = - , y = - — - - , and z = x x y . It should be
V1 X V2

noted that only the position vectors, and not the orientation vectors, of the fixed sensing
points need be used in determining the pose in this fashion.
[0062]

A second technique for determining the 6D pose based on the position coordinates

involves use of a least squares method h particular, the 6D pose may be determined by
constraining the three fixed sensing points 17

(Jp

1, p 2

and p3) to lie along a portion of the

optical fiber 6 having a fixed geometry, such as to lie in a plane, and to use a least squares
method for fitting to the fixed geometry. Increasing the number of fixed sensing points 17
can reduce the uncertainty for the least squares method, and this increase in the number of
fixed sensing points 17 can be exploited statistically to reduce the uncertainty of the 6D pose
estimate.
[0063]

A third technique for determining the 6D pose based on the position coordinates

involves use of point cloud registration. In particular, the 6D pose may be determined using a
point cloud registration between an apriori model of the points in a local coordinate system
and measured points Exemplary methods for such a point cloud registration, are described,

for example, in the articles F.E. Veldpaus et al., A Least-Squares Algorithm for the Equiform

Transformationfrom Spatial Marker Co-ordinates, J. Biomechanics Vol. 21, No. 1, pp. 4454 (1988), which describes an eigenvector/eigenvalue method; and John H. Challis, A

Procedurefor Determining Rigid Body Transformation Parameters, J. Biomechanics, Vol.
28, No. 6, pp. 773-737 (1995), which describes an SVD method, both of which articles are

incorporated herein by reference.
[0064]

In the above-described processes for determining the 6D pose, increasing the

number of fixed sensing points 17 pi, may increase the accuracy of the pose estimate when
the point estimates are unbiased. For an uncertainty e associated with the measurement
system, the coordinates of any particular point p can be known within some error (e.g., pi+
€ ).

The point estimates are unbiased when the mean of the error

j

is zero. While the

uncertainty for a given point pi may remain the same regardless of the number of fixed
sensing points 17, the uncertainty for the 6D pose will in general decrease in response to an

increase in the number of fixed sensing points 17. As a particular example, with regard to the
least squares method, as the number of fixed sensing points 17 used in determining the 6D
pose increases, the overall uncertainty in the pose will decrease and for unbiased point
estimates of points pi, overall accuracy is increased.
[0065]

In the above-described processes for determining the 6D pose, while the fixed

sensing points 17 of the optical fiber 6 should be fixed to the substantially rigid object 19, it
is not required that the portions of optical fiber 6 between the fixed sensing points 17 be fixed
to the substantially rigid object 19 or that they be fixed in a particular geometry. Rather, the
portions of the optical fiber 6 between the fixed sensing points 17 maybe unfixed, and the 6D
pose may still be determined.
[0066]

However, constraining a portion of the optical fiber 6 between the fixed sensing

points 17 to have known shape or positions at certain points or portions will increase the
accuracy of the pose estimate. That is, by increasing the number of known positions along
the optical fiber 6, the accuracy of the overall shape determination can be increased.
Consequently, the accuracy of the pose estimate based on the fiber shape determination also
can be increased.
[0067]

The optical fiber 6 may be constrained to have known positions at certain points or

portions in a number of ways. For example, an entire portion of the optical fiber 6 containing
the fixed sensing points 17 can be constrained to have a fixed geometry, which can be fixed
relative to the substantially rigid object 19. Several geometries for constraining the optical
fiber 6 may be used. For example, a planar arc or planar loop (e.g., a circle) may be used. As
another example, the ending point of the optical fiber 6 relative to the beginning point may be
known.
[0068]

Figure 11 illustrates an embodiment where the fixed sensing points 17 (P 1 and p2)

are on a portion of the optical fiber 6 that is constrained to follow a fixed geometry, in this

case a planar arc. The vectors V1 and v2 are constrained to lie in the same plane, while the
points P 1 and p2 are constrained to be points on the fixed geometry. The 6D pose and the
coordinate system transformation can be obtained from the cross products OfV 1 and V2, in a
way similar to the calculation of the coordinate system transformation described in relation to
Figure 10.

[0069]

In yet another embodiment, a constraint such as a planar loop, as shown in Figures

13 and 14, may be used to identify the points of attachment of the optical fiber 6 along the

substantially rigid object, where the fixed sensing points 17 (P 1 and p 2) are on the loop.
Preferably the loop has a bend that is near the minimum bend radius

m1n

of the optical fiber 6 .

Minimizing the size of the loop provides for a more convenient measuring system. The bend
of the loop, however, need not be near the minimum bend radius T101n . In the case of such a
loop, the crossing point 6 1 of the loop (i.e., the point at which the optical fiber 6 intersects
itself) can be fixed. Figure 14 illustrates an embodiment wherein a right angle is defined at
the crossing point 61, while in Figure 13 a 180 degree angle is defined. The optical fiber loop
provides a convenient way to fix points along that portion of the optical fiber 6 . Because the
loop has a fixed geometry, the optical fiber 6 always crosses at the crossing point 61. The
crossing point 6 1 can be used to reduce noise in the fiber shape measurement, and thus the
6D pose measurement, because the crossing point is known to remain fixed. The 6D pose

may be determined in a similar fashion to the embodiments described with respect to Figures
10 and 11, i.e., using the position and orientation vectors of two fixed sensing points.

[0070]

Figure 15 illustrates an embodiment where a portion of the optical fiber 6 is

constrained to have a fixed geometry, namely to follow a groove 181 in a tracker plane 182.
The portion of the optical fiber 6 constrained in the groove 181 includes n fixed sensing
points 17 (p p i+1 .... p 1+n, p n) - To determine the 6D pose, the plane in which the constrained
part of the optical fiber 6 resides may be identified. The plane may be represented by a point

p , and the plane normal vector, where the plane normal vector is represented by the equation
ή=

ny

nz 1 where n is a function of the position of the fixed sensing points 17 in the

portion of the optical fiber 6 constrained to follow the groove 181 as

n = f(p , p !+l ...p l+n , p n ) . The plane can be expressed by the equation
nx x +ny y + nz z + d = 0 . The unknowns in the plane equation can be determined from a set
of three or more non-collinear points using the linear system of equations:
1

y

y,
yn

Z1

= 0 . The points p, to p n are projected onto the plane so that the

center C of the circular arc can be determined. The tangent vector t is determined from the

P - C
equation t =η—
. . The transformation matrix, which provides the transformation from
one coordinate system to another, and which thus provides the 6D pose, can be constructed
from the normal and tangent vectors as T =

n
0

t
0

nxt
0

P
1

. The transformation

matrix provides linear translation as well as angular rotation from one coordinate system to
another, as in known in the art, and thus provides the 6D pose.
[0071]

Figures 16A and 16B illustrate an embodiment of the fiber optic tracking system

100, in which it acts as an angular transducer that can determine the angle between a first
substantially rigid object 19 and a second substantially rigid object 19'. In this embodiment,
the fixed sensing points 17 (P 1 and p 2) are fixed to the first and second substantially rigid
objects 19, 19', respectively, where the substantially rigid objects 19, 19' are constrained to
rotate relative to each other in one dimension about a rotation axis A to define an angle θ . It
should be noted that the portion of the optical fiber 6 between the fixed sensing points 17
need not follow a constrained path. Acting as an angular transducer, the fiber optic tracking
system 100 is used to measure that angle θ .
[0072]

As can be seen in Figure 16B, which is a cross section of a portion of the tracking

system 100 along a line B-B in Figure 16A, the fiber optic tracking system 100 may include a
dual-core optical fiber 6 having two cores 161, 162, where the two cores are aligned
perpendicular to the rotation axis A . The two cores are oriented to lie in the plane
perpendicular to the rotation axis A, where the core 162 is radially further away from the
rotation axis A than the core 161.
[0073]

The angle θ is determined by transducing the relative strain between the two cores

of the optical fiber 6. The orientation vectors at the entrance and exit of the joint, i.e., at
points P 1 and p 2 , can be used to determine the joint angle θ . Specifically, the equation

θ = cos ' I

J

I can be used to determine the angle θ, where V1 and v 2 are the orientation

vectors at points P 1 and p 2, respectively. Thus, the angle θ between the first substantially
rigid object 19 and the second substantially rigid object 19' can be obtained.

[0074]

While Figures 16A and 16B illustrate the fiber optic tracking system 100 serving as

a single angular transducer for determining a relative rotation angle between two substantially
rigid objects 19, 19', in general it can serve as multiple angular transducers in a system
having three or more substantially rigid objects, where pairs of the substantially rigid objects
are constrained to rotate relative to each other in one dimension. In this case, an angular
transducer would be coupled to each substantially rigid object pair to determine the relative
angle between the objects of the pair. Such a system can be configured to determine a 6D
pose.
[0075]

Figure 17 illustrates such an embodiment of the fiber optic tracking system in a

system 100 having four substantially rigid objects 19. 19'. 19" and 19'", where the system
can transduce the angle between pairs of the substantially rigid objects. Namely, the system
100 in Figure 17 can transduce the angle

1 between

objects 19 and 19' of a first pair, the

angle θ2 between objects 19' and 19" of a second pair, and the angle θ3 between objects 19"
and 19" ' of a third pair. It should be noted that while Figure 17 illustrates the rigid objects
all constrained to move in a same plane, this is not a requirement.
[0076]

The angles

1,

θ2 and θ3 may be determined in a similar fashion to that described

above with respect to Figures 16A and 16B for a single angular transducer. In that regard,
each pair of substantially rigid objects has fixed sensing points 17 of the optical fiber 6
respectively fixed to objects of the pair. The angles about the rotation axis A of a pair may be
determined using orientation vectors as discussed above with respect to Figures 16A and
16B.

Temperature Compensation
[0077]

Fluctuation in temperature is a source of potential inaccuracy in the tracking

performed by the fiber optic tracking system 100. For example, the strain in a FBG in
conventional optical fiber is sensitive to temperature, as well as the local fiber bend. To
accurately track the substantially rigid object 19, it is preferable to address the potential effect
of temperature fluctuation.
[0078]

The potential inaccuracy caused by temperature fluctuation can be addressed by

removing temperature as a variable. For example, the temperature of the environment of the
fiber optic tracking system 100 can be maintained constant.

[0079]

Alternatively, the potential inaccuracy can be addressed by compensating for

temperature fluctuations. The change ∆λB in the wavelength of light reflected by a FBG
relative to a wavelength
B
a

\

n)

λβ

at temperature T is provided by the equation

, where

Λ

is the thermal expansion coefficient of the optical fiber,

" is the thermo-optic coefficient, and ∆T is the change in temperature. Therefore, to obtain

a more accurate local fiber bend estimate, temperature may be measured along the optical
fiber 6 that is used to track the substantially rigid object 19, and any temperature fluctuation
can be factored into the determination of local fiber bend to reduce or eliminate any
inaccuracy. As shown in Figure 18, temperature fluctuation may be measured along the
optical fiber 6 by, for example, providing an additional optical fiber 308 having a FBG 307,
which will sense a strain change resulting from only temperature fluctuation. To ensure that
the strain change results from only temperature fluctuation, the strain measured by the FBG
307 must be measured at a point along the optical fiber 308 that does not experience a change

in its local fiber bend. Similar compensation for temperature fluctuation also can be
accomplished using other sensors of temperature fluctuation, such as a thermocouple, for
example.
[0080]

Other embodiments of the invention will be apparent to those skilled in the art from

consideration of the specification and practice of the invention disclosed herein. It is
intended that the specification and examples be considered as exemplary only.

WHAT IS CLAIMED IS:
1.

A fiber optic tracking system for tracking a substantially rigid object,

comprising:

a light source that provides optical signals;
an optical fiber having a sensing component configured to modify the optical signals

from the light source, the optical fiber being configured to attach to the substantially rigid
object;

a detection unit arranged to receive the modified optical signals from the sensing
component; and

a calculation unit configured to determine a pose of the substantially rigid object in
six degrees of freedom based on the modified optical signals.
2.

The fiber optic tracking system of claim 1, wherein the substantially rigid

object includes at least one of a portion of a body and an instrument.
3.

The fiber optic tracking system of claim 1, wherein the optical fiber includes

at least one of a multi-core fiber and a plurality of single core fibers.
4.

The fiber optic tracking system of claim 1, wherein the optical fiber is

configured to at least one of attach directly to the substantially rigid object and attach to an
element that is attached directly to the substantially rigid object.
5.

The fiber optic tracking system of claim 1, wherein at least one of the

detection unit and the calculation unit is configured to detect a difference between the optical
signals from the light source and the modified optical signals.
6.

The fiber optic tracking system of claim 1, wherein the sensing component

comprises a plurality of optical elements.
7.

The fiber optic tracking system of claim 6, wherein the plurality of optical

elements include at least one of a fiber Bragg grating, microbend sensor, and an

interferometric sensor.

8.

The fiber optic tracking system of claim 1, wherein the sensing component

includes at least a first set of optical elements and a second set of optical elements, and
wherein the first set of optical elements and the second set of optical elements each comprises
a plurality of optical elements.
9.

The fiber optic tracking system of claim 1, wherein the sensing component

includes at least a first set of optical elements and a second set of optical elements, and
wherein a portion of the optical fiber that includes the first and second set of optical
elements is constrained to have a fixed geometry.
10.

The fiber optic tracking system of claim 9, wherein the pose of the

substantially rigid object in six degrees of freedom is determined based at least in part on a
location of the first set of optical elements, a first vector along a direction of the optical fiber
at the location of the first set of optical elements, a second vector along a direction of the
optical fiber at a location of the second set of optical elements.

11.

The fiber optic tracking system of claim 9, wherein a portion of the optical

fiber that includes the first and second set of optical elements is constrained to have a
predetermined geometry.
12 .

The fiber optic tracking system of claim 11, wherein the predetermined

geometry includes at least one of a planar arc and a planar loop.
13.

The fiber optic tracking system of claim 12, wherein the planar loop has a

constant radius.
14.

The fiber optic tracking system of claim 12, wherein the planar loop includes a

fixed crossing point where a first point on the optical fiber overlaps a second point on the
optical fiber.
15.

The fiber optic tracking system of claim 9, wherein the first and second set of

optical elements are disposed on a plane perpendicular to an axis of revolution of a joint of
the substantially rigid object.

16.

The fiber optic tracking system of claim 1, wherein the sensing component

includes at least a first set of optical elements and a second set of optical elements,
wherein the optical fiber is constrained so that a pose of the first set of optical
elements is different from a pose of the second set of optical elements, and

wherein the pose of the first set of optical elements relative to the second set of optical
elements is fixed.

17.

The fiber optic tracking system of claim 1, wherein the sensing component

includes at least three sets of optical elements, and wherein the optical fiber is constrained
such that positions of the three sets of optical elements are non-collinear.
18.

The fiber optic tracking system of claim 17, wherein the calculation unit is

configured to calculate the pose based on basis vectors determined from positions of the at
least three sets of optical elements.
19.

The fiber optic tracking system of claim 17, wherein the calculation unit is

configured to calculate the pose based on a least squares fit method using the positions of the
at least three sets of optical elements.
20.

The fiber optic tracking system of claim 17, wherein the calculation unit is

configured to calculate the pose based on a point cloud registration method using the
positions of the at least three sets of optical elements.
2 1.

The fiber optic tracking system of claim 1, wherein the optical fiber has a

second sensing component configured to modify optical signals from the light source to

provide second modified optical signals, the optical fiber being configured to attach to a
second substantially rigid object;

the detection unit is arranged to receive the second modified optical signals from the
second sensing component; and

the calculation unit is configured to determine a pose of the second substantially rigid
object in six degrees of freedom based on the second modified optical signals.
22.

A method for tracking a substantially rigid object using a fiber optic tracking

system, comprising:

providing a light source;
attaching an optical fiber, having a sensing component configured to modify the
optical signals from the light source, to the substantially rigid object; and

determining a pose of the substantially rigid object in six degrees of freedom based on
the modified optical signals.
23 .

The method of claim 22, further comprising:
at least one of attaching the optical fiber directly to the substantially rigid

object and attaching the optical fiber directly to an element that is attached directly to the
substantially rigid object.
24.

The method of claim 22, wherein the sensing component includes at least a

first set of optical elements and a second set of optical elements.
25.

The method of claim 24, further comprising:
determining the pose of the substantially rigid object in six degrees of freedom

based at least in part on a location of the first set of optical elements, a first vector along a
direction of the optical fiber at the location of the first set of optical elements, and a second
vector along a direction of the optical fiber at the location of the second set of optical
elements.
26.

The method of claim 24, further comprising:
constraining the optical fiber so that a pose of the first set of optical elements

is different from a pose of the second set of optical elements and wherein the pose of the first

set of optical elements relative to the second set of optical elements is fixed.
27.

The method of claim 24, further comprising:
constraining a portion of the optical fiber that includes the first set of optical

elements and the second set of optical elements to have a fixed geometry.
28.

A computer program product storing a program for tracking a substantially

rigid object using a fiber optic tracking system, which when executed by a computer
performs a method comprising:

determining a pose of the substantially rigid object in six degrees of freedom based on
modified optical signals received from a sensing component of an optical fiber attached to the
substantially rigid object.
29.

The computer program product of claim 28, further comprising:
determining the pose of the substantially rigid object in six degrees of freedom

based at least in part on a location of the first set of optical elements in the optical fiber, a
first vector along a direction of the optical fiber at the location of a first set of optical
elements, and a second vector along a direction of the optical fiber at a location of a second

set of optical elements in the optical fiber.
30.

The computer program product of claim 28, wherein the sensing component

includes at least a first set of optical elements and a second set of optical elements, and
wherein a portion of the optical fiber that includes the first and second sets of
optical elements is constrained to have a fixed geometry.

31.

A fiber optic tracking system for transducing the angle between a first

substantially rigid object and a second substantially rigid object constrained to move relative
to the first substantially rigid object in one-dimension defined by the angle, comprising:

a light source that provides optical signals;
an optical fiber having a first sensing component and a second sensing component, the

first sensing component configured to modify optical signals from the light source to provide
first modified optical signals, the second sensing component configured to modify optical
signals from the light source to provide second modified optical signals, the optical fiber

being configured to attach to the first substantially rigid object such that the first sensing
component is fixed relative to the first substantially rigid object and to attach to the second
substantially rigid object such that the second sensing component is fixed relative to the
second substantially rigid object;

a detection unit arranged to receive the first and second modified optical signals from
the first and second sensing components; and
a calculation unit configured to determine the angle based on the first and second
modified optical signals.

