
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization I

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2016/123697 Al
11 August 2016 (11.08.2016) P O P C T

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
G01B 5/00 (2006.01) G05D 3/14 (2006.01) kind of national protection available): AE, AG, AL, AM,
A61B 34/20 (2016.01) A61B 34/30 (2016.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
G01L 25/00 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

PCT/CA20 16/050064 KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
27 January 2016 (27.01 .2016) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,

62/1 10,935 2 February 2015 (02.02.2015) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,

(71) Applicant: THE UNIVERSITY OF WESTERN TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
ONTARIO [CA/CA]; 115 1 Richmond Street, London, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
Ontario N6A 5B8 (CA). LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,(72) Inventors: FERREIRA, Louis; 433 Grangeover Court,
GW, KM, ML, MR, NE, SN, TD, TG).

London, Ontario N6G 4K8 (CA). STOKES, Matthew;
449 McGarrell Drive, London, Ontario N6G 5K7 (CA). Published:

(74) Agent: HILL & SCHUMACHER; 264 Avenue Road, — with international search report (Art. 21(3))
Toronto, Ontario M4V 2G7 (CA).

(54) Title: NAVIGATION BY BENDING FORCES

(57) Abstract: The present disclosure provides a navigation method
and system which does not require a remotely located tracking system,
or additional targets or other devices to be installed on the patient or
object being tracked. The system uses one flexible component in phys
ical contact with the patient/object and measures relative position as a
function of forces that are generated by the flexing component as it is
bent. The system translates forces into navigational commands for a
robot, other manipulator, or for human manual navigation. A method
for transforming a pre-planned motion pathway into a sequence of
forces for this mode of navigation is also described. This system is
also applicable in the field of manufacturing robotics, where the loca
tions of objects or assemblies may not be precisely known or constant.
The method and system disclosed herein can be used to maintain
known position of an object/assembly or to navigate movement of a
robot relative to an object/assembly as in the case of machining.

Figure 1



NAVIGATION BY BENDING FORCES

FIELD

The current disclosure relates to a navigation method and system (also

referred to as navigation by bending forces and Nav-by-Bending-Forces), with

applications in surgical applications and manufacturing and other fields

requiring positional navigation through relatively short distances.

BACKGROUND

A tracking system in surgery is required in order to navigate a pre

operative plan relative to the patient's anatomy. The tracking system is

generally used to track the patient's anatomy during the surgery and to navigate

hand-operated surgical tools or a robot-assisted surgical tool.

Current surgical tracking systems in use rely upon determining the poses

(position and orientation) of targets, such as infrared-emitting diodes or

retroreflective spheres, which are attached to instruments or fixed into bone. An

industry leader in producing such systems is NDI who have a medical product

line consisting of two families of tacking systems, namely Polaris and Aurora.

Details of the Polaris system can be found at:

http://www.ndiqital.com/medical/products/polaris-familv/ . The Polaris tracking

system tracks the 3D position and orientation of active or passive markers

attached to surgical tools with optical measurement technology. Details of the

Aurora system can be found at:

http://www.ndiqital.com/medical/products/aurora/ .

However, there are several significant drawbacks to current systems for

tracking patient anatomy. Current optical tracking systems require a clear line of



sight in order to "see" their targets. Optical tracking systems can be obtrusive

and interfere with the surgical workflow because surgical staff must not occlude

the camera's line of sight. These cameras are normally mounted at some

distance from the patient. As the surgical working area is already somewhat

small and compact, this makes it very difficult for surgical staff to work without

blocking the cameras. This is perhaps the reason that is most noted by

surgeons who express why navigation and robot-assisted systems are not

adopted for most procedures in which they could be of value.

Also, many current intra-operative tracking systems require tracking

devices to be rigidly mounted to the patient's bones of interest. This means that

stab incisions are made in order to gain access to bone so that tracking targets

can be drilled into the bones. These installation sites are most often not part of

the surgical incision and exposure. Thus, they are considered to be additional

morbidity which must be healed, and sources for increased risk of infection.

Cost also plays a significant role in the adoption of surgical systems.

There are three elements of cost including initial capital cost (current tracking

systems can easily cost $ 100,000 or more), replacement and maintenance

costs, including sterilization and the cost of operating room time. Thus, cost is a

significant factor for smaller and more remote medical establishments.

The tracking targets of current tracking systems require occasional

replacement due to breakage and wear from being inside of the surgical field.

Many popular optical trackers use passive retro-reflective targets that must be

discarded and replaced after each surgery, which accounts for significant waste

and expense. Additionally, the re-usable electronic targets and their bone

mounting hardware must be sterilized using means that are safe to electronic



equipment. Each of these targets has at least two parts for bone mounting and

also require batteries which must be replaced for each surgery.

Most surgical procedures can begin immediately following incision and

exposure. However, the most common surgical tracking systems are optical

and require some setup of the camera for line of sight, and significant setup of

the tracking targets for installation into bone, as described in above. This adds

significant operating room time, which increases costs significantly to hospitals

and the healthcare system. Tracking systems that are not optical, such as

electromagnetic or ultrasonic, still require installation of targets, receivers or

emitters in anatomy as described above.

Most current tracking technologies have fixed resolutions. For example,

optical systems, which are the most commonly used tracking technology, have

camera chips with a fixed number of pixels and pixel dimensions. Moreover, all

current tracking systems navigate by position/orientation, which requires

mathematical reduction to position coordinate and orientation angles, or

geometric fitting such as least squares algorithms. These methods require

complex calibration, and induce measurement error.

All current tracking systems, be they electromagnetic, optical, or

ultrasonic are susceptible to interference from one or more electromagnetic,

radio, sonic, or light sources. In particular, electromagnetic systems can also be

impacted by metal surgical tools, operating table, and other metallic objects.

It would be very advantageous to provide a surgical navigation system

which avoids the above-mentioned limitations and drawbacks and provides an

economically cheaper alternative to current surgical navigation systems.



SUMMARY

In the present disclosure, a navigation method and system is described

which does not require a remotely located tracking system, or additional targets

or other devices to be installed on the patient or object being tracked. The

system uses one flexible component in physical contact with the patient/object

and measures relative position as a function of forces that are generated by the

flexing component as it is bent. The system translates forces into navigational

commands for a robot, other manipulator, or for human manual navigation. A

method for transforming a pre-planned motion pathway into a sequence of

forces for this mode of navigation is also described.

This system is also applicable in the field of manufacturing robotics,

where the locations of objects or assemblies may not be precisely known or

constant. The method and system disclosed herein can be used to maintain

known position of an object/assembly or to navigate movement of a robot

relative to an object/assembly as in the case of machining.

Thus, in an embodiment there is provided a system for tracking an

object, comprising:

a) a motive source, an instrument attachable at a proximal end thereof to

the motive source and movable by the motive source;

b) a load cell fixed in a known position with respect to the proximal end

of the instrument when it is attached to the motive source;

c) a flexible component having a proximal end attached to the load cell,

the flexible component having a distal end configured to make physical contact

with an object being tracked; and



d) a computer controller connected to the load cell for receiving an

output from the load cell, said output from said load cell including forces that

are generated by the flexible component as it is bent when said object moves,

the computer controller programmed with instructions to translate said forces

that are generated by the flexible component into navigational commands for

said motive force to maintain said instrument in a preselected pose with respect

to said object.

In another embodiment there is provided a system of navigation of an

object, comprising:

a) a motive source, an instrument attachable at a proximal end thereof to

said motive source and movable by said motive source;

b) a load cell fixed in a known position with respect to said proximal end

of said instrument when it is attached to said motive source;

c) a flexible component having a proximal end attached to said load cell,

said flexible component having a distal end configured to make physical contact

with an object being tracked; and

d) a computer controller connected to said load cell and pre-programmed

with a navigation algorithm containing a pre-selected navigation route, wherein

said computer controller is programmed with instructions to translate said

navigation route into a series of predicted forces experienced by the flexible

component calculated at discrete intervals along its predicted deformed

configurations according to the pre-selected navigation route, and wherein said

computer controller is programmed with an algorithm which inputs this series

calculated forces into an input of the navigation algorithm.



A further understanding of the functional and advantageous aspects of

the disclosure can be realized by reference to the following detailed description

and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will now be described, by way of example only, with

reference to the drawings, in which:

Figure 1 illustrates the surgical tracking system using navigation by

flexible component.

Figure 2 shows perspective views of a tool holder, a load cell and a

mounting bracket for mounting the load cell and the tool to the tool holder.

Figure 3 shows a block diagram of an embodiment the present system

including a real time monitor processor connected to a load cell and a robot

control processor and the robot control processor connected to the robotic arm.

Figure 4 shows a block diagram of another embodiment the present

system including a real time monitor processor connected to a load cell but in

which a robot is not used, but rather a human moves the tool by hand.

Figure 5 shows a flow chart for a non-limiting implementation of the

method disclosed herein.

Figure 6 shows a flow chart for a non-limiting implementation of the

navigation route calculation phase.

DETAILED DESCRIPTION

Various embodiments and aspects of the disclosure will be described

with reference to details discussed below. The following description and



drawings are illustrative of the disclosure and are not to be construed as limiting

the disclosure. Numerous specific details are described to provide a thorough

understanding of various embodiments of the present disclosure. However, in

certain instances, well-known or conventional details are not described in order

to provide a concise discussion of embodiments of the present disclosure. The

drawings are not scale.

As used herein, the terms, "comprises" and "comprising" are to be

construed as being inclusive and open ended, and not exclusive. Specifically,

when used in the specification and claims, the terms, "comprises" and

"comprising" and variations thereof mean the specified features, steps or

components are included. These terms are not to be interpreted to exclude the

presence of other features, steps or components.

As used herein, the term "exemplary" means "serving as an example,

instance, or illustration," and should not be construed as preferred or

advantageous over other configurations disclosed herein.

As used herein, the terms "about" and "approximately" are meant to

cover variations that may exist in the upper and lower limits of the ranges of

values, such as variations in properties, parameters, and dimensions. In one

non-limiting example, the terms "about" and "approximately" mean plus or

minus 10 percent or less.

As used herein, the phrase "load cell" refers to a transducer that is used

to create electrical signals whose magnitudes are directly proportional to the

forces and torques being measured. These forces and torques are produced as

reaction forces through a flexible component which is attached to the load cell

at one end and in contact with an object to be tracked at the other end.



As used herein, the phrase "flexible com ponent" means any object

whose modulus of elasticity allows that the forces experienced are within the

object's elastic range so as not to damage or plastically deform the object.

Exam ples include a light metal strip, rubber or flexible composite, spring-loaded

assem bly, etc. Any custom-designed fixture or assembly can suffice as long as

it has a flexible section with enough elastic range to satisfy the flexural working

range required by the application.

As used herein, the word "pose" means a com bination of position and

rotation values, which together, represent a discrete location and orientation of

an object.

The navigation system disclosed herein, referred to herein as the

navigation by bending forces system , is designed to provide movement tracking

and robotic end-effector positioning guidance without the reliance on a

secondary tracking system . In addition to robotic navigation feedback, it can be

used for a sim pler positioning device, or even a hand-operated tool. For

sim plicity, the navigate-by-bending-forces system will be described for robotic

use from this point forward, however it will be understood that it may be used in

non-robotic applications and the same principles of operation would be

generally the same.

Referring to Figure 1, a robotic arm shown generally at 10 includes an

end effector 12 mounted on the distal end of arm 10. End effector 12 includes a

base plate 14 to which a surgical tool/instrument, or manipulator 18 is attached.

A load cell 22 is mounted to the end effector 12, rigidly with respect to the

tool/instrument/manipulator 18, such that there is no relative motion between

the load cell 22 and tool/instrument/manipulator 18.



Referring to Figure 2 , the load cell 22 is positioned off center out of the

way of the tool profile of the tool 18 being used, this being accomplished using

base plate 14 which is configured to include two spaced mounts 16 and 24

spaced by a rigid middle section with end effector 12 mounted to mount 16 and

load cell 22 mounted to mount 24. A flexible component 26 is mounted at its

proximal end to the free end of the load cell 22. The distal end or mounting

surface of the flexible component 26 is in physical contact with the object 40

(which may any object or in the case of a surgical procedure it may be patient

anatomy 40 to be tracked). The load cell 22 measurement system outputs

voltages proportional to forces and torques experienced by the flexible

component 26 to off board computer 30. The flexible component 26 allows

relative movement between the object/patient being tracked and the

tool/instrument/manipulator 18, as well as the load cell 22. This relative

movement corresponds to flexure in the flexible component 26 consisting of

forces and torques, which are measured by the load cell 22 and transmitted as

proportional voltages in real-time to the control system.

Figure 3 shows a block diagram of the present system shown generally

at 20 which includes a real time monitor computer processor 30 connected to

load cell 22 and a robot controller 32 and the robot controller connected to the

robotic arm 10. In some robot applications, depending on the robot

manufacturer's controller implementation, there can be an embodiment that

does not include a separate robot controller, or the robot controller 32 may

reside in the same processor as the Nav-by-Bending-Forces controller 30.

Figure 4 shows another embodiment in which a robot is not used, but

rather a human moves the tool by hand. In this embodiment, the navigation



commands of the Nav-by-Bending-Forces controller are output to a display, or

other type of human machine interface, such as an acoustic or haptic device. In

any case, a human can be navigated by translating the navigation commands

of the controller 30 into application-specific feedback signals.

The navigation by bending forces controller/processor 30 is programmed

with a feedback control algorithm. The load cell 22 and control algorithm can be

used to command robot arm 10 or other motion device, or to navigate a hand

held tool/instrument. As mentioned above, voltage readings acquired by the

controller/processor 30 are run through a calibration transformation matrix and

are converted to force values. The force values represent the loads currently

experienced by the flexible component. By biasing the load cell 22 in a starting

position, changes in force values can be interpreted as relative movement

between the object 40 being tracked and the robot's end-effector. Incremental

position/orientation adjustments can be commanded to the robot 10 to

compensate for the object's (40) movement. In addition, a planned motion path

can be transformed into a planned sequence of bending forces and torques.

This can then be used to move the robot in the planned path relative to the

biased reference position and relative to the object. Motion or navigation is

commanded by small correcting motion vectors in any or simultaneously all of

six degrees of movement (i.e. linear movements in three Cartesian axis

directions and rotations about the same axes). In the case of human navigation,

in which the tool 18 is moved by hand, the commands can be displayed visually

or using some other feedback modality such as audible signals or haptics.

The algorithm, described in more detail with respect to the flow chart of

Figure 5 , includes a set of spatial transformations, which convert the



forces/torques from the flexible object (measured by the load cell) into spatial

corrections whose magnitudes are proportional to the measured forces/torques,

such that greater errors in relative position inputted to the controller lead to

greater magnitudes of spatial corrections to the relative position. The spatial

corrections are also scaled to magnify or attenuate the position corrections and

to tune the response performance. Each of six scaling factors, corresponding to

the six degrees of movement spatial corrections, are adjusted in real-time in

order to compensate for changing conditions (i.e. object/patient movement or

other unknowns) and to minimize relative position errors. The real-time

adjustment of scaling factors is currently accomplished using one Proportional

Integral Derivative (P ID) algorithm for each scaling factor corresponding to each

degree of movement. A previous prototype of the robot control embodiment

uses a heuristic decision-based algorithm to adjustment the scaling factors, by

selecting a different magnitude for each scaling factor as a function of the input

error magnitude. These are two examples of methods for adjusting the scaling

factors; however, any method may be used which can adjust a value, or vector

or array of values, as a function of a rising or falling error input. For example,

fuzzy logic may also be used for this purpose. As the final navigation

commands may be output as jogging events to the robot or other device or

human, then modulation methods may also be used instead of continuous

adjustment methods. The purpose of adjusting the scaling factors is to im prove

performance by reducing lag or delay. If this is not required, or if the robot,

motion device or human task is sufficiently responsive, then an embodiment

with only fixed scaling factors, or even none at all (i .e. equal to 1) , may be used.

The Nav-by-Bending-Forces algorithms may be encoded in software or in



hardware. An exemplary and non-limiting implementation of the method is seen

in the algorithm shown in the flowchart of Figure 5 .

The above-mentioned algorithm will be discussed in more detail with

specific reference to the flow chart in Figure 5 . The algorithm involves

transforming the force-torque (FT) output of the load cell (LC) to the tool

coordinate system (CS), either by using the load cell's software or by the

following transformation:

For force vector: tooi T c _ tooi p w here F is the force vector F=(F , Fy ,

Fz)

For torque vector: T Torq = t lTorq where Torq is the force vector

Torq={Torq , Torqy , Torqz)

Now the FT output is relative to the tool CS.

We need to get a transformation of the current tool's pose (ti) to a new tool

pose (ti+1) relative to the base frame which reduces the FT. This is:

base t i base
t i 1 ti+1 1 t i +11

Thus, we need a transformation ti+ T that represents the new tool pose (ti+1)

relative to the current tool pose (ti). This will be constructed from the FT

transformation above. Say the rate of correction is set at 1 mm/N for forces and

at 17Nm for torques, then for forces: Transx = Fx l and similarly for the y

and z directions. Note the sign is (+) to move in the force direction to relieve the

force. Also note that the rate can be different for each direction. It can also be

given a lower threshold to remove jitter near zero, and an upper limit to avoid

large corrections.



For torques: Rotx = Torqx l - and the same notes apply similarly as for

corrective translations.

Now build a rotation R matrix from Rotx, Roty, and Rotz using the equations of

the Craig text according to the fixed-axis method.

Now build the T matrix using R and the translations Transx, Transy, and Transz

The final T matrix represents the small translations and rotations needed to

correct counter the forces and torques at the tool's coordinate system. This is

suitable for the matrix t T needed for the tool CS transformation above.

The load cell should be zeroed in order to ignore preloads. This way, the

above will provide reference following. For a pre-planned navigation path, setup

a CAD model of the flexible component for FEA analysis with boundary

conditions that match the application. Divide the pre-planned path into discrete

frames, then for each frame, iteratively configure the distal end of the flexible

component to match the path at that frame. Calculate the reaction forces and

torques at the load cell boundary conditions of the flexible component

corresponding to each frame configuration. Populate the and Torqxyz

vectors with these reaction forces and torques values. This will create a

sequence of target forces and torques that correspond to the sequence of path

frames. Now this sequence can be input to the algorithm above and it will seek

to minimize the error between the real-time load cell output and the F
x y z

and

Torqxyz vectors.

Thus, the system translates forces into navigational commands for a

robot, other manipulator (eg. Pick and place manufacturing, CNC milling), or for



human manual navigation. In the case of human navigation, a human operator

would be holding a tool and the flexible component of the present navigation by

bending forces system would be in contact with an object with which the human

operator is interacting. The nature of the interaction may be probing, machining,

measuring, painting, deforming, but is not limited to physical contact. It may be

scanning by laser or camera, or any other non-contact interaction.

Thus, when the system is configured to be used in a contact mode

between the instrument 18 and the object 40, the instrument may be a tool for

processing material, including but not limited to a drill bit or any other kind of

machine tool, or a medical instrument for interacting with tissue including but

not limited to a stylus, needle, syringe, isotope introducer, embosser, stamp,

polisher, grinder, mill, burr, file, drill, grasper.

When the system is configured to be used in a noncontact mode

between the instrument 18 and the object 40, the instrument may be any one of

but not limited to, an imaging device, a scanner, a laser, paint sprayer, ink jet,

radiation monitor, magnetic or electromagnetic field sensor, capacitance or

inductance sensor.

The present navigation by bending forces system disclosed herein may

even be attached directly to a human operator's body instead of a tool. In this

embodiment, the present navigation by bending forces system can provide

navigation for direct human navigation of a specific body part in almost any

environment, including under water and empty space, assuming that the

electronic components of the load cell are suitably protected. The only contact

with an object required by the present navigation by bending forces system is



contact between the flexible component 26 and the object 40. Then navigation

can be achieved relative to the object.

The present navigation by bending forces system can be used for object

tracking, where the present navigation by bending forces outputs seek to

maintain one position and orientation relative to the object as the object may

move about. In addition, the Nav-by-Bending-Forces system can provide

navigation in which the outputs of the present navigation by bending forces

represent relatively positions and orientations that change relative to the object.

Both of these applications are supported by the general present navigation by

bending forces algorithm described herein.

In the first application of simple object tracking, in which the present

navigation by bending forces system outputs seek to maintain one position and

orientation relative to a possibly moving object, the output of the load cell 22

can be biased (i.e. tared to zero values) at a reference position relative to the

object/patient being tracked. In this way, the forces and torques in the flexible

object are biased to zero. The system will subsequently maintain this position

relative to the object/patient as the object/patient moves.

In the second application, in which the present navigation by bending

forces system outputs provide navigation relative to an object, a pre-planned

pathway relative to the object/patient can be achieved by inputting a pre-

calculated sequence of forces/torques that correspond to relative positions

along the pre-planned pathway. In this way, the system will be navigated with

respect to the object/patient, allowing different locations on the object/patient's

surface to be visited by the tool/instrument/manipulator.



More particularly, referring to Figure 6 , a pre-planned desired tool path

is represented as a series of discrete poses at 2 millisecond steps (although

this method is not limited to 2 millisecond steps as will be appreciated by those

skilled in the art. At each time step, the predictable forces and torques at the

load cell are calculated using a Finite Element Analysis (FEA) method or other

suitable mathematical model or calculation. This is iterated for all time steps

and the final sequence is saved for later input to the real-time navigation

algorithm.

It is important to note that the object tracking and navigation methods

can be used together, since even when navigating a pre-planned pathway, any

departure from the biased reference forces/torques will automatically trigger the

system to correct its relative position. This would occur when the object/patient

moves for any reason. No alteration or switching of algorithms is required. It is

also important to note that in the simple object tracking application, where

movement relative to the object is not planned or desired, the path pre-planning

aspects of the algorithm may be skipped or not implemented.

In other words, the real-time software of the navigation method is the

same as the object following method. The difference is that object following

method uses fixed force values for the algorithm's inputs. In contrast, the

navigation method varies the forces to the inputs, thus causing the algorithm to

hunt for different forces, and thus causing it to move about the object.

The present navigation by bending forces method and system disclosed

herein exhibits several significant advantages and unique features compared to

current tracking navigation systems. First, the present navigation by bending



forces system of tracking patient anatomy does not require a clear line of sight

as optical tracking systems do in order to "see" their targets.

As noted above, current tracking systems require one or more

components to be rigidly mounted to the patient's bones of interest requiring

that stab incisions are made in order to gain access to bone so that tracking

targets can be drilled into the bones. The present navigation system does not

require any additional stab incisions. The flexible component is fixed to an

already exposed region of bone within the surgical exposure.

In terms of cost, the present navigation by bending forces system uses

hardware including one or more small 6 dof load cells and one or more flexible

components for attachment to bone. A typical load cell costs about $3000. The

cost of the flexible component can be negligible if it is a simple metal strip. If the

flexible component is a patient-specific mount which includes a flexible section,

then its cost will likely be in the range of $ 100 to $500 based on 3D printing

methods currently available. This is contrasted with current tracking systems

that cost $ 100,000 or more mentioned previously.

Further, as noted above, tracking targets of current tracking systems

require occasional replacement due to breakage and wear from being inside of

the surgical field. Typically passive retro-reflective targets must be discarded

and replaced after each surgery. In contrast, the present navigation-by-

bending-forces system requires that only the flexible component(s) be sterilized

or replaced, as the rest of the system, including the load cell(s), can be covered

by plastic as is done with most robotic surgical systems. Depending on the

installation or application requirements, if it is desired to retain the flexible

component(s), then they may also be covered with plastic using current



techniques. The flexible component(s) can be placed with standard operating

tools for autoclave sterilization, or any other common and inexpensive

sterilizing method.

It is noted that most surgical procedures can begin immediately following

incision and exposure. However, the most common surgical tracking systems

are optical and require some setup of the camera for line of sight, and

significant setup of the tracking targets for installation into bone, as described in

above. In contrast, the present navigation-by-bending-forces system requires

only the attachment of one or more flexible components to the already exposed

bony area and in a procedure where a robot is already used, this setup can be

very rapid.

The inherent accuracy of the navigation system disclosed herein can

surpass current navigation technology because the resolution of the

fundamental load cell technologies, such as foil strain gauges, have infinite

resolution. In contrast, most current tracking technologies have a fixed

resolutions as noted above.

Finally, the navigation system disclosed herein does not suffer

interference from electromagnetic, radio, sonic, or light sources while current

tracking systems, based on electromagnetic, optical, or ultrasonic signals are

susceptible to interference from one or more of those sources. In particular,

electromagnetic systems can also be impacted by metal surgical tools,

operating table, and other metallic objects.



THEREFORE WHAT IS CLAIMED IS:

1. A system for tracking an object, comprising:

a) a motive source, an instrument attachable at a proximal end thereof to

said motive source and movable by said motive source;

b) a load cell fixed in a known position with respect to said proximal end

of said instrument when it is attached to said motive source;

c) a flexible component having a proximal end attached to said load cell,

said flexible component having a distal end configured to make physical contact

with an object being tracked; and

d) a computer controller connected to said load cell for receiving an

output from said load cell, said output from said load cell including forces that

are generated by the flexible component as it is bent when said object moves,

said computer controller programmed with instructions to translate said forces

that are generated by said flexible component into navigational commands for

said motive force to maintain said instrument in a preselected pose with respect

to said object.

2 . The system according to claim 1 wherein said instrument is any one of a

contact device configured to contact said object and a non-contact device

configured to be spaced away from said object.

3 . The system according to claim 2 wherein said instrument is a contact

device, said contact device being any one of a tool for processing material, or a



medical instrument for interacting with tissue, stylus, needle, syringe, isotope

introducer, embosser, stamp, polisher, grinder, mill, burr, file, drill, grasper.

4 . The system according to claim 2 wherein said instrument is a non-

contact device said non-contact device being any one of an imaging device, a

scanner, a laser, paint sprayer, ink jet, radiation monitor, magnetic or

electromagnetic field sensor, capacitance or inductance sensor.

5 . The system according to claim 1, 2 , 3 , or 4 wherein said motive source is

provided by a robot having an end effector to which said instrument is attached.

6 . The system according to claim 1, 2 , 3 , or 4 wherein said instrument is

configured to be connected to a human operator.

7 . A system of navigation of an object, comprising:

a) a motive source, an instrument attachable at a proximal end thereof to

said motive source and movable by said motive source;

b) a load cell fixed in a known position with respect to said proximal end

of said instrument when it is attached to said motive source;

c) a flexible component having a proximal end attached to said load cell,

said flexible component having a distal end configured to make physical contact

with an object being tracked; and

d) a computer controller connected to said load cell and pre-programmed

with a navigation algorithm containing a pre-selected navigation route, wherein

said computer controller is programmed with instructions to translate said



navigation route into a series of predicted forces experienced by the flexible

component calculated at discrete intervals along its predicted deformed

configurations according to the pre-selected navigation route, and wherein said

computer controller is programmed with an algorithm which inputs this series

calculated forces into an input of the navigation algorithm.

8 . The system according to claim 7 wherein said instrument is any one of a

contact device configured to contact said object and a non-contact device

configured to be spaced away from said object.

9 . The system according to claim 8 wherein said instrument is a contact

device, said contact device being any one of a tool for processing material, or a

medical instrument for interacting with tissue, stylus, needle, syringe, isotope

introducer, embosser, stamp, polisher, grinder, mill, burr, file, drill, grasper.

10 . The system according to claim 8 wherein said instrument is a non-

contact device said non-contact device being any one of an imaging device, a

scanner, a laser, paint sprayer, ink jet, radiation monitor, magnetic or

electromagnetic field sensor, capacitance or inductance sensor.

11. The system according to claim 8 , 9 or 10 wherein said motive source is

provided by a robot having an end effector to which said instrument is attached.

12 . The system according to claim 8 , 9 or 10 wherein said instrument is

configured to be connected to a human operator.
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