wo 2014/012163 A1 |JIN I N0F VOO O A

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/012163 A1l

23 January 2014 (23.01.2014) WIPO | PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GO01B 5/004 (2006.01) B25J 19/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
A61B 19/00 (2006.01) GO1C 9/00 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
B25J 11/00 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. L DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
PCT/CA2013/000631 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
15 July 2013 (15.07.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, 8@, 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,
61/671701 14 July 2012 (14.07.2012) Us GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicants: UNIVERSITY OF WESTERN ONTARIO TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
[CA/CA]; The Gordon Mogenson Bldg., Suite 105, 100 EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Collip Circle, London, Ontario N6G 4X8 (CA). CENTRE MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
FOR IMAGING TECHNOLOGY COMMERCIALIZ- TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ATION [CA/CAJ; Suite 130, 100 Collip Circle, London, KM, ML, MR, NE, SN, TD, TG).
ON N6G 4X8 (CA).
Published:
72) igzzz?f%n?ﬁg’ggg rle )32’2 iélgugglﬁsq\gﬁ?iﬁrg;fﬁé —  with international search report (Art. 21(3))
Ambleside Drive, London, Ontario N6G 4N9 (CA). —  before the expiration of the time limit for amending the
. . . claims and to be republished in the event of receipt of
(74) Agent: RUSTON, Dz.w1d, A.; 330 University Avenue, 6th amendments (Rule 48.2(h))
Floor, Toronto, Ontario M5G 1R7 (CA).
(54) Title: MECHANICAL TRACKING SYSTEM

(57) Abstract: A mechanical tracking system comprises a first set of linkage arms, a second set of linkage arms, a pair of shafts con -
nected at first end to one arm of the first set of linkage arms and at a second end to one arms of said second set of the linkage arms,
wherein each arm of the second set of linkage arms is oriented out of phase with a respective arm of the first set of linkage arms, an
attachment shatt positioned adjacent to the first set of linkage arms to accommodate a tool, and a sensor arrangement configured lo
sense the orientation and position of the attachment shaft.



WO 2014/012163 PCT/CA2013/000631

MECHANMICAL TRACKING SYSTEM

Cross-Reference to Related Application

0601} This application cliims the benefit of ULS. Provisional Application No.
017671700 e Jofirey Bux ot ab. filed on July 14, 20020 the entive content of which 1s

incorporated horein by reference.

Field of the Invention

10062] The present invention ralates W trucking systoms and in particalar to a

mechanical tracking system (o assist inmedical imaging,

Backoround of the Invention

J0003] Hepatocethilar carcinonia (HCC) 15 one o the most common disgnoscd
matignancies and one of the most frequent couses of caneer related deaths worldwide.
Incidence is particularly high in Agia and sub-Saharan Africa due to the large incidence
ot hepatitis B and C, both of which are complicated by hepatic cirrhosis, the greatest risk
factor for HCC, Increasing trends in [FCC have been reported in Western countrics.
Further, the liver is one of the most conmmon sites of metastatic cancer arsing in other
OTRANS.

100404 When feasible, surgical rescction or fiver transplant s the aceepted
standard therapeutic approach, and has the highest success rate of avatlable treatinent
methods for primary and metastatic hver cancer. Unfortunately, only approsimately
1A% of patients are candidates for surgery. Patients who do ot quali fy tor surgery are
olfered other therapeutic solutions such as for example chemotherapy and radiotherapy,
however these other solutions have variable suceess rates,

[H6G05) Minmmally invasive percutancous techniques, such as for example radio-
frequency (REF) und microwave (MW) ablation of malignant tissue in the hver is a
rapidly expanding rescarch fickd and treatment 1ol for patients who are not candidates
for surgical resection or Hiver fransplant, It some cases, these mimimally invasive
pereutancous techniques act as a bridge to Hver transplantation. Due to low
complication rates and short recovery times, the indications for these minimally invasive

fechniques are increasing. These techniques, bowever, have a higher local recurrence
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rate than surgical resection mamly due to msutficient or inaceurate loval ablation of
caneerous cells,

FOD06] MW encrpy-induced tissue heating by near field probes is a common
thermal freatment of lver tumours, Application of MW for tumour ablation has multiple
advantages over other techniques, including higher treatment temperatures and the
ahitity to create Farger uniformly shaped ablation zones in shorter time periods.
However. the aceurate placement of the ablation probe is eritical in achicving the
predicted treatment poal, The current standard uses computed tomaography (C7) images
for planning and two-dimensional ubltrasound image suidance for intra-opcrative
suidance of the ablation probe(s) into the target Tesion,. This approach suffers from
several disadvantages such as: (1) 2D altrascund imaging requires users (physicians) o
mentafly integrate a sequence ol 20 images to form an impression of the anatomy and
pathology, leading to variabiity in guidance during interventional procedures: (2) 2D
uhlrasound imaging docs not permil the viewing ol planes parallel to the sking (3) liver
deformation and motion artitact due to breathing reduces targeting accuracy: (#4) the use
of 21y ulrasound imaging for measurement of tumour volume needed for the treatment
plan is variable and af times inaccurate; and (5Y the use of 21 ultrasound imaging makes
it difficult to detect and track the needle delivering the thermal energy to the hiver, which
ix crucial for accurate placement of the needle refativee to the tumour,

{6007} The use of three-dimensional (31} ultragsound imaging helps to avercome
the above-noted disadvantages resubling in improved aceuracy of ablation probe
placement and improved ablation of the feston. 31 ultrasound mmagmy also helps o
show the features of Hver masses and the hepatic vasculature more clearly, allowmg
guidance of the ablation probe to the target to be carried out more accuradely und
allowing more accurate monitoring of the ablation zone during the procedure und durmyg
follow up. As a result, 31 ultrasound imaging helps to increase the overall success rate
and retiability of minimally invasive tiver interventions. Thus, 3D ultrasound 1n
combination with follow up C'F images can help physicians to decide whether a repeat
ablation 1s required.

{0008] The ability W increase the overall success rate of minimally tnvasive

techniques for the treatment of liver cancer provides better treatment options for non-
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surgical candidates. Tt s thercfore an object of the present invention at least 1o provide a

novel mechanical tracking systeny o assist i medieal imaging,

Summary of the Invention

{0069 Accordingly, in one aspect there s provided a mechanical tracking
system comprising a first set of finkage arms, a second set of linkage arms. a pair of
shadls connected at a Hrst end (0 one arm of said first set of linkage arms and at a sceond
end 1o one arm of soid sceond set of suid Hinkage arms, whererny cach am o the seeond
set of hnkuage arms 15 oviented out of phase with a respective arm of the first set of
Inkage amms, an attachiment shaft positioned adjacent to the {irst set o linkage armas (o
accommaodate a tool, and a sensor arrangement configured to sense the arlentation and
position ol the attachment shaft,

10616} In one embodiment, the first and sceond sets of linkage arms are 1807 out
ol phase with respect to one another and form sphorienl linkages, The spherieal linkages
arc coupled 10 opposite ends of @ paraltelogram linkage. The first set of linkage arms
and parallclogram hinkuge are coupled to a hnear shde assembly.

D011} In one embodiment, the sensor arrangement comprises at feast one
cncoder, The at feast one encoder may be a magncetic encoder ancd an optical encoder. In
another embodiment, the sensor arrangement comprises a plurality of sensors at different
locations about the mechanical trucking system,

HI12] I one embodiment, the mechanical tracking system further comprises a
counterbalance mechanism For matntaining balance hetween the first and sceond sct of
linkage arms. The counterbalance mechanism muy comprise counterwaights mounted
on the first set of linkage arms.

{0013 According to another aspect there is provided an assembly compnising a
paraticlogram linkage: a first spherical linkage coupled to one end of the paraticlogram
linkage and being configured (W connect to a tools a sccond spherical tnkage coupled to
an upposite end of the parallclogram lnkage: and a countorbakanee mechanism separated
from said first spherical lnkage,

{0014} tn one embodiment, the Grst and sceond spherical linkages are mirrored
at opposite ends of the parallclogram hinkage and the counterbalance mechanism s

associated with the second spherical finkage. The counterbalance mechanism may
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comprise counterweiphts mounted on finkage amms of said second spherical linkage, In
one embodiment, the assembly further comprises a shaft and L-joint arrangement
extending between the fivst and sceond spherical linkages and the paralletogram linkage
and seeond spherieal inkage ave coupled to a lincar slide assembly.

{0015] The mechanical tracking assembly is advantageous in that it allows for

hoth spherical and vertical counterbalunced motion and reduced inertia,

Brict Deseription of the Drawings

{0611 6} Embodiments will now be described more fully with reference to the

accompanying drawings in which:

{0017} Figure 1 is an tsometric view of a mechanical tracking system;
FHHIES] Figure 2 ts a bottom view of the mechanical tracking system of Figure 15
{0019} Flaure 3 is a cross-sectional view of the mechaniend tracking system of

Froure 1;

180204 Figures 4a to 4o are front perspeative, rear perspective, and top views,
respectively, of the mechanical tracking system of Figure 1;

{0021] Figure 5 i an isometric view of the mechanical tracking system of Figure
I showing axes of movement thereof)

[0822] Figure 6 s an isometric view ol the mechanical trucking svstom of Figure
1 showing a sensor asseimbly thereofs

[OH23] Figure 7 1s a bottom view of the mechanteal tracking svstem of Figure |
showtnge the sensor asgembly thereof;

f(H24) Figure 8 is a schematic dingram showing the refationship between the
coordinate system of the moechanical tracking system and a reference frame;

{0025 Figures 9a and 9b are isomatne and side views, respectively, of another
embodiment of & mechamical tracking systom;

J0020] Frgure 10 15 an isometric view of yet another embodiment of o
jnechunical tracking systemy;

10027] Figure L s an isometric view of yet another embodiment of o
mechanical trucking system holding an ultrasound imaging system: and

{0028] Figare 1215 an sometric view of still yot another embodiment of o

mechanical tracking system coupled to a magnetic resonance imapig machine.
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Detailed Desceription of the Embodiments

06294 Turping to Frgures Tand 2, 0 mechunicud trucking system s shown and is
generally wentificd by reference numeral 100, The mechanical tracking system 100
comprises a lnear sliding assembly 1530, a rearward sphorical linkage 200, an arm
assembly 250, a spring counterbatance assembly 260 and a forward spherical linkuge
3000 The torward spherical Hnkage 300 comprises an attachment shaft 310 {or
conneeting to a tool such as for example a medical imaging device (c.g. an ullrasound
probe, CT scanner, MR seanner efe.). The mechanical tracking system 100 also
COMPTISCS & sensor arrangemant 400 for monttoring the motion thereol.

10030} The hnear sliding asscrubly 150 comprises a first base bracket 152
havitie one end configured to he secured or otherwise mounted on supporting structure,
A horizontally extending lincar camage 154 is mounted adjacent the other end ol the
first base bracket. A bottom portion of & sccond base bracket 156 s slidably connected
1o the Inear carmage 184 via a linear shide 1580 A brake 106 is provided 1o seleetively
inhibit or persit movement of the linear stide 158 along the linear carringe 134, A top
portion of the second base brackel 150 15 connected to a vaw bearing block 1060, The
vaw bearing block 160 supports o rear base plate 1620 A first prtch hearing block 164 s
connected to the rear base plate 162, Although not visible in Figure 1, a second piteh
bearing block is conmected to the rear base plate 162 below the First pitch bearing block
164,

{1331} The rearward spherteal linkage 200 extends rearwardly from the rear
bose plate 102 and comprises four (4) spherical linkage arms 202 o 208, which in this
embaodiment are made of aluminum or other suitable matenal. The sphericat linkage
arms 202 10 208 are arranged 1 a generally rectangular shape and are comnected to one
another via a pair of stumless steel bearings that are secured by a threaded serew and «
bolt (not shown). Spectficatty. o first end of cach of spherica] inkage anms 202 and 200
is connected to opposing ends of spheriead Tinkage arm 204, A sceond end of spherical
linkage arm 206 is connected 1o o first end ol spherteal linkage arm 208 and u seeond
endd of spherteal linkage arm 202 is connected W an approxunate mudpoint of sphericul
finkage arm 208, The second end of spherical finkage arm 208 extends generally

outward from the connection point of the second end of spherical Tinkage arm 202,
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Counterweights 210 formed o tungsten or other suitable material are positioned
approximately at the midpoints of sphorteal linkage arms 202, 204 and 206, at the
connection point between the first end of spherical linkage arm 202 and spherical
Iinkage arm 204, and at the second end of spherical finkage ann 208, Axs will be further
deseribed below. the rearward spherical linkage 200 15 used o counterbalunce the mass
of the forward sphereal linkage 300 and foof connected therclo via attachment shaft 310,
[032] The anm assembly 250 extends forwardly trom the rear base plate 162
and 18 in the form ot a paralfctogrun hnkage that comprises an upper paraliclogram
Hnkage arm 252 and a tower parallelogram linkage arm 254, respectively, In this
embodiment, cacl ot the upper and lower paralielogram linkage arms 232 and 254 s U-
shaped und is connected at a fiest end to the rear base plate 162 via a pair of stainloss
steel bearings associated with the fivst pitel bearing block 164 ad seeond piteh bearing
block (not shown), and at a second end to o forward base plate 286 via o pair of stainlesy
steet bearings associated with a third pitch bearing block 258 and a fourth pitch beartng,
block (not shown), Positioned within a space intermediate the upper parallelogram
Hnkage arm 252 and the lower paratlelogram tinkage arm 254 i the spring
counterbalance assembly 260, The spring counterbalance assembly 260 s similar to that
desaribed in International PCT Application Publication No, WO 2009/039659 10 Bax ¢t
al., the relevant portions of the disclosure of which are incorporated herein by relerence,
10033] Figure 3 shows a cross-sectional view of the mechanical tracking system
{00, Generally, the spring counterbalance assembly 260 is used to support the mass of
the at assembly 250, forward spherical linkage 300 and tool connected to the
attachiment shaft 310 and comprises an upper counterbalance spring 262 connected at o
first end to the rear base plate 162, identified as point A in Figure 3, and at a sceond end
to a st end of an upper crank BE via a pinned connection 2, which itselt is connected
to the forward base plate 256, The spring counterbalance assembly 260 compnses o
lower counterbalance spring 264 connccted at a first end to the rear base plate 162,
identified as potnt Cin Figure 3. and ar a second end 1o a fivst end of a lower crank CF
via o pinned connection P. The second end of the lower crank CF is connected to the
forward hase plate 250 at pomt 2. As will be appreciated from this armmgement, the
force penerated by the upper counterbalance spring 202 is 90 degrees out of phase with

respect 1o the lower counterbalance spring 264 and upper crank BE s at a vight angle
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with respect to lower erank CFL In this embodiment the upper and Jower counterbalimee
springs 262 ard 204 ave steel alloy springs,

{0034] Reforring back 1o Figures b and 2, the torward spherieal Hnkage 300
extends forwardly from the forward base plate 256 and comprises tour {4) sphetical
Iinkage arms 302 to 308, which in this embodiment are made from alumioum or other
suitabic material. The sphericat linkage anms 302 to 308 are arvanged ina generally
rectungular shape and are connected to one another via a pair ol stainless steel bearings
that are sccured by a threaded screw and a bolt {not shown), Specifically, a fist end of
cach of spherical hinkage arms 302 and 306 is connectad o opposing ends of spherical
linkage arm 304, A second end of spherical inkage arm 306 is connceted 0 a first end
of spherieal linkage arm 308 and a second end ol spherical tinkage arm 302 15 connected
o ar approximate midpoint of spherieal Timkage arm 308, The sceond end of sphereal
finkage arm 308 extends generally outward from the conneetion point of the second end
of spherical Tinkage wrm 302, The second end of spherieal inkage arm 308 houses the
attachment shalt 310, The attachment shaft 310 extends penerally jnwards md s
moveable with the spherical hnkage ams 302 to 308, as will be deseribed.

{0035] As cun be seen, spherical linkage arms 202, 204, 206 and 208 correspond
to sphevical fnkage armms 302, 304, 306 und 308, respectively and thus. the rear and
forward spherical Hnkages 200 and 300 are mirrored at opposite ends of the
parallclogram linkage, The rearward spherical Jinkage 200 and torward spherical
linkage 300 are coupled to one another via shaft and U-joint artangements, The shafls
3500 and 3500 of the arrangements in this embodiment are paratlel and are made of
stainless steel or other suitable material. The rewrward spherteal linkage 200 15
conneted 1o a fiest end of cach of the shalts 3504 and 350b via a par of Vi-joints 352,
Fach pair of U-joints 352 iy connected o one another such that they are 90% out of phase
with respect to one another, The forward spherical linkage 300 is connected to a sceond
end ol cach of the shafts 3500 and 350b via o pair ol U-jomts 334, Fach pair of Ui-joints
354 % conneatad W one another such that they at 907 out of phuse with respect wone
another, As a result, the rearward spherical hnkage 200 and forward sphericad inkage
300 are positioned 1807 out of phase with respeet to one another, that s, spherieal
linkage arms 202, 204, 200 and 208 are 1807 out o phase with respect to spherieal

linkage arms 302, 304, 300 and 308, respectively.
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[00136] Figures 4a to 4o are respective front perspective, rear perspective, and top
views of the mechanteal tracking system 100 showing the relationship between the 1i-
Joints 352 and 354 und the pivor axes of the upper parallclogeam Hnkage arm 232, fower
paraltelogram Hnkage wm 254, forward spherical linkage 300 and rearward spherical
finkage 2000 As ¢an be seen, the center of rotation of cach pair of U-joints 352 und 354
is aligned with the pivots adjacent to the respective forward spherical linkage 300 (points
Gund Fwhich are coplunar with respeet to the plane defined by pacallel axes A and Oy or
rearward spherical tinkage 200 (points H and 1 which are coplanar with respect to the
plane delined by parallel axes B and D) such that all four pairs of U-joints are parallel to
the pinned axis supporting the forward spherical Hinkage 300 (axis L) and rearward
spherieal Iimkage 200 (axis K.

fO037] As best shown in Figure £, the rearward spherieat linkape 200 is rotutable
about a rear center of motion RCOM and the forward spherical tinkage 300 is rotatable
abuut a forward center of motion FCOM. The torward spherical tinkage 300 permits a
user to pivot a tool attached o attachment shafl 310 about the forward center of motion
FCOM with three degrees of rotation: namely yaw, pitch and rol). The anmn asscmbly
250 which 1x pinned to the sceond base bracket 156 that is attached 1o the linear shding
assembly 150 permits three degrees ol ranslation @ adjust the posttion (X, Y, Z) of the
forward center ot mouon FCOM and the ool attached Lo the attuchment shall 3100 As
will be appreciated. the three degrees ol trunslution 15 provided through a combination of
the up/down movement of the parallelogram hinkage about axes ABCD shown m Figure
5. the pivoting of the paralfelogram linkage about axis M. and the translution along the
fincar shiding assembly 150 according to direction N A pair of braokes 356 (shown in
Figure 1) is provided to selectively inhibit or permit rotation ot the forward spherieal
Hnkage 300 and rearward spherical Hinkage 200

JOO38Y The posttion of the tool attached to attachment shaft 310 s tracked by the
sensor rangement 400 relative 1o o fixed coordinate frame, The seasor arrangement
400 15 wdentificd in Figures 6 and 7. As can be seen, the sensor arrangement 400
comprises six (0} encoders ST to S6. In this embodiment, cach of the six encoders ST o
S0 is a magnctic rotary encoder, such as the RM Scrics Rotary Frcoder manulactured by
Renmshaw, and s used to measurce the angle between the encoder body (identifted as 81

to 503 and an associated encoder magnet (not shown), Each ol the encoders 81 10 86 1s



WO 2014/012163 PCT/CA2013/000631

S0

connected to a gencral purpose computing deviee via a wived of wireless connection (nol
shown), FEncoder ST s positioned on the second base bracket 156, Focoder 32 i
positioned aop rear base plate 162, Eneoder 53 s positioned oo an exterior side of
upper paratlclogram linkage arm 252, Encoder 84 is positioned behind the forward base
plate 256, Encoder S5 1s positioned behind the cotnection pomt of sphecical Hinkage
arms 302 and 304, Encoder 86 1s positioned behind attachment shatt 310 on spherical
Iimkage arm 308,

03] Retorring to Figure 8 the position of the ool is determined by
cateulating the forward center of motion FCOM position, having coordinates (X, Y, 7)
refative to a known starting point using data obtained by encoders $1, 82 and 83 and the

following transformation matrix;

cosAd sinAd 0 xycosd+ xgeasAcos B b x, cos A+ o]

—sinA cosAd O =X 8inAd —xysinAdcos B —x,5in A )
0 S X, sin B+ oz, ’ *
0 0 0 1

where v, ag and vy are constants determined {rom the geometry of the forwurd
spherical linkage 300, 2, is the displacament along the linear carriage 154 measured by
encoder S1, angle 4 is the vaw angle measured by encoders 82 and §3, and angle /3 s
the pitch angle measured by encoders 82 and 53,

[O0404 ‘The orientation of the tool is determined by caleulating the orientation of
point C using data obtained by encoders 84, 55 and 50. The orientation of the tool about
the axis from the forward center of motion FCOM o point O, referred to as axis FCOM-
¢, is measured by encoder $6. The location of point C with respect to the forward center
of motion FCOM is measured by cnicoders $4 and 85, The vrientation of the tool is
specified in spherical coardinates by the angle ¢, the angle axis FCOM-C makes with
respect W the 7 axis, and the wnple 8 representing the orientation of the tool in the X-y
plane,

fo04 11 The relationship between the coordinate systent ol the mechamical
tracking system 100 and the reference frame defined by the encoders S1 1o 56 15 shown
in Figure 8. The attachment shaft 310 orientation measured by the encoders 5410 56 is

defined by the spherical triangle ARC, and is linked to the forward center of motion
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FCOM by the spherical trangle ADC. The angle between joints A and 13 in linle AR is
/4. Semilarly, the angle between joints B oand C ja link BC s o
j6042] The kinematics cquations of motion for the forward spherical linkage 300

derived by applying the Napicr anafogics to spherical triangle ADC shown in Figure 8

arc:
by ] ( Fa O 1 I
t: . {) e gl b s . SCC - S S— 0] - - 4—,’1 i
. I’.( @) Lmﬁ .AW 2,}\“2 v 2 /WL;’,L\ 24
Ly, RO I i I .
tan N (() rx):'-'r Sin 2 L o 2 ]cm lt : 2' )u)l. 5 g [2h])
| ! Y., .
tn—g = tan | - {sin{0 ©a)eos(0 - ) [2¢]
2 2N Ry . '
HO043) As will be appreciated. Fauations 2a to 2 are used to define the sphencal

covrdinates of axix FCOM-C in terms of the geometric configuration of the hnkage
angles o and £

(IR EY The configuration of the forwinrd spherical linkage 300 in terms of the
angles measured by encoders 84 and 85 is defined according 1o guations 3w and 3h
below, 1t will be appreciated that Equations 3a and 3b are derived by solving the right

spherical riangle ABE m Figure §:

1 .
fan oy = oSy 13a)
| , [ e
SO e g e LR 31
col L N tan y {3t
[0045] The positions of spherical linkage armes 300 and 308 of forward spherneal

linkage 300 correspond to arms AB and BC, respeatively, Accordingly. the position of
cach spherical tinkage arm 306 and 308 is determined by measuring the spherical angles
at vach of the pinned couplings A and B. respeetively. Encoder 84 measures the angle (&
by between arm AR and the x—z planc, and encoder 85 measures the angle v between
arm AR and arm BC. A will be appreciated, Eguations 3a and 3b are used 1o decouple
the values for angles & and . which in tum are used (o solve Eguations 2a to 2e, above,
{0046] Dyuring operation, the general purpose computing device (nof shown)
polls the encoders $1 10 86 to obtain coordinates therefrom. In this embodipwent. the

ceneral purpose computing device polls cach encoder ST o S at a vate of 10 polls per
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seeond. The general pumpose computing deviee processes the coordinates and displays
the coordinates of the tool attached to the attachment shafl 310, In embodiments where
the tool s a medical imaging device, the generad purpose computing device may
superimpose the coordinates or tool path of the medical imaging device on a display
sorcen stop a reconstrucied image such as for example an uitrasowd g, 8 computed
tomography (C1) image, or a magnetic resonance (MR) image. Further, i the (ool is
CF or MR imaging scanner, the mechameat tracking system may astomatically register
the ool to the reconstructed CT or MR image providing information about the tool
location relative to the scanned anatomy,

j00:47] Turning now to Figures Ya and 9b, another embodiment of o mechanical
tracking systein 1007 iy shown. In this embodument, like reference numerals arc used 1o
indicate like components. Az can be seen, mechanicd tracking system 1007 15 similar to
that of mechanical tracking system 10O shown in Figure 1 with the addition of a motor
arcangemient 300, In this embodiment. motor arrangement 500 comprises six (0) motors
M1 1o M6, Motor M1 controls the movement of the arm assembly 250, rearward
spherical linkage 200 and forward spherical Enkage 300 along the Hincar cirriage 154,
Motor M2 controls the pivotal movement of the et assembly 2530, rearward spheneal
linkage 200 and forward spherical Hinkage 300 with respect o axis M. Motor M3
controls the up/down movement of the ami asscmbly 250 and forward spherteal linkage
300. Motors M4 and M5 control the yaw and piteh of the fool connected o the
attachment shall 310 and are directly connected to spherical Hinkape aoms 306 and 304,
respectively. Motor M6 controls the rolt orientation of the tool connected 1o attuchment
shatt 310 about the Tongitudinal axis thercof,

{0048] As will be appreciated, motor arrangement 500 is used as o power assist
device for lifting and manipulating large payloads and/or a master-slave robotic assistant
when coupled to a general purpose computing device {(nol shown). When used as @
master-stave robotic assistant, the sensor data obtained by encoders 51 and S01s
communicated to the general purpose computing device for processing o control motors
M1 to M6 and thus, adjust the position and onentation of the ol As will be
appreciated, the orlentation and position of the mechanical tracking system (and thus the
tool) may be adjusted through any input device such as for example a mouse. o

reyboard, a trucking ball, ete.
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{049 Turning now to Figure 10, apother cmbodiment of a mechanical tracking
system 1007 15 shown. In this embodiment. like reference numerals are again wsed to
mdicate Jike components. As can be scen. mechanical tracking system 160 is similar to
that of mechanical tracking system 100" described above with reference to Figures 9a
and b, with the exception that motor M3 o the motor amrapgement 500 is replaced with
i ;‘}mpm'timml‘ gain solenoid 600, In this embodiment, the proportional gain solenoid
GO0 iy integrated within the spring counterbatanee assembly 260 10 generate a foree
vector that 1s independent of the orientation of the arm asscinbly 250, rearward spherical
Imkage 200 and forward spherical linkage 300, The value of the foree veetor gencerated
s communicated to the general purpose computing device through the spring,
counterhalance assembly 260 using the proportional gain solenoid 600 (o provide force
feedback along the vartical axis. As will be appreciated, six degrees of force feedback
maty be achieved by adding a solenoid assembly in place of each motor or by intenrating,
the yolenoid mto the spring counterbatance assembly 260 as shown in Figure 10,
Alternatively, a solenoid cun be integrated into the lower counterbalunce spring 264, 11
micgrated into the Jower counterbalance spring 264, the force exerted by the solenoid on
the forward sphericat linkage 300 would be equivalent to exerting the same foree
through the center of mass of the payload, which is independent of the forward spherical
Emkage 300 configuration. As will be appreciated, the proportional vain solenoid 600
nay be replaced with a pneumatic or hydraulic eylinder.

[0050] Although in the above embadiments, componants are described as being
formed of speciic materials such as aluminum and staintess steel, it will be appreciated
that other suitable materials may be used such as for example plastic, brass, ceramic, ete.
{005} Although in the embodiments deseribed above, magnetic rotary encaders
are used, those skilled in the art will appreciate that non-magnetic optical encoders or
other suitable sensors may be ased,

[052] Although the counterbalance springs are desarthed above as being made
of a steel abloy, those skitled in the art wil] appreciate plastic leal springs or other
suitable spring-like devices may be used.

{0053 Ax mentioned proviousty, the attachment shafl 310 may be used 1o
connect (o o medical tool, An example of the attachment shaft 310 connected to an

ultrasound imaging device 800 1s shown in Figure 11, In this example, the mechanical
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troeking system 10077 1s simmilur to that of the mechanical tracking system T8 shown in
Figgures Qu and 9h, with the exception that the tungsten counterweiyghts 2 1) ure replaced
with a spring balance assembly 7000 The spring balanuee assembly 70015 simitlar to that
described in above-incorporated International PCT Application Pubtication No, WO
2009/039659 to 13ax ¢t al. I this example, the vltrasound imaging device 800 1 similar
1o that deseribed in Jnternational PCT Application No. PCT/CA201 3/000302 to Barker
ct al., the relevant portions of the disclosure of which are incorporated herein by
reference.

{0054 Frgure 12 shows the attachment shatt 310 of mechanicad tracking system
100 connected to an uthoasound imaging device 800 with the mechameal tracking
systern beng mounted adjacent an MR imaging system 900, i this embodiment, it will

R RS

be appreasted that qH componens of the mechanteal tracking system 1007 are formed
of non-metalbic materials o as o not interfere with the MR fmaging, Specifically, the
counterbalance springs are plastic leal sprngs, the encoders are non-magnetic optical
encodors, and all other components are made of non-metallic materials such as for
example plastic, or ceramic.

[0055] Although in above embodiments, the spring counterbalance assembly
comprizes upper and lower eranks, i another embodiment the upper and Tower cranks
may be replaced with two cceentric cams positioned 90 degrees out of phase with
respect to anothet,

100564 Although it is described above that the position and oricntation of the
mcchanical tracking system (and thus the ool) may be adjustad through any input device
such as for cxample a mouse, o keybouard, o tracking ball, ete | those skolted in the ant will
appreciale that the posttion and orientation of the mechantcal tracking system may he
adjusted using any type of input device. For example, a scaled down maodel of the
mechanicn] tracking system muay be provided to a user and coupled o the general
purpose computing device. (n this example, the user may mantpulate the scaled down
maodel and in response, the mechanical tracking system {s automatically conditioned (o
mirror the resultant movenment of the scaled down model. As another example. a
araphical user interface (GUI) may be displayed on a display screen assocrated with the

general purpose computing device providing a number of controt buttons to the user.
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Further, the control buttons may be associated with a predefined movament and
orentation pattern presct by the user,

j0057] Although embodiments are desceribed above with reference to the
accompanying drawings, those skilled in the art will appreciate that variations and
modifications may be made without departing from the scope thereof as defined by the

appended clatms,
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Whatt is claimed is:

I A mechanical racking system comprising,

o Nrst set of Hnkage arms,

a sceond set of finkage arms;

A patr of shalts connected at a frst end to one arm of said fivst sct ol
linkage anns and at g second end 10 one arm of said second sct of said linkage arms,
wherein each arm of the sceond set of linkage arms is oriented out of phase with a
respective arm of the first set of finkage ars:

an attschment shatl positioned adjacent to the {irst set of Tinkage arms
1o accommuoctate a took; and

a sensor arrmgament configured to sense the orientation and positon

of the attachment shatt,

2. The mechanteal tracking system of ¢laim b whercin the frst and

second sots of linkage arms are 1809 out of phase with respect to onc another,

3 The mechanical tracking xystem ot claim 1 or 2 whercin both the fiest

and sceond sets of Tmkage arms torm sphericat linkages.

4, The mechanical tracking system of claim 3 wherein the spherical
linkages are coupled 1o opposite ends of a parallclogram linkage.
5, The mechanical trucking system of claim 4 wheretn the Fiat set of

linkage arms and parallelogram linkage are coupled to a lincar slide assembly,

6. The mechanical tracking system of any one of claims 1 1o 5 wherem

the sensor arrangement comprises at feast one encoder,

7. The mechanical tracking system of cluim 6 wherein the at least one

encoder is one of @ magnetic encoder and un optical encoder.
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. The mechanical tracking system of claim 6 whercin the <ensor
arrangement comprises @ plurality of’ sensors at different locations about the

mechanjcal tracking systeny,

0, The mechanical tracking systeny of cluim 8 wherein the sensors are

cncoders.

(0. The mechanieal tracking system of any one of ¢laims 3 (o § further
comprising a counterbalance mechanism for maintaining batance between the first

and second set of hinkage arms.

t. The mechanical tracking system of claim 10 wherein said
counterhalance mechanism comprises counterweights mounted on said first set of

inkage arms.

2. The mechanical tracking system of any one of claims 1 to 11 further
comprising o motor arrangement for controlling movement of the mechanical tracking

systent.

13, An assembly comprising:

o purddicfogram Hnkage;

a first sphertcal hinkage coupled o one end of the parallctogram
Hnkage and being conlizured to conneet to a tool;

asecond sphierteal lnkage coupled o an opposite cnd ol the
parallclogram linkage; and

a counterbalance mechanism separated from said first spherical
Iinkage.

.
k]

4. The assembly of clatm 13 wherein the fiest and sccond spherical

finkages are mirrored st apposite ends of the parallclogram linkage,
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I5. The assembly of elaim 14 wherein the counterbalance mechanism 1s

aamociated with suid second spherieal inkape,

16, The ussembly of claim 15 wherein the counterbalunce mechanism

comprises coupterwetghts mounted on linkage arms of said sceond spherical Hnkage.

17. The assembly of any one of cluims 14 o 16 further comprising a shatt

and U-joint arrangement extending botween said first and second spherteat hinkages,

I8 The assembly of uny one of claims 14 10 17 wherein suid paraliclogram

linkage and second spherical Hnkage are coupled to a lincar slide assembly.

1o, The assembly of any one of ¢laims Hd 1o 18 further comprising a
sensor arrangement comprising a plurality of sensors a ditferent tocations on said

assembly.
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Fig. 4a
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Fig. 4b
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Fig. 5
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Fig. 8
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Fig. 9a
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Fig. 10
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