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BACKGROUND

The advantages of laparoscopic surgery have made this technology the
preferred choice for most surgeries. 95 percent of cholecystectomy were performed
15 laparoscopically. However, due to the nature of laparoscopic surgery, intensive
training is required before the surgeon is confident to perform the surgery on
patients. Traditionally, surgical training is done with the ‘master-apprentice’ strategy.
The trainee surgeon has to learn the surgical procedure by repeating the steps as
performed by the master surgeon after having observed his/her master surgeon
20 performed it several times. Some times the master surgeon has to “hold” the
trainee’s hands in order to show the trainee a subtle movement. With increasing
complexity of the surgical operations nowadays, it becomes increasingly dangerous
for the trainee surgeon to ‘learn’ while operating on a real patient despite being
supervised during the operation.
25
Currently, there are several surgical simulation systems that provide training
features to build fundamental skills for laparoscopic surgery. Although operative
scenarios are provided in the surgical simulation instruments, there are some
limitations. These include the lack of varieties. Certain maneuvers by an
30 experienced surgeon cannot be easily taught to the trainee surgeon. Current
simulation systems are passive in nature, and hence, act as a practicing
environment rather than an active teaching tool. A good surgical training system is

associated with rapid learning curve among experienced surgeons from multiple



simul ati on systens are passive in nature, and hence, act as a practicing
envi ronnent rather than an active teaching tool. A good surgical training
system i swosomizatoed with rapid | earning curve anong experisencasosor geons
frommultiple W 2012/ 030304PCT/ S&011/000302 2 surgical disciplines. It
shoul d transfer the experiences fromthe operation roomto other surgeons,
and hence, sharpen the surgical skill4 of surgeons. LaparoscopyVR and Lap
Mentor || devel oped by |Inmersion and Sinbionix 5 respectively provide
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20
EndoBot, developed by Rensselaer Polytechnic Institute, is designed to

assists surgeons during minimaliy invasive procedures. The model of motion of
EndoBot can be passive and active, and the EndoBot provides with encoder for
tracking of motion, but it does not provide haptic feedback. The robot is able to
25 assist the surgeon to complete some specific tasks, such as suturing, or
constraining manual suturing in certain path. The robot does not provide any feature
in training. Although the mechanism is designed with mobility that mimics the
kinematic motion of a laparoscopic surgery device, its actuating mechanism is
meant to be driven by motors with high torque range like most assistive devices. For
30 instance, the use of a lead screw thread for the translational axis makes back driving

difficult when the device is in passive mode.

Patent US07023423 “Laparoscopic Simulation Interface” proposed a method
and apparatus for laparoscopic surgery training interface. The use of its gimbal
35 mechanism for pitch and yaw control of the tool can provide structural stability, but



30i nstance, the use of a |ead screw thread for the translational axis makes
back driving difficult when the device is in passive node. Pat ent
US070234280™"bexsommscopi ¢ Sinul ation Interface" proposedpaTsetiasoesos
apparatus for | aparoscopic surgery training interface. The use of its

gi mhal 35nmechani smfor pitch and yaw control of the tool can provide
structural stability, but 3 conpronides on workspace efficiency. The
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pr esent #nvenﬁion t
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conprising a manual interface structure configured to sinulate handling of

a surgical togl. t Aation ' L.on g of the
manulia i nt erfgléaém@ter%rﬂgiar@%hg ?‘Jo gﬁﬁgﬁtﬁlﬁ%{nﬁéﬂ?éﬁg%rgﬁ%g{% ipgﬁ}z'a &%Dti on of
t he manualethas and systers thai @ddress ahleasborgpblethe @hbvermentioneshproblemsgured to
decouple the 20 orientation of the manual interface structure into spati al
coordi nates, wherein a |inkage between the rotational nechanism the

rot at i on8UMMARYni sm and the spherical mechanism and the nanual interface
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conpt’ serdhbotistdexive foeasadh sudge-guitiedlrbgot assisted surgical training, the robotic
device comprising a manual interface structure configured to simulate handling of a
surgical tool; a translational mechanism for translational motion of the manual
interface structure; a rotational mechanism for rotational motion of the manual
interface structure; and a spherical mechanism configured to decouple the
20 orientation of the manual interface structure into spatial coordinates, wherein a
linkage between the rotational mechanism, the rotational mechanism and the
spherical mechanism, and the manual interface structure are disposed on opposing
sides of an intersection of a pitch axis and a yaw axis of the spherical mechanism.

25 The spherical mechanism may comprise first and second substantially
orthogonal rotatable spherical arches, wherein movement of the manual interface
structure drives the first and second spherical arches.

The spherical mechanism may comprise first and second pairs of an actuator

30 and a sensor for each of the first and second arches.

The translational mechanism may comprise a third pair of an actuator and a

Sensor.



ort hogonal rotatable spherical arches, wherein novenent of the manual
interface structure drives the first and second spherical arches.
The spherwoabizsedvani sm nay conprise first and second pacrscabiianzact uat or

30 and a sensor for each of the first and second arches. The
transl ati onal mechanismmy conprise a third pair of an actuator and a
sensor. 4 The rotational nmechéni sm may conprise a fourth pair of an

actuator and a sensor. 5The manual user interface may conprise an

open- and- cl ose nmechani smto sinmulate opening and cl osing of the surgical

t ool . The open-and-cl ose nechani sm may conprise a fifth pair of an
act uat or and #hs eotstional hdechanism Fiay coemyisesa fawthbeaic ohaih ggtuatort and ecor d
operatiog, @f, t he manual interface structure by a user. The
actuators may be configured to drive the manual interface to reproduce a
15recorded operation of the manual interface structure. The manual
interface structure may onprises a shaft coupled to each of the

t r ansd at i onal The manuabHee", IntaRiace Hhy FRAPISfah AREBTRNd-GePEn@erhNeHdomy

conpri segigtte dBenifl \RaRIinY éfthd stildfeaf idobt and second spherical arches and
configured to couple the shaft to the first and second spherical arches.

The open-and-close mechanism may comprise a fifth pair of an actuator and
a sensor.

10

The sensors may be configured to record operation of the manual interface

structure by a user.

The actuators may be configured to drive the manual interface to reproduce a

15 recorded operation of the manual interface structure.

The manual interface structure may omprises a shaft coupled to each of the

transiational, rotational, and spherical mechanisms.
20 The linkage may comprise a slider moveable within the first and second
spherical arches and configured to couple the shaft to the first and second spherical

arches .

The slider may be configured to enabie rotational and translational movement

25  of the shaft relative to the first and second spherical arches.

The shaft may be coupled to the translational mechanism by way of a track
and gear coupling.

30 The shaft may be coupled to a rotational axis of the rotational mechanism.



The slider may be configured to enable rotational and transl ational
novenment 25of the shaft relative to the first and second spherical arches.
The shaf twoayi12dnmsozmeupl ed to the transl ati onal nechani smPoy/Seagiimbozazt r ack
and gear coupling. 5 The spherical nmechanism may conprise a base of
the robotic device supporting the first and second spherical arches, the
manual interface structure and the translational and rotational mechanisns.
5 BRI EF DESCRI PTI ON OF THE DRAW NGS Enbodi ments of the invention

will be bette‘Thé'nﬁﬂfeﬁbéIO%e@HQméﬁa%dyy cAPRALE rsle@:,teoopnﬁe dobsficliderice skil
in the art fromthe follow ngpwrl tten descrijption, exanpl e only,

of
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i 11 ustr atestraisidtiondl driecClotdtional médanisihnt i ¢ devi ce for | mage- Gui ded Robot
15Assi sted Surgical training systemaccording to an exanpl e enbodi nent.

Fi g. shows a flowchart illustrating working process of robotic surgical
traintng, according to an exanple enbodinent. 20Fig. 3a) and b) illustrate
a hardware design of the robotic device according to an exanpl e enbodi nent.

gi;gor3?%&%@@#%}3‘#3?%“%3@??&%?%%9 a conmponent of the robotic device

Embodiments of the invention will be better understood and readily apparent
10 to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Fig. 2 illustrates an architecture of the robotic device for Image-Guided Robot
15  Assisted Surgical training system according to an example embodiment.

Fig. 2 shows a flowchart illustrating working process of robotic surgical training,

according to an example embodiment.

20 Fig. 3a) and b) illustrate a hardware design of the robotic device according to an

example embodiment.

Fig. 4a) and b) show a hardware design of a component of the robotic device
according to an example embodiment.
25
Fig. 5 shows a representation of tool tip in the spherical coordinate of the robotic

device in a simplified drawing according to an example embodiment.

Fig. 6 shows transiational movement of a component of the robotic device

30 according to an example embodiment.

Fig. 7 shows rotational movement of a component of the robotic device according

to an example embodiment.



Fig. 5 shows a representation of tool tip in the spherical coordi nate of
the robotic device in a sinplified drawing according to an exanpl e

enbodi menvo 2012/030304 Fig. 6 shows translational noveaesic20fi/ac3pnmponent
of the robotic device 30 according to an exanpl e enbodi nent. Fig. 7
shows rotational novenent of a conmponent of the robotic device according to
an exanpl e enbodi ment. WD 2012/ 030308PCT/ SG2011/ 000302 6 Fig. 8
illustrates a conputer system upon which the nethod and system of the
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systes1 a naster surgeon operates on the virtual patient nodel through the
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20Exanpl odlnents rovi de both passive an active no
the trainte %u@gfamedogne@ézynthanaageaéwg@@nt and neplaynthis écqceghspst%me gui di ng
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(i.e. master surgeon or trai neez he ot her the robot sinulates a
surgery éHﬁg@ﬁﬁnﬁ)BSQ‘@ﬂqan'ttmé Ry Q/@afﬁ)ﬂ@ skilfsi, dneluding lacile metiers #@mathegui dance
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for tracking of notion and al so
the master surgeon. When the trainee surgeon is confident enough, he/she can
perform the surgery on his/her own. The motion of the surgical tools can be

recorded for the purpose of evaluation.

20 Example embodiments can provide both passive and active model which
allow the trainee surgeon to learn and practice through indirect physical guiding from
master surgeons. In the passive mode, the robot is back driven by user (i.e. master
surgeon or trainee). On the other hand, the robot simulates a surgery autonomously
in the active mode, which can also be used as guidance to a trainee surgeon. The

25 Robotic robotic device provides with encoder for tracking of motion and also
provides with haptic feedback.

The robotic trainer in example embodiments passes operation room
experiences to trainee surgeons, and sharpens the skills of surgeons. The

30 advantageous example embodiments of the robotic device lie in the features that
satisfy a one-stop training simulator. This includes the integration of active robotic

guidance which is lacking in existing passive simulators, and the user centric design.



provides with haptic feedback. The robotic trainer in exanple enbodi nents
passes operation room experiences to trai nee surgeons, and sharpens the
skills ofweunpasoms The 30 advant ageous exanpl e enmbodi meotrscabiitonesor obot i c
device lie in the features that satisfy a one-stop training sinulator. This
includes the integration of active robotic guidance which is lacking in

exi sting passive simulators, and the User centric design. 7 I n
exanpl e enbodi nents, the active robotic guidance can offer physical notion
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Unless specifically stated otherwise, and as apparent from the following, it will be

20 appreciated that throughout the present specification, discussions utilizing terms such as
“scanning”, ‘“calculating”, “determining”, ‘“replacing”, “generating’, ‘initializing”,
“outputting”, or the like, refer to the action and processes of a computer system, or
similar electronic device, that manipulates and transforms data represented as physical
quantities within the computer system into other data similarly represented as physical

25 quantities within the computer system or other information storage, transmission or

display devices.

The present specification also discloses apparatus for performing the operations

of the methods. Such apparatus may be specially constructed for the required purposes,

30 or may comprise a general purpose computer or other device selectively activated or
reconfigured by a computer program stored in the computer. The algorithms and
displays presented herein are not inherently related to any particuiar computer or other
apparatus. Various general purpose machines may be used with programs in

accordance with the teachings herein. Alternatively, the construction of more specialized



25 quantities within the conputer systemor other information storage,
transm ssion or display devices. The present specification also
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apparatus may be specially constructed for the required purposes, 30 or
may conprise a general purpose conputer or other device selectively
activated or reconfigured by a conput8r programstored in the conmputer. The
al gorithms and displays presented herein are not inherently related to any
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|rrplerrentsthe steps of t eferr t hod. Thelnv 1tjon_may, al so be
ol eronTEd S Y, Ao e o MGV T U 25 XTIk it o
Sensgo asysmd—uj @r wmalemfmaﬂﬁmcmalh abaelxéwalifredumltrte G8Ki lgﬁladz tbrephmysiénln ot her
conponen s. For exanple.. a enent ed

G sbr ot o The ShrPRR tro8isnt ShartpATR f1q SelBC of BN = BeprBR IR foulfer o

el ect r oneffedtivelyg nesiults incan appaeatusthpl implments tBp eteips iof thenrefgmed methcdr cui t
(ASIC). Nunerous other possibilities exist. Those skilled in the art wll

appreciate that the system can al so be inpl enmented
The invention may also be implemented as hardware modules. More particular,

25 in the hardware sense, a module is a functional hardware unit designed for use with
other components or modules. For exampie, a module may be implemented using
discrete electronic components, or it can form a portion of an entire electronic circuit
such as an Application Specific Integrated Circuit (ASIC). Numerous other possibilities
exist. Those skilled in the art will appreciate that the system can aiso be implemented

30 as a combination of hardware and software modules.

Fig. 2 shows a flowchart S100 illustrating working process of robotic surgical
training, according to an example embodiment.



30 as a conbi nation of hardware and software nodules. 9 It has been
recogni zed by the inventors there are preferably several subtasks to the
wor ki ng pwoeeg3odo4r oboti c surgical training, as illustparsd20n/obizg2 2. At
Step S102, a master surgeon operates the surgical tools on real patient
anat om cal nodel. Robot provides haptic feedback to give a realistic
sensation of interaction with tissue/8rgan. 5 Next, there are four
nodes of operation for the robotic device, nanmely Record (Step S104),

Replay (Step H36beerpRe hlﬁeﬁﬁﬁth%tlﬁ\%nicﬁéi%ré‘ﬁre(|§Efé9ab‘ﬁﬂ-9§/era$tsﬁﬁta5ﬂslt@ Step

S112), and Traji nee node (Step Sll4|) atient specific anatonjcal nodel
gener at e@ework'ﬁa@éo%F%BE@P%S"ﬂrSGﬁrFf"Eﬁ‘J asdlvsyateddn figy 4 At oI $ Hiré- gui ded

robot 10&1%§te$ts@£be%|drcgie€aﬁés measmgi&ai ﬁ))éfét@rmrea‘P\HatlémUéna(tmﬁlb@tm@@elﬁRdB@t wor k on
t he virtual I ent, specj fic anat ﬁmca node (Step

pa
S04t RO EBBUEPIIEaHtAG oA FeatRt s Bon rerpaionc B FSur oRRE. sur gi cal

tool .5 The robot is passwely operated by the nmaster surgeon. The surgi cal

15 tool is opgr t a f the sur tool is
docoupl ed i nf BeRofiers e B Miiks OF Pirtey iop e iRhol she gt Reghd: ca

t ool han¢dtep SAIOK), tRutm anép:)sm )i Robotic assisted] echching r(SteantO&,l(Sten 5610,
trajecto |caI r to Y ser_ Wt
realisti %Yeé’e%éi@r oarll1 %?[ﬂelecTog% (Sle pgﬁ ﬁjﬁc})or'lbf P oFéq ésqc‘j%'rfr'%/ nca(lt;on 'F%II ogelcan be
used to germataﬂd)ytlmagemrmﬂogl te:dhntqoed; cenn\berloﬂdednh thent igragetguiedbrabetd on

t'SS'TI@ S .J,i&é@%l} 'fHaF giem All four o éqralli%%p}n de gﬁ( rﬁh%pw @ ti ﬁthe robot
U Elitel panin g Blor ¥ R

repl ays rgical recor I'n Step Sl rai nee
sur geon smqif"mmatqm;ca‘rqueh of the surgical tool. The robot actively drives
the surgical tool. The trainee surgeon can hold the handl e of the
25surgical tool, and follow the trajectory of the surgical tool to |earn
the procedur elroRecord moge d8iepsii04h the robot recordr@pd pREMmaiesizes the YaigeAyng mode

(Step Slgigﬂwe's%rgfuéér tdR). tThaiIrBss isSpdSReR dﬁf@%téba& BRI matercRfdor eTiesdrgesn t he
repl a%/ node. The trainee surgeon is allowed to operate on
tool is operated by the user manually. Motion of the surgical tool is decoupled into roll,
pitch, yaw, translation and open/close of surgical tool handle. All these information is
recorded to reconstruct the trajectory of the surgical tool. In order to provide the user
with realistic sensation (haptic), a proper control system / controller can be used to
generate the sensation of tool-environment interaction based on tissue’'s biomechanics

20 model.

in Replay mode (Step S106), the robot replays the motion of the surgical tool

recorded in Step S104. A trainee surgeon follows the motion of the surgical tool. The

robot actively drives the surgical tool. The trainee surgeon can hold the handle of the

25  surgical tool, and follow the trajectory of the surgical too! to learn the procedure of a

recorded surgery.

Robotic assisted teaching mode (Step S108) is for a trainee surgeon who has

gained confidence from the replay mode. The trainee surgeon is allowed to operate on

30 the patient specific anatomical model with the surgical procedure learnt in the replay
mode. At Step S108, a trained trainee surgeon operates the surgical tool on the
patient specific anatomical model. The trajectory (namely: L) of the surgical tool is
tracked. In the meantime, this trajectory is compared to the trajectory (namely: M)
acquired in the record mode. If the difference between trajectory L and trajectory M



30 the patient specific anatom cal nodel with the surgical procedure |earnt
in the replay node. At Step S108, a trained trainee surgeon operates the
surgi cal woabixsoiohe patient specific anatom cal nodel . pEmscRo@joeesor y
(namely: L) of the surgical tool is tracked. In the neantine, this
trajectory is conpared to the trajectory (nanely: M acquired in the record
mode. If the difference between trajet@ory L and trajectory M 10 exceed a
predefined range, the robot corrects the notions of the surgical tool by

provi di ngydead Caepfeeefﬂté%%nbél fhaerobBt E658R8dh&Inalionecsfi e durgiesld®iol b9 fol | ow
trajectory M In this node, the trainee sur eon IS given sone fre%ﬂomto

perform PWH'W@%“@PWF"I'Eé'?%ﬁorﬁ?s@eéeﬁﬂé’ére fign igrderdq fllow;triegtony;
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Tr ai nee node (St eaﬁS95811 e trai nee sur%}eon to o er ate on t he

S114)
anat oni c'&fr hAt %éeﬂ §a1r1 Rt t%F@'i“@QI“%’P%%éH[ﬂeQ” RSP ¥} 89\?[’ accord.

The npt i grateidanmodel g1 Kislhet 6@h. i S recorded for eval uati on purpose. At Step
S112, the 10 robot records and paraneterizes the trajectory of the surgical
tool in Step S110, and conpares with trajectory obtained in Step S104. In

thi s node, thErairgeoinope ¢SiepesS hidps1 t4)faledisahk ttainegi swgedre taisperate peal i stic
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t ool hanglic @blibddhas @y&hg%&} b P8alisfic SndatbRIcH fflorRibPRAN TEEMbrdaRS.

desired joint traject ot1c device, esired joiInt

traj ect oF§MErésoinniiei TGﬁordsmPﬁﬁuN Sten 5144 cariraining é@polt)lﬁ gepgratedcy abe used
to gener gl 8uidm n’ﬁg&ﬁ@tl on of tool-environnent interaction based on tissue's
bi onechani cs nodel. On the other hand, a robot 206 provides the master /
trai hee sur geon W|th 5 DOF haptic feedback In robotic assisted training

node, the traree #dstiles MONINd8snd RfciteBiure lof e dRboskd ob®td systémedback
for further evaluation. In addition to providi n&r active, gui d‘:ﬁnce to the

trai nee 208 3aceerdingdgn oFEmele smaginet f"H@aftSf AtToePR) dAMERW RS RHEL i on to
an enclo:derfe %ﬁnc aedcléhﬁar&mpcielz mopro@wh@legrgim t 56 Pb&f@dl@ﬁd’h&&&llto t he
controller a SO i nput olnt tr r ormation to a

ki nemat i EGfbd@w: {Z]ir?sq auge; e ?‘?eé??@ ‘ﬁfssufgi‘éai%ﬁﬁ F%aﬁ@&%ﬁ’n CHPBYIEEi on i nto
30 Caot egecorddd &) sbastyudt rth@rdmtred)rjbmt’r tnejea@ry ef itte rdbatic edeiviney andf themat i on
IS inputtedt troller 204.. Th 0 or que
o of ot PERrECoPR EEEh MirsEiagRl inplled A E80tilr 283 MR pefeeb!

Not e t hato tdemeditagthemsessdtioot ©f t toel- emﬂnoah'ienf untrraciionl baserhiareciissue’swi t hout

consi der g, Ay SRECidde) QRPHAL bRG: D £306 S théh FleHELLS  linkBe

di agram nay no vant in ce al T o or I nstance, e system may
not acqusurgebomith § BEbhantict feediradke Int r@ohe@SSIategetrﬂinin moge, damtraimieeer

duribg tBEgr5Blid¥s MYGonfr8idr€204 with motion feedback for further evaluation. In

addition to providing active guidance to the trainee 208, the robot 206 also inputs
the joint trajectory information to an encoder 210, and the encoder 210 provides the
positive feedback to the controller 204 and aiso input the joint trajectory information
to a kinematic model 212, which transforms the joint trajectory information into
30 Cartesian trajectory information. The Cartesian trajectory information is inputted to
the controller 204. The controlier 204 outputs the torque information to the robot 206

and adjusts the robot 206’s movement.



5 feedback may however be input to the controller to achieve the defined
servo stiffness in the robotic assisted teaching node. In the case of the
record anwlotbe/dsomisnee node, the robot can provide a 5 POFsaptiiosodeedback
to the user. The robot operates as a virtual sinulator with haptic

interface in record and trai nee node. 10F|g 3a) and b) illustrate the
har dwar e desi gn of the robotic device 1800 according to an exanpl e
enbodi nment . The robotic device 300, as depicted in Figures 3a) and b)

is designed tRofec@dt theOdiagrash FBfdcts tﬁé”cﬂ@ﬁtﬂl, fubittohd)t &rchitdctiviet Withd\@ tr ai nee
surgeon to teach hi n1her the 15 skills fromth s{termtsé%geon. The
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i |t faebgci omyhe TR 85 «f ind SgmureiRh Sufide e Eeett DiveR 82! &
cprrﬁoggnteeﬁbe@k hay. hé\béxéélrgbe dgmal ﬂgs)zhe atzzmtcrgllbort_e 4Bive B@3defdHd, sed/al 314)

t NSor.s \ 1.N | d. e
reehas sHiaas i efdboud Hsisiiieadfing ade U Rt dapd B @ Dol Il (8
i nt er f acwaihee nhmiehthmbercmrgwda aam QR mm'eefeedbag:kwthd-ursmvé'he rolbm _
conponent,, 0efds,So0m Bl 68 Wil habe Sleffed NGO86 AL (el fale L 00l 402 in

a the ro

Fig. 4a) D cooper her i'ng mechanrsmin
In Fig 4 a), shows a normal | aparoscopic surgical tool 402, |nclud|ng

handjg 406 app Ogé}itaﬂﬁE?ﬂﬁstﬁd??tﬁeﬁgrd\pﬁgﬁeéﬁgof LG c;t fo%rvﬁ:ggﬁgltagﬁ&rg?u gnor mal

surgi cal tool ows a war e t he
conponento ogxamplegmbodimenf t he robotic device accordl ng to an exanpl e
enbodi ment, which is adapting notors and encoders to 30 a normal surgical

tool 402. TheTﬁé’FH%ﬂ@%vnéQ%O@%@ééﬁ&édWﬁgh?é%@a@ addb) i ssigHdduliedm( DC
not or 314) and the sensor (an _encoder 324) w an advant ageous nechani sm

for cont freM BBt THresVBs @ngfintgERTY P"(éthéib% tramel UreHeR Wea‘frh BMY/BeRHkent 302

al 501§0nﬁﬁlll§ﬁ§mfﬂlﬂe%‘ééﬂé}{sﬁfr?écpp'ﬂﬁ‘étr@botﬁsl@éwceals&%%%?fed(@bmpﬂﬁﬁg 329) with
an advanta eous nechanj sm

roll notion of to t he adv geous
mechani si'¢ 69 Qi'ﬁ&?vlcec?r@s%rov'fﬁs folgFRes PQfée?f%ma?@%Mﬂ@%%@“ﬁﬁbgﬂ?@ osed by
Cﬁnt roll gﬁ\g %d;ﬁ oL DK g\hdaﬂa‘hsw Udrempeglea!m dsmbolorBﬁnzrmm Eeed@tamt ed by
t he encoder unt opn the t O 14. A rac i th .an
ncvant aqaBt RERNBNTS R ofb-« P Speet bt emele ERbedieal'sheSi ohbaay. The
conpoent c&ﬁaomm (see rtigedb) ffort detaﬁd;)atdcmMrsn(mospBDSch0,eB1D,y3M)eme not or
5 31 (Fl # IO I t . e y the
encodt SIPTH O 2182530 Reure Ll bR PRE o Belr SOnRel LR e
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roll ed, h i ected by
the encofainte Byfksty” FaderBE AL cdffbonginédts <Ay rifyaify §2Red Srfb C
i npl emennerdndl rsusgical ool 403 ImsEIgsﬂu@hth@qmeajmlthcqthhwpmg megbarieman
el ectri citerob gpe sensors are to acquire position and orientation

information of the conponent 302. They can be, but are not limted to,
encod2r, orientation sensor and di stance sensor in exanpl e enbodi ments.

In Fig 4 a), shows a normal laparoscopic surgical tool 402, including handle 406
applicator 408 and tool body 402, With reference to the normal surgical tool 402 in Fig.
4a), Fig. 4b) shows a hardware design of the component 302 in Fig. 3a of the robotic
device according to an example embodiment, which is adapting motors and encoders to

30 a normal surgical tool 402. The component 302 comprises the handle 304, the actuator
(DC motor 314) and the sensor (an encoder 324) with an advantageous mechanism for
controllable open/close of handle 406. Additionally, the component 302 also comprises
an actuator (DC motor 310), a sensor (an encoder 320) with an advantageous

mechanism for roll motion of tool. With the advantageous mechanism for open / close



15Turning back to Fig. 3, there are four nodes of operation for the robotic
devi ce 300, nanely Record, Replay, Robotic assisted teaching, and Trai nee
node. A pwbi2ento3smeci fi c anat om cal nobdel generated by iPORGE20M®MOE9si Ng
techniques is | oaded in the I nmage-gui ded robot assisted surgical training
system Al four operation nodes work on the virtual patient specific
anatom cal nodel. 20 In the retdrd node, the robot 300 is passively
operated by the nmaster surgeon. A conponent 302 incorporated into the robot

300 is opBficH ale P¥ndIBBOUSEh BEROHER ddsed Bt Edtirofihg the DTO RN eNY aHI2theS
decoupled into roll, pitch, yaw, translation and oggn/cl o§§ of h§1n | e 304.
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320, 322 an 24 are tecti t he L.on t he master surgeon, and the DC
not or s 3639“%3%6’ ’§‘i‘('5’,te§‘1'?8’§n[8§g‘fﬂ”ésggt(%{%‘frfa&g?)ed to provide haptic
30f eedback, or to conpensate frictional force. In the replay node,
t he robot 300 t.jvel rive t . oTh i n can
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fromthe replay no e trainee surgeon is to operate on the

pati ent SpRagEf, ogentatancIAneel andstianagi SRS e xamRie eabogimesBdure | earnt in the
replay node. The trajectory of the conponent 302 can be tracked by the
rotatory encoders 316, 318, 320, 322 and 324. In the neantinme, this

traj ®tory cahulBBodesbit big: Botheteeare fairanedss,of ppesatign fardie robafindeviceor d

node, i . 800, M¥iely RBEor8 ORBISIAE Mobdble abEiSte@REIGAINRH ahy TrAifedMBHE! A PatigRON.
If the difference between the trajector uired fromtheB%é%ijlrhe sur geon

ac
n the r SRRSTICATEIIER| TedEt BPRRISIPECY HRG% PHRPHEF DG desBifyes et he
record nmakRyeYUIRRIISbE dslistadediedicd) edinirggiStent. 191 foobsgerationl odesrwstk tohe
conponeng@?g% Pé Wai/ of .f.t he DC. rrgtor% 306, 308, 310, 312 and 314, to follow
the traj B IRP BRIGDT $REGTIE ANRIREELTSAY mode. In the robot assisted teaching
node20t he trai nee surgeon is given sone freedomto performthe surgery with
| earnt proced h

encoders are Elétﬁ% 'resﬁld[ %‘ﬂ‘g% rtrg)eb%too - 8 éggsi\}eﬁta@)e ir%g% g?g\% m?s%;@ul;&;o'}@ko rs and

oh and 1 n” an act’
component 302 incorporated into the robot 300 is operated by the user manually. Motion

of the component 302 is decoupled into roll, pitch, yaw, translation and open/close of
handle 304. All this information is recorded to reconstruct the trajectory of the
25 component 302. In order to provide the user with realistic sensation (haptic), a control
system / controller is used to generate the sensation of tool-environment interaction
based on the tissue’s biomechanics model, in an example embodiment. In record mode,
the rotatory encoders 316, 318, 320, 322 and 324 are detecting the motion of the master
surgeon, and the DC motors 306, 308, 310, 312 and 314 are activated to provide haptic

30 feedback, or to compensate frictional force.

In the replay mode, the robot 300 actively drives the component 302. The trainee
surgeon can hold the handle 304 of the component 302, and follow the trajectory of the

component 302 to learn the procedure of a recorded surgery. The DC motors 306, 308,



20 The trai nee node allows the trainee surgeon to operate on the
anatom cal nodel with the |earnt surgical procedure on his/her own accord.
The noti owoebiddzesogonponent 302 is recorded by the encoserscidGoods, 320,
322, and 324 for evaluation purpose. In this node, the actuators (DC notors
306, 308, 310, 312, 314) |ncorporated in the robot 25300 provide haptic
feedback in the sane manner as in thel¥ecord node. Therefore, in the

trai nee node, both DC nptors and encoders are sw tched on. In the
robot 3089 %1@5% 9%45% Ak rQQtd?‘PéﬁHo%e%Qﬁﬁ 308328142 a3m2324@aaaamteaasom at ed
encoders 316, 318, 322, and 324 are incor orated to

degr ees @Veﬁﬁr%‘éé@rﬁ‘ﬁmonﬂi 304 dnqves in P?i“&'f?”ﬁ?)é‘f'ﬁ‘é’i‘%gté’t'?ﬁ‘r]?%’f’f%ﬁ’ i3f handl e
304 of t{pe re®rpget 302. 14 notor's shaft, the DC notors 306, 308, 310,
312, and 314 can be programed to out put tourque and rotation to drive the
respective joints of the robot 300 to deliver accurate physical notion

gui daice to t Trdb@'ti@%esi&ua geghingAnolidies SatNe traing® , sukdeenrwiidhas wamedoder s

316, 318, nd 324 can quire the trajectories of the r spectlve
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330 are swpemtcted to the shafts of the DC notors 308, 306, and rotatory
encoders 318, 316 are respectively nounted on the shaft ends of the DC
motors 308, 306. The spherical nmechani smconprises a base of the 15robotic
devi ce suppor i ithegdifféerenespbetweem thealrajedery 3zguirezsioom tivretraines s¥roeen éythace

struct ur 302k felhind AREL ahd Hedkajédtbhy redddPiRdhe FRERARbE Bxceeds a
15  predefined range, the robot could force the component 302 by way of the DC motors
306, 308, 310, 312 and 314, to follow the trajectory acquired in the record mode. In the
robot assisted teaching mode, the trainee surgeon is given some freedom to perform the
surgery with learnt procedures. In the robot assisted teaching mode, both DC motors

and encoders are both switched on and in an active mode.

20

The trainee mode allows the trainee surgeon to operate on the anatomical model
with the learnt surgical procedure on his/her own accord. The motion of the component
302 is recorded by the encoders 316, 318, 320, 322, and 324 for evaluation purpose. In
this mode, the actuators (DC motors 306, 308, 310, 312, 314) incorporated in the robot
25 300 provide haptic feedback in the same manner as in the record mode. Therefore, in

the trainee mode, both DC motors and encoders are switched on.

in the robot 300, a plurality of DC motors 306, 308, 310, 312, and 314 associated

encoders 316, 318, 320, 322, and 324 are incorporated to implement 4 degrees of

30 freedom (DOF), in addition to an open/close function of handie 304 of the component
302.

In this embodiment, DC motors and rotary encoders are chosen to work as
the actuator and sensor respectively. With a rotary encoder mounted on a DC



Fig. S5illustrates the spherical nmechanism 326 to decouple the orientation
of conponent 302 into spatial coordinates in a sinplified drawi ng according
to an 20 wearpwomabodi ment. The orientati on of the conpomscoid®dozos
expressed as pitch and yaw in terns of degree/radiant. The DC notors 306
(not shown in Fig. 5) drives to rotate the spherical arch 330 at angle O
and the DC notors 308 drives the sphe?“rcal arch 328 at angle C9 . In
addition, the DC nmotor 312 (not shown in Fig. 5) drives the rack 332 and

nmoves thﬁ\ot@@@hafti%@sé DO mdtdié 3661308, 310, 81 ahbemaarab@bwg%ma@mplﬁzz (not

shown in Fig. 5), is nounted on the shaft of .t 312 t sh
in Fig. ‘i?)-"’qu?lﬁ‘dsrﬁF?é'PP dadrivg tecrespestive éo'%tB??ﬁér(‘ﬁ g’(ﬁ’of 88@&%9?@96? ‘(L%gtferots o?\ém

308 (not pigfapan Mdﬁoﬁlﬁndaﬁn):e tondle r edingey sereosler At §ikBsémettinsd)ome romtéryg. 5)

are mounted on {he E@ %@pg?&f‘%"é‘ﬁg‘?@g glit’e %g’%%f%?g@%ér%g?@gﬁom in

spheri caP“cé’IdEWe Tl
Fihg §h)%10&ffcﬂvmeﬁ &#iey DBOm et e08Es, S08,181( 130R, siths2Y arfe bedy.drisgn ar themeoortied on

t he shafts 306 Hence the novenent of the conponent 302 can be
recor deda%@ﬁ?ﬁ@'q‘e&"é? Sencoders 316, 318, 322. On the other hand, the
novenent of the conponent 302 can be

A spherical mechanism 326 is incorporated into the robot 300 to decouple the

orientation of the component 302 body into a spherical coordinate. The orientation of the

10 component 302 body is expressed as pitch and yaw in terms of degree/radiant. The

movement of the component 302 body drives to rotate the spherical arches 328, 330 at

respective angels. The spherical arches 328, 330 are connected to the shafts of the DC

motors 308, 306, and rotatory encoders 318, 316 are respectively mounted on the shaft

ends of the DC motors 308, 306. The spherical mechanism comprises a base of the

15 robotic device supporting the spherical arches 328, 330, the manual interface
structure 302 and the translational and rotational mechanisms.

Fig. 5 illustrates the spherical mechanism 326 to decouple the orientation of

component 302 into spatial coordinates in a simplified drawing according to an

20 example embodiment. The orientation of the component 302 is expressed as pitch
and yaw in terms of degree/radiant. The DC motors 306 (not shown in Fig. 5) drives

to rotate the spherical arch 330 at angle € and the DC motors 308 drives the

spherical arch 328 at angle ? . In addition, the DC motor 312 (not shown in Fig. 5)
drives the rack 332 and moves the handle 304 by a distance r, and the rotatory
25 encoder 322 (not shown in Fig. 5), is mounted on the shaft of the DC motors 312
(not shown in Fig. 5). The spherical arche 328 are connected to shafts of DC motors
308 (not shown in Fig. 5), and rotary encoders 318 (not shown in Fig. 5) are
mounted on the shafts of DC motor 308 (not shown in Fig. 5). The spherical arche
330 are connected to shafts of DC motors 306 (not shown in Fig. 5), and rotary
30 encoders 316 (not shown in Fig. 5) are mounted on the shafts of DC motor 306.
Hence the movement of the component 302 can be recorded by the rotary encoders
316, 318, 322. On the other hand, the movement of the component 302 can be
driven by DC motors 306, 308, 312. The spherical mechanism 326 in the example

embodiment, in employing the "inverted" spherical arches 328, 320 with the apex of



driven by DC notors 306, 308, 312. The spherical nechanism 326 in the
exanpl e enbodi nent, in enploying the "inverted" spherical arches 328, 320
wi t h t he wpexs12af303015 t he respectvi e arches poi nting awaycirsemntivecnpnponent
302 (and thus the user), is advantageously designed such that no part of
the |inkage can be exposed beyond the sinulated incision point marked by
the intersection 340 of the two pitch’and yaw axes 342, 344. The intrusion
of mechani cal |inkage into the user operational 5 morkspace i s undesirable

ina USefh%@béétﬁe%réﬁés%tmg'd@vﬁf?&ﬁ tNOESPpohdift 30RMkAd hushBe &iskf), khe form
of a slider 338, between the rotational nec nlsm the rot ati onal chani sm

and t he 3pYRtageousiyRasignedsuchibat tR PAR Alne linkager carebe exprsasd ReYeNs are

di sposedRsidpRASd ingisfindRsintahaRBd ibtties &@@r’ee@tmnocmaofnhé@ho extrsaadlgawnd a yaw
axi s 344 of thﬁo\;gge cal nechanjs
bl

10, .. _Ret . .3, th
ol i der 33%Y G4 SednBon, Rl TRERIcgh ik a0 8 uislo opfiptphal "
gggf [ Qgr %rﬁs@$c@um1Je%é§rebehafé usér2cdntrid bgu{létbst IrglbmeﬁerD?ﬂ tﬂélhiakia%al arches
an e slider [ | o..enabl e rotatipnal, an
t r ansl at MGFaf” tﬁﬁ\fgrr?er?‘f % hgﬁghg‘%{” % ?é?tg 'R %Ch[aﬂesneﬁﬁgrrf’?if’nilr ches
328, 330meshadismnaahtie sphetioal meeamslisth] amiltherotancal inferface stmnpme@ﬁ)t?_ 302 is
I ted t 312 t
e o TEb e ees i PR AR SR B ARSI Pl gt orY

encoder 322 oathe sphencg ovehedisimn the robot 300 to provide a mechanl smfor
tran éational nmovenent of the conponent 302. Rack and pinion can be applied

to obtain the E{u f?ﬂﬂ&? He §I &r §§8alg$ﬂ1<§{;e'apfe%ltlﬁprtﬂé)%ohe]:@§| %@E@&Q%" sm f or

transl ati onal escri ed I n detal
transl at B@Q@ndnﬁv@félgwe@f tot peunie ipe sbalt 3AP2tpthe ﬁ@t ﬁ@ﬁo%ﬁc@ndesnf@écelccor d| ng

to an exgapple §f@3%}'idm%@b ﬂ;tée st.aé}nehet IEOE&lnﬂ oer{enéném&hemteﬁhp%dbe

driven by DC notors 312 (not shown in he notion can be tracked
by rotar yanﬁetm%me@estzgf Wﬁ@thaﬁﬁé’»&rreiaﬁvercg heespher'ﬁalmpfw ¥&HSIP- 834 can

be cesnegiRfadisin ?&Qra%a%?hoﬁér?—of(tﬂ@borﬁb%ﬁt Bo fl l&pleﬁ')ente-ﬁ l@@ﬁotér@et h of
the gear 334 engage the teeth of the pinions of the rack . wWhich is

embedded 314 anddne Brfiehetn beiacksd &y reta %%Osersaﬁ?&m%ﬁ'tﬁdoofb%‘@a{?%

]E ransf ?r ?ﬂ@fThlbrwtﬁ'JoﬁirB@fﬂah% B®ddcRied Mu%rgnzagaré)ae&srlpbetéa 9. the3robat BErdani sg110
or roalona on of_the ent I mpl enent \'/ not.ors

bnd 1 he. REVEBN Coe"BasT ot REBTBYRAD TR B e Rer o TRa0e T e, BRShTRGr 310
and assoelnainedareméodmneam abtaini tzotrposfaimed bh tiid erapslafaiae mhotda2 T30 t o
prov chani.sm fq r’r%onent 302. The mechani sm

For ' P8t aMsryemat i arasel Aobints RRécla oafinfy
Fig. 6 shows translational movement of the component 302 of the robotic device

according to an example embodiment. The translational movement mechanism can be

driven by DC motors 312 (not shown in Fig. 6) and the motion can be tracked by rotary

25 encoders 322 (not shown in Fig. 6), in which a gear 334 can be connected to the DC
motor 312 (not shown in Fig. 6). The gear teeth of the gear 334 engage the teeth of the

pinions of the rack 332, which is embedded in the component 302 and they can be

applied to obtain the transform of translational motion.

30 Turning back to Fig. 3, a mechanism for rotational motion of the component 302
is implemented by DC motors 310, and the motion can be tracked by rotatory encoders
320. The DC motor 310 and associated encoder 320 are incorporated in the component
302 300 to provide a mechanism for rotatory motion of the component 302. The
mechanism for rotatory motion is described in detail in Fig. 7.

35



16 Fig. 7 shows a rotation of the conponent 302 of the robotic

devi ce 300 according to an exanpl e enbodi nent. The mechani sm can be driven
by DC notwo021B30sn whi ch a shaft 702 (inside the rackp83R2¢annesots the
handl e 304 and the DC notor 310, and the notion can be tracked by rotary
encoder 320, which is nounted on the DC 5notor 310. Al the
actuators (DC notors), sensors (encodlﬁs) can be connected with a
controller 204 such as, but not limted to, a backend server, a personal

conputer, a |ggt @ shawsTabidtatioRheM e Borﬁ%éht BO2UEH tHRS rotdiit._aelice 1300t ed t o,
3G cable, WFi, 10BIl uet oot h. For compl et en&r H\?éf;ﬁ)?nl abl e terials

can be u3EATdiRg oANSxaRPle YBRATIARM Thegneenaaisy) &N bR molaEs 314 many

exanpl e prieh BRALSE 702 hmsﬁacﬂke etk 33Qh60|’£h%at§| tAe $aAdletd0a pftae iDAMotsrches
328, 330 _can ge fabri cat ed st eel nl ess

r 15 st
steel, cefhénd thg motign caé'ttl?trq%egaﬁlr?t?@fr?"nﬁ%‘?ﬁﬁzg E’Fh ﬁd“?%ﬁ%?ﬁﬂ?sgéan be
used 50 fetorideat e the conponents such as the spherical arches 328, 330, but
not limted to, by nolding, shaping, casting and punching. The robotic

device for us n i nage- gyl de of _assi ted su ic | traini f_20 the
exanpl e enbodi Mﬁgc"&fgtr?r%gﬁgdﬂ% 3 ?%nsgr ?%rlﬁ %?’ nﬂgoé‘ﬁ'sdegq%g]nﬁtl cally
shown i nccﬁttg:lle82®4) suchps,drat mbhlimived tan aavackend seryer,depensoha tcoaysitart ad

surgi cal i n a t t had

ol crenPRiPtad BT EnEH S CROR I Sugl 15, BUF HBOVAM 1B 6T B Mg 1
t he tOnpBtuetoddly.st em 800, and instructing the conputer system 800 to conduct
the nmethod of the exanple 25 enbodi nent. The conputer system 800
conprises a c 5%3{ l g &04 and
nouse 806 andp(glFp IetFP&lé ¥§||Q§|8u¢1&§ﬁécﬁI)Ergﬁlt)ﬂﬁ%ea%g?/ﬁgts% suc’ﬁg‘@hg di spl ay
808, pri me@lscaqayd raﬁ@an@ts@t Ina mang Exampig embodlmemﬁ& e rrpek 82.tbeldaedigo2 | s
connect egpj Qha spREmRI %Fch@@tmr 3B Lan \Heafaﬁne%%é& #Bhe 1ér W Vifdn, deadl,ce 814,

to enabl e access to e. e Internet or other netfwork systems such as
Localld Ar slginigss wésiek C()EFKN-) S'U?r Qi & g@cgtépnNgﬁ%ﬁagtU(lvN@chmngs can be used to

fabricate the components such as the spherical arches 328, 330, but not limited to, by

molding, shaping, casting and punching.

The robotic device for use in image-guided robot assisted surgical training of

20 the example embodiments can be coupled to a computer system 800, schematically
shown in Fig. 8 for implementation in an image-guided robot assisted surgical
training system and method. The system and method may be implemented as
software, such as a computer program being executed within the computer system

800, and instructing the computer system 800 to conduct the method of the example

25 embodiment.

The computer system 800 comprises a computer module 802, input modules
such as a keyboard 804 and mouse 806 and a plurality of input and/or output
devices such as a display 808, printer 810, and robot arm 811.

30

The computer module 802 is connected to a computer network 812 via a
suitable transceiver device 814, to enable access to e.g. the Internet or other
network systems such as Local Area Network (LAN) or Wide Area Network (WAN).



The conputer nodule 802 in the exanple includes a processor 818, a Random
Access Menory (RAM 820 and a Read Only Menory (ROM 822. The conputer
nmodul e 80Roabem3dsnel udes a nunber of | nput/Qutput (1/0O pcmiserbamesso2f or
exanple I/Ointerface 824 to the display 808, I/Ointerface 826 to the
keyboard 804, 5and I/O interface 827 to robot arm 811. The
conponents of the conputer nodule 802 ?ypl cally comuni cate via an

i nt erconnected bus 828 and in a manner known to the person skilled in the

rel evant art.TH& computer HdRURPBD2 GAt theNeHgE diftiu8ed Y ipEddesyors 8P eed to

s a. oD, RERFO Adogeh Migem (RAMY Pl 250 Reas iy Meindty GNP S 2o ng  dat o

st orage p@eputer Gidduke ebz @lsiﬁmamte@raagemdervbﬁmpaeoutpﬂwl/capmten@despforpr ogr am

is read and con ol | its 15 executld ssor .818

|t er medPBoByst Bierse Sriio cibley ) D Rechis R S Ri 420

The r®bokhe I/Qanietface B22 xargboeammBoti nents can del i ver surgical training

wi th active notion guidance. This can be achi eved by the exanple

enbodi nents of the 20 invention in design and inplenentation nethodol ogy.
For exanpl e, Ehawpmposeritsdif iiie comeuier ayoduler80R dypisatiyt doatmuninatei iz sn

par asi t i %tg_g(g,lﬁjeq:{éalﬁ& 59§ éﬁ? ‘é}‘f‘% 'nﬁa}n%%?gﬁé\ﬁ:p Wy tr@%%}&?\ Oifnl tthgqglgg%gh

stablllty and can ac put  reso i on notor t

appropri atte nechani sm desi gn. 25Exanpl e enbodi nents can provide a

specjgl i zed spherical manipulator. In |aparoscopic surgery, the surgical
tool pivots about the insertion point at the surface of abdom nal. The
constrai nt of The@pplication; ragiasn e tyrieallyestpplied Ao he juser of t'ﬂ%é?omuéﬁfcal t ool

to 4 DOFgidled8hd idhRolidy %ea%aoﬁo%% %@Wn?ls‘aéﬁ ésa%kCﬁf-RWQJreﬂagﬂdf of
conmponent” 302 (conpare Fig 3a)). spherical nechanism shown in Fig.

i s 30enpMeyRIY CaTieRANErFeA t@h%m@@ Qﬁrrq',saﬁwlag date toFras Fediithgrive of Re t ool

tip can B&taSkiBRige HEREE IO athel apa.c‘é@&e r@@rbnpgoréamah@ MntrBlle @h 61519, C61
and length r (See illustration in Fig zéln exanp Ie enbodi nents. The

posi 1$ one¥cwiar fivc e PERAesHRIng1 & c'QF?”B‘@d FFO\EFP'?W GO data AAPSr mat i on.
Thi s pr ebesonbishédasingtFAMS20he establ i shnment of a closed forminverse

ki nemati cs nodel which is advantageous in 18 the inplenentation of the
control algorithm Unlike existing serial manipul ators, exanple enbodi nents
do not r equi I Thé vebaitio Wievick e akarapie ébﬂkﬁcmﬁnentsa:anwmvércmlrglbémea‘rﬁ&g kiithemat i c
appr oach,

201 vl coPREOTBLS AR dave T Be BrBIdPhEpyr &R Brb R nbadepiicafina e 1o

20 invention in design and lmplementatlon methodology. For example, example
embodiments employ a mechanism that minimizes parasitic back driven force while
preferably maintaining structural stability and can accommodate a high output

resolution motor through appropriate mechanism design.

25 Example embodiments can provide a specialized spherical manipulator. In
laparoscopic surgery, the surgical tool pivots about the insertion point at the surface
of abdominal. The constraint of the insertion point reduces the mobility of the
surgical tool to 4 DOF in addition to one DOF on the open/ciose task of handle 304
of component 302 (compare Fig 3a)). The spherical mechanism, shown in Fig. 5, is

30 employed to implement 3 axes of control. The positioning of the tool tip can be

simply represented in a spherical coordinate with angle 0, ¢ and length 7 (See
illustration in Fig. 5) in example embodiments. The position of surgical tool handle
can be known through rigid transformation. This preferably facilitates the

establishment of a closed form inverse kinematics model which is advantageous in



5 control schene which facilitates the inplenmentation of virtual reality
sinmulation and integration of a haptic interface. In addition, the proposed
spheri calwometanomm i s an i nverted spherical nechani sm pEscrealvassoz al

| i nkage is beneath the point of pivotal and hence isolated fromthe user
for all configurations of the pitch and yaw notion. Al so, the spherical
mechani smin exanpl e enbodi nents requi”?es only 10 spherical tw arches and
a sliding bl ock, advantageously nmaking the spherical mechani smrobust and

COWpact the mplerﬁéaﬁlﬂbﬁ SNipedEdrRIYl Salgdtthmni RIHIRe tekidting §érfa€¢har\4§xﬁl§ﬁ>‘ﬁsl n
I mpl enentation of a surt%l cal traini nﬁ met hod, and system The exar’rg?|
ate
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di f f er enfrivirderkimaaatioEsEoac) Exafiple smbbaients afe aredyicdl agaassult efptlhayl ng in

I mbo t . | ed d
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Tfr:g ([}C 7L i e s\ﬁhéghe EHIEH iecﬁimeﬂﬁfélnaﬂeme?]te&d‘baﬁ kirtdevieattyi slmulwoemn‘gi)e
enbodi men n rQar. ri.ve the ne , t
Fobor . TRESHBEa of % REGUPENRge U aebRE. e rrsdcer A Mer&Rilsan h « ne
sensor amvered Lphericalomiechanisrhe Thei meclsgrdaas lahiage ris beneath thee poéftesfabl y no
Teve conPiall AR et ISR TR WRde ol SFELMIIAMBAL of B BYGEndBRl oot on.

This canPM@ € comput a {TeBh el
per f or nanm&ionthghheasdhespajcmepbamwpl @rrenaraph%ﬂmb%lments reqwlteSV\phly be

appr &' ag&%r% Mggéé%g daha'é%ﬂ%{hg bib&k, aééva%t%%oﬂéw%gl’g Wﬁé'?&h‘eﬂ@él and/ or

nDdl I call ons resent 1nvention as the specific
enbodi nemegham'smmgbusi@pdropmw@cf-rom the spirit or scope of the i nvention as
broadl y descri bed. The present enbodi nents are, therefore, to be considered
in all respects to 30be illustrative and not restrictive. 19 CLAIMS 1.A
robotic devi cExampleigiabedimeriggenyinutrtp themritectivaness épy inpipeptatiop ©4eni ng,

the rObogu@&%%g%a%aSahagyséen TRRUKanipl 8baditenty eislf BeceRbogur ed to
simul ate handling of a surgical too
15  and actuation components to operate differently in each mode. The implementation
of recording and replaying in example embodiments uses coupled rotary encoders
and DC motors. Each rotary encoder generates a digital signal due to the motion of
the surgical tool. The DC motors with rotary encoders as a feedback device in the
example embodiments can be programmed to drive the mechanical part of the
20 robot. The rotary encoders work in the joint space domain. Since both the sensor
and actuator work in the joint space domain, there is preferably no need for
kinematics transformation for recording and replaying application. This can reduce
the computational complexity and can improve timing performance through task
specific implementation.
25
It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadily
described. The present embodiments are, therefore, to be considered in all respects to

30 be illustrative and not restrictive.



a transl ational nmechanismfor translational notion of the manual interface
structure; a rotational nmechanismfor rotational notion of the
manual i nwerbeasoi@st ructure; and a spherical neeoasicam®osbz gur ed
to decouple the orientation of the manual interface structure into spati al
coor di nat es, wherein a |inkage between the rotational mechanism the
rotational mechani smand the spheri cal® mechani sm and the manual interface
structure are 15di sposed on opposing sides of an intersection of a pitch
axi s andcpay@y axis of the spherical nechanism 2. The robotic device
according to claim2, wherein the spherical mechani smconprises first and
second substantially orthogonal rotatable spherical arches, 20 wherein
novenent of the manual interface structure drives the firs nd second
spherical arches. A roRoligfeviceniar UsqdV; 'FRog VSIS R qoaséfs?‘?issuig,'c erein

t he sphetrhialg, FROBBIIGHR G Rrhpesnd:i r st and second pairs of an actuator and
a sensor for each of the first and 25 second arches. 4. The robotic device
accor@ing to aryanyas ieterfaer sprelvericagigured e simMatehandling 9f armirgicdlonal
nechanisgkﬁonprises a third pair of an actuator and a sensor. 305. The

robotic device according to any one of the precedi nP clainms, wherein the
a translational mechanism for translational motion of the manual interface

structure;
a rotational mechanism for rotational motion of the manual interface
10  structure; and
a spherical mechanism configured to decouple the orientation of the manual
interface structure into spatial coordinates,
wherein a linkage between the rotational mechanism, the rotational
mechanism and the spherical mechanism, and the manual interface structure are
15  disposed on opposing sides of an intersection of a pitch axis and a yaw axis of the

spherical mechanism.

2. The robotic device according to claim 2, wherein the spherical mechanism
comprises first and second substantially orthogonal rotatable spherical arches,
20 wherein movement of the manual interface structure drives the first and second

spherical arches.

3. The robotic device according to claims 2, wherein the spherical mechanism
comprises first and second pairs of an actuator and a sensor for each of the first and

25 second arches.

4, The robotic device according to any one of the preceding claims, wherein the

translational mechanism comprises a third pair of an actuator and a sensor.

30 5. The robotic device according to any one of the preceding ciaims, wherein the

rotational mechanism comprises a fourth pair of an actuator and a sensor.



rotational nmechani smconprises a fourth pair of an actuator and a sensor

20 6. The robotic device according to any one of the precedi ng clains,
wher ei n twe 2mnsadosuser i nterface conprises an open- andecligs201mmedsani smt o
si mul at e openi ng and cl osing of the surgical tool. 57.The robotic device
according to claim6, wherein the open-and-cl ose nechani sm conprises a
fifth pair of an actuator and a sensof® 8. The robotic device according to
any one of claims 3 to 7, wherein the sensors are configured to record

operatiog of fherdranyakvitdbeedramg t6ahyehelot tHypracedifg claifis Svhdrbim thebot i ¢
device according to any one of clains 3 Hf 8, mﬂg%ﬁ%ﬂ t he tuators are
conf i gur @@NERl yser (ikerface GREmises PR ORPP-20E-4S BEFRN tchs'P"é’gag? dRE8"BBer at i on
of the nandigbsingloftHeadifgighiriosit ure. 1510. The robotic device according to any

one of the preceding clains, wherein the manual interface structure
conprises a shaft coupled to each of the translational, rotational, and

spheri cal, mechani sus.. 11. The .robotic_devic .cl.aj ' | ai.m 10,
wher etli n %‘ne I f]tﬁ?(araggg%rﬂﬁv,cgegcgorgwgl ?%e@alﬁovééaﬁpgrse\;\ﬁ? ttﬁlé rqgéj%ﬂe'g?f&rc Fsz’tsl;'nand
second splkehadiain cangiess afitth pairfof gnaethata andugpsensphe shaft to the first and
second spherical arches.

8. The robotic device according to any one of claims 3 to 7, wherein the sensors
are configured to record operation of the manual interface structure by a user.

10

9. The robotic device according to any one of claims 3 to 8, wherein the
actuators are configured to drive the manual interface to reproduce a recorded

operation of the manual interface structure.

15 10. The robotic device according to any one of the preceding claims, wherein the
manual interface structure comprises a shaft coupled to each of the translational,

rotational, and spherical mechanisms.

11. The robotic device as claimed in claim 10, wherein the linkage comprises a
20 slider moveable within the first and second spherical arches and configured to
couple the shaft to the first and second spherical arches .

12.  The robotic device according to claim 11, wherein the slider is configured to
enable rotational and transiational movement of the shaft relative to the first and

25 second spherical arches.

13.  The robotic device as claimed in any one of claims 10 to 12, wherein the
shaft is coupled to the translational mechanism by way of a track and gear coupling.

30 14. The robotic device as claimed in any one of claims 10 to 13, wherein the

shaft is coupled to a rotational axis of the rotational mechanism.



12. The robotic device according to claim11l, wherein the slider is
configured to enable rotational and transl ational novenent of the shaft

rel ati ve wo 20tx3sbionst and 25second spherical arches. 1®cTReR0rmbes: C
device as clained in any one of clains 10 to 12, wherein the shaft is
coupled to the transl ational nmechani sm by way of a track and gear coupling.
3014. The robotic device as clained inzbny one of clains 10 to 13, wherein
the shaft is coupled to a rotational axis of the rotational mechanism 21

15. The r ghot i ThélPdHdEE daviee =dtarirghoaity dPRaflhe bRReling TRiinBgwhb@irhe Wher ei n
t he spherical mechani sm conprises a b{';vi\eq{olJ thg%lr_oboti c devi ce %u orting
the firsBPhaiigabPeERANYPIEMPESes 8 PaRe o therePatidayics sHRRCFUNGLNE My re and

t he trangéandospiteriaaidarchésittheadnugteitaffacestructure and the translational and

rotational mechanisms.



