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ABSTRACT KEYWORDS
A novel minimally invasive vascular interventional surgery robot system Minimally invasive
is proposed. The system includes a positioning arm, a catheter interventional surgery;
interventional device and its manipul ation device. Anew operation control Positioning arm;
method for the positioning armis presented, which isto drag a six-dimen- Operationa method;
sional force sensor fixed on the end of the arm. A six-dimensional force Catheter interventional device;
signal will be outputted and transformed into a position and orientation Master-dave operation.

matrix respective to the positioning arm. A fictitious joint is added to the
arm with five-degree of freedom (DOF) in accordance with certain prin-
ciplesto changeit into asix-DOF configuration. Using the obtained posi-
tion and orientation matrix to do inverse kinematic of the six-DOF mecha-
nism, the inverse kinematic of the five-DOF mechanism can be obtained.
Take these values as position control commands to the corresponding
joint motorsto realize the motion control of the positioning arm. A numeri-
cal exampleis given to verify the correctness of the proposed method. A
master-slave system composed by a catheter interventional device and its
manipulation device is proposed. The corresponding actions of every
operation states and the master-slave control principle are given. The map-
ping relations between the displacement distances of the manipulation
handle and the promoting finger and between the rotation angles of the
handle wheel and the catheter/guide wire are described. By setting differ-
ent proportionality coefficients, the multi-gear control canberealized. With
the help of master-dave operational method, the doctors can do opera-
tions outside the operation room to protect themselves from radiation.
Moreover, the system can realize force feedback which can help the opera-
tor to have force telepresence and to increase the sense of reality and
immerson.  © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION hedthdl over theworld. InChinaand evenintheworld,
itsmorbidity and mortality has been head of theeach
Cardiovascular diseaseisamajor threat tohuman  kind of diseases, and the prevalence rate is 30%!Y.
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Minimally invasiveoperationwith smal wound, rapid
recovery after operation, sight painisgradually ac-
cepted by doctors and patients of cardiovascular dis-
easd?. That therobot technol ogy isapplied to themini-
mally invasive operationcan gregtly improvetheopera-
tion accuracy, reduce thelabor intensity of the doctor,
avoid theman-made error®4,
Minimdlyinvasveinterventiona operaionrobot sys-
tem includesapositioning arm, tubefeeding mecha-
nism and operating device. Thepositioningarmisthe
assi sted positioning deviceof theminimally invasive
vascular interventional robot, which can adjust thelo-
cation of the operation deviceand fix position. The po-
sitioning armincludesactive mode and passive mode.
Theeachjoint of theactive positioning armisequipped
with driving device, which hasthe advantageof high
positioning accuracy, without the need for mechanical
arm balance,but thetraditional control methodistoo
stylized, not dragged optiondly, the poor ability to adapt
to the environment and it can only move according to
the preset programt®. The passivemechanica armis
themechanica armjoint without thedriving device, so
it needstheforceto makeit move. Itsadvantageisthat
it can bedragged optional ly by thehuman. The passive
mechanical arm currently usedinmedica field hasDa
Vinci system and ZEUSrobot system!®, the“Liyuan”
stereotactic directional robotic system developed by
Beijing Univergty of Aeronautics & AstronauticsUni-
versty!’, the“Micro-hand” system developed by Tianjin
University and so on®. But thelimitation of the passive
mechanica armisthat the mechanism design needsto
achieveitsown balance, the self-locking device, and it
isdifficult to make accurate position adjustment.
Inview of the shortcomings of the activeand pas-
sive positioning manipulator, Italy scholar proposed
anactive/passive positioning arm Navi-Robot, which
can bemanua operation and programmed operation!.
Thereference’® putsforward anoperation instrument
positioning robot, anditseach joint isequipped witha
torque sensor. Theoperation isaided by thejoint force
of the robot, so it does not need pre-set trgjectory
programming. The mechanical arm can moveoption-
aly by the drag of any operator, so it can keep the
advantage of without self-balance of theactivearm,
and it aso hasthe advantages of randomnessand flex-
ibility of the passive mechanical arm operation. But

because the robot movement is achieved by thejoint
forcefeedback contral, it isdifficult to reach thetarget
position precisely according to the expected trgjec-
tory. Minimally invasive operation with apositioning
armhas astrong ability to adapt to the environment,
that iscan be dragged optionally, adjust thearm pos-
tureat any time, and achievefast locking. Therefore,
this paper presents a positioning arm control method
based on akind of six-dimensional force sensor inthe
way of drag, to solvethe problem of themain passive
armlocdization.

Thetubefeeding mechanismfixed ontheend of the
positioning armisused to assist thedoctor to bring the
catheter, guidewire medical devicesinto humanblood
vesselsto diagnoseand cure. At present, many domes-
ticandforeigningtitutionshavebeen doing theresearch.
CanadaHANSEN MEDICAL company developed
Sensai: the catheter / guidewirepushing mechanism of
the vascular intervention operation robot system*Y;
Catheter Robotic Incorporation devel oped theAmigo
tube feeding mechanism*?. Thesetwo kindsmecha-
nism bel ong to the convey mechanism of theactivecath-
eter, which canredlizetheinsertion and extraction, ro-
tation, the bending of the catheter tip of the active cath-
eter. The American Corindus company developed
CorPath 200 vascular intervention operation robot sys-
tem. The Imperial College in London and Kagawa
Univergty in Jagpan have a so devel oped afeed mecha
nism**4, Domestic research is comparatively less,
mainly concludesthe catheter / guidewire feed mecha
nismsdevel oped by Beljing University of Aeronautics
& Astronautics University!*™ and Harbin Institute of
Technology®. Theseingtitutionsare ableto achieve
thedelivery and rotation of the catheter/guidewire, but
the functions of disinfection and force feedback are
deficient. In view of the specificity of the use of the
environment and theuse of object, thefunctionsof the
mechanism performance and the disinfection cannot be
ignored. Therefore, the study still needsto continue.

Onthe basisof theresearch above, anew type of
tubefeeding mechanismisdesigned, which canimitate
hand to twist and pull the catheter/guidewire, and help
doctors to finish the intervention of the catheter/
guidewire. Theoperating devicedesignedisasthemain
hand, and the tube feeding mechanism is asthe sec-
ondary hand. Thetubefeeding mechanism hasthefunc-
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tion of the catheter/guidewireres stance detection, and
thedriving part and the execution part can berapidly
separated. It can redlizethe cleaning and disinfection
of theexecutivepart. Theoperating deviceisused to
operatethetubefeeding mechanisminterventiona tube
feeding mechanism usedintheinterventiona surgery,
and control it to completethe axial movement of the
catheter /guidewire a ong the catheter/guidewireand
the circumferential movement around the catheter /
guidewire. The operating device includes moving
handwhed which can control the movement of thetube
feed mechanism and therotational handwheel which
can control thetubefeed mechanism torotatethe cath-
eter /guidewire. The operator movesthehandle, and
the moving hand moves along with the tube feeding
mechanismto achieveto push the catheter/guidewire.
Theoperator rotatesthe handwhed , and therotationa
hand rotates along with the tube feeding mechanism
to achieveto screw the catheter/guidewire. So, the
operation can be donein the manipulating room out-
side the operation room to avoid radiation in the op-
eration process.

MECHANICALARM

Introduction

Themechanicd amismainly usedfor thepostion-
ing of medica devicesintheoperation. Thispaper pro-
videstheminimdlyinvagveinterventiona operationrobot
positioning system (asshownin Fgurel). Thesystem
includes abase, up/down upright column, five-DOF
(degree of freedom) humanoid mechanica arm body
and six-dimensional force sensor. Five-DOF human-
oid mechanical arm comprisesashoul der, upper arm,
back-lower arm, front-lower arm. Fiverotationjoints
includetherotation of the shoulder joint, theflexion of
the shoulder joint and the elbow joint, the rotation of
thefront-lower arm, theflexion of thewristjoint. The
angles achieved by therotation of thefivejointscan
realizethe positioning for the tubefeeding mechanism
connecting themechanica arm end.

M ovement analysisof themechanical arm

Six-dimensional force sensor isfixed at theend of
mechanical arm. The eachjoint coordinate systemis
built asshownin Figure2.

jointl
joint2

Figurel: Prototypeof thepositioningarm
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Figure?2: Joint coordinate system of thearm

Thepostionmatrix of thepostioningarmis

nX OX a'X pX
5 n, O
S ) G R
i=1 n, o a p, (1)
0O 0 0 1

SIGNAL TRANSFORMATIONS

In the view of the way of the driving of the me-
chanica arm, it belongsto theactive mechanical arm.
Thiscan avoid the problem of the mechanical locking
and self-balancinginthedesign. But if themovement of
themechanica armiscontrolledintheway of conven-
tional program control, thedemand that themechanical
arm isdragged at any time in the operation can’t be
meet. Therefore, in order to avoid the predetermined
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program of the mechanica arm control, thispaper pro-
posesamethod that the mechanical armiscontrolled
by the six dimensional force sensor to make the ma-
nipulation of theactivemechanica arm possesstheran-
domnessand flexibility, that isthe advantages of both
theactiveand passve mechanicd arm arecombined to
design and manipul ate the mechanical arm, which can
meet the requirement of minimally invasive operation
environment. Six-dimensiond forcesensor isinstalled
asshowninfigure3.

Positioning
arm

Catheter
intervention
device

Lifting
column

base

Six—dimensional
forece scnsor

Figure3: Six-dimensional for ce sensor installation

When thesix-dimensi onal force sensor isdragged,
the sensor will output asix dimensiond forcesignd:

F=[F,F,F,M M M]" @)

Based onatransformation, thesix-dimengond force
signalsaretransformed into the position and angle of
the mechanical arm end, and then the pose matrix of
themechanica armisshown. After theinverse solution
of the mechanical arm, the angles of eachjoint of the
mechanica arm are obtained.

The conversion relation of the above (2) andthe
posevector of theend can beartificially set. Inorder to
makethemechanica arm canbemanudly draggeddong
the direction of motion, the three force components
should be usedin the same corresponding relationship

k, to correspond to the three position changes of the
mechanica arm;three moment componentsshould be
usedin the same corresponding relationship k, to cor-
respond to the three pose angle changes of the me-
chanica arm. So only two conversion coefficientsare
given, we can obtain the position and angle changes of
themechanical arm, it can beexpressed as

P=[kF kF kF kM kM kM ] €)

1'x 1y 1 z 2 'x 2y 2 =z

Thefirgt three componentsintheexpression corre-
spond to the coordinate system of themechanica arm
endp,, P, P, inthe base coordinate system of the me-
chanical arm end; The behind three componentscorre-
spondto a, S, y inthe gesture descri ption method RPY.
Therefore,the posematrix of the mechanical armend
is

T.=

S

NXS OXS
Nys ()W
NE OB

Syege s’
b ;0.0 0

0O o
cacf caspsy—sacy caspcy+sasy 250+ p,
saCf sasfSy+cCacCy SaSfsy—cCasSy P,
—sp cp sy cpcy 440+ p,

0 0 0 1

Accordingtotheconverson method, itisnot diffi-
cult tofind that the va ue of the conversion coefficient
k, and k, directly impact the comfort level of opera-
tion, andthelessthevadueis, thelessthemotionampli-
tude of the mechanical arm under the sameforceis,
that iswhenthelargerange of themechanica ammove-
ment is need, the manipulations need moretime and
force. Butif thevalueistoolarge, it meansthat theless
force can causethelarge-range movement of the me-
chanical arm sothat it istoo sensitiveto accurately po-
sitioning. Combined with the motion mechanicsparam-
etersof human upper limbs and thework space of the
positioning mechanica arm, thevalueof theconversion
coefficientk isgiven. Itissetk = 10mm/N - sunder
the continuous action 1sof 5N the drag forceand the
movement displacement 50mm of themechanica am
along the direction of the drag. It is set

10 . .
k, = Enrad/ Nm-s under the continuous action 1sof

thetorque 0.05Nm and therotation anglen / 6 rad.
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MANIPULATION OFTHE MECHANICAL
ARM

Transfor mation of the mechanism and the posi-
tion matrix

Thesix dimensiond forcesignalsaretransformed
into the position matrix of themechanical arm, and ac-
cordingtothedifferent forcesignasthedifferent pose
matrix can beobtained. But dueto themechanica arm
with fivedegrees of freedom, any pose matrix trans-
formed bysix-dimensional forcesignascannot be ob-
tained. In order to correspond to the transformed ma-
trix and the pose matrix of themechanical aamend, a
virtud joint isadded to the mechanical armto makeit
become 6 degrees of freedom. Theaxisof therotation
joint added isperpendicular to theaxisof twojointsof
theends, and itisviaintersection of theaxisof thetwo
jointsof the end*"%8, Theway of addingisshownin
Figure4. Thejoint H istheadded joint:

Ti+l(0i+l)Th(eh)Ti+2(ei+2 + TE) = Ti+1(ei+1)Ti+2(ei+2) (3)
Where, T(6) isthetransformation matrix of the corre-
spondingjoint.

Figure4: Method of addingvirtual joint

So, theinverse sol ution problem of thefive degrees
of freedom mechanical armistransformedto thein-
verse solution problem of the six degrees of freedom
manipul ator. Thepose matrix transformed by theforce
signaswhich areoutputted by thes x-dimensiona force
sensor can bethe posture of the end of the six degree
of freedom mechanica arm. And then theinverse solu-
tion of thesix degree of freedom mechanica armcan be
solved. Thevariable values of the degree of freedom
which are obtained by theinverse kinematicsremains

constant, that islocking thejoint to makeit do not ro-
tate, and the other joint variable valuesof thefivede-
greesof freedomistheinverse solution of five degree
of freedom mechanica arm.

Themechanica arm hasfive degreesof freedom,
and it lacksarotational degree of freedom which can
regulatethe posture. So themechanica arm cannot reach
theall postureswhich are need above matrix. There-
fore, add thelacking rotational degreeof freedom, that
isadd arevolute pairswhichisviatheintersection of
the end two axes andperpendicul arto the two axes.
Sothe modified mechanism can achieveall postures
above. Now the kinematic problems of themodified
mechanismareandyzed. Thecoordinatesysem of thesix
degrees of freedomisset up asshowninfigure>b.

xl ’ﬁ_
Yo
N 2'3 A4 Zh A ZS 5
23 y z, tz . O o T
C 3 04 Oh HJ"J- / ’
X X5 x, Yy

Figure5: Coordinatesystem establishment of thesix-DOF
mechanism

Coordinate transformati on matrixes between ev-
ery two adjacent jointsinfirst threejoints °t', 1", 21’
areequdstothefirg threetransformation matrixes. The
last threetransformation matrixes can beexpressed as.

’ ’

cd, -s6, 0 0
0 o 1d
2-[-!: 4
-s0, -c6, 0 O
0 0 0 1
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o 0O 0 -10
s§, c6, 0 O
0 0 01
c6, -s4 0 0
- 0 0 -10
* |sa, <6, o ol
| o 0 0 1
Theresult of forward kinemeticsis
n, O a Px
or fyaperer —|™ O & Py
54 ""% In, o, & p, @
0 0 0 1

Inver sekinematics solution

Set or =T, , and make corresponding items (3, 3)
(3,4) areequal respectively. Theequations(5), (6) can
be obtained:

CGis ~CiSn%s =&, ®
0eCriGis — UsCySnSis + diCa — 88, = P, ©

Let (‘;r'i) or =(97)T,, and maketheitems (1, 4)
(3,1) (3,2) areequd respectively. We can know,

0S5 +0gCyCrnSis + s SaGis + 2, = P ™
CoaShs + CySpCrs =N, ®
$Ss=0 ©

Set (37)(97) T =(57*)(47*)T., pick up the
item (3, 2) in both sides of theequation, and makethem
equals to each other. Then the equation (10) can be
gvenas

¢,=0,G-08 (10)
where, c=cos, s=sin, c,=cos(8, +86,)
Gy = COS(6, + 05')

Theinversekinematicsof thesix-DOF mechanical
arm can be given by solving the equetions (5) ~ (10).
Thentheinversekinematicsof thefive-DOF mechani-
ca amwill beworked out. Sincethefirst threejoints
have no change during themechanicd transformation,
the first three joint variables 6,, 6,, 6, are equal to

6, .6, , 6, - Inaccordancewith thetransformation ex-
pression (3), thefoll owing equation (11) can begiven.

T(e)we)w(e)=Te)Te-7 @

Thevariablesd,, 6, canbeexpressedby ¢, 4, ,6, -
So, thefarcesignal soutpuitted from the six-dimensional
force sensor havebeen transformed into thejoint vari-
ablevaluesof thefive-DOF mechanism. Thesejoint
variableva ues can betaken astheposition control com-
mandsto drivethe corresponding motorsmove.

Numerical example

Apply aforce of 5N on thesix-dimensiond force
sensor dong thehorizonta directionin2 seconds. Ac-
cording to thetransforming rel ationship, ahorizontal
straight line tracefrom 440mm to 540mmis our de-
siredtrace. Duringthemoving, theend point of thearm
isawaysinthex-z planein the base coordinate sys-
tem. It iseasy tofind that the change of g, will make
the end point of the arm | eave thex-z plane according
tothefigure5. So duringthemoving, ¢, = 0. Substitute
6, =0 into formula (10), we can know that ¢, =0.
Substitute g/, ¢, intoformulas(5) ~ (7), wecan obtain

0; =2ar da'l(m) ]
where,

m=—(Pn—ds)ﬂ:\/(Pn—ds)z—n2+P,:
n+P,

- +(Py-dg) +aZ-d?

= 2, :
93' = arcsi n(m) - 92'
d, !

6, +6, = iawin("m;&) _
4

Sincethejoint Hisavirtua joint, welock it and
’ 0 P -
make 6,=0. Wecantakefs =+arcs Irl("“Gl—azg). Sub-

4
stitute g, intoformula(11), wecan get theexpression
of 4, 6,
6,=-6, =0,
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O,=m+ arcsin(m) '

Thus, the six-dimensiona forcesignashave been
transformed into theva uesof fivejoint angles.

Samplethesensor forceinthehorizonta direction
once every 0.2 seconds during 2seconds, and the re-
sultisgivenasfigureb.

Sensor force in the horizontal direction N

0 02 04 06 08 1 12 14 16 18 2
Samplina time s
Figure6: Output signal of thesix-dimensional for ce sensor

Substitutethevauesof every samplingpointinfig-
ure 6 into the above convers on process, connect these
pointsinto alineasthetrack, and doinversesolution
for thefive-DOF mechanism. Then fivejointsanglefit-
ting curves can be obtained as figure 7. Take these
curvesasinput to get atrace of theend point, and com-
parethisobtaned tracewiththedesired trace. Thetra-
jectory error isshown asfigure 8. Themaximum error
isabout 1mm, which fully meetstherequirementsof the

positioningarm.
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Figure7: Joint anglecurve
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Figure8: Trajectory error

CATHETERINTERVENTION DEVICEAND
ITSOPERATIONMETHOD

I ntervention deviceintroduction

Thedesigned catheter intervention deviceincludes
acatheter fixed finger, apromotingfinger and arotating
finger which areshowninfigure9. The catheter fixed
finger isused to locate the catheter to pavetheway for
theguidewire. Therearefivemotorsto drivethe open-
ing, closing, promoting and rotating of thethreefingers
respectively. Fivemotorsarearranged sideby sideas
Fgure10to condtitutethedevice’s drive part. The whole
drive part can be separated from other componentsto
redlizecleaning and disinfecting of thethreefingers.

Theaction of thecatheter intervention deviceiscon-
trolled by themani pulation device (shown asfigure 11).
The manipulation device can achievetwo actions. one
ispromoting the handle, and the other isrotating the
handwhed. Thesetwo actionsrespectively control the
promoting and rotating of theintervention device. The
operating status of the corresponding actionsisgivenin
TABLE 1.

finger

Figure9: Catheter intervention device
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FigurelO: Drivepart

Flgure]_l M anlpulatlon dewce

TABLE 1: Operating statusof thecor responding action

Operation object Save-hand action Switch Promoting finger  Rotating finger Master -hand action
promote on close open Pull the handle to the | eft
Empty back off open close Pull the handle to theright

(g:j:t g:N?r/ e Pull back on close open Pull the handle to theright
Empty promote off open close Pull the handle to the | eft
rotate off open close Rotate the handwheel

M aster-slave operation

Thehandleof the mani pulation deviceisconnected
with amotor through asynchronousbelt. An encoder
is connected with the motor to record the rotation
angle. Taketherecorded values astheinput signal to
thecontrol system. And signa safter processing can be
regarded as the control command to the promoting
motor, so the motor drives and the promoting finger
begin to move. Thedistance of the promoting finger
move and the handle move have positive correlation.
Similarly, therotation angle of the hand wheel andthe
rotating finger al so has positive correlation. A rotary
encoder isfixed in the hand wheel to record therota-
tion angle. After being processed, the signal can be
trand ateinto the control command of therotating mo-
tor inintervention device. A force sensor isfixed inthe
promoting finger to detect theresistant forcewhen pro-
moting acatheter or aguidewire. Thisforcesignd can
be processed and feed back to the motor of the ma-
nipul ation deviceto driveit rotate and give some cor-
responding resistance senseto the operator. The con-
trol principle of the master-d ave operation isshown
asfigure12.

(a) Promotingaction
Asshowninfigure 13, thesynchronousbelt isfixed

onthe handlethrough asplint, and movesfollowing the
handle. Set szasthemovi ng distanceof thehandleina

singlesampling period. R istheradiusof thebelt whed.
n,, isthe pulses number of the encoder record. The
reductionratio of thetransmission isiy. Therdaionship
among these parameters can be expressed asfollows:

_ny

y ”Ri 7y

Doctor I

I :
v v : _
Handwheel ] [ Handle ]

Display ] Handle ‘ e
RUEEl switch J:ncoder ] [ Encoder ] [Motor]

] ] i

Manipulation device :

(master-hand) i

T

A 1

PCl104

L4
Controllertdriver

Signal
acquisition
card

Motor 1

Figure12: Control principleof themaster-daveoperation
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Splint |

Figure13: Internal transmission structur eof themanipula-
tion device

The pulsesnumber of the encoder record n, multi-
plied by ascaling factor ky can be acted asaposition
control command to drivethe promoting motor rotate.
Thepromoting distanceof thepromotingfingerinasingle
sampling period can be obtained.

k,n,

P, = . S

where, r istheresolution of theencoder whichis con-
nected with the promoting motor of theintervention
device.i ] isthereductionratio, Sisthescrew lead. By
changing ky to changethe corresponding relationship
between the di stancesthat the master hand moved and
the dave hand moved. Then thefast promoting, slow
promoting and finetuning can berealized. Converson
between thevariousfile can be achieved by manipul at-
ing the control buttons onthe LCD screen.

(b) Rotation action

When the operator rotate the hand whed, therota
tory anglecanbeset as¢ _, the outputted pulses num-
ber of therotary encoder fixedinthehand wheel isn_,
and theresolution of theencoder isr . Anequation can
begiven.

— 2rZ

B T

The corresponding rotary angle of the catheter or
theguidewire can be expressed as.

0

zZ

z

_kn, r,
cz — rzlr T ,
wherg, i isthereductionratio of therotating finger, r,is
theradiusof theactivebelt whed, r istheradiusof the
catheter or theguidewire. n_ isthe pulses number of
therotary encoder connected to therotating motor. By
changing thevaueof the proportionality coefficientk,
therelationship of the two angles can be changed to

redizemulti-gear control. Conversion betweenthevari-
ousfilecan aso be achieved by manipul ating the con-
trol buttonsonthe LCD screen.

CONCLUSIONS

A minimalyinvasvecardiovascular interventionsur-
gery robot system isintroduced. The paper presents
every componentsof thesystem and givestheir opera
tion mode.

(1) Combined with the characters of the active and
passive mechanica arms, anovel operation mode
isproposedto redlizefregly operation. By working
onasix-dimensond forcesensor whichisfixed on
theend of thearm, thesix-dimensional forcesignd
can berecord and trand ated i nto a posture matrix
astheend position of thearm.

(2) To correspond with the posture matrix,
themechanical arm should be changed into asix-
DOF mechanism complyingwith somerules. Take
the posture matrix asthe end position of thesix-
DOF mechanism, and do inverse kinematics to
obtain everyjoint rotation angle. Thentheinverse
kinematicsof thefive-DOF mechanism can be ob-
tained. A specificsampleisgiventoverify thefeas -
bility of thismethod. Thisoperation modecan make
thearm’s operation freely and arbitrarily without
predetermined program.

(3) A master-dave operation mode between the cath-
eter intervention deviceand itsmanipulation device
isgiven. Thepaper mainly givesthemappingrela-
tionship of the promoting and rotating motionsbe-
tween master and dave hands. Thisway of opera-
tion can protect doctorsfrom radiation.
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