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Abstract: This paper shows ongoing research results on the development
of automatic control modes for robotized laparoscopic surgery. We show
how both force feedback and visual feedback can be used in an hybrid con-
trol scheme to autonomously perform basic surgical subtasks. Preliminary
experimental results on an example clamping tasks are given.

Introd t on
n laparoscopic surger , small incision points are made in the human a domen
contrar to open surger here a large incision is made  he surgeon puts a
trocar at these incision points  hen, surgical instruments and an endoscopic
camera are inserted through trocars Loo ing at the ideo signal, the surgeon
can mo e the tools in order to per orm the desired surgical tas he ad an
tages o laparoscopic surger are o ious reduced pain and hospital sta , as
ell as a quic er reco er he main incon enience o this surgical technique
is due to the stand o the surgeon hich is er tiring and limits the duration
o the surgical procedure as ell as the surgeon s per ormance

igure xample tas  cleaning suction process in laparoscopic surger

Laparoscopic surgical ro ots ha e appeared recentl Se eral commercial s s
tems or laparoscopic surger exist toda ,eg, S Computer Motion, nc
or Da inci ntuiti e Surgical, nc ith these s stems, ro ot arms are used
to manipulate the instruments and the camera  he surgeon teleoperates the
ro ots through master arms using the isual eed ac rom the laparoscope

his reduces the surgeon tiredness, and potentiall increases accurac the
use o a high master sla e motion ratio

ur research in this eld is aimed at expanding the potentialities o such s s
tems  pro iding automatic modes in hich the s stem autonomousl per
orms simple su tas s n thiscase, thero ot controller uses the isual eed ac
rom the laparoscope to automaticall dri e instruments, through a isual ser o



loop, to ards their desired location ioneer research in this eld can e ound
in or or hich the laparoscope is planned to automaticall trac a sur
gical instrument in its eld o ie , or in here a do surgical ro ot is
automaticall placed ith ision eed ac

n cooperation ith CAD nstitut de echerche sur le Cancer de 1 Appareil

Digesti , Stras ourg, rance, e particularl ocus on li er surger his
surger in ol es a num er o repetiti e gesture, such as the cleaning suction
process ig rst, the surgeon has to s eep a liquid pro ecting instrument

o er the sur ace to e cleaned up then, the same instrument ith the pump
re ersed is used to suc up the remaining liquid t shall e noticed that al
though this cleaning process is rather simple as compared to critical surgical
gestures, it in ol es repetiti e mo ements or the surgeon ho dri es master
de ices ro iding semi autonom tothero ot theuseo ision ased con
trol ill then relie e the surgeon o tiredness induced  this ind o simple and
repetiti e tas s and allo a maximi ed concentration or the delicate phases
o the surgical operation n this case, the sur ace to e cleaned up on the
screen is ounded the surgeon and the ro ot autonomous! per orms the
cleaning suction process

his paper rst sho sho orce eed ac control can e used in order to limit
the orces applied on the patient through the trocar  hen, an application com

ining ision and orce control to automatic clamping is gi en, ith preliminar
experimental results

o or ontro n ro o n t on

A particularit o laparoscopic manipulation lies in the presence o a trocar,
hich limits the surgical instruments motion to do  his pro lem has een
addressed o er the past the mean o mechanical design , | he
proposed solutions use either a remote rotation center de ice, hich requires a
precise positioning o the ro ot in the trocar prior to the surgical operation, or
a D ro ot ith t o passi e oints in the rist his last solution suffers
rom alac o precision due to ac lash that ma occur et een the instrument
and the trocar  ur proposition is to use a ull actuated D ro ot, that
pro ides oth unctional exi ilit and accurac  n order to a oid large orces
to e appl on the patient od through the trocar, the ro ot tip is equipped
ith a orce sensor

he inematics o the laparoscopic manipulation is depicted in gure , here
is a rame attached to the tip o the tool handler, such that the  axis
is colinear to the tool penetration axis is the sensor rame, ith
colinear to is the point 0 the tool handler that instantaneousl coincides
ith the trocar  is the distance et een the origins o and and isthe
distance rom  to the origin o
Asonl do are a aila le, e choose to use the ollo ing parametri ation or
the operational space elocit ector
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igure  Manipulation through a trocar

here is the translational elocit o the tool handler along , and ,
and are pro ections o the a solute rotational elocit o er , and
respecti el  Let e a ector, expressed in , o the t ist components

descri ingthe a solute elocit o the tool handler at point Since the trocar
does not allo an tangential motion o the tool handler at point , eha e

hen, e can express the same t ist at the origin o)

ith
here oth and areexpressedin urthermore, as  isrigidl attached
to the ro ot end effector, standard inematics can e used to pro ide the ro ot
aco ian matrix , such that , here is the ro ot oint

elocit inall | the in erse inematic model is

here the ro ot inematics is supposed to e nonsingular

the penetration depth as per ectl no n, equation could e used to
dri ethero ot oint elocities hile respecting the trocar constraint o e er,
in practice, due to the experimental conditions o a surgical operation, this
assumption is not realistic, is not per ectl no n As a consequence,
using equation to control the ro ot motion ill induce a lateral motion o

and orces could e applied on the patient through the trocar o cope ith
this pro lem, a orce eed ac controller is added to the s stem in order to
limit the lateral orces applied at the incision point
Let and e the measured orces along and , respecti el rid
position orce control can e used to ser o these measures to ero Assuming
that ro ot oints are elocit controlled, e get a con entional motion rate



control

here *isthe oint elocit control input, isthe estimation o the penetration
depth , is a gain corresponding to the planned apparent damping, and *
is the operational space elocit control input, that can e pro ided either
the surgeon through master de ices teleoperation mode or a ision ased
controller automatic mode his control strateg is no nto e er ro ust
pro iding that the orceloop and idthislo enough as compared to the oint
elocit loop and idth
Actuall , the rst experiments ith small depth estimation errors exhi ited
good results in lateral orce limitations o e er, or larger estimation errors,
the orce loop asnot ast enough toe cientl compensate or lateral motions
at the trocar, and large orces occurred see experimental results

n order to increase the o erall controller per ormance, it as then necessar to
pro ide online estimation o the penetration depth o drasticall different
strategies ere experimented

n the rst one, e use the measured orces , and torques , in
the plane to estimate the distance Algorithm is ased on a ro ust
least square identi cation in ol ing a orgetting actor, a sliding indo
and a threshold e de ne as the distance et een the orce torque
sensor s center and the incision point, ie, , then

n order to pro ide a ro ust identi cation the ollo ing cost unction as
used ith sliding indo and orgetting actor

here is a orgetting actor and is the si e o the sliding
indo he least squares estimate that minimi es is equal
to
ith

0 e er, equation cannot e used directl to estimate , particularil
hen the orce signals are close to ero, ringing a high noise to signal
ratio  here ore, dead one is added c¢ or decrease



elo some threshold alue or ,the computation o the least squares
estimate is ro en,ie, onl the re erence tool elocit * along ista en
into account Consequentl , the ro ust estimation algorithm is de ned as
ollo s

i
and
and
other ise

here is the last time instant hen  and le t the dead one area,
and is the last time instant hen  or entered the dead one area

n the second one see appendix , an adapti e approach is proposed to
estimate t uses as inputs oth rotational elocities *, * , and the
measured tangential orces

n order to e aluate the e cienc o the orce eed ac controller and depth
estimation strategies, an experimental test ed as uilt, consistingo an do
ro ot equipped ith a orce sensor, manipulating a rigid c¢m ar, through a
trocar During these experiments, e appl square re erence signals * and *
ith a magnitude o deg s nthe rstseto experiments, the penetration
depth and its initial estimate is he corresponding results
are sho n in the rst plot column o ig n the second set 0 experiments,
the penetration depth and its initial estimate is he
corresponding results are sho n in the second plot column o ig hree
strategies are compared  he rst one considers a constant estimation o
that is he results rst line o ig sho signi cant orces a out
in oth directions  or aster motions, these orces ould clearl
ecome unaccepta le or the patient he second strateg uses the direct
estimation o ith orces and torques measurement ne can see second
lineo ig that orces are limited to and that estimation o quic 1
con erges to ards the actual alue A small uctuation o  remains, hich
does not signi cantl affect the orce controller per ormance inall , the third
strateg last line, ig uses the adapti e algorithm  his method exhi its
a rather slo er con ergence o the depth estimation as compared to direct
estimation o o e er,the estimated signal is smoother his is due to the

d namicso the gradientla that actson , hereastheleast squares algorithm
gi es instantaneousl the estimation o nce the estimation con ergence is
o tained, the orce control per ormance is similar or the t o on line estimation
approaches

on d ontro o t n tr nt o nt

n con entional laparoscopic telemanipulation, the our degrees o reedom o
the instrument are directl controlled  the surgeon through master de ices,
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igure orce eed ac experimental results

using the ideo eed ac o the laparoscope ather, e ant to pro ide au
tonom to the s stem, that is to use the ideo eed ac in a control algorithm
in order to achie e surgical tas s

L] trocar

camera

igure essel clamping tas

course, ama or di cult liesin the poor structuration o the o ser ed scene

o cope ith this pro lem, structured lightening can e added the mean
o laser pointers attached to the tool and or the camera A rst attempt as
sho nin here a laser spot as used or depth estimation in a surgical ro ot
n this or ,onl one degree o reedom o the surgical instrument as dri en
ith this optical mar er ere, e propose here to generali e this approach



e consider a clamping tas , depicted in gure n this experiment, e use
t o laser pointers mounted on a surgical tool  he laser eams are parallel,
colinear to , in the plane e also add an optical mar er on the tip
o the tool  his mar er lies in the axis ote that the camera is xed
during this experiment, although in the uture, e intend to mount it on a
second ro ot, in the Ss stem An interesting propert o this setup is that
ro ust extraction o the optical mar er images can e o tained  comparing
an image ith and ithout the mar ers on

rom the image coordinates o three spots , e uilt the ollo ing
image eature ector see gure

here are the coordinates o - , isangle rom the image
axis to the ector oining to , and is the distance rom  to the line
he desired alue * o issupposedto e no n n the nal scenario,

the surgeon ill indicate on a tactile screen the location o oth the essel
to e clamped and the point here the clamping should e done  his ill
automaticall set *, * and * Also, the clamping position is characteri ed

a no n alueo *

Due to the complexit o the scene, thereisno a to precisel model the exact
image aco ian matrix, that maps the instrument elocit into ather, e
uilt a simpli ed aco ian matrix  or a nominal con guration, or hich the
lightened scene is planar and  is perpendicular to this plane  he ollo ing
properties can e demonstrated  the elocit onl affects the elocit
does not affect  and the elocities and  do not affect hus
the image aco ian matrix is gi en

ith,

t is intersting to notice that e ha e a quasi triangular s stem, apart rom the
loc mapping into
As anum er o un no n geometrical and optical parameters is in ol ed in the

computationo ,a rstidenti cation stage can erun atthe eginningo an
experiment Constant elocities , and are applied independentl
during a short time he ariations o  are computed and the aco ian

matrix components are estimated

he isual ser oing then consists o the quasi decoupling control la

* *



he remaining degrees o reedom o the ro ot are still controlled using orce
eed ac , and the o erall controller consists 0 anh rid ision orce controller
that com ines equation and , together ith an on line estimation o

he ell no n sta ilit condition is that remains positi e de nite
Due to the complexit o the scene, the sta ilit properties cannot e ormall
deri ed otice that a num er o techniques ha e een proposed in the past
using constant image aco ian matrices, exhi iting good experimental sta ilit
ro ustness properties see e g

essel clamping, is decomposed in three stages ig

the angle is ser oed to its desired alue *  ther components are not

ser oed  hen, the resulting motion is a pure rotation o the instrument
around  axis

the image coordinates , areser oed to ards *, *, hile is main

tained at *  his step in ol es mainl and  motions

the distance is ser oed to *, hile other components 0 are ept to

their desired alue his phase mainl consist 0 a nal translation

ith such a decomposition, the image aco ian matrix components are not
all identi ed at the eginning o the experiment  ather, the are estimated

progressi el during the clamping, hen the are required is identi ed
e ore the phase , , , and , eorethe phase and ,
e ore phase ote that in practice, onl is actuall identi ed, since, in
the nal approach con guration, , and
= L
trocar
* - *
image from camera
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o A . .
1. Initial configuration 2. Rotation around the tool axis to align the laser points
with respect to the vessel
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3. Rotation of the tool around the trocar to bring the laser 4. Translation through the tool axis to align the tool mark
points on the vessel with the laser points

igure lanning a clamping tas



his strateg  as experimented on a la test ed A surgical instrument as
equipped ith to laser eams and an L. D n these preliminar experiments,
the desired alueso areset manuall toa alue determined during a learning

phase * pixels, * pixels, * deg and * pixels A
num er o experiments ith different initial con gurationshas een conducted
xperimental results are depicted in igure , here the different phases are

descri ed During the rst seconds, an open loop motion aimed at identi ing

— is per ormed  hen the rst phase is running, pro iding con ergence o
ote that in presence o large initial errors, the controller output * is satu

rated, hich explains the linear con ergence during this rst phase, the three

other components 0  are not controlled At s, a ter the con ergence
o ,asecond identi cation phase is running to estimate the mapping et een

and his produces a ariation o the different components
o) he exponential con ergence o , is then o ser ed rom S
to s, hile is maintained to its desired nal alue hen the nal
phase consists o the exponential decrease o , that is the nal clamping
translational motion
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The alternative adaptive approach used to estimate is based on a model of the
interaction between the robot and the patient at the incision point, that is

where and are the lateral displacement of point  with respect to its e uilibrium
position and is the sti ness of the abdominal wall of the patient. eglecting the
robot oint dynamics which, again, is supposed to be very fast as compared to the
force loop dynamics , the closed loop behavior is

These e uations are linear with respect to parametrization error .
iven a good estimate of , the following normalized gradient algorithm can be used
to estimate

* *
»
* P % =
where is the gain of this gradient algorithm and is a normalization
coe cient. The stability and convergence properties of this estimation algorithm are
given in the previous algorithm is stable and the convergence of the parameter

error to zero is obtained if there is enough excitation i.e., enough rotational velocities
around axis  and



