Proceedings in
¢ MANUFACTURING
\] SYSTEMS Proceedings in Manufacturing Systems, Volume &ds% 2013 ISSN 2067-9238

FAMILY TOOLSFOR ROBOT-ASSISTED SURGERY

Veronika IVANOVA" Krassmira KOLEVA? Radko MIHAILOV?® |ossif BENIOZEF*

Y PhD, Department of Robotized executive mechanamsintelligent Systems, Institute of Systems Beeiing and Robotics
Bulgarian Academy of Sciences, Sofia, Bulgaria
2 Assistant, Department of Technical Mechanics, Tagtituniversity of Varna, Varna, Bulgaria
3 Assoc. Professor, College of Technology to The T University o fVarna, Dobrich, Bulgaria
4 Engineer, Department of Robotized executive mesimasiand Intelligent Systems Institute of Systengiri&rering and Robotics
Bulgarian Academy of Sciences, Sofia, Bulgaria

Abstract: Medical technology trends to the design and devatag of novel type of executive tools and
accessories, allowing improving the performanceneflical staff and increasing quality of care for pa
tients. Amongst them, laparoscopic surgery is yagular medical intervention for diagnoses and trea
ment some abdominal problems and disealdesvever the lack of tactile sense is the cardinal disad-
vantage associated with laparoscopy, because itdithe surgeon abilities. In this context the mab-
jective of the work ifo investigation of current laparoscopic instrunmgeand robot assisted systems, and
design novel type family tools for robot-assistadyery with better technical characteristics, amdar-
poration of force sensors in construction of ingtents for restore sense of touch and recognizieg th
presence of contact at end —effectors with orgassiés and stones during surgical procedures. Tthas
improving some technical side of these laparoscapmtruments. Also this paper shows common exam-
ples for tool-object force interaction at differeflype end -effectors. To avoid cardinal disadvastag
existing direct sensing control methods for tissharacterization, different approach&sproposed. For
this purpose an original instrument with two formensors by Honeywell Company, position sensor and
linear driving mechanism implemented there wasgiesi and produced. This laparoscopic tool is main
component in haptics control system for tissuesagttarization. During the designing process of figmi
tools for robot-assisted surgery following main lplems have to be overtaken: i) presence of taftiiiee
feedback, iigbility to force control and its regulation in regsted range.
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1. INTRODUCTION AND OVERVIEW OF struments lack actuation and modularity, previoudsy
ROBOTIC TECHNOLOGIESIN veloped novel instruments are large and three-iiineal
LAPAROSCOPY force measurement. They have a limited dexterit}y o

four degrees of freedom because of the troacatddni
number of free movements, and arbitrary orientatbn
instrument being not possibl®eduction in motion re-
versal as result from fulcrum at entry point. Thigans
that the necessary point-organ in the abdominaitycav
can be achieved only with a fixed orientation & thol.
Friction at air tight trocar decreases the serssitiv

The introduction of robots in minimally invasivars
gery such aslaVinchi[1] andZeus[2] considerably en-
hances the accuracy of medical interventions. ligéait
robot control can filter hand tremor increasing waecy
by motion scaling. But investigations of currenbob
instruments [3] are indicated to have some teclyicdd
deficiencies, the main of which being the lack adtile
sense. The sterilization is also difficult for thariety of
“Corresponding author: Akad Geoegi Bonchev Str.BI1113 ~ USeS. The strings are easily wearable and reqanstant

Laparoscopic surgery rapidly evolves as minimally
invasive surgery. The lack of the tactile senstésmost
important disadvantage associated with laparosdmpy
cause it limits surgeon abilities to diagnoses tedt-
ment some surgical problems. This problem resutis f
construction of the instrument and specifics of $ue-
gery. Unless in bloodless surgery, the tools ared eal
and maneuvered in such way that the surgeon mast ad
to the specifics of the instruments. Guiding suohira
strument is difficult, requiring a lot of practiead skills.
Typically for every instrument which is applied flapa-
roscopic surgery it is a long shaft with rigid esifiectors
and similar construction. Conventional laparoscapic

Sofia, Bulgaria; replacement. ThelaVinchi instruments cannot be pre-
TeI.E+359 887 920 816; programmed. Robot-instruments must be technical im-
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robots for main procedures (for cutting, graspingl a
moving of tissues, organs) and both of them.

In laparoscopic surgery assistant handles thardap
scope depending commands received from surgeos. Thi
method is inefficient because sometimes the assista
interprets wrongly the commands. Introduction diots
in surgical rooms has solved these problems. Glinic
tests over robot navigator systems show many ad:
vantages over conventional navigation of the lagpawp-
ic camera. S

The lack of tactile sense in surgeon arm still doets
solve problem in conventional surgery and in robot-
assisted surgery. The best solution, but techyidhk
most challenging, is that in which the surgeonsadrie
to touch and feel the tissue/organs/ stones wipkrai-
ing-sensing device must be integrated with roba:- sy

Fig 1. Designed tool for robot-assisted surgery.

and force (impedance control and admittance cgntrol
Both direct and indirect control approaches shotedr
tems The robotic systems have to be integrated witheffectiveness but also some disadvantages.

haptics control device to improve some technicd¢siof To avoid cardinal disadvantage in direct sensing
the laparoscopic surgery and radical improvementhe  methods in reference to the price, modularity, iliter
quality and efficiency of our healthcare. and to respond to the medical requirements thdt-tec

Many works [4 and 5] have focused on the develop-niques do not upset function of the patient, etetts
ment of robotic surgical systems and instrumenth wi must be outside of the abdomen. For that reasbmngs
force sensing/reflection capabilities. Roboticslaagion designed and produced an original tool for robststsd
of new surgical instruments (e.g., laser systemisfan  surgery which is shown on Fig. 1. Two force sensors
tools, radiation devices) are proposed, which cafo  position sensor and driving mechanism are impleetent
applied in conventional laparoscopic surgery, ideorto It was designed elastic and rigid end-effectorsdidfer-
demonstrate their benefits in surgical treatment. ent procedures.

The problem associated with tactile sense stisdo In contrast to the direct sensing methods where the
not solve therefore the lack of suitable instruraesetpa- ~ S€nsors are incorporated into jaws of the tools [&]
ble of measuring the manipulation forces insideabe  this construction with sensors is inserted into ltaedle
domen of the patient and the lack of interfacesctom-  Of the laparoscopic instrument. In this way novetie
veying this force in a comprehensible way to tmgdirs ~ Sion is better than other as allow low price, iob@ngea-
of the surgeon. For better results in minimallyasive ~ ble jaws, sterility and to respond medical requieets
surgery, it is necessary to overcome this disadwgnt (€lectronics is outside of human body which is vieny
Robot-assisted laparoscopic systems with tactieefo portant condition for medical technologies). Therétis
capabilities will enhance the realism in these myst ~ possible to receive the information about the aupli
and the tactile sense and the visual informatiolh e force with an innovative sensing method. This iratose
transferred to the surgeons. The application oftibap method is intermediated between the direct andrentli
devices into operation rooms allows surgeons teexp Sensing methods for tissues characterization acove
ence a sensation of touch and force feedback wiee t their disadvantages, since in laparoscopic surgery
is an interaction between tool tip and patientgjams. ~ Very important for surgeons to be able to touch feed
Haptic systems ensure the surgeon’s hand and eye #€ tissue/organs/ vessels stones while operasirginae
work together. Haptic devices integrate the cajimsil the sense of touch are one of the primary sourtas o
computer systems and the surgeon’s abilities. formation that guides the surgeon during surgery.

Instruments force control can be realized by two a  1he results of this study may be useful both fa t
proaches-direct and indirect sensing methods. @kver Surgeon and patient thus improving some technice s
researchers have also incorporated a direct sensiigr  Of the laparoscopic instruments: higher patienetyaby
od for tissue characterization through pressuresorea  IMProving medical interventions and preventing esro
ment normal to the surface of the jaws [6]. Thealgo- ~ during the laparoscopic procedures. _
rithms involving directly position and applied fer¢hy- The remainder of the paper is organized as follows

brid position/force control; hybrid impedance cofir ~ S€ction 2 is focused on tool-object force interei
and methods involving directly applied force feed- Section 3 shows presence of tactile force feedlzank

ability to force control at family tools for robaissisted

back explicit force control). In medicine and especially Section 4 includ | d It it I
in laparoscopy these methods are expensive, nor2Urgery. section 4 includes example and result

sterilizable, and not modular, making them difftctd surface. Section 5 offers possibility for futurerkio
incorporate into laparoscopic tools. Indirect fosemsing
technique includes force control via motion, withex- 2. TOOL-OBJECT FORCE INTERACTIONSAT

plicit closure of force feedback). Other methode ar DESIGNED END-EFFECTORS

based on the relation between position and apjbdiext Some areas of our life such as medicine requiee sp
(stiffness control by position only; stiffness cantby  cialized instruments to handle and manipulatiorsalid
force feedback correction; damping control). Alse w and elastic small objects. Irregular object hamgllis
can find methods applying the relation betweencités  differently than those with regular shapes. Geson is
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Fig. 2. Scheme of gripper which is driven by
wedge mechanism.

higher link adaptation to the irregular object sham
this case, the work area has also special requirenfier
these instruments. At previous work [9], some tgpd-
effectors for irregularly shaped object manipulasio
such as gallbladder stones was synthesized. Premise
trol of tool-object interactions is the major compat of
surgical procedures. An inability to regulation fofce
interactions is associated with slipping in theecagen
the gripping force is lower and damage of the @ssu

organs, blood vessels when the force interactioes a

higher. Nonlinearities in the kinematics of thekhiges
complicate computing the grasping force.

In laparoscopic surgery known instruments with two

rigid links are mostly. It was designed laparoscapiol
with rigid links in the case when the force restittsm
pneumatic cylinder. On Fig. 2 scheme of gripperohhs
droved by wedge mechanism is shown.

Then the forcd® is computing by equation:

Pm= DM, Dar(p+p), &
=

where p is the angle account for the strength of the axes

of linkages,n — number of jawsp — distance from the
centre to the axis of jaw§, — angle of the wedge.

For grippers with symmetrical situated jaws where

M, =M, =M the driving force is obtained by:

P = 20M Tg(p+p), @

when the jaws are droved by two symmetrical pneigmat

cylinders, the force is obtained by :

P =M g(B+p). 3)

According to the rule, the thickness is selectetkin
erence to the constructional recommendations. Fpr g
per with elastic cover-plates and elastic objeatshsas
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soft tissues, the point of contact is realized veitinface
which size is corresponding to the size of the malak-
ed objects.

On Figs. 3 and 4 designed rigid links for lapargsco
tools with elastic covered are shown.

Normal open position of this construction is givan
Fig. 5.

Fig. 3. Rigid links for family tools.

Fig. 4. Rigid links Pincers type.

Fig. 5. Gripping with designed rigid links.
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Fig. 6. Shematic representation of the synthesized end-
effectors.

In this occasion end-effectors can be designel ait
smooth surface or shaped profile. Alignment of ésrc
contact over surface allows keeping manipulate@cibj
on the same conditions of gripping.

Fig. 6 shows schematic
synthesed elastic end-effectors with normal opeuncst
ture and force interactions.

Tool-object force interactions are realized withgh-
ing force, puling force, friction force and forcd the
tool. Pinching force is equal on both sides of émal-
effectors as result of symmetry. It was assumetifitta
tion force is high enough and no slippage of th@ipa
lated object during tool-object interaction occurs.

In an initial position there are no forces:

> F=0. (4)
If only pinching force is applied:
1
Fpinch =§)‘Ft ' (5)
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respectively to the laparoscopic instrument for lamp
mentation of the necessary commands.

For measuring purpose, two force sensors are imple-
mented opposite each other into the handle of tool,
contrast to the direct force measurement methoerevh
the force sensors are incorporated into the jawthef
tools. The instrument can be dividing on a hanshaft
and modular jaws for grasping and manipulationref i
regular objects in the process of laparoscopic esyrg
The basic component of this instrument is the handl
where a position sensor, linear motor and forces@en
are incorporated,. We applied force sensors FSS
1500NSB by Honeywell Company [14] whose technical
parameters are given by Honeywell Company and shown
on Table 1.

The force applied by the surgeon depends on the
force of interaction tool-tissue (7).The differenbe-

representation of thetween the force applied by the surgeon and foree-fe

back received from the laparoscopic tool duringjéves
—tissue interaction is giving the required valugusd
ment of force (8).

I:real = f (Foutput) ) (7)

I:input ~ Fteedback™ AI:input' (8

It was designed and produced a control module for
sensitive control of laparoscopic todlhe control mod-
ule includes channels for other controllers whieln be
implemented as a part of major system. The eleictron
control module reads and convent input and outpratef
into digital date and transfer this date to othentrl
digital device.

In this electronic module two channels for low fleof
force sensors are implemented. Analogue-digital- con

where A is the force transmission coefficient and Ft is verter converts the measuring force in necessargera

force of the tool.

Digital converter is used to digitalize measuredlague

When forces of pinching and pulling are applied to- gutput signal from the sensor in real time. Diresttrol

gether, the pulling force is equal to Force of ol then
we calculate Force of pinching from equation:

FPinch -

GRELE ©)

3. PRESENCE OF TACTILE FORCE FEEDBACK
AND ABILITY TO CONTROL FORCE IN
LAPAROSCOPIC TOOLS

Previous works [10-12] presents our efforts for (pepiingFore 0
haptics system in laparoscopic surgery, which psgpo
were avoiding cardinal disadvantages in direct isgns

methods in reference to price, sterility and modtyla

and to respond to the requirements of the meditine
techniques to not upset functions of the organibm t

electronics has to be outside. At the proposedrsehaf
force feedback control in laparoscopic surgery [t3jn
components are haptics control device which iscam-
tact with the surgeon and laparoscopic instrumenthv
interacts with the patient

When surgeon moves the handle of haptics contro

device, his movements are translated in digitahalig
and one controller performs signal processing. Che-
troller determines control signals to other comémbnd

of the applied force on the sensors is observed local
display. Different channels are applied tansfer of

Table 1
Technical parameters of FSS1500NSB by Honeywell
Company
PERFORMANCE CHARACTERISTICS E 44 £ 0.01 Ve Exeltatlon®, 25 'C [77 'F]
Parameler Min., Al Max.  Unlts
hull et -15 0 5 my
1500 grams
Sengilivity. 0.1 012 14 miligram
Linearity [BFSL)™ - 115 % sgan
Repaaability € 300 g - 10 Qrams
Full Shift
0TI FlosEF - 105 mY
S0 CITFlidF] - 05 m{
Sensilvity Sl
25 CpE0nd [?F Fioi22 F] - 55 o Bpan
00 G Flod F - 55 - % B3N
Input Resistance g0k 50K E0K  Ohms
Qutput Resistanie 40K 50K &0K  Ohms
Overfore - 4500 qrams
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Fig. 7. lllustration of the application of testing modelwPI-control for the laparoscopic tool.

measuring results to the control system of the ibspt characteristics, and incorporation of force sengo®n-
control system. The force sensors are supplied byra  struction of instruments. Both direct and indireonhtrol
rent generator. algorithms showed their effectiveness and alsoddisa
The instrument workss smart transmitter when di- vantages. The problem associated with direct sgnsin
rectly transfers measured data to the next cosyrstem.  methods is solved by an original way. To avoid disa
In this case, the calculation of the Pl controt@éne in  vantage in reference to expensive, sterilizablerandu-
the control system of the laparoscopic rotuairks. Also  larity novel instruments were designed and produaeti
it is possible the calculation mode. For that reasiee Pl force sensors by Honeywell Company, driving mecha-
control is built in the program inside the contmabdule.  nism and position sensor were used. During designin
In this case, the control module generates a dias&tfor  process of the instruments, the following problemese
implementation. The module recognizes the directibn solved:i) presence ofactile force feedback, an abil-
applied force and displays it on the front indicatpanel ity for force control and its regulation in necaysange.

with its absolute value. The presented family tactile tools are an atteropifter
a solution that satisfies in some extent the compée
4. EXAMPLE AND RESULT FOR SENSITIVE guirements towards the robot-assisted microsurfery
FORCE CONTROL FOR FAMILY TOOLSFOR tactile and force information.
ROBOT-ASSISTED SURGERY Further tasks of this work argwider field of appli-

cation andii) increased sensitivity and accuracy of the
family tools for robot-assisted surgery.
Theoretically further investigation should be foeds

Many optimal control problems can be conversed in
to conventional optimization problems by the powkerf
tools prpwded n MATLAB !nterface. The _results e on detailed computing of deformations and contaat-f
calculation are dl_splayed n M.ATLAB diagram. TWO. es over the organs, tissues, blood vessels byeHiié-
parameters are displayed in dlggrams gfter Prat&sS! ments Method. The work should include also implemen
input and output forces. To verify the simulatiooits —445n of the calculations in real-time control. rfer

ware simplg simulation examples were calculateddel developments may provide elaborated solutions o so
ering plausible results. . _ __tissue modeling and interaction with high applicati
The foIIovymg example, Wh.'Ch 1S shown on Fig. 7, 1s accuracy and human-machine interfaces. A computer
designed to illustrate the application of testingdel of program should include information about variousdmo
Pl-control ‘for the laparoscopic tool with axial be- oo tissyes. The information obtained from sesao
directional force sensor and linear driving mechkani the handle can be used to find the appropriateiiss

Wgenl no noise. Llr(ljear hmethod IS allppll_ed here. bt th model and submitt the necessary command to force in
(ideal) case output "?“a as to equal to input @ateput teraction between instrument and tissue.
force has to equal to input force.
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Linear regression model:y = 0.1x - 3.4e - 0.16
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