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Abstract — This paper presents the concept of Navi-Robot,

an integrated system of a navigator and a robotim &or
orthopaedic surgical procedures. Navi-Robot is d-Balancing
6 degrees of freedom (DOF) arm capable to switclvéen the
navigation mode and robotic mode. The first modesed detect
bones’ and articulations’ features and positionshiles the
second mode is effectively used for surgical opamat The
transition from the passive to the active mode dkieved by
adopting special electrically activated brakes, vhiare also
used to ‘freeze’ each arm in the desired configorat for
convenient use. A first prototype has been assehabnlé a basic
electronics and control system have been implerdemte
perform kinematic tests. More specifically, frome tkinematic
and mechanical point of view, the whole system isiadigt
consisting of three 6-DOF arms, two of which are mere
navigation systems and the third is the actual NRofpot
system, as defined above. The self-balancing featueach arm
is achieved by integrating the kinematic chain veitfirst four-
bar-linkage, which guaranties full weight compengatitn a
typical surgical procedure, the end effectors ofe tiwo
navigation arms are fixed to bones of the jointmérest (JOI)
and used to give a reference to the Navi-Robotrftarvention.
Patent applications cover the entire system.

Keywords: Medical Robot — Navigators — Computer
Aided Orthopaedic Surgery

I. Introduction

Computer-Assisted-Orthopaedic-Surgery (CAOS) [1-6]
and Robotic-Assisted-Orthopaedic-Surgery (RAQS) [7-
10] have been proposed and effectively adoptedhén
last decades, to accommodate for the need of mute a
more precise and reliable surgical procedures, céslhe
in the case of prosthetic implants. CAOS devicashsas
navigation systems or navigators, have another iitapb
advantage as to reduce surgical teams’
absorption by using a Virtual Reality representatid the
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surgical theatre. On the other hand, these systéonapt
supply any effective or physical support to the
intervention. Thus, in any event, the doctor has
perform every surgical operation, such as positigrthe
surgical tool, moving bones accordingly to facikta
operation, and operating. From a mechanical point o
view, all these procedures involve moving a rigadiy in
space.

In order to provide a more effective assistancerem
recently [11], navigators andutting maskshave been
used in synergy to correctly guide surgical cutsindu
prosthesis implants. However, also in this cases the
doctor who is responsible to find the proper |lcaatfor
the mask, and since a unique mask is needed fdr eac
implant, the whole procedure’s flexibility is congpnised.

To overcome some of those problems, surgical eobot
have been proposed which, on the basis of pre-typera
planning [12-15], replace the doctor when perfognin
some particular operation, e.g. surgical cuts, @3sing
preparation, prosthesis installation. A better apph was
followed by the Imperial College researchers, who
proposed ACROBOT [16-19], which, by means of active
constraints, guides the doctor opposing resistamoen
moving out of the correct region of operation, &mped
before intervention. This method has the disad#af
giving the doctor the whole responsibility for fheecision
of the operation.

Recently, Wahrburget al[20] combined a Navigator
and a Robot as a surgical assistant able to ctyrect
position a cutting mask for intervention.

In any case, the use of a conventional navigadoes
not account for the free-motion of the JOI , whiohy
involve a continuous update of the actual JOI liocat

The needs of orthopaedic surgery and the limitatiof
the actual systems (some of which has been reported

radiation about) have led the authors to the idea which ibeo

conceptually described in this work. The concepia¥i-
Robot came up from the points mentioned above &md f
the authors’ opinion that an equipment should never
entirely replace a doctor, who solely has the giqeeand
sensitivity to recognize if a given operation,
preliminarily planned [21-22], is really to be pamihed
that way.
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II. Kinematic Configuration

The actual system is the development of the ‘Unica
Goniometer’ [23-25], which was first used at the
University of Calabria for different application24],26,27]
and patents [28,29] cover some of them. More régethie
concept of Navi-Robot has been also introduced3] [
and [31].

The 6-DOF robotic arm described in this work is a
hybrid parallel/serial kinematic structure with atonal

(D-H) convention [32], is shown in Figure 2 in itero
reference configuration and its kinematic modeteizdily
to be defined below.

The first step to kinematic modelling is to assign
proper coordinate frame to each link. For a 6-Dosotic
system, joints and moving linkages are numbereoh fto
to 6 starting from the base, which is referred 4dirk 0.

A coordinate systemi{l}, i=1.--6 is attached to the
corresponding link. Coordinate systems are orthabon

transducers to measure the relative angle between@Nd the axes obey the right-hand rule. Referermmer

consecutive linkages. The actual system is shown in
Figure 1.

Figure 1. Picture of the 6-DOF hybrid robotic arm

It consists of a four-bar-linkage at the beginnifighe
kinematic chain, which gives a single translatiotedree
of freedom, while a 5-DOF elbow structure is atttio
the rod of the four-bar-linkage.

Figure 2. Scheme of the 6-DOF robotic arm

A schematic view of the 6-DOF arm’s structure, with
embedded frames according to the Denavit-Hartenberg

{B} is the base frame with respect to which measurgme
are taken, reference frame {0} is also fixed to ltase and
is used to accommodate for D-H convention, refezenc
frame {A} is an auxiliary frame attached to the upper
crank of the four-bar-linkage, reference framé, {
i =1...5 is attached to each moving link of the open-chain
structure, and reference fram&}{is the end effector
frame with its origin on the endpoint location.

The kinematic equation of the robot arm is obtaibgd
consecutive homogeneous transformations [32] frben t
base frame to the last frame, as

5 .
T =TT AT

where T2 is the transformation matrix describing the

pose of frame {0} with respect to framd} Tg is the
transformation matrix describing the pose of frafvié
with respect to frame {0}, T/ is the transformation

matrix describing the pose of frame {1} with respéz
frame {A}, T/ i =1.--5 are the transformation matrices

from frame {-1} to frame {} and TE is the

transformation matrix describing the pose of thel en
effector frame E} with respect to frame {5}.

Each transformation matrix is a function of the
corresponding joint variablg, and of a set of kinematic
parameters describing the link’s shape. With refeseto
Figure 2, transformation matrices are defined ie th
following form, according to [32]

T) =Rot(z8,)OTrang z g0 Trar(s,x, 3] ROt )

where T, is a generic transformation from reference

frame {} to {k}, Trans()andRot() are the homogeneous
translational and rotational matrix, respectivelgnd

g..,d,,a.,a, are the D-H parameters, which are listed
in Table 1.
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Wl & | d | a | a L =\(a,+a+a+a+ d) +(d+ a)
T 0° 670mm| 0mm 90° |, =a,+a,+d,
L o} Omm | 400 mm 0° |, =a,+d;
T -q Omm | 300mm|  -90° l,=ds
T; a, Omm | 470 mm 0° 5 =ag’ +d¢’
T? 0, Omm | 470 mm 0° ;=0
3 o . . .

T; a, 100 mm 0 mm 90 Hence, when adopting 16bit encoders’ with a
-|-54 0 -90° 0mm 250 mm -90° resolution of aboup.o05:degrees per step, Eq. (1) gi_ves
: RS, =0.343mn. An average value for the theoretical
Te Os 60 mm 0 mm 0° resolution in the whole workspace is then evaluated

TABLE I. D-H parameters of the actual arm through simulations, giving a mean value of aboi 0
mm. This is quite a good theoretical performandeces
. Kinematic Performance common navigators’ values are about 0.5 mm.

Using the kinematic parameters listed in Table He t _
workspace of each arm has been computed to be atV. Self-Balancing System
approximate 400x400x400 nirhox. The self-balancing characteristic of the arnadhieved

Kinematic performance of the system in terms of the py using a counter-balancing weight as depicteBigure
theoretical resolution is evaluated when 16bit elecs are 3, which shows a side view of the four-bar-linkazjethe

used as revolute joint sensors. Resolution [33}efned robotic structure. The open-chain part of the $tmecis
the smallest incremental movement of which the real not represented for clarity of representation. Blaek spot
effector is capable of sensing. Resolution is artkécal in Figure 3 represents the location of the centrgravity
characteristc and may be evaluated given the of the structure, which varies according to the 'arm
configuration and the nominal dimensions of thédige. configuration and thus depends on the joints’ agRy

It is affected by thg individual encoders’ re_sojntignd applying the virtual work principle for a virtual
depends on the instantaneous arm configuration. An gisplacemendq; gives
approximate relation which gives an estimate ofdha’s
resolution may be given as follows —
ybeg Fl,-P@3l,=0

RS= Z ’(q) dq (1) which can be manipulated to give

F=pc2
b,

where Jq is the ith transducer resolution,

L o
q [0&,(12, q?’ % 05’_%] 's the vector of joints where P is the structure’s weight anfl is the counter-
angles andl; is the distance between the end effector balancing weight, which does not depend on theahctu
endpoint and the revolute/prismatic axis of ttte joint. location of the centre of gravity of the arm.
Since the endpoint displacement, resulting from the
smallest incremental motion of the joints, varies
significantly throughout the workspace, Eq. (1) is
practically used for some particular system’s
configuration wheré; may be easily evaluated, e.g. in the
zero reference configuration. In such a reference
configuration, as shown in Fig. 2, Egq. (1) gives an
estimate of the theoretical maximum resolutiontfar end
effector endpoint. In that case, expressions fstadced,

in Eg. (1) are given as Covater balancing O O

weight

aa

Figure 3. Scheme of the self-balancing system
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Figure 4 shows a virtual representation of tHeohe

or disconnecting the each actuator to the corredipgn

three-arms system with connected a CAD model of thelink. Therefore, for Navi-Robot, when both brakdésach
knee articulation, while Figure 5 shows a pictufethe
prototype with connected a workshop leg system (MIT
Endo Leg, Medical Models Ltd, UK), which replicatiee
human knee anatomy and kinematics.

Figure 5. Picture of the actual prototype

V. Arm’s Joints and Blocking-Brakes

Each joint of the passive arms is characterizedhey
presence of a blocking-brake, those enable thetarbe
‘frozen’ in a desired configuration. This allowsprf
instance, to fix the position and orientation imsp of the
JOI, to practically perform a surgical operatioach joint
of the active arm, i.e. the actual Navi-Robot, éstssof a
pair of blocking-brakes, one of which has the same
functionality as for the passive arm, while theestls used
to switch between the active/passive mode, by odtimge

joint are not active, the arm is passive and camaeually
moved as a third navigator; when the first brake is
activated, the arm configuration is ‘frozen’; whene
second brake is activated, the arm is active anereithe
Robot mode.

The blocking-brakes are actuated by electric nsotor
through a worm screw-driven slider (a) and two cam-
leveraged elements (b), as indicated in Figure lgeyT
basically derive from a common drum brake, whicls ha
been modified and designed to exploit the self-
amplification braking effect. Patent also coverss th
component’s development [28].

Fig. 6 — Actual blocking-brake configuration

Common brakes’ systems are designed in eitlgrex
or simplex configuration [34]. In the first configuration,
both brake-shoes are hinged in an asymmetric waas $0
brake most effectively only in one rotational difen. In
the second configuration, brake-shoes’ hinges ecatéd
symmetrically so as to brake in either rotatioria¢ctions,
but thus limiting the braking effectiveness complatiee the
duplexconfiguration.

The basic idea of the actual blocking-brake isdmbine
the advantages of either configurations by using tw
movable ‘pivots’ for each brake-shoe, so as to have
floating shoe. Those ‘pivots’ are, in fact, obtainas the
contact points between the brake-shoe and a paiis&f
cams, as depicted in the virtual prototype of Feg@r
Experimental tests and validation of such a comptse
performance are being part of further and deeper
investigation.

VI. Discussion and Conclusions

This paper presents a preliminary design and to{yqe
of a novel surgical assistant, which combines, imgue
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structure, a navigator and a robotic system. Thigiven
the name of ‘Navi-Robot’ and it is mainly conceivedbe
used for orthopaedic procedures, where some afiplisa

Domenico Mundo for their comments and occasional
useful criticisms, and MD Ermenegildo Giuzio of the
“Ospedale Civile di Rogliano” for his medical

have been reported. suggestions.
In a typical application, three arms are to bedu3avo
of them are used as navigators and must be fixeither
bones of the articular joint of interest. The thirmely References
the Navi-Robot, is used either as a navigator/mezgu [1] H. Bathis, L. Perlick, M. Tingart, C. Luring, .DZurakowski, J.

device or as an active surgical robot.
The structure of each arm is designed as a hybrid
parallel/serial kinematic chain. The parallel partin fact,

a four-bar-linkage and it is adopted for an easyghte 2
balancing. The serial part is designed as an elbow

structure to give the end effector the remainirg fave (3]
degrees of freedom. A kinematic model of the arm is 4]
derived using a standard and well-defined modelling

convention. Kinematic parameters are chosen wiganck [5]
to the actual application and considering an apjeite -

working space.

The theoretical resolution of the robotic armdtiraated 7]
to be 0.196 mm, as an average value in the working
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Some preliminary and qualitative information abthe
component which enables for the transition betwien
Robot mode and the Navigator mode, i.e. the blarkin
brake, is given.

A virtual prototype of the system is realized ssiat the
design phase and a preliminary prototype of thelevho
three-arms system is assembled.
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than the theoretical expectation, which has beafuated
to be 0.203 mm, in the same workspace. This isgiriyb
due to elastic deformations and small clearances.
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base of experimental test and data; (2) calibrasoes,
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the kinematic performance of the system; (3) dgwaient
of a reliable electronic circuitry and control st (4)
safety issues and surgical specifications/requirgsne

(9]
(10]

=
[
_—

(23]

(14]

(18]

[16]

Acknowledgements

The work presented in this paper was supportethbey
Italian Ministry of Research under FIRB RBAUO1W5SE.
The authors would like to greatly acknowledge Mr.
Emiliano Vitelli, Mr. Roberto Fico and Mr. Albenzio
Lecce of the “Calabrian High Tech s.r.l.” for thepport
given to the design and manufacturing process, Dr.
Francesco Colacino, Dr. Gionata Fragomeni and Dr.

(17]

(18]

Grifka, “Alignment in total knee arthroplasty. A roparison of
computer-assisted surgery with the conventiondirtiepie” J Bone
Joint Surg Br2004 Jul;86(5):682-7

F. Gebhard, C. Krettek, T. Hufner, "Computeded orthopedic
surgery (CAOS) -- a rapidly evolving technologifijury. 2004
Jun;35 Suppl 1:S-Al

N. Sugano, “Computer-assisted orthopedic syfgé Orthop St
2003;8(3):442-8

D.M. Kahler “Image guidance: fluoroscopic ngation” Clin
Orthop Relat Re2004 Apr;(421):70-6

F. Langlotz, "Potential pitfalls of computer daeid orthopedic
surgery”,Injury. 2004 Jun;35 Suppl 1:S-A17-23

L.P. Nolte, T. Beutler, "Basic principles of @$S”", Injury. 2004
Jun;35 Suppl 1:S-A6-16

K. Bouazza-Marouf, I. Browbank, J.R. Hewit, “BRat-assisted
invasive orthopaedic surger§lechatronics Volume: 6, Issue: 4,
June, 1996, pp. 381- 397

K. Bouazza-Marouf, I. Browbank, J.R. Hewit, “Ratic-assisted
internal fixation of femoral fracture$®roc. IMechE part H — Engng
Med.209 (H1), 51-58 (1995)

A. Adili, “Robot-assisted orthopedic surger@emin Laparosc
Surg. 2004Jun;11(2):89-98

P.Y. Zambelli, S.T. Dewarrat, C.H. Bregand,AGMarti, C.H.
Baur, P.F. Leyvraz “Electro mechanical arm — Arralative to the
classical opto-tracking systen8¢ Annual Meeting of CAOS -
International — Proceedings Marbella (Spain) June 18-21 2003
p.412

N. Confalonieri, “The Role of Computer AssidtSurgery for Hip
and Knee”,|® PRO.MI National CongressMonza, nov. 12-13,
2004

R.H. Taylor, L. Joskowicz, B. Williamson, &Suéziec, A. Kalvin,
P. Kazanzides, R. Van Vorhis, J. Yao, Rajesh KurAaBzostek,
A. Sahay, M. Bérner and A. Lahmer, “Computer-in&gd revision
total hip replacement surgery: concept and pretminresults”,
Medical Image Analysi§1999) volume 3, number 3, pp 301-319
Oxford University Press

W. Siebert, S. Mai , R. Kober , P.F.Heeckfethnique and first
clinical results of robot-assisted total knee reptaent”, The Knee
9 (2002) 173-180

M. Nogler, A. Polikeit, C. Wimmer, A. Breuckn S.J. Ferguson,
M. Krismer, “Primary stability of a ROBODOC_ implg
anatomical  stemversus  manual  implantation” Clinica
Biomechanicd 9 (2004) 123-129

T. Siebel, W. Kafer, “Clinical outcome following robotassisted
versus conventional total hip arthroplasty. A coled and
prospective study of seventy-one patients”Zeitschrift fur
Orthopadie und lhre Grenzgebiel@l3 (4): 391-398 Jul-Aug 2005
B.L Davies, R.D. Hibberd, K.L., Fan, M., Jaex, S.J. Harris,
“ACROBOT-Using Robots and Surgeons synergisticailyKnee
Surgery”, Proceedings ICAR'97, 8th Internationalnféoence on
Advanced Robotics. pp.173-180. July 7-9,. Monter@€glifornia
USA., 1997

M. Jakopec, F. R. y. Baena, S. J. HarrisG8mes, J. Cobb and B.
L. Davies, “The "Hands-on" Orthopaedic Robot "Aantb Early
Clinical Trials of Total Knee Replacement SurgeriEEE
Transactions on Robotics and Automation, Specsaldon Medical
Robotics 19(5), pp.902-911, 2003

J. P. Cobb, J. Henckel, S. J. Harris, M. & F. R. y. Baena, M.
P. S. F. Gomes and B. L. Davies, “An Active Coristr&Robot
Improves Outcomes in Total Knee Arthroplasty », @ater




12thIFToMM World Congress, Besangon (France), Junel&a7

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

(34]

Assisted Orthopaedic Surgery, Third Annual Meetwfg CAOS
International, Marbella, Spain, 18-21 June, pp6642003

J. Cobb, J. Henckel, P. Gomes, S. HarrisJ&kopec, F. Rodriguez,
A. Barrett, B. Davies, “Hands-on robotic unicompaehtal knee
replacement - A prospective, randomised controfiadly of the
Acrobot system”, _Journal of Bone and Joint Surdgmiish
Volume, 88B (2): 188-197 FEB 2006

J. Wahrburg, I. Gross, P. Knappe, S. Pieck, KB'nzler, F.
Kerschbaumer, “An interactive mechatronic assistasgstem to
support surgical interventions”, International @oess Series 1268
(2004) 431- 436

A. Leardini, L. Rapagna, A. Ensini, F. Catad, Cappello,
“Computer-assisted preoperative planning of a ndesign of total
ankle replacement” Computer Methods and Programs in
Biomedicing Volume: 67, Issue: 3, March, 2002, pp. 231 — 243
G. Voss, A. Bisler, U. Bockholt, W.K. Mullawittig, A. Schaffer,
“ICAPS an integrative computer-assisted planningtey for
pedicle screw insertiorBtud Health Technol Infor2001;81:561-3
G. Danieli, G. Fragomeni, E. Giuzio, O. La ker‘The UNICAL
Goniometer, a fundamental tool in computer aidectibn and
virtual reality representation of the operatory atne”. In:
Proceedings of the 5th International Symposium amguter
Assisted Orthopaedic Surgery. 2000, Davos, Swis3]lp

G.A. Danieli, G. Fragomeni, E. Giuzio.” Usilthhanced Reality in
fracture reduction through external fixation”. IRroceedings of
ESDA 2000 Conference. 2000, Montreux, Swiss, pp-129.

G. Gatti, G. Fragomeni, e G.A. Danieli, “Thetical Study and
Design of a six Degrees of Freedom Measuring DeVime
Biomechanical Applications”, 6" Biennial Conference on
Engineering Systems Design and Analysignbul, Turkey, july 8-
11 2002, # ESDA2002/BIO-015

G.A. Danieli, G. Fragomeni and E. Giuzio “Diig orthopaedic
tools precisely in a given direction through a painder closed skin
conditions”,Problems of Applied Mechaniddo 2 (11), 2003, ISSN
1512-0740, pp.59-66

G.A. Danieli, G. Gatti, D. Mundo and G. Fragemn, “Geometric
Synthesis of a Four-Bar-Linkage for Knee Externaafon”,
Proceedings of CK2005, International Workshop om@otational
Kinematics Cassino, May 6-9 2005

G A. Danieli, “Measuring open kinematic chaihle to turn into a
positioning  Robot”,  PCT/IT05/000487 del  08/08/2005,
W02006016391 Al of February 12006

G.A. Danieli, G. Fragomeni, G. Gatti e D. MundNavigator —
Robot for Surgical Procedures”, PCT/IT03/00322 2&/05/2003,
WO 03/4469/3 of December th& 2003, EP03730474.8

G.A. Danieli, G. Fragomeni, G. Gatti, D. Mostla and D. Mundo
“Introducing Navi — Robot, a novel instrument fourgical
procedures” International Congress on  Computational
BiomechanicsZaragozza, Sept. 23-26, 2003, Vol. 1, 125-129
G.A. Danieli, G. Fragomeni, G. Gatti, A. Meachnd D. Moschella,
“Navi-Robot, a Navigator able to turn itself intoRobot to reach
the correct position for a given task during Orthegic Surgical
Procedures”_WSEAS Transactions on Systévas?, Vol. 4, July
2005, ISSN 1109-2777, pp. 1037-1045

J. Denavit and R.S. Hartenberg. “A kinematitation for lower-
pair mechanism based on matrices”. ASME J. Applchia
1955; 77: 215-221.

International Standard ISO 9283, Manipulatindustrial robots:
performance criteria and related test methods.

R. Limpert ,Brake design and safet3AE International, 1992.






