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Abstract— This paper deals with the optimization of the Echographic images are sent back to the medical expert,
design of a 4 degree-of-freedom robot dedicated ttele- who can perform, in real time, his diagnosis. To design the
echography. It has been designed to reproduce inaktime on  slave robot on a mechanical point of view, it is first
a patient, the medical gestures performed by a rente expert necessary to analyze the medical gesture.
moving a fictive probe. Our goal is to optimize thekinematic Expert Station located Communication links Patient Station located at the
structure to determine geometrical parameters, ashiey have a e the expertcenter , secondary hospital orsolate area
significant role in the singularities localization. In this paper, wp e e s
we propose optimum solutions obtained from a combation of

o)
_—
(s}
&0 " '

. R . . a0 /‘§< »ﬁé SATELLITE N
kinematic performances and compactness indices. ﬁ, I35 Mobile-Fixed \ .

R/ <

y
EFE

Robot holding the real probe
3 -

lideo-Conterence

[= satellite Links
3G mobiles -
—

Robot
controls
e, N == .
! Robot 45 M .
Robot . @ informatier, | Ultrasounid devic
Ultrasound Images . ,J
or —

I. INTRODUCTION

Echography is a medical imaging technique often used. It i
non expensive and easily and quickly implemented. But foi

making a significant diagnosis, the exam must be necessa Terrestral Links -ISDN E50 conlee
performed by an expert. Due to a lack of specialists; tel Fig. 1. Sketch of tele-echography robot.
ephography has emerged to perform an exam from a distark  prohe movements specifications

site. Our laboratory has developed several tele-echography . .
robots since 1995. They were designed to reproduce, ad probe moveme'nt analysis has been made during
accurately as possible, the ultrasound probe movemeffinmon echographic exams by Al Bassit [1]. She
driven by the distant specialist. The kinematic speatifinis determined the following specifications and the measure of
to follow the medical gestures have been measured duripgfbe orientation obtained from 6 dof tracker, Fig. 2:

in situ examinations. The ultrasound probe movements are- When the probe is positioned on the patient’s skin, the
described in section II-A. The spherical wrist structuréontact between the probe and the skin must be kept during
chosen in our laboratory fits well with the medical gesturdhe exam,

Based on it, different robots were realised; they are - to find the best incident angle, the probe must be
presented in section 11-B. They were clinically validabgd inclined lower than®, =35° by reference to the normal
experts, the experiments are detailed in section 11I-C.%;ection of the skin. The probe axis stands more often

Through these projects, we have highlighted the "mitati%side a 10° angled cone, Fig.2. Then the probe can be
of the spherical wrist singularity, in section II-C.3. Weturned on its own axis

present in section Il a modified kinematic structure™ to avoid any collision with the patient, the probe can

allowing to avoid this singularity: an inclined serial ever be inclined with an anale exceeding 75°. named
spherical wrist. A kinematic analysis and optimizationé1 75 9 9 ’

incorporating the requirements for tele-echography wer&ety angled,
performed to find the optimal robot geometrical parameters. This study shows that the robot must generate&8ioots

In section IV, we propose a multi-criteria optimizatamd around a distant point: the Remote Centre of Motion
then an optimum solution which is a compromise betwedRCM). A spherical wrist structure is well fittedrfthis.

Information

kinematic performance and compactness. This solution has % time s
been chosen as the first prototype in the frame of the w
“Prosit” French National Project (ANR). ! =

IIl. THETELE-ECHOGRAPHYROBOTKINEMATICS

Robotic tele-echography was developed in the last decade
in order to perform the ultrasound exam from a distdet si 2
The expert situated in expert site moves a fictnabp, Fig. !
1. The fictive probe motion parameters are sentto a slave ", o L i e g a5 = o o
robot which holds the real ultrasound probe on the patient.
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Fig. 2. Statistical measures of medical gesture: probetii®n / % time.
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B. Choice of a structure for the spherical wrist realized from an optimization which gave the angle between

In the W0r|d, different te|e_echography robots Weréhe rotation axisx = 27.5° and an angle between the third
designed and manufactured. The LVR laboratory validatégtation link and the translation orfle = 10°.
the robotised tele-echography concept with the Syrtedthe main limitation of this last prototype is its weigé kg)
prototype in 1998 [2]. Between 1999 and 2000, TER [3khich is too heavy for being supported by a patient during
and Teresa robots were designed and clinically validated.dn exam (about 20 mn). To decrease the weight, it has been
2001, the European Otelo Project [4], allowed to desigiecided to delete the 2 translations, which are not always
two industrial prototypes: Otelo 1 and Otelo 2. The samesed by the specialist, to design the Estele robot, Fig.3.
year, two Japanese robots were developed: the 7 dof roEstele presents the same kinematic configuration asd,eres
RUDS [5] for shoulder echography and the Masudawhich allows it to be lighter than Otelo 2 (3 kg). It has an
hybrid robot [6] for abdominal examinations. In 2006, teleergonomic structure; its width is 420 mm. It can be folded
echography robotised evolved. A new Swedish compamyd it is easily transportable. It has been validatethé
Medirob AB marketed the Medirob robot [7] especiallyMediterranean Sea, on a mobile boat, in 2008, in the frame
used for cardiac echography, a classical 6 dof seriatrolof Marte Il project.
carried by a mobile platform. In France, Robosoft Company
launches Estele robot, developed in Prisme Institute, from 2) Medical experiments
Teresa structure. In 2008, Najafi from Manitoba UniversityThe first robotic arm Teresa was successfully teste@®0
Canada, proposed a new robot based on parallelogrpatients hospitalized for abdominal diseases at the Tours
kinematics, [8]. All these prototypes used differentniversity hospital, a second echography was performed by
structures to create a spherical wrist: serial, peralr  a sonographer after the tele-operated one. 80% of the
hybrid. In our laboratory, we used to develop serialiagnoses were similar for the 2 examinations and no false
structures because they are less complex from the pbintdiagnosis was made. 30 pregnant women located in Ceuta
view of Khan’s robot complexity [9] and less cumbersoméSouth Spain) and 20 adults located on Cyprus (island)
than the other ones. were successfully investigated by tele echography \uith t
Teresa device from Tours and Barcelona Hospitals using
i ] Eutelsat satellite, [11]. In 2004 the robotic arm Esighs

1) The tele-echography-projectsin thelaboratory ~ tested in 4 secondary hospitals (4 patient sites) around
Teresa, Fig. 3, is a 4 dof robot [10]. It is a sphen@ast  Toyrs university hospital were there was no sonographer,
generating 3 rotations with concurrent axes (the angjge expert center located at the hospital, [12]. Mben
between each link is 22.5°) and a translation along 0 patients with abdominal diseases and 30 pregnancies
probe axis, Fig. 3. This translation allows controlling theyere investigated by tele-echography without control by a
;trength applied .to the skin by the p.robe..The Teresa VOQQinographer. This evaluation was supported by the
is compact, its width is 275 mm and its weight about 3 kg. Healthcare Administration (ARH). All these validations
allowed identifying improvements to be made on a new
model without singularities on the necessary workspace.

C. Kinematic evolution of tele-echography robots

3) Singularities
A limitation of all these robots is the localisatioh the
spherical wrist singularities. They are obtained when
6, =kn. The central one corresponds to the position of the

probe normal to the skin, Fig.5. However, this tiosiis

the most effective one to obtain good quality USges;

the expert moves more often around this configomnati
Near the singularity, a small displacement of thebp is

obtained with high amplitude and fast motions &f lihks.

Zo z

Z;

Fig. 4. Picture and kinematic diagram of Otelol @nelo2 robots. , | ; z
i
To improve the probe moving in a plan of the patient’s skin, Z Z
Otelo 1 and Otelo 2 prototypes [1], Fig. 4, were design Z2,=24
with 6 dof. They present the same kinematic structure as 6, = Orad 6, =nrad

Teresa in addition to 2 translations. Otelo 2 design was Fig. 5. Diagram of singularities of serial sphekiazist.
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To avoid this phenomenon, we have proposed a new _r4 (ca,s0,c0, +su,ca,) r,so,ch, 0
spherical wrist and validated the geometrical structure witg _ r,sa S0, rsa,00,80, O 3)
kinematic performance indices.
| 0 r,sa,sa,s8, 0 R,
lll. KINEMATIC STRUCTUREROBOTWITHOUT 0.0
SINGULARITIES e
. . C =] —co,sa,c0, —su,ca, (4)

The kinematic structure robot we have proposed to avoid S0 +Ca.CO
singularities on the necessary workspace is based on Estele L 1772772 2R
robot structure, with 4 dof, and inclined to normal to the col ,c8 +s0 , apsB - ca, ca,

. : wherecf, = (5)
skin with ana,, angle, Fig. 6. z z and z are concurrent 2 -s0,50,

axes. The 2 first joints allow the probe positioning angpe Eyler angles: precessipn nutation 8 and own

orientation inside a conical space wit,(+a) half top rotation ¢ are used to characterize the conical workspace

angle. The third rotation axis permits the probe rotation %hd thus the probe orientation. Fid.6
its own axis. The translation on the same axis allows P » 719-5-

exerting contact strength between probe and skin.

A. Direct kinematic Model

For the geometrical description, we used the DenaVé
Hartenberg modified parameters with the notation?h
We decided to use these

presented in Fig.7, [13].

parameters{d, ,,a,,1,6,} to be able to differentiate the

description of the body and of the link.

z1

Fig. 6 Kinematical sketch of the inclined spheriwaist and Euler angles.

O dia i |01 | 85
0] 0| 0 a,] 6,4
0 0] 0| a, |0,
0] 0] 0| a,]| 6,
1 0 I 0 0

Fig. 7. Chart of Denavit Hartenberg modified partere

The direct geometrical and direct kinematic modais
determined in [14]. We just give here the Jacolmetrix,
as it is necessary to define singularities andoperénce
indices.

The Jacobian matrix isl:{A 03“} (1)
B C
with
0 O so ,s9,
A=/0 -su, -co,s0,c0,—sa,cd, 2
1 ca, -su,50,c0,+ca,ca,

Ry
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B. Rotation Jacobian matrix

The Jacobian matrix is not squared, thus the system
upder-determined, that means the robot cannot neattneg

motions in the workspace independently. Becaudg o
e 3 rotations are needed to position and orientaé
probe (the translation only applies to the contante). In
the following, we only consider the rotation matriko
simplify the expressions, this matrix is given ihet
coordinate frameR; :

0 O sa,s0,
J,=A=|0 -su, - so,c0,—-soca, (6)
1 co, -—-ssu,cH,+coca, |

IV. OPTIMIZATION

The aim of the work is to determiog, a, and a,, the 3

geometrical robot parameters, according to bothh hig
kinematic performance and compactness, to offepedg
medical gesture tracking, when the probe is nonmahe
skin. Gosselin realizes an optimization for a 3 siaifierical
parallel manipulator to obtain an isotropic roljaég]. Lum
optimizes a serial spherical wrist with a cost fiorc
depending on isotropy and stiffness of the mechanidis
aim is to obtain a compact and lightweight robat ridni-
invasive surgery [16]. We use in this paper two
optimization methods: optimization with aggregation
function and constrained optimization.

A. Aggregation function method

We want to obtain the optimum kinematic design eetipg

two kinematic performances and compactness critéha

kinematic indices chosen are manipulability andtelety.
1) Manipulability

We definew  the global robot manipulability:

e [W(,8)dw
o Lo

where the local
Yoshikawa [17], is:

(7
defined by

£ (0)d/ ﬁ’ie)de

manipulability w(y,0) ,



W(ll»',e) zldet(‘]m)l :|$11$2£2| (8) X1 =u+U

and f(8) is a deterministic distribution o incline probe X, = iu+iu with u =3 % V-4 (14)
axis, Fig. 8 obtained from the experimental graph in Fig. 2.|X, = i?u+i%u

RN and q = 2caca,Y (15)

£(8)  oml _ , 4 2 2 yone

ois andA = (2Yca,ca,) —E(CC(Z +ca,” +Y?) (16)

. — We obtain the eigenvalues OLTJm ,

' 0 5 10 15 20 25 30 35 40 45 50 55 60 0-1: ’(l_xl) , 0-2 = '(l_xz) ando—3: ’(l_x3)

&
I
Fig. 8. Distribution of inclined probe axis. We compare these values to deterrm}?e- c—m'" (17)

max

If we considera, =a, to be sure to not having dead zond-or a, =a,, the dexterity of the inclined spherical wrist

in the workspace, the inclined spherical wrist manipulgbili increases as function af ;and a,is presented in Fig. 10.
increases witho, anda,, Fig. 9.

Fig. 10. Inclined spherical wrist dexterity as ftion of a, and a, .
Fig. 9. Inclined spherical wrist manipulability fasiction of o, and a .

2) Dexterity Lum published in [16]: “if kinematic performancedioes
The dexterity is defined by the Global Conditioning Indexywere the only performance criteria used, the smiuto the
[18] : design space search would result in high linksetkiatic

1 measures tend to favour longer links but it redstéfhess
J.(—)dw and increases mass and inertia”. We also can abshiv
n="4_—— (9) on Fig. 9 and Fig. 10. So, to have a small mechanige
I dw propose an index, named compactness, that penhiiges
w angles.
With w = workspace, WhEFé- = % and O, the 3) Compactness
max The compactness of the structure is defined from th
eigenvalues of) ' J,, matrix. maximum angle the robot can be inclined on the gpeake
For the inclined spherical wrist, a,or &, Fig. 11, and the safety angle:
1 co, Y C=1-max(a,,0)/6, (18)
J,JJ,=lca, 1 ca, (10) The angled is given by the angle between thg and
Y ca, 1 o z,axes :8 = max@cos(z, z,)) (29)
with Y = - ,s00,€8, +ca,ca, with z,z, = —s01 08,801, + €0l ,Cal, (20)
J. Cdw
: Tq _ .2y —
The equatiordetd, J, -0” 1) =0 (11) The global compactness is defined b§,; == (22)
leads to the equation: .[dw
X2 = (ca,” +ca,? +Y 2)X + 2c0,00,Y =0 (12) W
with X =1 g2 (13) Thg compar.:tness presents g maX.II’.TIUIT.l wiheand oy gre
We solve this equation with the Cardan method. minimum, Fig. 11. The manipulability (idem the dexity)
The equation (12) has three real solutions: and compactness surfaces are contradictory.

We are looking for an optimum design respectingkiatic
performance and compactness.
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The manipulability is maximum whena, =45° and

o, =40° and the dexterity geometrical description when
o, =42°and a, =40°. The optimum is obtained for the
maximum value ofa, permitted by the equation (25).

We represent the whole optimum solutions found by
different optimization methods, the Pareto Froig, E3.
The optimum solutions satisfying the requiremente a

Fig. 11. Angle 8 definition and inclined spherical wrist compactnassa inside the triangle formed by the constraint stigignes,

function of o, and q, . Fig 13.
60 T T T T T - -
. . . | | | | | ¢ optimum solution w
4) Objective function S N R N B B
First we define an objective function with global R = Teresaand Otelo
manipulability and compactness o O N /‘?;41 - optimum solutions 1/K
— * _ * | | | |
fm _Vl Cg +(l yl) Wg (22) %30#——4‘r———:—/<—4‘———:——7 — no singularity
with y coefficient between [0,1]. s ! ! ! ! ! _ _
) ) ] ] ] 2077771777:777L774‘777:777 —— security constraint
This function is maximum for a particular value pf for ! w | | w
| | | | | —— necessary workspace
Og=45and o, =42. O i
. . . . . | | | | | X constrainted method
Secondly, we consider dexterity. So the objective functio o | | | | |
iS: 0 10 20 30 40 50 60
fo =y, *Cy+A-y,)*n (23) %)

This optimisation gives several optimum values as functiafig. 13. whole optimum solutions limited by requirents constraints.

of y,. These values are found when =a;, . L . - .
The results considering manipulability or dextestg close

but different. Which kinematic performance is thesmn

Y2 %o o1 oz appropriate to characterize a tele-echography fobot
0,353 50° 50° 0,313 The manipulability constitutes, at a given point dor a
0,354 44° 44° 0,3129 given configuration, a measure of the end effeatulity to
0,356 40° 40° 0,3129 move from this point. The manipulability measura imcal
0,357 38,9° 38,9° 0,313 performance and only valid in a particular positjb8].
0,3575 35° 35° 0,3132 Dexterity can be defined as the ability to move apgly
0,358 30° 30° 0,3133 forces and torques in arbitrary directions with agease
[20].
Fig. 12. Chart of optimum value af, and a, as function ofy, . A tele-echography robot must arbitrarily move thehe in
Then we realize another optimization of kinematiche conical workspace. A great accuracy is notlyeal
performances under requirements constraints. needed because the expert controls the probe moveme

corrects it from the received ultrasound images, So

B. Constrained optimization method . ; . . SIS
. i dexterity is the most appropriate kinematic index
According to the requirements of tele-echography rObO&aracterizing the tele-echography robot requirgsaen
given by [1], the limits of the necessary workspacefare

0, =35 (values given in section II-A). For a safety use (n
collision with patient), the robot can never excee

C. Resultsand discussion

B ) i %e realize a multi-criteria optimization consideyin
8, =75, Fig. 13, value determined from medical tests [1jeyterity and compactness under requirements comstr

These specifications lead us to draw three relation defined previously. We use the objective functigpwhich
a,+a,-0,20, (24) s obtained by aggregation of the two criteria:

corresponding to the workspace constraint, fo=v,*C, +(1-7,) *n (27)
a,+6, <6, (25)

. . We consider the conical workspace with vertex angle
concerning the safety constraint, and 6, =35° and respect the specifications constraints without

0, 28, (26) this one which consists in having no singularity the

for rejecting the singularities on a 35° angledecoather necessary workspace. The optimum solutions arespies
than the g axis. in Fig. 14.
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—— optimum solutions

-10 0 10 20 30 40 50

A

Fig. 14. Whole optimum solutions for the inclinggherical wrist

» For a great value ofy,, we obtain the solution A: a
compact solution ¢, =0°,a, =175°) close to Teresa

robot with a singularity in the center of a conical

workspace, the reference position for the expert.
» For a small value ofy,, we get the solution D, the limit

solution in respect of security constraint namedeleg,

(o, =45, 0, =40°). This solution has been designed,[zl

structure which allows rejecting singularities auhdaries
of workspace. We defined global manipulability, gty
and compactness of the structure. Then we reatieedral
optimizations respecting kinematic performance and
compactness indices. The study gave the Paret@st Fr
solutions. The choice of the optimum tele-echogyapibot
Prositl has been realized as part of “Prosit” ANBjqzt.
We chose the smallest mechanism according to ke te
echography specifications. Shortly, experiment dis t
prototype will be made by the specialist, to vatdthat it
improves the previous Estele robot kinematic penforces.
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