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A New Robot Architecture for Tele-Echography with force feedback and includes a robot with an original kinematic ar-
chitecture.
Adriana Vilchis, Jocelyne Troccaz, Philippe Cinquin, Kohji Masuda, A can be seen, several systems are being developed worldwide to
and Franck Pellissier provide remote echographic examinations. None of them has yet been
proven to answer this problem in a superior way to its competitors. [4]
Abstract—This paper presents a slave robot carrying an ultrasound and [5] must be_highlighted since they present a Iarge range Of control
probe for remote echographic examination. This robot is integrated SChemes enabling shared control, force control, visual servoing, and
in a master-slave system called robotic tele-echography (TER). The teleoperation. The main originality of TER lies in its robot architecture.
system allows an expert operator to perform a remote diagnosis from As in [4], [5], [8], and [9], one objective was to design a light robot.
echographic data he acquires on a patient located in a distant place. The The slave robot in Masuda’s system is also lying on the patient’s body

originality of this robot lies in its architecture: the cable-driven robot is and is the most similar to oufshut differs in several ways: its user
lightweight and semirigid, and it is positioned on the patient body. In this ys:

paper, we describe the clinical application, the system architecture, the interface integrates two joysticks requiring teleoperating the robot in a
second implementation of the robot, and experiments performed with this decoupled way, it has no force feedback, and its robot is rigid. As com-
prototype. pared with [7] which includes force feedback, one advantage of TER
Index Terms—Medical robotics, nonrigid robot, tele-echography. is that its slave robot architecture is more generic. For TER and Mit-
suishi’'s systems, the haptic device is more sophisticated than strictly
required by the application; this will be discussed later.
I. INTRODUCTION The main focus of this paper is the slave robot. Two prototypes were

Among many types of medical equipment, ultrasound (US) dia lesigned, realized, and experimented upon. The first prototype was
nostic systems are widely used because of their convenience and®@s€d on pneumatic actuation with McKibben muscles and a slightly
different kinematic architecture. Based on experimental work, we de-

cided to modify the robot. The second prototype is described in this
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ture. The kinematic model is provided in Section IV. Section V presents
the experimental results concerning both the robot performance andffge 2. Data flow in the TER system.
system behavior. Section VI is dedicated to conclusions and perspec-

tives.
(about 1 GB/s). The basic idea is to adapt the TER system to different
Il OVERVIEW OF THE TER SYSTEM types of clinical applications, users, and healthcare infrastructures.
A. Description of the TER System B. Analysis of the Echographic Probe Motions

The teleoperated TER system allows the expert physician to move an a first stage of the project, we analyzed typical echographic exam-
virtual probe in a manual, natural, and unconstrained way and saff{$tions in order to design the TER operating protocol and to specify
reproduces this motion on the distant site where the patient is examipgs slave robot motion. To determine the motion and force range of the
by means of a slave robot holding the real probe. The virtual proberismote echography system, the executed motions and applied forces of
placed on a haptic device on the master site, as shown in Fig. 1 whgral echographic probe were analyzed while a physician was exam-
one can see the graphic user interface. The haptic device in the magfigly a patient under a conventional procedure. Even though TER is
site is used to give the operator a realistic perception of the normgneric in its principles, we focused on abdominal examinations and,
force between the echographic probe and the patient’s body [13]idtparticular, on follow-up of pregnant women.
is based on a PHANToM device (from SensAble Technologies Inc.) The observed motion and gesture zones were used to define the
which has six degrees of freedom (DOFs) and renders 3-D force {gorking surface. In the examinations of pregnant women, the working
formation. The PHANToM allows position and orientation tracking o§yrface obviously depends on the stage of pregnancy. As the pregnancy
the virtual probe within a workspace of 3613 x 13cm” withamax- eyolves, the working surface becomes larger and rounder. The system
imum force of 6.4 N. The haptic device is aimed at preserving mediGghs designed such that its workspace was compatible with an exami-
expert proprioception and gesture feelings which are necessary to Sytion of a pregnant woman at any stage of her pregnancy.
chronize the ultrasound images with the probe motion. Predefined shapes are used to approximate this surface: a plane for

The slave robot moves the real echographic probe as specifiedVayy early pregnancy or spheres of different sizes for later stages. A
the distant expert. The obtained US image is continuously sent frqﬁbre complex but more precise approach consists in deforming a pre-
the slave site to the expert that has to perform the examination afifined surface mesh representing the patient from data acquired on
provide a diagnosis. The ultrasound data is a one-way real-time dgda patient by remote palpation. The selected work surface is used for
flow. The system uses a Matrox Meteor board and FFMPEG librafgnematic model computation, in particular, for the determination of
which provides a large choice of video codec such as MJPEG, MPEGHe robot orientation relative to the body of the patient in the transla-
MPEG2, MPEG4. The nominal image size used is 8480 pixels tion motion.
with 8 b encoded, but at low bitrate, the size is divided. In order to guarantee a correct US image acquisition, the condition

Force information is sent from the slave site to the master site. aﬁ—contact of the echographic probe with the body surface must be sat-
cause the Phantom requires a 1-kHz loop, a local model at the maggéd at each instant. This requires the application of suitable forces.
site is also used to compute force information between two force ame measurements of the effort variation on the abdomen during a real
quisitions transmitted from the slave site. A generic mesh is deformg@amination were performed using a dynamometer. We can consider
to the patient shape and mechanical properties attached to the mesifie ranges of pressures: minimum pressures from 0.6 to 0.8 dN, stan-
angles allow for realistic force computation. dard pressures from 0.8 to 1.2 dN, and maximum pressures from 1.2 to

A nonexpert operator is located close to the patient and superviges dN. These measurements determine a range of authorized efforts,

the procedure so that he can interrupt it in any case of emergency. Tfiich have to be considered for remote examination.
patient, the operator, and the expert can communicate during the ex-

amination. Fig. 2 gives a data flow diagram corresponding to a remote
echography with TER. Three successive stages allow initialization, re-
mote examination, and session closing. The robot architecture proposed in this paper is quite different from
Trajectory motions performed by the virtual probe are converted takassical ones and from most robots used in previous works. Its princi-
sequence of points. Points are sent every 10 ms. When received bydles have been patented.
slave site, these points are converted into joint values for the slave robothe slave robot has a double structure decoupling probe translation
(see Section V). Different types of networks are considered: ISDidovements from probe rotation and pressure ones. It is a cable-driven
(typically, 2 or 3 128 kb/s connections are sufficient), LAN, and VTHDonrigid structure evolving on the patient body surface.

Ill. SLAavE RoBOT DESIGN
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Fig. 5. Absolute reference frame and kinematics for the translation structure.

force sensor (constraint gauge) is included on the slave robot for force
feedback to the haptic device.

IV. KINEMATIC MODEL

The posture information which comes from the master site is
(v,y,z,,3,7), wherez, y, and > define the position of the probe
anda, 3, v are the Euler angles with AY X convention. The angles
for the orientation structure are in ZY'Z Euler convention, we
compute these angles froffY” X representation.

In the system reported here, the use of a nonrigid structure using ca-
bles and the motion on a free-form surface (plane, sphere, or free-form
surface adapted to the patient) make the kinematic problems more com-
plex than it is for rigid and serial robots. We use an approximation of
the surface as introduced in Section Il

To compute the joint coordinates (the strap lengths) from the posture
information provided by the master site, we define different frames (see

Fig. 5).
Fig. 4. Robot architecture (closeup on the orientation ring). « Inertial system (FX)
¢ Absolute reference frame (RERpoint O;) The origin of the
system is located on the barycenterdof (i = 1,...,4) points

One structure is parallel (see Fig. 3) and the other one is serial corresponding to the attachment of the straps.

(Fig. 4). The first parallel structure enables the translation motion . System translation frame (ST{point Oz) The origin of the

of the US probe on the body surface. This structure is mounted on  gsystem is placed at the center of the translation ring.

the consultation bed at four independent fixation points (see Fig. 3). « System end-effector (OT(point04) The origin of the system is
The translation movements are controlled by four direct current (dc) placed at the end of the ultrasound probe. It corresponds to the

motors connected by straps to a wrist carrying the probe, also called theoretical contact point between the probe and the skin of the
orientation structure. The wrist is a serial structure having four DOF:  patient.

three for the probe orientation and one for fine translation along theAS shown in Fig. 5, the pointa; (reference points for length com-

probe axis (Fig. 4). These DOF are also connected to dc motors &Ytation) and the pointB; (attachment to the wrist) are defined as the

cables. Both groups of actuatorg can be controlled simultaneously. extremities of the straps. The wrist position is defined by (1). The strap
The workspace of the translation structure depends both on the th is approximated by (2)

on which it is installed and on the surface on which the robot has to
move. The largest workspace is in the horizontal plane containing the

straps extremities. In the current setup, it corresponds to-aSDcm REF TR —REF A Oner + REF
square. For a different setup on a larger bed, the workspace could be <0Rw0m>
slightly enlarged. The maximum length of each strap is about 80 cm;

when used on a smaller surface, the straps are kept extended, thanks to oT (A A2 L
the mechanical design. This workspace is modified when the robot is + A <OOTO°T + OSTBZ) @
placed on a rounder surface.

The wrist workspace is the following: the rotation ranges are, respec-
tively, £90°, £40°, +90° for «, 3, and~. The translation range of the
probe along its axis is 2 cm. where Ry represents the rotation matrix connecting OT to REF, de-

Potentiometers have been chosen as joint position sensors. Theyfiaesl for a spherical work surface. Four variables are used to define the
associated with the cable lengths and angular values of the robottrénslation ring configuration (two of them defining its position over

REF
A;B;

@

Lup, =
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Fig. 6. Translation joint errors during circular tracking. Fig. 8. In-vivo experiment (Toulouse-Grenoble, France). Slave robot moving

on the volunteer’s body.

Tele-operated Trajectory ) ) _ _ _ _ )
Elecjgical Robot anatomical environment with continuous image feedback. This objec-

tive is made possible. The normal force in the US probe directton (
axis) varies fronB dN (contact established) &y dN.

Real Trajectory

,,,,,,,, v B. Teleoperation Experiments

The first series of experiments were performed with the first pro-
totype on phantoms and a volunteer. In order to describe the system
performance from the end-user (physician) point of view, each of the
clinicians participating in these tests had to complete a questionnaire.
The global evaluation of the system by the end users was good. These
experiments demonstrated that the use of the TER system is very intu-
: itive; there is a short adaptation time of 5 to 10 minutes necessary for
;&cm] ‘ the medical expert to feel comfortable with moving the virtual probe
using the haptic device. The quality of images and robot controllability
Fig. 7. Circular trajectory tracking error. were consider_ed as good by the physicians. The mec_iical experts were

able to recognize internal structures of the echographic phantom and to
follow them. During thdan-vivo experiment, the physician was able to
the curved surface and two defining its orientation). In this way, thiecalize and explore liver anatomical structures.

Y [em]

Desired Trajectory

ring displaces tangentially to the defined surface. The position errors of the slave robot appeared to be of limited im-
portance for the medical expert since he controls the probe motion as
V. EXPERIMENTAL RESULTS a function of what he sees in the echographic image rather than as a

function of the position of the real probe relative to the body surface.
However, the first system suffered from significant drawbacks, which
An external open-loop position control integrating an interndéd to the design described in this paper. Firstly, the muscle reaction
closed-loop control on joint values was implemented and testdine was rather low and the muscle mechanical robustness was limited,
The cable or strap lengths are turned to volts joint values to be séading to frequent replacements and long calibration phases which are
to the electrical motors using calibration data, thanks to calibratiot compatible with a clinical use. Moreover, the nonrigid orientation
functions. structure had limited mechanical stability and led to a rather poor con-
Fig. 6 shows the joint errors for the translation structure corrérollability of the probe orientation.
sponding to one quarter (top-right quadrant of the circumference mad&he second version of the system was integrated in September
during the tracking task shown in Fig. 7). 2002. It was first tested with a LAN network in our laboratory, then
The robot repeatability is 4 mm. Its resolution on the working surfaseith a ISDN connection between the TIMC laboratory and France
is 2 mm for the main translation and for the orientation. The reso- Telecom R&D Company (about 10 km distant). In October 2002, a
lution on the axis of the probe is 1 mm. The precision is about 10 miirst series of experiments using ISDN 256 kb/s between Toulouse
Those numbers have to be analyzed keeping in mind several facts: fisstgd Grenoble (600 km) (see Fig. 8) took place with the following
the echographic plane is not a mathematical plane but a “pseudo-plac@’acteristics: MPEG4 image format at 120 Kb/s (about 4 images/s),
which has a volumic shape. We can approximate it by a parallelepipd@23 QCIF visioconference at 64 kb/s, and less than 64 b/s for the
although its thickness varies depending on the distance to probe diidirectional haptic data flow. It was successfully performed both
face. With typical probes for abdominal exams, its thickness is 2 onv@th a fetal phantom and with a volunteer by three physicians from
mm at the focusing distance, larger close to and far from the probe silre domains of gynecology and emergency care. In December 2002,
face. Concerning lateral motions in the “pseudo-plane,” since the prodn@other demonstration of the system was made at the Telemedicine
is generally several centimeters large, the resolution limit is not critic&ongress of the French Army Health Department in Toulon (300 km
The objective is not to reach a given absolute location but to explorefsom Grenoble) with a ISDN 512 kb/s with: MPEG4 image format

A. Performance of the Slave Robot
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at 320 kb/s, H323-QCIF visioconference at 128 kb/s (haptic flod-L. Bosson), Brest partners, and IMAG for their contribution to the
remained unchanged). In Toulon, physicians from the Army using thievelopment and evaluation of the second prototype.

system successfully performed abdominal examinations of a volunteer
located in Grenoble. They appreciated the ease of use of the system
and good moving performance of the slave robot. The volunteer didm
not report any discomfort (in particular, no excessive probe pressure
on the abdomen) arising from the use of the robot. [2]
The clinical validation of this prototype started in June 2003 in the
context of a French national project. The clinical protocol is ready and
has been validated by the ethical committee as the Huriet French law
requires. VTHD connections between Brest and Grenoble hospitalgs)
(1125 km) are used for the remote echographic examination of patients
with abdominal aortic aneurysms (AAA). The evaluation, involving

100 patients, will be based on both quantitative and qualitative criteria.[ 4]

[5]
VI. DISCUSSION ANDCONCLUSION
- . - . (6]

An original slave robot was described and preliminary experiments
with the TER system were presented. The system enables a medical
expertto performin real time, via several types of communication links,
an echographic examination on a patient remotely located. The firstm
in-vitro andin-vivo experiments performed with the TER system are
very promising.

There have been relatively few efforts to produce special-purpose[gl
robot designs for medical robots whilst such an approach generally re-
sults in systems best suited to the clinical application. Moreover, echog-
raphy is not surgery: precision is not so much an issue and echography
involves permanent contact of the tool with the body of the patient E)
during the robot displacements. One approach, exemplified by the UBC
system [4], [5], used parallel linkages and backdrivable actuators to ma-
nipulate the ultrasound probe. The advantages of this system includeo]
the use of several control modes, among which are impedance con-
trol and visual servoing on anatomical structures. Drawbacks include
a relative bulkiness and the absence of force feedback for teleopera-
tion in the current version. The main advantages of our system are the
ability to adapt, by design, to the body shape of the patient without anji1]
special control scheme, and the light weight and compactness of the
robot. Clinical validation should demonstrate the ease of use in a cli 12]
ical environment. The absolute system accuracy is limited, but we thin
that tele-echography does not require high precision, and this could be
improved if an application requires by integrating a localizer on thel13]
slave site and adding a Cartesian closed loop in the control scheme.
Adding force control would also be very useful to guarantee contact
conditions. Our setup could be simplified because the haptic device is
not adapted to the application. We are developing a 1-D force feedback
virtual probe that would replace the Phantom.

The TER system was developed having in mind as a first stage the
remote echographic examination of pregnant women, but the system is
generic and can be applied to any abdominal echographic diagnosis. It
will be validated for AAA pathologies. Its application to other anatom-
ical sites, such as carotid artery or lower limb examinations, would re-
quire the adaptation of the slave robot architecture to a new working
area. However, the general working principles will remain the same
for these new applications.
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