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lung collapse and gas insufflation). To determine the effects of lung16] J. Cannon, R. Howe, P. Dupont, J. Triedman, G. Marx, and P. del Nido,

collapse and insufflation, this port site selection algorithm could be ap- ~ “Application of robotics in congenital cardiac surgery,Rroc. Seminar

plied to registered sequential images while using varying levels of chest 1 horacic Cardiovascular Surgery: Pediatric Cardiac Surgery Awol.

: - . : 6, 2003, pp. 72-83.

insufflation. Both of these examples (anatomic extremes and chest in-

sufflation) represent important elements of future validation work.
Thus, pending further validation, this algorithmic approach may im-

prove the efficiency and safety of robot-assisted CABG by optimizing

placement of the instrument and endoscope ports. Implementation of

this algorithm for robot-assisted CABG and similar algorithms for

other robot-assisted procedures could assist surgeons in transitioning

to telesurgical techniques while ensuring the best possible clinical

outcome from these procedures.
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task performance, was reported in [2] and [3]. These studies indicat
lower bound in human tool positioning accuracy of 20440 during
microsurgery. Based on these results, we believe that retinal micros
geons operate using visual feedback with little or no tactile sensi
feedback through the instruments. If a robotic force amplificatio
system could amplify these small contact forces to enable a surg
to directly sense microsurgical forces, it may significantly increas
safety, minimize damage to tissues, improve outcomes of existip%. 3. Assembled sensor.
procedures, and may enable new procedures not presently feasible.

The metal parts of the sensor are joined together in layers, as shown
in Figs. 2 and 3. The sensor parts are 400 series stainless steel and the
The design goals of the new sensor were determined through evaliggteners are ASTM standard A574/F835 alloy steel. The parts of the
tion of microsurgical manipulation performance and size requiremenisiniature force sensor were fabricated using wire-cut electrical dis-
finite element analysis of strain levels in response to sensor loads, ghdrge machining (EDM) to achieve consistent tolerances at sub-mm
considerations of cost and ease of assembly. The sensor must fidimensions without residual stresses, warping, or burrs that may be

the handle of a typical microsurgical instrument and measure forcesatised by conventional machining.
the instrument tip in all directions with sub-mN resolution. Our design

Il. TiP FORCE SENSORDESIGN

goals were as follows. A. Double-Cross Flexure Beam Configuration
Force Range+1.0 N. Typical conventional multiaxis force sensors contain a set of elastic
Force Resolution: 0.5 mN. beams arranged in a cross configuration and instrumented with strain
Overload Limit: 5.0 N. gauges. To obtain a tool tip sensor with isotropic sensitivity, we have
Sensor Diameter: 12.5 mm. developed a double cross design with two vertically separated flexure
Sensor Height: 15 mm. beam crosses, as originally suggested but not implemented in [4]. The
Instrument Tip Length: 40 mm. double-cross flexure beam configuration adds stiffness in response to

~ The overall shape of the sensor consists of an outer hollow cylindgfques from radial forces at the tip but not to axial forces, so the sensor
joined to an inner cylinder by eight thin flexible beams. Each flexurgan pe made uniformly sensitive to forces in all directions at the instru-
beam is 0.5 mm wide, 0.125 mm thick, and 3.0 mm long. The beafnt tip by varying the vertical separation between the beam crosses.

extend radially from the inner cylinder to the inside wall of the outgy, this design, the sensor sensitivity to axial and nonaxial forces was
cylinder and are arranged in two separate layers in a double-cross Gfjalized by a 4.0-mm separation.

figuration. The outer cylinder is attached to the body of the instrument
and the extended tip is mounted in the inner cylinder, as seen in Figgl. sirain Measurement
Silicon strain gaugésare bonded to the outer end of each beam and

connected in half bridges. The average strain in a region on a flexed beam on the force sensor

is measured by bonding a strain gauge to the surface of the beam and
IMicron Instruments SS-060-033-500PU measuring the change in its resistance as the sensor is loaded. Multiple
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gauges are typically wired together in a half or full bridge configura:

tion to reduce the effects of changes in temperature and magnify tl_ s} 4
measurable signal. Z b
The maximum beam strains in the finite element model of th(ﬁ e o ° T
sensor with a 1.0 N radial force at the instrument tip are approximate2 | o ° ]
+500 pe, well within the operating range of the gauges. The safets o o
factors for the normal and shear stress yield points of the sensor beaé 2r o o 1
are in the 3—4 range to avoid any plastic deformation of the beams. S — & & 2|
The sensor contains eight strain gauges in four half bridges. Ealm B 8 é é b |
gauge is paired with its counterpart on the other flexure beam cross. Tc ol °© © j
instrument tip forces vary with the strain gauge half-bridge voltages- ° ©
approximately as follows: 4r ° © 1
o o channel 1 0
v 7 Y. I -6+ a a —
5, wCIAVI = AVs) o 1 ° o o channels 9
2 8P a A& channel 4 i
(AVL — AVL
1y zw (2) o ‘ . ’ ‘ ‘ . ‘ ‘ ‘
;. W CIATI+AT: 4 AT: +AT) . o " FocesensorioadinX v "0 %

4

a

where eaci\V refers to the change in voltage from the unloaded cons L
dition for each strain gauge pair, addis an empirically determined g o6F .
scaling factor. To obtain accurate force measurements, the sensor rn37 o

be calibrated to correct for variations in strain gauge mounting locé. 5 o “ o T
tions, gauge resistances, and beam dimensions. £, & 3 ]
The strain gauge bridge amplifier gains were setto 250 V/V to obtai§ |, o o A o o
a=+10.0 V range output signal from sensor loads up to 50 g. The excg or o ° 3 8 o 8 3 o of
tation voltage was set to 5.0 V to obtain stable output signals withot& ° a A
overheating the strain gauges. The amplifiers internally balance tté - . A 1
strain gauge bridges so that offsets in the strain gauge signals due® _s| A i
thermal variations and the weight of the instrument tip in a given ori ° © o channel 1 A
. L . oo 6k o o channel 2 1
entation can be eliminated by rezeroing the amplifier output. Due to tF a o o ohannel3 A
limited balance range of the internal half bridges in the signal cond |, A & channel 4 |

tioning amplifiers, a 1082 potentiometer, mounted inside the housing
as shown in Fig. 1, is included in each half bridge circuit of the sensc -19-—— ‘ ‘ v : ' ‘ ‘ ‘

] - = -04 -03 -02 -0 0 01 02 03 04 05
for coarse bridge, balancing to withinl . 10 F9rce sensor lqad in Y (N)

C. Calibration oF .

A calibration procedure is necessary to calculate a linear matri= 4 9
transform between the strain gauge bridge signals and the three—2 o o
mensional (3-D) force load vector. To obtain sensor calibration datq@ Ui 1
10, 20, 30, 40, and 50 g weights were suspended from the tip of tr
instrument in different orientations to apply loads in the, —x, +y,

—y, and—z directions. Given the matrix of sensor bridge sigriiis
volts and the corresponding matrix of sensor lo&ts newtons, the
linear transformatiom between them in

o
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can be determined by calculating the Moore—Penrose least-squat

error solution to the overdetermined set of equations. This calibratio

procedure produced the sensor signals in Fig. 4, shown in volts as G ‘ ‘ ‘ , ‘ ‘ ‘
1 i i 0 0.05 0.1 0.15 02 025 0.3 35 0.4 0.45 0.5

function of sensor Ioac! in newtons. .The least-squares transformatic Force sensor load in Z (N)

calculated from the calibration data is

—0.0054 —0.0277 —0.0069 0.0392 Fig. 4. Force sensor calibration data¥n Y, andZ directions with amplified
A= | 01028 —0.0769 0.0326 —0.0841 zté\?vltr;r?suge bridge output in volts as a function of applied calibration force in

—0.0568 0.0870 —0.0516 0.1024

This mapping differs from the expected mapping for the sensor dg- Output Characterization

scribed in Section 11-B due to residual stresses from assembly and ma-

terial and dimensional variations in the sensor components. The maxThe y ouput of the force sensor, fed through a 10-Hz lowpass an-
imum error of the fabricated sensor due to nonlinearity in the calibratédliasing filter and sampled at 100 Hz while under load is shown in

+0.5 Nrange when the least-squares transformatiapplied is 0.013 Fig. 5. The standard deviation or root mean square (rms) error of this
N or 2.7%. filtered signal is 0.49 mN. As is typical of silicon strain gaugesf
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noise is presentin the sensor output at low frequencies. The power sp:=
tral densities of thg output of the sensor are shown in Fig. 6.
Variations in strain gauge resistance can arise from thermal expa
sion of the flexure beams, the thermal coefficients of resistance ar  1/§
gauge factor of the silicon gauges, and the gauge/beam interaction ,
the intervening layer of insulator and epoxy binding material. We em ‘
ployed a balanced half-bridge gauge configuration to minimize the e
fect of uniform changes in the temperature of the sensor as a who! i , , ‘ B
Temperature variationsetweerstrain gauges may have a significant 10 20 30 40 50 60 70
effect on the sensor output, however. The gauges generate heat from re- Time (sec)
sistive heating, and the two gauges of each half bridge are Separateé ByB Desired and measured instrument tip velocity absolute value as a
4 mm and may be subject to differences in convective and conducti@ction of time in seconds during scaled force feedback control as tip is
heat transfer. Heating from the user’s hand is expected to be minimalved against a suspended sheet of paper.
as there is an insulating air gap between the outer surface of the handle
and the housing of the tip force sensor. so that tip contact forces are scaled up for the user and the response
The calibration and experimental trials of this prototype sensor rgf the robot is purely viscous when there is no tip contact force, as
ported in this short paper were performed at thermal equilibrium typical for “hands on” or “cooperatively manipulated” robot assistants
room temperature with no temperature compensation. For general Fi=[11]. In this controller;zq.. is the desired end-effector velocity,
crosurgical use, the effects of thermal variation on the strain gaugéheforce -to-velocity control gaid; is the force scaling factofsiy, is
output should be precisely characterized via calibration experimefft§ sensed force at the instrument #fp...a. is the user manipulation
in a thermal chamber. The resulting data would enable compensat8ffe sensed on the instrument handle, Ange. is the desired resting

of the sensor output for the effects of thermal variation. tip force, set to zero during typical manipulation tasks. Adaptive force
control methods as presented by Roy and Whitcomb [12] may also

be implemented on this manipulator. This robotic system is based on

the “steady hand” cooperative manipulation paradigm, in which the
Our steady-hand surgical assistant robot has a modular design wititgeon and the robot both hold a microsurgical instrument and the

athree degree-of-freedom (DOF) linear translation stage, a 2-DOF rebot end-effector to the sensed manipulation forces of the surgeon’s

mote center of rotation module [5], and a tool insertion and rotatidrand on the instrument [7], [8].

stage [6]. It provides position-controlled motion with micrometer reso- For scaled force reflection, both user manipulation and instrument

lution. The maximum position control bandwidth of the joint actuatomsp interaction forces must be sensed independently. In this study, a

is 20-25 Hz. Force control is implemented at a sample rate of 100 Hag-shaped commercial six-axis force seds@s used to measure

as an added layer above the position controller by updating the desitieel user’s forces and torques on a handle while the miniature sensor
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I1l. EXPERIMENTAL FORCE SCALING APPLICATION

velocity in the joint controllers as follows: measures forces at the instrument tip. Preliminary results with “steady
hand” interactive force scaling were reported in [13] and [14] with
Fies _ fhande + Fotiser (5) motion and sensing along a single axis. To test steady-hand force
Cl

Tdes =K (faes — frip) (6) 2ATI Industrial Automation Nano43
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Fig. 9. X,Y, andZ force components in newtons as a function of time in [6]

seconds during scaled force feedback control.

scaling control in all directions with the new sensor, a sheet of paper

921

Fig. 7 shows the force control response to a step input, given by
hanging a 200 g weight from the instrument handle on the steady-hand
robot. The delay in the force response occurs as the instrument tip is
moved by the robot to the point where the force from the deflection of
the paper sheet equals the commanded force.

In this steady-hand scaled force feedback experiment shown in
Figs. 8 and 9, the paper was palpated with the tip of the instrument
held by both user and robot. In Fig. 8, the commanded and measured
velocities mostly overlay each other. The rotation DOF of the robot
were also active during the experiment. Aside from high-frequency
variation due to vibration of the robot, the measured tip force is
equivalent to the scaled handle force trajectory and an added term
proportional to the velocity of the tip, as expressed in the control law
of (6). Equivalently, the user forces on the handle contribute to both the
robot end-effector velocity and the tip force, so that the commanded
tip velocity is proportional to the difference between the desired and
measured tip forces. The larger force feedback errors shown between
30-40 s are due to the high velocity of the force sensor tip, as shown in
Fig. 8. The remaining errors, generally less than 10 mN, are primarily
due to the low bandwidth of the robot controller, which limits the
response to higher frequencies in the command force. Nevertheless,
at the slower frequencies of interest in microsurgery, the robot reacts
to changes in the tip force of less than 5 mN, amplifying these forces
with a gain of 62.5 to the instrument handle, enabling the user to
perceive these changes easily, whereas they would be imperceptible
without amplified force feedback.
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in Computer Science, pp. 897-906. and has a close interaction with the patient. For echographic examina-
tions, the robot is in contact with the body of the patient and imparts
forces to it. Therefore, one major technical objective of this research
was to propose a new architecture of low-weight, compliant, safe, and
portable medical robots. The robotic tele-echography (FESystem
described in this paper belongs to the category of robotic-based systems
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

Manuscript received June 21, 2002; revised January 23, 2003 and J“”eg?ner. We invite the interested reader to refer to cited papers for more

2003. This paper was recommended for publication by Editor R. Taylor up . . .
evaluation of the reviewers’ comments. This work was supported in part by t tails on the first prototype [10], force rendering [11], or telecommu-

French Ministry of Research and Technology under RNRT project VTHD+lication protocols [12]. The paper is organized as follows. Section Il is
in part by France Telecom R&D, and in part by by UAEM-CONACYT Mexico.devoted to the general presentation of the TER system, its general ar-
The work of K. Masuda was supported by the Toyobo Biotechnology Foundghitecture, and operating mode. The clinical application constraints and

tion. ; ; ;
A Vilchis, J. Troccaz, P. Cinguin, and K. Masuda are with the IMAG-TIMCthe tele-echography protocol are described. Sections II-VI describe the

Laboratory, Computer-Aided Medical Interventions Team, 38706 La Troncifive robot. Section Il focuses on the slave robot mechanical architec-
Cedex, France (e-mail: Jocelyne.Troccaz@imag.fr). ) )
F. Pellissier is with France Telecom R&D, 38243 Meylan, France (e-mail: *TER is a French acronym for robotic tele-echography.
franck.pellissier@rd.francetelecom.com). 2Those rather close robot mechanical designs were performed in parallel,
Digital Object Identifier 10.1109/TRA.2003.817509 each group independently of the other.
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