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Design and Implementation of a Haptic Device for
Training in Urological Operations

Kostas Vlachos, Evangelos Papadopouenior Member, IEEEand Dionissios N. Mitropoulos

Abstract—Virtual reality is becoming very important for  nologies, including force feedback. While a realistic visual rep-
training medical surgeons in various operations. Interfacing users resentation of human anatomy and tissue deformation is very
with a virtual training environment requires the existence of a important, the ability to command the graphic environment and

ga%p?r%gﬁ%%?aetﬁog aor;tlg gz\\,/\;cf%n;h'fsegj‘gaeékp{]?pfgsmtgfhgﬁiSS'%n interact with it through the feel of the forces and torques is also

with five active degrees of freedom (DOFs), which is used as part Of paramount importance. In order to implement such a feel,
of a training simulator for urological operations. The mechanism haptic devices are used.

consists of a 2-DOF, 5-bar linkage, and a 3-DOF spherical  The earliest haptic devices were of the master—slave type, and
joint, designed to present low friction, inertia and mass, and ©0 \are ysed for telemanipulation of hazardous materials [3]. In

be statically balanced. The device is suitable for the accurate the last 15 th ilability of ful t h
application of small forces and moments. All five actuators of elas years, the availability ot powerful computers have

the haptic device are base-mounted dc motors and use a forceresulted in the proliferation Of Vil’tual reality SyStemS. In these
transmission system based on capstan drives, pulleys, and tendonssystems, the slave is replaced by a computational model and its
The paper des_cribes.the overall design and sizing considerations, motion appears graphically.
the rgsultlng kinematics and dynamics, the for(_:e feedback control Today, one can distinguish two trends in the development of
algorithm, and the hardware employed. Experimental results are - - — -
provided. medical S|mulat0r_s. Th(_e flrst_ls described by the use of gen-
eral-purpose haptic devices, like the Phantom or the Freedom-7
[4]-[6]. The Phantom is a five-bar parallel mechanism with
three or six degrees of freedom (DOFs) which is designed as
a general-use haptic interface [7]. The Phantom 1.5/6-DOF
|. INTRODUCTION and the Phantom Premium 6-DOF prototype have six active

D URING the past several years, research on the use of \PrQFS’ but are designed mainly for virtual prototyping, virtual

tual reality in medicine has rapidly increased. Because 8 st(ra]mbly, ert]c. '_I'he atcr;cuators sre-mou.nte(:_ on the Imtt_)vm(i; parts
the recent developments in software and hardware, itis now p8 4 ti mec;. amfsm, € ;nec ?(msm inertia Its rgtaklj\lle far%f]'
sible to create realistic simulation environments for educatiorfdl € acting forces and workspace areé not suitablé for the

purposes in medicine [1]. Training in a simulated environmefPeration described in this paper [8]. A training simulator

has significant advantages over the traditional medical trainir{ r the diagnosis of prostate cancer using the Phantom haptic

It is less expensive and results in efficient training and pra lterface is described in [9]. The same interface is used in the

tice in complicated procedures [2]. Training on patients can r pine Blops:y Simulator descrlt_)ed n [1.0]’ and as part of a
sult in serious damages and lawsuits while training on anim Ot',c_ _haptlc system that p.YOVIdeS a_ISS|stgnce t_o pe_ople with
becomes an undesirable alternative for ethical and economi 'z?l"’:b”m?st,[lll' Féeeiiotm-Y ISI a haptic d?r/l'(;e V\tlrl1th SIX DOFSt
reasons. Also, the existence of a training simulator increases % ra}ns”i\ lon and ro ac:c;n, plus Tt ieven_ Otf eD(r)n:vemgr_l
availability of the training environment, allows an easier eval: O%S ke s(;:;ssors an l(r)]rcetps. lfas ?'X acll\;e sandis
ation of the performance of the trainee, and can be used to "?“%0 esigned for general haptic applications [12]. . .
troduce various operation scenarios or situations. The second trend is described by the use of haptic devices
Development of a useful and sufficiently realistic surgicégnfs'gnEd fora ;pemﬁc operation. The PantoScope belpngs o
simulator requires the use of two core technologies, such %’antegory. It is a 4-DOF mechanism for force reflection in

graphical simulation in a virtual reality context and haptic tecift 'aparoscopic surgery _S|ml_JIat|on enwronr_nent [13]' The La-
paroscopic Impulse Engine is another haptic device for laparo-

scopic and endoscopic procedures with five DOFs, of which
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TABLE |
HAPTIC DEVICE WORKSPACEREQUIREMENTS

Translation along the X axis 10 cm
Translation along the Y axis 10 cm
Translation along the Z axis 0Ocm
Rotation about the X' axis +180°
i . ) Rotation about the Y' axis +30°
Fig. 1. Endoscope for urological operations. . .
Rotation about the Z' axis +30°
TABLE 1

FORCHTORQUE UPPERLIMITS DURING AN OPERATION

Force along the X axis 450N
Force along the Y axis 4.50 N
Torque about the X' axis 10.00 mNm
7 Torque about the Y' axis 150.00 mNm
Torque about the Z' axis 150.00 mNm

an intermediate point B, see Fig. 2. At point B, the endoscope
orientation changes without translation, so as to align the entire
urethra and continue the insertion phase without traumas. The
corresponding endoscope configurations labeled by a, b, c, d,
are shown in Fig. 2.

When the endpoint of the endoscope reaches the bladder
(point C in Fig. 2), the surgeon inserts through the endoscope
a mechanism with a scissor-like handle and begins the second

This paper presents a new 5-DOF haptic device for trainifiiase. This phase is the main operation in which tissue removal
in male urological operations, of which all five DOFs are aceccurs. During this phase, the movements of the endoscope are
tive. The mechanism allows 3-DOF tool orientation motiongainly rotational.
and 2-DOF translation motions. The orientation pitch-roll-yaw Observations of actual operations showed that although the
DOFs are decoupled from themselves and from the mechanignfloscope can have any orientation in a cone, its endpoint trans-
translational DOF. Unlike other haptic devices, in which thitions occur on a plane of symmetry of the patient. Therefore, a
maximum forces or torques are of prime importance, here5tDOF haptic mechanism is needed, with two translational and
is very important to have a device that can reproduce faittiwee rotational DOFs.
fully very small forces and torques, like those that appear in The actual kinematic requirements that define the minimum
urological operations. Therefore, a major effort was placed workspace of the haptic interface are shown in Table I. These
designing the mechanism such that it is characterized by smatire found by actual observations of sample urological opera-
friction and inertia. The paper analyzes the kinematics and thens. The workspace is defined with respect to a reference co-
dynamics of the mechanism, describes its mechanical desigrfinate framéO, X, Y, Z), whereO is the base point of the
and presents experimental results on its performance. Finallynigchanism and -} the plane of symmetry of the patient. The
describes a control law and implementation solutions. rotations are defined with respect to an endoscope body-fixed
coordinate framéO’, X', Y, Z'). The length along the endo-
scope path ABC in Fig. 2 is about 20 cm.

The forces that the surgeon feels during the operation are

During a urological operation on a male, the surgeon hasdmall but of great importance, because they provide the neces-
insert a long cylindrical endoscope, see Fig. 1, until its endpoisairy feedback for the successful accomplishment of the opera-
reaches the patient’s bladder. A minicamera at the endoscaipe. In order to reproduce these small forces, the haptic mecha-
endpoint provides optical information about the endpoint locaism must be balanced, have low inertia, low friction, no back-
tion and the condition of the tissues. lash, and be absolutely backdriveable.

Observations of actual operations on humans and animaldhe upper limits of forces and torques during a urological op-
showed that a urological operation is divided into two phasessation were measured in collaboration with specialist surgeons
i.e., the insertion phase and the main operation. and are shown in Table II. However, the minimum forces and

During insertion, the endoscope follows a path such as tteques actually felt during an operation can be a fraction of
typical one shown in Fig. 2. The surgeon moves the tip of thikese upper limits. This makes the design of a haptic device for
endoscope from the insertion point A to the final point C, viauch operations quite challenging.

Fig. 2. Endoscope endpoint path and orientation during an operation.

Il. REQUIREMENTS



VLACHOS et al. DESIGN AND IMPLEMENTATION OF A HAPTIC DEVICE FOR TRAINING IN UROLOGICAL OPERATIONS 803

due to endoscope-induced mechanical constraints. Therefore,
the actual device is free of singularities in its workspace.
The joint rates are related to actuator ratega matrixJ,

Parallelogram

,

=3z 01,0205, 00,05 = Tod. 2)

This matrix depends on the transmission technique used.

l ik Then, the endpoint velocities are written as
i . .
m_, 3 vV = Jl(q).]ga = J(q)g (3)
. Endoscope
7 /. sgﬁ:ih(rg)ent Employing a Lagrangian formulation yields the following
BetIm, 1 \ mechanism equations of motion:
l ! '
/ & X M(@)d +V(a,4) + G(q) =7 +I{Fr. (4
2 1‘7
@ N\ In (4), M(q) is the mechanism & 5 mass matrixg is the

Base .. . L\ .
joint accelerations vectol¥ (q, q) is the vector of nonlinear

Fig. 3. Schematic view of a 5-DOF haptic mechanism and its kinematic anetlocity terms, anda(q) is the gravity vector. The vectar
dynamic parameters. contains joint input torques, while the vecif F ;- resolves the
forces and torques applied by the endoscope to the mechanism,

Ill. KINEMATICS & D YNAMICS to its five joints.

To develop the device. first a basi hani f i For design and control reasons, it is useful to eliminate the
0 develop the device, Tirst a basic mechanism configuratl avity terms by statically balancing the mechanism. If these

that could satisfy, in principle, the identified requirements had rms were present, then the controller would have to provide

be selected. To this end, a hybrid design that consists of a CIC.’%%ﬂtrol torques to balance the mechanism, since these terms do

five_-bar parallel _Iink_age providing two .translational DOFs i ot exist in an actual operation. If the controller had to compen-
Series to aspherical Jomt_wnh thrt_ae_rotanonal DOFs was c_ho_s%g,te for the gravity terms, then an accurate identification of these
see Fig. 3. The mechanism origin is located at the joint linki

. AR ) nt%rms would be needed, while the actuator size and, therefore,
links 2 and 3 and not at the joint linking links 1 and 2. For th otor inertia would have been larger.

typical path shown in Fig. 2, this choice results in better static Assuming that the spherical joint center of mass coincides

an_d dy_nam|c_ charactenghcs. Thg endoscope is attached at PQIth the intersection of the last three axes, the nonzero gravity
E in Fig. 3, i.e., the point at which the three axes of the laféllrms for the unbalanced mechanism are

three joints intersect. For design reasons, both the differentia
kinematics and the dynamics of the mechanism are important 91(q) =gex (m1lcl + misls
and developed next. ; 5

The differential kinematics for this mechanism relate the + (ma +ms +ms +m7)ly) (5a)
endpoint Cartesian velocities and angular velocities con- 92(q) =gc2 (m112 +malee — myle
tained in the vectow = [i,,w.,wy,,w.]" to the joint rates — (ms +me +m7)la_s) (5b)
. . . . . . 1T
q= [Q17qQ-/(J37(J47(]5] - .

wherely_» = I, — l5. These terms can be eliminated if two

z —lss1 lysa O 0 0 balancing weights are used with masses andm;s equal to
:l) 1361 —1462 0 0 0
= 0 0 0 s —Co13C !

Wz 2+3 2+3%4 msle + Z mils — mealeys + mala

Wy 0 0 0 —C243 —S8243C4 Mrs — =4

W 0 1 1 0 —84 b Iy
q 7
do myl.a + Z mily_o — milo — me2lge — mol.2

x| s (1a) e = = I ~
Q4 (6)
ds
v =J1(q)q (1b)  The balancing weights are located on the extensions of links

2 and 3, at distancég andl,: from the base point of the mech-
wheres; is thesin(.) of angleg;, c; is thecos(.) of angleg;, anism, respectively. These lengths were chosen so that mech-
si+j is thesin(.) of angleg; + ¢;, etc. anism balancing can be achieved without collisions while the

The translational five-bar mechanism becomes singular whgjtal link inertia is minimized.
q1 = q2 Or 1 = g2 = m. The spherical joint, which is of the  Using (1b) and its derivative
Z-Y-X type, becomes singular when = +7/2. However,
these configurations are not possible for the actual mechanism, q= J;l(v — lel_lv) 7
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and assuming a balanced mechanism, the equations of motion,
as seen from the endoscope side and written for its tip motion,
reduce to

Mv+V=JTr4+Fr (8a)
with

M=J7"MI', V=J7"V-J37"MI T I

(8b)
where is the motor torque vector. Notice that the effective
mass matrixM is not constant due to the appearance of the
Jacobian and the dependencévbtto joint variables. Although
it is not possible to mak®1 a constant matrix, its structure is
simpler if the originalM is a constant matrix. Therefor®] is
approximately made such a matrix by proper design.

IV. FIVE-BAR LINKAGE SIZING

In computing the actual five-bar linkage dimensions, various
conflicting requirements had to be taken into account. For ex-
ample, the mechanism must be large enough to follow typical
endoscope paths, such as the one shown in Fig. 2. At the same
time, it must exhibit a small mass and inertia.

Since the main phase of the operation is characterized by Fés. 4. Schematic view of the five-bar linkage and of a typical path to follow.
tations and small motions about point C, see Fig. 2, it is desired
that at this point the condition number of the linkage is small. Awhered(s) is the endoscope absolute angle with respect to the
optimum condition number is not necessarily beneficial to th& axis. A detailed path study reveals that this angle takes values
mechanism, since this number may become much worse at otheiween—45> and 70. Equation (13) and these limits yield
configurations, and because it results in a larger-than-needed
mechanism, with a larger mass and inertia. 170° < ¢ < 215°. (14)

It can be shown that the mechanism condition number is op-
timumwheny_> =ly—1l, =1, =13 andq2 —q1 = 90°, while
itincreases wheh, 5 # [y andgs — ¢; = 90°. To achieve good
condition numbers, the following inequalities that must hold at

The five-bar linkage kinematics are described by

TE + ly_ocosqy =lj cosqy

all configurations are employed: YE +la—zsing =hsing,. (15)
I <l < 1.251, ) From (15), it follows that
o o 1
307 <g2 — @1 < 150 (10) 45 cosgp+ypsing, = TP (i — 2% —yp —11,). (16)
60° <go.c — q1.c < 120° (11) 2

Settin xp = tanw and solving (16) fog- yields
where the subscript ig; ¢,7 = 1,2 denotes the values of the Qs /vE 9 (16) for, y

angles at point C. The requirements at C are more stringent than sinw o 9 5 19

those along the path, for the reason discussed above. f2 = W —arccos <214_2yE (i — % — v — l42)> -7
Another requirement is the result of implementation con- _ )

straints, i.e., to avoid transmission tendon misplacement, thé/Sing (14) and (17), and after some manipulation, the fol-

angle¥ that is formed by link 4 and the endoscope, see Fig. Wing bounds are computed:

has to be bounded according to

w — 170° >arccos <& (lf — 2t — i — l2_2)>
4—2YE
>w — 215°. (18)

.T.hese inequalities must be taken into accou_nt to yjeld theEquation (18) can be written as
minimum length forl,_» and the best path starting point for
atypical path, see Fig. 2. In this way, the mass and inertia of the , I 2y, cos (w — 170°)
mechanism can be kept small. This is described next. 4-2 T 042 Sinw
Since¥ = 0 (s) — 3, andfy = q» — 7, See Fig. 4, (12) yields 2y, cos (w — 215°)

—80° < U < 80°. (12)

+ (zh+ vy - 13) 20

3 o+14—s —— + (z3 +yg - [3) <0.
—80°+0(s)+7 < g2 <m+0(s)+80° (13) (19)
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TABLE I
MECHANISM LINK LENGTHS
Link 1, /, 13.50 cm
Link 2, /, 7.50 cm
Link 3, [, 13.50 cm
Link 4, [, 23.00 cm

to ball joint
-

Fig. 6. Mechanism 3-DOF spherical joint with idler pulleys and tendon paths.

The basic idea employed is described next. Assume that link
1 at its starting position is vertical. In this position, the dashed
part of the tendon is wrapped around pulley A2 for 2@ad
around pulley B2 for 90 The second part is wrapped around
pulley Al for 90 and around pulley B1 for 270The sum is
360 in each case.

Assume next that link 1 rotates gy — ¢ to a new position.
Following this rotation, the dashed part of the tendon is wrapped
around pulley A2 ford, = ¢i — ¢. At the same time, it is
unwrapped around pulley B2 by the same angle. It is obvious

that the same principle is valid for the second part of the tendon.

The system of inequalitie; (9)-(11) and (19) is satisfied f?Jrsing this setup, we can keep the length of the tendons constant
a range of path starting points and for a range of valyes during any translational movement of link 1.

for each_ valid path startmg p0|n_t. To minimize the size of the Itis also important that tendon lengths do not change during a
mechanism, the path starting point that gives the smallest Ien%tﬁtional motion of the spherical joint. One way to achieve this

la—2 \_/\l;?s ;elelcted. The I(;ntgth of ||Itn_kB, IS ﬁr;qs;?n aststrrw]"nal_l "flsrequirement is to have the tendons travel on the rotation axis of
possible but long enough to result in small friction at the jointg, previous joint before they leave it.

and in undisturbed tendon paths. Table Il displays the choser]:ig_ 6 shows a schematic view of the spherical joint design.

lengths. As shown in the figure, there are three groups of pulleys, the A,
B, and C groups, which are responsible for rotatigns;,, and
qs, respectively. Drive pulleysl; and A4 rotate around the’

To reduce mechanism moving mass and inertia, the actaais which is fixed in the five-bar mechanism, and therefore, the
tors are placed at the base. Therefore, a transmission mustdogth of the tendon for joint anglg is always constant.
employed to transmit torques and read joint angles. Among thddler pulleys setd3,, Bs, B4, and By, B1g, andBy; receive
various design options, cable drives are advantageous for tHeam drive pulleysB, andBg, respectively, the tendons driving
small mass and lack of backlash. Of those, friction drives, sufint angleq, and guide it on the axis of rotation of the previous
as the ones used in [16], require a high preload, which increagaat with angleqs and through the center of drive pulleyls
joint friction and structural mass. If small loads are anticipatedndA, to idler pulleysB; andB;». Itis also important to notice
then tendon drives with capstans are preferable, because iy the tendon from drive pulleys; and Bg to pulley sets3,,
require a much smaller preload, and hence, they result in rel2s, B4, andBy, B1g, By is located on the plane defined by
tively small joint friction. andZ’ axes.

An important problem to be solved is how to ensure that The tendon from pulley3; and Bis to Bg, B7, Bz (not
tendon lengths do not change duringranslationalmotion of shown in Fig. 6), and3,4 respectively, is located on the plane
the spherical joint. To do this, the tendon transmission path muaetfined byX’ andZ’ axes. This configuration is used in order
be carefully designed. This is shown in Fig. 5. The goal is to minimize friction between tendon and pulleys and to avoid
keep the lengths of the tendons responsible for the rotatiotehdon misplacement during pulley rotation.

DOF constant during the translational movements of the mech-Similarly, idler pulleys set<’s, C3, C4, and Cs, Cy, C1g
anism. guide the tendon for the third joint with anglg from drive

Fig. 5 shows the tendon configuration with the associated pphilley C; through the center of drive pulley$, and Bs on the
leys for one rotational DOF. Pulleys A2 and B2 (dashed part akes of the two previous joints. In such a case, motions of the
the tendon) are hidden behind pulleys Al and A2. two previous joints will not affect the lengths of the tendons for

(S =
30
Pulleys A1, A2

Fig. 5. Tendon transmission path design for constant tendon lengths.

V. MECHANISM IMPLEMENTATION
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Motor for the 2nd
.~ translational dof

Motor for the 1st
translational dof

Fig. 7. Assembled spherical joint.

the last joint, and roll motions will correspond to rotations of a
single motor rotor. The tendon from drive pullé€} to pulley
setsCs, C3, Cy, andCy, Cy, Cyy is located on the plane de-
fined by Y’ and Z’ axes. The tendon fror@'s andC;; to Cg
(not shown in Fig. 6)C~, andC4, C13, respectively, is located Fig. 9. Forces on the surgical tool.
on the plane defined by’ andZ’ axes. The assembled spher-

ical joint is shown in Fig. 7. o The first two DOFs are powered by oversized 90 W/48 V, 1000-
For the particular mechanism transmission employed, tBeunt encoder motors, the next two by 70 W/48 V, 500-count
transmission Jacobial, is given by encoder motors, while the last DOF is powered by a 10 W/48 V,
- 500-count encoder motor.
# 0 0 0 0 }
01 1y 0 0 0 VI. CONTROL IMPLEMENTATION
rs (R 1ty Ry) To compute the necessary motor currents, the equations of
— 2 Utz 2 — 1i3) 13 : : . .
J=1 0 T s 0 0 (20) motion of the surgical tool, see Fig. 9, are written as
0 —%Rﬁ’z 0 7 0 MVew + Vi + G, =F +F 21
%4 4 tVem + Ve + Gy =F + F, (21)
Toli5 2 7“_5J
| 0 TR 0 0 7

whereF is the vector of the applied forces and torques by the
operator to the toolM, is its mass matrixy, contains velocity
terms,G; contains gravity terms, andl.,,, is the velocity of its
center of mass. The vectBy. contains forces and torques which

Jacobian results in decoupled translations and rotations am&¥g due to tissue deformation. Since no motion is allowed in the
themselves. By choosing appropriate sizes for driver pulleys afigdiréction, in the virtual environmendl, is a 5x 5 matrix
by settingRs.» = Rs, J» becomes close to a diagonal one. and the rest of the vectors have appropriate d|m_enS|ons.

The complete mechanism, shown in Fig. 8, was constructedn 9eneral, the forces and torquBs- are functions of the
mostly from aluminum. Provision has been taken so that critiddSition and velocity of the tool and are computed based on a
parts can be replaced with ones made from composite materi[gPlified model of tissue deformation that has the form
and hence, further reduce its mass and friction.

The tendons are made of Dacron, a low-stretch flexible ma- Fr =Fr(q;q). (22)
terial. The tendon diameter is chosen such that the sum of the
preload and dynamic tendon load is less than 10% of its breaking\Ssuming small accelerations and velocities, the motor cur-
strength (about 200 N), resulting in a diameter approximatel§nts applied by the power amplifiers are given by
equal to 0.5 mm. The measured stiffness of a one-meter tendon
is 3,500 N/m, with an elongation equal to 0.1%. The pulleys i=—(KrKamp) 'J"Fr(q;q) (23)
were selected according to tendon diameter and maximum load.

The device is actuated by direct drive (no gearheads) corelegsereK , andK...,, are diagonal matrices that contain motor
dc permanent magnet motors, powered by 10 A peak amplifietstque constants and amplifier gains, respectively.

where R; is the radius of the drive pulley of théh DOF, r;
is the radius of théth motor capstan, anft; » represents the
radii of idler pulley for theith DOF located in the five bar. This
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-114.6" — +143.3"

Fig. 10. Synthetic endoscope camera view of the ureter. Fig. 11. Spherical joint workspace in the presence of the endoscope.

This haptic interface is part of a training simulator that also in-
cludes a graphics computer displaying a synchronized synthetic
image of the view that would be produced by the minicamera
at the tip of an endoscope. Fig. 10 shows a typical synthetic
image of the ureter during endoscope insertion, as displayed
on the training simulator monitor. The images are produced
using spline-based nets, with appropriate textures and photore-
alistic techniques. The textures are constructed using photos and
videos from real human tissues.

To achieve a 1-kHz force loop speed, two separate processes
have been created to run on different platforms. The control loop
and the calculation of the forces and torques fed to the user are
implemented on a stack of PC/104 cards. These consist of a 233 p——

MHz CPU module, a 24 MB solid state flash disk, an Ethernet

communications module, two encoder polling input modulesig. 12. Cartesian and rotational workspace limits at characteristic points.
and an analog output module, that drives the motor amplifiers.

This stack, along with motor amplifiers and power supplies is TABLE IV

housed in a separate control unit. In order to have a constant KINEMATICAL RESOLUTION (AVERAGE VALUES)

refresh rate, QNX a real-time operating system from QNX

200mm}--""""

. Translational (X axis) 0.046 mm
Software Systems, Ltd., is employed. . .
. . Translational (Y axis) 0.057 mm
A separate process running on a separate Pentium Il grapt Rotational about the X' axi 0.00398 rad
computer equipped with the OpenGL graphics library produc Rgt:t;gEZI :bgﬁt th: v 22: O. 00275 i: d
h hetic visual display of the ti heir def i ’
the synthetic visual display of the tissues and their deformatiol Rotational about the Z' axis 0.00279 rad

This process consists of two subprocesses, which are running
parallel. The first subprocess reads from the PC/104 stack the

position, orientation, and velocity of the endoscope. This sub- TABLE V

process communicates with the one running on the PC/104 stack FORCE AND TORQUERESOLUTION
via Ethernet cards and the TCP/IP protocol. The second st

. : s Force (X, Y axes) 0.00485 N
process creates the series of images of endoscope minican T bout the X' axi 0.000061
views, as the endoscope moves along its virtual path. orque about the A axis ) Nm
' Torque about the Y' axis 0.000146 Nm
Torque about the Z' axis 0.000114 Nm
VIl. DISCUSSION

Once the haptic system was built, experiments were run t
measure its capabilities. First, its kinematic workspace w.
found by driving the mechanism to its limits. It was found th

OThe average kinematical resolution was found by driving
agﬁe mechanism by a known distance and registering encoder
T ; ) , output. The results are displayed in Table IV. This resolution
the spherical joint achieves rotations #270 about theX can be improved by the use of encoders with higher than

- ;o ;o
axis, £90" about theY_ axis, and+270 aboqt theZ aXIS.  he current 500-1000 counts. Table V shows the computed
When the endoscope is mounted to the haptic device endpoméchanism force resolution
see .Fig. 8, this workspace_ s re<_juced, but still exceeds OURrhe mass matrix of the mechanism at the main phase of the
requirements, see Fig. 11. Fig. 12 illustrates the endoscope e&Pération see (8b), is dominated by its diagonal values
point translational workspace with an overlay of the spherica ' '

joint workspace at selected points. M ~ diag(0.255,0.110,5 x 1077,3 x 107%,3 x 107°) (24)
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Path in joint space (q1-g5)

2.5] A Path in Cartesian space (X-Y)
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Fig. 13. Typical endoscope tip motion and actuator space histories.
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Fig. 14. Y andZ’ axes displacements, velocities, and accelerations.

An example of a typical translational motion along thexis
and of a rotational motion about th& axis with the resulting
velocities and accelerations is shown in Fig. 14. This figure
shows that normal velocities do not exceed 0.06 m/s and ac-
celerations 0.31/s”. The angular velocities are about 1.3 rad/s,
while angular accelerations are about 10 radiowever, ac-
celerations can be higher, especially during cutting, collisions,
or trainee errors.

VIIl. CONCLUSIONS

A new force feedback haptic mechanism was presented that is
used in a training simulator for urological operations. The mech-
anism consists of a 2-DOF, 5-bar linkage for translations, and
a 3-DOF spherical joint for rotations. To be able to reproduce
very small forces and moments, the mechanism has low friction,
inertia and mass, is statically balanced, and has a simple mass
matrix by design. To minimize the mass of its moving parts,
the actuators are located at its base and forces and moments are
transmitted through the use of tendon drives with capstans and
idler pulleys. Roll-pitch-yaw motions of the tool result in mo-
tions of the corresponding actuator. The mechanism design and
the transmission paths were described in detail. Initial experi-
mental results are provided and discussed. The haptic device is
currently under evaluation by its potential users.
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