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Abstract

Cardiovascular disease is one of the leading causes of
death in the United States and also a major disease
worldwide with over 700,000 coronary artery bypassgraft
(CABG) procedures performed annually all around the
world, of which 350,000 are performed in the United
States. The use of mechanical stabilizers in the CABG
procedures can causeirr eversiblelocal damageby trauma-
tizing the underlying microcirculation. The primary gaal
of this resarch is to develope®etive haptic and visual
servoing methals, with the eventual gaal of eliminating
the need for mechanical stabilizersin a CABG procedure
by presenting a stationary operative site to the surgeon
performing the procedure using haptic and visual feedback.
We presentin this paper the resultsfrom our initial work
in the area of tracking a deformable membrane using vi-
sion and providing haptic feedback to the user basel on
the vision information and the material properties of the
membmne. In our rst expgeriment, we track the defor-
mation of a rubber membiane in real-time through stereo
vision while providing haptic feedback to the userinteract-
ing with the reconstructed membiane throughthe PHAN-
ToM haptic devie. In the second experiment, we verify
the ability of our vision systemto track a point on a sur-
face undergoing a complex 3D mation.

1 Intro duction

Cardiovascular diseaseis one of the leading causesof
deathin the United Statesand alsoa major diseaseworld-
wide. The use of medanical stabilizers in the CABG
procedurescan causeirreversible local damageby trau-
matizing the underlying micro circulation. Figure 1(a) is
an example of an actual stabilization due to the Octo-
pus device (manufactured by Medtronic) for an o®-pump
CABG (OPCABG) procedure, which is not satisfactory
when the procedure was performed on the bad of the
heart. Figure 1(b) shows the extent of trauma caused
to the heart tissue during an actual OPCABG proce-
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dure. There are also se\eral deleterious e®ectsassai-
ated with the useof cardiopulmonary bypass(CPB) sud
as systemic in°’ammatory response, immunosupression,
stroke and neurocognitive defects,and cardiac complica-
tions such as perioperative myocardial infarction [1, 2].

Figure 1: a) OPCABG procedure performed on the back of
the heart with poor stabilization with the Octo-
pus stabilizer and b) Trauma causedto the heart
tissue by the use of the Octopus stabilizer dur-
ing an actual OPCABG procedure performed on
a beating heart (note the multiple suction points
on the heart surface).

The primary goal of this researd is to develop e®ectie
haptic and visual serwing methods with the long term
goal of eliminating the needfor medanical stabilizers in
a CABG procedureby presen a stationary operative site
to the surgeonperforming the procedureusing haptic and
visual feedba&. Towards achieving that goal, we presert
in this paper the results from our initial work in the area
of tracking a deformable membrane using vision and pro-
viding haptic feedbadk to the user basedon the vision
information and the material properties of the membrane.

We ervision using the vision feedbak to represen the
overall model of the organwe are interacting with and use
“nite elemert methods (FEM) to create a realistic hap-
tic interaction with the model. Among the most impor-
tant challengesfacing the developmert of such a system
is the realistic modeling of human organ tissues. Sevral
deformable models of soft-tissue have beensuggested,n-
cluding mass-springmodels [3], and the more realistic,
yet more computationally expensive nite elemeri mod-
els [5, 6, 7, 8].

A major constraint for any virtual surgical systemis the
real-time calculation of the various parametersnecessary



for a visually and haptically realistic experience. For a
realistic visual experience,imagesmust be updated at a
rate greater than 20 Hz, and preferably around 30 Hz
[9]. Haptic systemsrequire a much higher update rate,
at least 500 Hz but preferable around 1000Hz [9]. The
disparity in the update rates for visual and haptic data
suggestthat the ideal robotic surgical system should be
a multi-frequency systemto ezciently usethe computa-
tional resourceq9, 10]. Many researders have suggested
potential methods of performing the necessarycalcula-
tions for virtual surgery in real-time. Somenotable ex-
amplesare [7, 8, 11, 14, 15. A method similar to [14]
that requireslocal deformation information would be ap-
propriate for our systemin order to calculate the contact
forcesfelt by the surgeonduring the procedure.

This paper is organized as follows: In Section 2, we
presert an overview of our experimental system,including
the vision, haptic and robotic componerts; in Sections3
and 4, we describe in detail the methods by which we
calculate the position and forcesfor the visual and hap-
tic rendering of the deformable membrane; in Section 5
we describe two experimernts to verify the performance
of the system, and nally in Section 6, we make some
concluding remarks and directions for future work in this
area.

2 System Description

Figure 2: The experimental system for visual and haptic
serwing of the deformable membrane.

Our experimental testbed consistsof a PHANT oM haptic
interface device (manufactured by SensableTecnologies,
Inc.), Mitsubishi PA-10 robot arm system (manufactured
by Mitsubishi Heavy Industries, Ltd.), Gamma F/T, 6-
axis force/torque sensor(manufactured by ATI Industrial

Automation), and a pair of EImo micro-cameras(manu-
factured by Elmo, Canada). The experimental testbed
allows us to acquire image data of a deformable object
and communicate that data to the PHANT oM haptic de-
vice. We have constructed an experimental system that

allows a pair of micro-camerasto obsene the deformation
of arubber membrane. The deformation is cortrolled and

measuredprecisely by the Mitsubishi PA-10 robot arm,
with force data acquired from the ATI force/torque sen-
sor attached to the robot manipulator end-e®ector.The
forcesensoris usedasan external veri cation tool to com-
pare with the force data computed from our vision setup.
The results from the computed force valuesis displayed
on the haptic device and updated in real-time at about
30Hz. The experimental system shawing the robot arm,
the deformable membrane, two micro-cameras, and the
force sensoris shown in Figure 2. We will now brie°y
describe the various componerts of our system.

Mitsubishi Rolot Arm and Controller: The Mitsubishi
PA-10 robot arm (see Figure 2) is usedto cortrol the
deformation of the membrane and simulate the random
movemen of the mock heart model attached to its end-
e®ector. The robot arm has 7-degreesof freedom and
an open cortroller architecture. The four layer cortrol
architecture is madeup of the robot arm, seno cortroller,
the motion control card, and the upper control computer.
The cortrol software for the robot arm is developed using
Visual C++.

Haptic Device: The haptic deviceusedin our experimerts
is the PHANT oM Model 1.5A manufactured by Sensable
Tednologies, Inc. Our model has six degreesof posi-
tion feedbad& and 3 degreesof force feedba&. Haptic
rendering is performed using Visual C++ and the Ghost
SDK, which is the haptic software developed by Sensable
Tedhnologiesfor usewith the PHANT oM. Force calcula-
tions are performed at 1000Hz basedon the deformation
of the rubber membrane measuredby the vision system.
The membrane is represenied visually in the virtual en-
vironment using OpenGL, which is updated at a rate of
approximately 30 Hz. The useris able to interact with
the virtual membrane through the PHANT oM deviceand
experiencesthe sameforcesasthose applied by the robot
arm on the membrane.

3 Vision System

The purpose of the stereo-vision system we have dewvel-
oped is to provide real-time tracking of points on the sur-
face of a deformable object. The location of these points
can then be usedfor the calculation of contact forceson
the surfacethrough alocal FEM model. A vision system
that successfullyperformsthis task must have the follow-
ing properties: 1) accurate calibration of ead camera's
internal and external parameters, as well as the baseline
of the stereo-rig,and 2) a method of performing the corre-
spondenceof given surfacepoints in a sequenceof images
acquired by the vision system.

3.1 Camera Mo del
All measuremers made by our vision system are based
on the standard pinhole camera model [19]. Through



calibration, we are able to obtain the necessarycamera
parametersto calculate the position of any point in space
given its location in a stereo pair of imagesacquired by
the vision system. The 3-D location of a point in space
canthen be found through triangulation giventhe point's
image coordinatesin a stereoimage pair. We perform the
necessarnycalibration stepsusing the Calibration Toolbox
for Matlab which is freely available from Intel's OpenCV
website.

3.2 Object Tracking

In our rst experiment, the surface features that are
tracked by the vision systemare an array of circular dots
attached to the surface. The array of dots are similar
to the nodesusedin a FEM mesh, with the certroid of
ead circle represening a node in the mesh. The dots are
located in the image using standard blob analysis tech-
niques[19], and the certroid of ead dot is usedto track
the 3-D position of the corresponding node point. The
certroid of the dot can be considereda surface point in
this casebecausethe dots are made of a rigid material
and do not deform.

In our secondexperiment, we implemented a correlation
tracking algorithm to track speci ¢ points on a textured
surface similar to a human organ. Our correlation algo-
rithm performs sum of squareddi®erencegSSD) tracking
over a correlation window as described in [19].

4 Haptic Interaction

Haptic feedbak allows a userto touch and feel the tex-
ture of surfaceof an object. For a realistic haptic experi-
ence,contact forcesmust be communicated to the haptic
device at a rate of at least 500 Hz. In our experiments,
we usethe PHANT oM asour haptic feedba& deviceand
the vision systemto sensethe forceson the deformable
membrane. Force estimation through vision is computed
based on the deformation of the “ducials on the mem-
brane and its geometric and mecdanical properties, such
asthickness,circular areacon ned at the boundary, and
Young's modulus.

Our goal is to model a deformable surface using vision
information and a physical surface model that allows a
userto interact in real-time with the surfacein a realistic
way. Our long-term goal is to use these haptic interac-
tions through minimally invasive estimation procedures
and use the haptic feedba&k device to guide the robot
arm to the correct location and sensethe interactions of
the tactile sensorsat its tip. The algorithms we have
deweloped for this purpose addressthe following issues:
1) a physical model for the surfacethat accurately sim-
ulates the actual forcesthat would be experiencedby a
user as if he/she were interacting with the real surface,
2) a collision detection schemethat determineswhen the

usersinterface device comesin cortact with the surface,
and 3) a meansof haptically and visually rendering the
deformable membrane to create a realistic interaction ex-
periencefor the user.

4.1 Surface Mo del - Force Calculation

Figure 3: A theoretical model for membrane deformation
for a load, W, concertrated on an area of radius,
lo.

In our experiments, we model the surfaceusing a closed-
form solution for the force-displacemen relationship of
a circular plate as described in [22]. The notation
for this expressionis shown in Figure 3 and the force-
displacemer relationship for a uniform load, W, applied
over a small eccertric circular areawith radiusr, is given
by:
’ _i3wW(@i p)’(Li °?) 1
y= AEValt? @
wherey is the displacemen of the membrane at the load
point, E is the modulus of elasticity, t is the thicknessof
the membrane, © is the poisson'sration, a is the radius
of the membrane, and p is the radial distance of eccertric
loading. The general expressionfor the de°ection due
to the applied load W at an arbitrary point, s, on the
membrane is given by:
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Using Equations (1) and (2) we can calculate the forces
at any point on the plate. Using this approac we can
calculate the force at ead node due to the applied force
at an arbitrary point on the membrane oncewe have the
depth information from the vision system, the material
properties of the menmbrane, and its geometry In our
experimertal setup, we also have a force sensorto verify
the force at the point of interaction on the membrane
with the vision data. This force sensoris attached to the
tip of the Mitsubishi robot arm (seeFigure 2).

5 Exp erimen ts

In this section, we describe two experimernts that we con-
ducted, namely, the estimation of forces by the vision
information gatheredby the membrane deformation, and
the tracking of a deformableobject (such asthe model of
a heart).



5.1 Real-Time Force Estimation for a Deformable
Mem brane

The goal of our ‘rst experiment was to verify that our
vision system could correctly measureboth the deforma-
tion and the forcesapplied to a deformablemembrane. To
verify the performanceof the vision system,we rst con-
structed the experimental apparatus described in section
2. The deformation of the rubber membrane is measured
by tracking an array of dots attachedto the circular mem-
brane. The certroid of ead dot represerts a hode on the
surfacethat can then be usedto reconstruct the surface
both visually and haptically in a virtual environment. A
sampleof a stereopair of imagesfrom this experimert is
shown in Figure 4.

Figure 4: Stereo pair of images (left and right camera) ac-
quired by vision system for tracking the deforma-
tion of a rubber membrane.

The Mitsubishi robot is positioned to deform the mem-
brane in a direction normal to the circular surface. De-
formation of the menmbrane is then performedin 0.5 mm
incremerts from 0 - 5 mm. Concurrertly, a 6 DOF force
sensorattached to the robot manipulator measuresthe
forcesexperiencedby the robot while deforming the mem-
brane. The stereorig is positioned approximately 250mm
from the membrane to acquire real-time readings of the
position of the dots xed to the membrane. The blobs
are tracked using standard blob analysis techniques as
described in [19]. Correlation of the blobs in the stereo
image pair is basedon the geometry of the dot array.

Reconstruction of the 3-D position of the certroid of eat
dot is then performed asdescribed in section3. The posi-
tion measuremets usedfor the visual and haptic recon-
struction are the di®erencebetweenthe dots current po-
sition and its initial position relative to a referenceframe
with the sameorientation asthe Mitsubishi robot.

The forces at eac node on the virtual membrane are
then calculated as described in section 4. For this pro-
cedure, the magnitude and position of the applied load
must be found “rst, then the forcesat any point on the
membrane can be calculated using equations (1) and (2).
We assumethat the node with the largest displacemert
in the direction normal to the membrane's surfaceis the
point wherethe load is applied. The force experiencedby
the PHANT oM at any point in the menmbrane can then
be calculated by the method described in section 4.

Calculation of the surfaceforcesalsorequiresusto know

a priori the material properties of the surface. In this
experiment we useda membrane made of epicholohydrin
rubber. The poisson'sratio for this type of rubber was
assumedo be0.45,and the modulus of elasticity was27.2
MPa. The radius of the membrane is 39mm, with a total
of 31 dots positioned at 15mm interval horizontally and
10mm interval vertically. The results for the tracking of
the displacemern of the certer node of the meshare shovn
in Figure 5. As seenfrom the gure there is a good match
between the displacemen of the node as measured by
the vision system and that computed from the forward
kinematics of the robot arm. The results for the force
measuremets made by the vision system and the force
sensormounted on the robot arm are shown in Figure 6.
Again, we seea good match in the forces computed by
the vision system (based on the obsened displacemen
of the membrane at the node points) and those obtained
from the force sensorattached to the robot tool tip.
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Figure 5: Results of the measureddisplacemert of the cen-
ter node of the mesh by the vision system along
with the displacemert of the same node by the
Mitsubishi robot.
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Figure 6: Results of the force measuremerts from the vision
system and the force sensordue to membrane de-
formation.

5.2 Stereo Tracking of a Point on a Surface
Through Correlation

In our secondexperiment, we attempted to implement
a more robust method for tracking a point on an ob-



ject's surface. For this experiment, we used the corre-
lation tracking method described in section 3. We put
a heart shaped model on the tip of the robot arm as
shown in Figure 7 and the x, y, and z motion of the
robot tip was commandedto move as: x(t) = 10cost,
y(t) = 10sint, and z(t) = 10(cost + sint). The vision
system was then used to track a point on the heart's
surface while the robot moved the heart at a rate of ap-
proximately 50mm/s. The results of this experiment are
shown in Figure 7.
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Figure 7: Results of the correlation tracking experiment.

Figure 8: Stereopair of imagesacquired by vision system for
tracking a point on the surface of a heart model
using correlation.

A sample of the stereoimage pair acquired by the vision
systemis shown in Figure 8. The black cross-hairshows
the location of the point tracked by the vision system
in eadh image. As in the previous experiment, the 3D
location of the point is calculated through the procedure
described in section 3. The position measuremets used
for comparison with the known robot position are the
di®erencebetween the current position and the initial
position of the point being tracked by the vision system.

6 Conclusions

In this paper, we have described a stereo vision system
that is capableof reconstructing a real surfacein a virtual

environment for interaction with a haptic device such as
the PHANT oM. This systemhasmany potential applica-
tions in virtual and laproscopicsurgery, where depth and
haptic information are lacking in currently available sur-
gical systems. We have preseried two experimerts that
verify the ability of our systemto: 1) track the deforma-
tion of a surfacein real-time basedon the 3D movemert

of "xed points on the surface and render the membrane
in real-time and provide haptic feedba to the userand
2) implement a robust tracking algorithm that is capable
of accurately tracking the location of sudh points on a
textured surfacesudc as a human organ.

In our future work, we will implement a more realistic
physical model for the surface. We will use an FEM

model to represen the virtual structure of an organ for
represening realistic force interaction with the model of
the organ. This will require a signi cant increasein the
computing resourcesfor our system, which may neces-
sitate the use of a multi-pro cessorsystem. In our pro-
posedsystem, the surgeonwill cortrol the movemert of
the robot arm through the movemert of the PHANT oM

device. Image data will be obtained to calculate the con-
tact forcesexperiencedby the robot and theseforceswill

be re°ected to the surgeonthrough the PHANT oM de-
vice to closethe loop. This work has seeral applications
in robot-assisted surgery in the areas of cardiothoracic
procedures,gastrointestinal surgery, and neurosurgery to

namea few. The results preseried in this paper represen

an important step in this direction.
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