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Abstract. Research in the area of computer assisted surgery and surgical simulation has mainly focused oa
deweloping 3D geometrical models of the human body from 2D medical images, visualization of internal
structures foc educational and preoperative surgical planning purposes, and graphical display of soft tissue
behavior in real time. Coaveying to the sucgeon the touch and force sensations with the use of haptic
interfaces has not been investigated in detail. We have developed 2 set of haptic rendering algocithms foc
simulating “surgical instrument - soft tissue™ interactions. Although the focus of the study is the
development of algocithms for simulation of laparoscopic procedures, the developed techniques are also
uscful in simulating other medical procedures involving touch and feel of soft tissues. The proposed focce-
reflecting soft tissue models are in various fidelities and have been developed to simulate the behavior of
clastically deformable objects in virtual eavironments. The developed algocithms deal directly with geometry
of anatomical organs, surface and compliance characteristics of tissues, and the estimation of appropriate
reaction forces to convey w the user a feeling of touch and foree sensations.

1. Introduction

In collaboration with a tcam from Massachusetts General Hospital (MGH), we are
developing a laparoscopic surgery simulator that can be used to improve practical skills of
medical persoanel in executing a laparoscopic proceduce. The primary focus of this work is
the development of physically based models to simulate real-time realistic interactions of
surgical instruments with computer models of internal organs for laparoscopic procedures.
The models display the visco-clastic behavior of soft tissues in real-time on the computer
screen and provide the user with haptic feedback through a force reflecting device. The
hardware components of the set-up include an IBM compatible PC (200 MHz, Pentium-
Pro) with a high-end 3D graphics accelerator, a force-feedback device (PHANToM from
SensAble Technologies Inc.) to simulate haptic sensations, and stereo glasses for 3D
visualization of virtual objects. During the simulations, the user manipulates the generic
stylus of the force-feedback device to simulate the movements of a surgical instrument and
to feel its interactions with the computer generated anatomical organs. The associated
deformations of the organs are displayed stereoscopically on the computer monitor and
reaction forces are fed back to the user through the haptic interface. The software was
written in C/C4+, using multi-threading techniques to create separate visual and haptic
control loops, thereby increasing the haptics servo rate (varies from 500 Hz to 2 kHz) while
simultancously satisfying the requirements of graphics update rate of at least 30 Hz.
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2. Surgical Instrument-Soft Tissue Interactions

’7 % In laparoscopic surgery, a long thin laparoscope is
inserted into body through a small incision and the
surgeon interacts with internal organs through a set
of standard mechanical instruments (e.g. forceps,
curved needle, scissors) that can be inserted through
trocars. Figure 1 depicts a set of  typical
laparoscopic instrumeats. In order to simulate their
mechanical actions, we have divided (he
laparoscopic instrumeats into two groups based on
their functions. The first group includes the long
thin straight probes that are mainly used for
palpating or puncturing the tissue and for injection
(c.g. puncture ncedle, palpation probe, injection
needle). Surgeons also use the closed laparoscopic
forceps as a straight probe to explore the internal
structures or to open thc way for the other
Figure 1. Grouping of laparascopic instruments. The second group includes the tools
instrumeats according to their mechanical for pulling, clamping, gripping, and cutting soft
actions: Group A includes the instruments tissues such as biopsy and punch forceps, hook
that arc mainly used to palpate and defom  gojcsors, and grasping forceps (see Figure 1),
soft (lissues whereas the instruments in Following the grouping of surgical instruments, we
Group B are utilized to grasp or cut soft :
tissues during laparoscopic interveations. ~ have generated a2 3D computer model of an
instrument from each group to display their behavior
in virtual environments. During the real-time simulations, we display the complete 3D
models of laparoscopic instruments and their mechanical actions to provide the user with the
visual cues. For the purposes of detecting collisions between the surgical instrumeats and
the anatomical models of internal organs, the laparoscope and the surgical instruments are
modeled as simple 2D geometric primitives such as line segments and polygons. For
example, the long rigid tube of the laparoscope, laparoscopic needle, and probe are modeled
as line segments (sce Group A in Figure 1: The line segment AB typically represents the
computational model of a probe or a needle for the purposes of fast collision detection)
whose position and orientation are provided by the encoder signals of the haptic device.
Similarly, laparoscopic forceps and scissors are modeled as a combination of line segments
and a triangle (see Group B in Figure 1: The triangle A A,B typically represents the arms

of the forceps or scissors for purposes of fast collision detection).

In the past, we have developed novel approaches for detecting the collisions between the
simulated stylus of the force feedback device and the virtual objects in the scene. The
developed algorithms convey to the user the touch and feel of object shapes and surface
details {1, 11]. We have extended these algorithms to simulate the mechanical functions of
the surgical instruments and their interactions with soft tissues in virtual environments. The
developed algorithms check the collisions of virtual instruments with 3D objects in the scene
as the generic stylus of the force feedback device (and hence, the selected virtual instrument)
is manipulated by the user. We then send the force commands to the haptic device for
displaying the tactual feeling of deformable soft tissue surfaces. The collision detection
algorithms for simulating the instruments of Groups A and B slightly differ in
implementation. For instruments in Group A, collisions are detected between the stylus,






