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Abstract. This document presents a new method for the induction of nonlinear
dynamics for deforming and cutting virtual objects using haptic devices. The proper-
ties of the virtual objects are obtained of bio-mechanical characterization reported in
the literature. The dynamics are generated over differentiable manifolds defined by
implicit functions and using the orthogonal decomposition of the haptic device dy-
namic. An exponential bio-mechanic model of liver tissue during deformation is im-
plemented along with an energetic model of cutting based on fracture mechanical ap-
proach. The experimental results are presented within a platform running with a
3DOF haptic device and a 3D environment showing a stable interaction.

1 Imtroduction

Modeling the dynamic properties of different kind of tissues during deformation and
cutting is an essential task for developing a surgery simulator that pretends to ap-
proximate the perception of the user to the reality. The more realistic the model pro-
grammed is, the more accurate the force feedback is computed during the simulation
using a haptic device. The bio-mechanical properties of tissues during deformation
and cutting are generally nonlinear mathematic models. A haptic engine that allows
the recreation of this kind of dynamic models is needed to acconmplish the task.

An approach using mass-spring-damper(MSD) model system are shown in [1]. An
approach based on the bookkeeping of force deflections curves stored at the nodes of
a triangulated body surface is presented in [2] and [3]. An energetic model of interac-
tion during cutting of samples of potato and real pig's liver tissue is presented in [4].
A nonlinear dynamic model due to friction, deformation and cut during needle inser-
tion is presented in \cite{aguja2}. A cutting model approach using Local Element
Method (LEM) is presented in [5]. An exponential model of deformation, of in-vivo
and ex-vivo pig tissues, is obtained in \cite{In-vivo} using specific devices to meas-
ure tissue properties under extension and indentation, as well as to record instrument-
tissue interaction forces. To produce realistic behavior in virtual environment simula-
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tions for surgical training, it is important to have a haptic engine that allows the rec-
reation of this models and characterization using a haptic device.

1.1 Contributions

Arimoto [8] presented a method for orthogonal decomposition of the forces during
the interaction between a robot manipulator and an nfinitely rigid object. We propose
a new methodology based on this orthogonal decomposition applied over a haptic de-
vice's dynamics, enabling the implementation of a control law that generates different
kinds of dynamic models for haptic rendering virtual object's dynamics, this new
method permits the simultaneous generation of contact forces like deformation and
cutting and surfaces properties like tangent friction. In this paper a nonlinear defor-
mation model and tissue cutting characterization model are presented along with sim-
ple surface properties for virtual objects. The models presented in [7] and [4] are im-
plemented using Phantom Premium haptic device [9]. The human-in-the-loop
experimental interaction results are presented with a discussions an future work.

2 Dynamic induction using orthogonal decomposition

A methodology that allows the orthogonal decomposition of the dynamic of a haptic
device is presented in [10], and the most tmportant issues are dicussed here.

The dynamic of a haptic device is modeled as chained linked robot:
H(9)§+C(g,9)q +q(q) =7+, )
r,=JF @

where ¢,¢ € R" are vectors that represents the articular position and velocities, #
is the number of degrees of freedom (DOF), H(g) € ™ is a matrix representing
the inertial forces of the haptic device with H(q) = H(q) positive defined,
H{(q) € R™" is the Coriolis forces matrix with /I (¢9)—-2C(q,4¢) an antisymmet-
ric matrix, g(g) € R" is the gravitational force vector, 7 € R" is the input torques
vector, J € R is the haptic device's analytic Jacobian, F ., € R’ is the human input

force, 7, R" represents the input torques due to F;! .

The virtual object's dynamic properties are generated by two manifolds defined as an
implicit functions of the articular variables g as follows:
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vV, ={qgeR" | p(q) =0} )

V=tgeR lv(@=0 @

with @(q) : ¥, —> R called object manifold and w(g):V, & R called psi
manifold.

The orthogonal decomposition of the haptic device's dynamic is achieved applying
the following control law:

£, = C(q.9)q + g(q) ~ PH(@)] o) o9 — QH (@04 = T g 2y = 0L ®)

9, ®

where J,, and O are the jacobian matrices of functions ¢@(g)and ¥(q) respec-

tively, J . is the pseudo inverse of J,,. The variables A, and ¢, are used to induce

I
the dynamics and surface properties of the virtual object as is presented later in this
document.

Substituting (5) in (1) and using the analysis presented in [10] the close loop

equation that is to be analyzed is:

g =M, (A-2;) @)
w(g) =M, (5 —-3,) (8)
with )
M,=J,H(g)"J, ©
M,=0H(¢)"Q a0

3  Exponential deformation model

For recreating the correct force feedback during interaction with nonlinear dy-
namic object like organic tissue, it is important to jmplement mathematic mod-
cls that represents the properties of the real tissue. One form to accomplish
this task is to implement the bio-mechanical models obtained form direct ex-
periments.
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A mathematical model of pig's abdominal tissues is presented in {7], the bio-
mechanical characterization is done using surgery tools coupled with sensors during
deformation. The mathematic model is: .

F = e (11)

where F is the reaction force, & and 3 are specific constants for each kind of tis-
sue, O represents the stretch ratio during deformation. For pig intestine sample the

values reported in [7] are & =3.7x107 and /2 = 9.4 for ex-vivo experiments and
a=43x10"and £ =13 for in-vivo experiments. To induce this behavior the

variable A, is defined as follows:

(g) (12)

_ -1 a F L
An =—M, Bp(g)+ M, oe

where @, [ are the constants reported in [7] and Lo represents the sample's thick-

ness in the direction of the compression force, B, is a defined positive constant that

represents the virtual object's viscosity coefficient, used to induce stability to the
whole system. The sign within the exponential is because the value of @(q) is nega-

tive inside the virtual object. Substituting (12) in (7) we obtain the following dynamic
system:

_p@) (13)
K +Bp—ce & =M,A

The implementation of tangent friction is achieved through the variable ¢, as fol-

lows: ) ,
$a=By(g) a4

where B, is a diagonal matrix with ail positive values b, . Substituting (14) in
(8) the following system is obtained:

vig)=M,g-M,By(q) (15)

4  Cutting model using a fracture mechanics approach

One of the principal task during the interaction with tissue is cutting. An approach of
this task is presented in [4] based on fracture mechanical approach, this model pre-
sents an energetic interchange between three states: deformation, fracture and cutting.
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The analysis in [4] is done considering a rectangular sharp tool as is shown in Fig. 1.
The energetic interchange is represented by the following equation: .

AW, =AU + AW, (16)

where AW, represents the extern energy applied, #U is the change in the elastic po-

tential energy and AU is the irreversible work of fracture. During deformation the
.external energy applied is stored as elastic potential energy, one example of this be-

havior is the deformation of a linear spring (E = 3 foc? ) where the energy applied to

the spring is stored and recover when the spring is released, this behavior is presented
in the following equation:

AW, =AU (a7

If the interaction during deformation reaches a stored energy limit the behavior
changes from deformation to fracture interaction, this limit is called the material's
yield point. During fracture the elastic potential energy stored instantaneously creates
a crack in the object:

AW, =AU (18)

During cutting interaction the energy applied increases the depth of the crack
done during fracture interaction.

AW, = AW, (19)

F

Fig. 1. Tool-body interaction model presented in [4], F represents the force
applied, v represents the penetration depth, and L represents the length of the tool.

The transition between the interaction modes is as follows:

1. Without contact the state is considered as free movement.

5 Once the virtual tool is in contact with the virtual object the deformation state
is present.

3. The external force applied stores elastic energy accordingly with the elastic
deformation model used.

4. The deformation interaction continues until the yield point is reached at this
point the interaction changes to fracture.
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5. The elastic potential energy stored at this point is released creating the crack.
If the tool keeps going inside the object the cutting interaction is reached oth-
erwise the state returns to free movement with the new contact surface at the
end of the crack.

The procedure is shown in the Fig. 2, where v represents the penetration speed.

Free v<0
Movement ' Cutting

V<0
Conmot** Y T‘if}O

AU > vield point
Deformation _,_,,__i,f;l:. Fracture

Fig. 2. Interaction modes sequence presented in [4].

To induce this behavior the variable /1&, from (5) is de ned for the deformation and
cutting interaction modes as follows:

Adz = Fdef (@: gp) (20)

Aos =F (0,0) 1)
where /?*dz and /T,d3 are used for deformation and cutting respectively, Faef and

F represents the interaction models for deformation and cutting interactions, this
models have to be chosen such that (7) is stable. One example could be the spring-
damper model for deformation for F 4y and a constant force F as is presented in

[4].

5 Experimental platform

The models presented in this paper are implemented in a computer to simulate nonlin-
ear deformation and cutting interaction. The PC is running at 2.4GHz with AMD
Athlon processor, 1Gb RAM, 64Mb NVIDIA Ge Force 4 MX and RedHat Linux 9.0
with real time patch. The user application was developed using Qt [11] for graphical
tools and OpenGL and GLU for 3D graphics, the programming language was C++.



Nonlinear Haptic Rendering of Deformation and Cutting Based on... 57

Fig. 3. Experimental platform. Left: PC, monitor and haptic device. Right: GUI using
a wired virtual hand used as proxy during the interaction with a virtual sphere, the
buttons, sliders and text boxes for changing the experimental parameters in-line.

The haptic device used is Phantom Premium [12], the dynamic model is obtained in
[13]. The Fig. 3 shows the GUI during the interaction with a virtual sphere along with
the tools used to change in line the parameters during the simulation. The graphics of
the most important process variables are shown, also a wired hand used as proxy is
presented.

6 Experimental results

The experimental results of two interaction models are presented, the first using the
exponential deformation and the second using the cutting mode] both with tangent
friction and using a plane as the virtual object. The virtual plane

is defined as de XZ plane at the coordinates origin as it is shown in Fig. 4.

34 !

Fig. 4. Displacements during interaction with a virtual plane. Left: displacements or-
der during experiment 1. Right: displacements order during experiment 2. The z axis
is considered in direction outside the sheet.
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Experiment 1: the experiment starts with the proxy at the origin of cartesian co-
ordinates (x = 0; y = 0; z = 0), the displacements are done using straight lines in the
following directions: -y, y, -y, y, -X, X, -X, -z, z. This is shown in Fig. 4 left, where the
numibers 1-9 represents the order of the displacements.

Experiment 2: the experiment starts also at the origin of cartesian coordinates,
the displacements are done using also straight lines in the following directions: x, -x,
X, -Z, Z, -y until reaching the cutting mode then and finally y. This is shown in Fig. 4
right.

The implementation of the exponential deformation model the equation used
was (12) and for the cutting model the following variables were defined:

3 (22)
T ﬂL
Ays =-M,Byp+M,ce ™

Ay =—2.0 (23)
Both experiments use the following parameters;

By=20,¢=43x107", B =13, L, =0.1the tangent friction is induced using

(14) con b, = 0.06 for experiment 1 and b, = 0 for experiment 2.
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Fig. 5. Experiment 1, interaction with a virtual plane using the exponential deforma-
tion model with tangent friction. Left: Object manifold and normal force vs f. Right:
Deformation vs Force response
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Fig. 6. Experiment 2, interaction with a virtual plane using the exponential deforma-
tion and cutting model without tangent friction. Left: Object manifold vs £. Right Nor-
mal force vs {.
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Fig. 7. Transition between the different modes in the cutting algorithm, the reaction
force is presented with a filled line and the object manifold with dotted line. The de-
formation mode is presented until t = 5:4128 seconds, then the yield point is reached
and the interaction switches to rupture mode for 1 millisecond this is due to the plat-
form's sampling period, then the interaction switches to cutting for 156 milliseconds,
in this mode a constant force of -2 Newton is presented, at last the tool moves outside
the virtual object and the reaction force is zero.
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7  Conclusions

A new methodology for the implementation of bio-mechanical characterization for
the interaction with a virtual object simultaneously with surface properties, using a
haptic device has been tested presenting a high performance on a low end computer.
The experimental results nsing two different interaction models, exponential deforma-
tion Fig. 5 and cutting interaction Fig. 6, presented in the literature is shown. An ex-
tended explanation of the interaction during cutting is explained in Fig. 7, where it
could be seen the four interaction models presented in [4]: Free motion, deformation,
fracture creation and cutting.

The methodology could be implemented to any nonlinear bio-mechanical model as
long as it could be expressed in terms of the depth penetration and penetration speed.
Complex surfaces properties could also be implemented. The extension to any arbi-
trary object form could be implemented as long as it could be expressed with a set of
implicit equations. The experiments were done during a human-in-the-loop interac-
tion showing a stable behavior in a low end experimental platform.

8  Future work

The future work will be to implement complex surface properties like textures and
advanced friction models for making more realistic the interaction. Also the imple-
mentation of complex objects defined by a set of implicit equations is the next step.
The implementation of the methodology using different haptic devices is at hand.
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