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Abstract. This paper outlines a framework for the modellxiglender rod-like
biological tissue structures in both global andaloscales. Volumetric
discretization of a rod-like structure is expensiveomputation and therefore
is not ideal for applications where real-time parfance is essential. In our
approach, the Cosserat rod model is introduced ptura the global shape
changes, which models the structure as a one-dioraisentity, while the
local deformation is handled separately. In thiy wayood balance in accuracy
and efficiency is achieved. These advantages makenethod appropriate for
the modelling of soft tissues for medical trainagplications.
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1 I ntroduction

Virtual simulation can replicate the teledisplaydanstrumentation of laparoscopic
surgery and is attracting increasing attention flosth the research community and
the medical practitioners. As a training methodgldgcan reduce the costs and risks
and has been adopted widely by the surgical communri training system based on
virtual simulation provides the trainees with flebe access to training sessions,
whereas traditionally the training sessions aretdéichby the availability of patients
and training posts. The most essential elementuoh & system is to model the
behaviour of the tissues in a proper manner inra@roduce convincing visual and
haptic feedback to the user. Slender shapes repraggoup of organs and tissues in
the human body. Efficient simulation of such stawes provides a useful framework
which lays the foundation for virtual surgery apptions involving such objects. Our
work discussed in this paper focuses on modelliagder biological tissues which
can be presented with a simple rod model.

In the human body, many tissues are of long, ttod;like shapes, and we can
take the advantage of modelling them as one-diroaakientities to efficiently
simulate their behaviours. Examples of such tissnelide blood vessels, muscle
fibres, small intestines, rectum, ligaments, tersjoand hair. Though the one
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dimensional rod-like object has been well studieéngineering, such as the analysis
of the beam frames to improve the safety of stmestun civil engineering, the
calculation of the deformation for the above bidbad) tissues remains a challenging
task. For instance, the tissue may exhibit largfleden that invalidates the
algorithms which were derived based on the assompmif small deformation. The
finite element method and mass spring method haea lbvidely adopted in surgery
simulation. They can provide accurate results, thay are generally inefficient in
modelling the rod-like object if using volumetritsdretization. Other classic methods
based on the centreline of a rod, such as the @dssel model [1], are designed to
capture the global deformation, which provide ditihformation about the local
deformation. In order to capture the local defoiamtthe finite element method and
the mass spring systems are often the only optiwh&ch unfortunately are
computationally expensive for real-time simulation.

In this paper, we propose to model the rod-likeldgjral structure with two
separate layers: global deformation and local daeftion. To our knowledge, Barr
[2] was the first who developed the idea in compgtaphics, where global and local
shape changes were dealt with separately. In otihadethe Cosserat rod model is
adopted to model the global deformation along tketre line, while the local
deformation is characterised by the deformation gfven cross-section of the tissue.
Large global deformation, such as twisting and Irmdis well handled with the
Cosserat rod model. The local stretch of the sarfacthen approximated with our
local deformation module.

In general, the biological tissues are not isolatedhe body. They are often
attached to each other, which restricts their mamm.e. they are usually subject to
physical constraints. For instance, Raghupathiletf3 proposed to model the
mesentery which connects the blood vessel anchthstine with a mass spring sheet.
In this paper, the influence of such constraints ba integrated into the Cosserat
model with an additional elastic energy item.

Our contributions in this paper are as follows: & have developed a general
framework of global and local deformations of lofigxible rod-like biological
tissues; (2) we have introduced a quasi-static €@assod model for fast simulation
of the global deformation of a rod with additiorainstraints; (3) we have established
a local deformation model which performs in ancéfint manner.

2 Related Work

There exists a large body of research in the afeafotissue simulation [4, 5, 6, 7,
8]. Due to the complexity of soft biological tissue is extremely challenging to
simulate their natural behaviour accurately, espgigcivhen subject to interventions
with surgical instruments.

Most of the current approaches are based on dlibemass spring system [9, 10]
or the finite element method [4, 11, 12]. The mageng system uses discretized
mass points in the space to represent the volunmudace. Such mass points are
connected to each other with springs to capturedymamics. The finite element
method discretizes the object into many small efgsjee.g. tetrahedrons. A problem
is solved by finding the numerical solution of goveg partial equations in an
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element-wise manner. The finite element method idesvaccurate results but it is
computationally expensive.

Thin slender rod-like biological tissues have betmdied in a wide range of
disciplines. In computer animation, hair modellihgs attracted a great deal of
attention [13, 14], which can be used in charadtgging. In applications of virtual
surgery training, some researchers reported thelalgment on modelling intestine
with the mass spring system [3, 15]. In [16] a oelite model was introduced for
long thin rod-like structures. By filtering out lalcchanges of the cross-section shape,
it greatly reduced the degrees of freedom of theblepm and hence enabled the
problem to be solved efficiently.

Cosserat rod can capture the large bending andingisleformation of one
dimensional rod-like object, which records the motof points on the centreline and
the rotation of a local coordinate frame attacteddch individual point. It was used
to model the deformation of cable like instrumenengineering [17]. Linn et al. [18]
outlined a method to model rod deformation withdkinoff model (a special case of
Cosserat model) for virtual reality applicationgv8ral recent works [19, 20, 21, 22]
in computer animation provided good reference ofgeoat rod model in detail.
Despite its efficiency the Cosserat rod model'dility to handle local deformations
often renders it unsuitable for high fidelity sungdraining applications, as local
deformation can provide useful feedback to the esomg. In this paper, a quasi-static
model of Cosserat rod is introduced to construebal deformations. Different from
the previous approaches [20, 21], our quasi-statidel drops the dynamic items and
simplifies the solving process to allow fast sintidia. In order to overcome the
drawback of lack of local deformations, in this papve model the deformation of
local regions separately, whose superposition with global deformation provides
convincing looking of the soft tissues.

3 Cosserat Rod M echanics

The Cosserat rod model, which describes the dymaafia long thin rod-like object,
is a well established model in both traditional heetcs [1] and computer graphics
[20, 21].

With the Cosserat rod model, a rod is represensed space curve and its cross
section is shrunk to one single point on the cuBieh curve is either selected as the
neutral axis or as centroid axis (we will call tte curve centreline in the context). A
local coordinate frame is attached to each pointhen curve which indicates the
position and orientation of the cross section.
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X2

X1
Fig. 1. Cosserat rod model.

As shown in Fig. 1, givem(s) as a point on the selected curve, wheie the
curve length ranging from O tb, we denote the coordinate frame by three unit
vectorsd;, d,and d;. These three vectors are also named as direcktiish are
orthogonal to each other. In particuldg, is defined to be along the tangent of the
beam centreline, where the other two directdisandd,, represent two orthogonal
material lines in the cross-section perpendicualst

d3xg—r=0; d, xd, =d, (1)
With the definition of Darboux vectas as
%=m><di i=1,2,3; @)
0s
we can write the torsion)(and the flexures«, «,) of the rod as
o = Kd; +K,d, +1d, 3)(

Apart from the bending and twisting deformation swad by torsion and
flexures, a rod can have stretching and shearifmations, which are described by
another measune

V:%:Wdl"'vzdz"'vads 4)

wherev; andv, denote the shear deformation of the cross sewtloah is the tilting
of the cross-section, angs{l) denotes the stretch which is the length charfgbe
beam. In practice, we often omit the influence 1y ahear deformation, thatvg= 0
andv, = 0.

In a surgical operation, the maneuver of the sulffbe organ) is relatively slow,
and a sudden change of speed rarely occurs. Therafe can omit the influence of
the inertial force and model the deformation in wagj-static fashion, unlike the
previous work [20, 21] where the dynamic effect@nsidered. In our method, the
overall potential energy is written as

n=u-w (5)
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where U :%.[[Bl(/(l -%,)? +B,(k, —K,)* +GI(r - T)* + EA(v, —1)°]dsis the elas-

tic energy of the rod an&/ = J'f [{r —T)dsis the work by the external foréeValues

with note () are initial state defined on the rest shaheandB, represent the bending
stiffness,E is the Young's modulusA is the area of cross sectioB, is the shear
modulus andl is the polar moment of inertia of the cross sewti@rea. Minimization
of the potential energy gives out the solution ebéin equilibrium.

3.1 Discretization of the Rod

To find the numerical solution, we approximate atowal rod withn+1 verticesxo,
X1, ..., Xpandn straight edgey, e, ..., €., Theith edgee connected point; and
Xi+1- The local coordinate system is defined on eactiividual edge after
discretization. For edge, we can have
) e ) ) )
dy=p-0o dyxd; =d, (6)
e
With the above notation, we can define the discretevature and torsion on
vertexx; as:

i 2(di3'1xd‘3) i-1 [
=222 2 e [d5? + e d))
e lwle 7 oo el
o 2dsTxdy) i-1 i
Ky === [ey[d; ™ + |e[d
= Qo el o1 el

2
(lei-o]| +[lx[)
Here the directord), d},, d,are defined on théh edge and the curvaturel(, })

[e_, te) (7)

and torsionr' are defined on thith vertex. And the stretch on vertexs defined as

_ Lo+l

Vs =i = (8)
* [l + el

with note () denoting initial state defined on the rest shape.

3.2 Biological Tissueswith Constraints

In real anatomy, rod-like structures are embeddem surrounding tissues or fixed at
certain position with ligaments and/or fat tissu€mr example, the rectum is
surrounded by the pelvic skeletal structure. Toaeena low rectal cancer requires
cutting the rectum near the anal verge and theesurfpas to separate the colon near
the anal verge around the perimeter. To model ffecteof such constraints, we
added springs to the Cosserat rod model as showig.ir2.
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Fig. 2. Model the constraint of surrounding tissues.

With the additional springs, we can rewrite thesetaenergyl in equation (5) as
1 _ _ _ _
U :EI[BI(KI _K1)2 + Bz(Kz _K2)2 +G‘](T_ T)z + EA(Vs _1)2 + K("I’ - r||)2]ds (9)

where the last item describes the contributiorhefdapring constraintX is the spring
stiffness distribution of the constraints.

If an operation involves separating part or alltieé organ from its supporting
tissue, we can model the effect of cutting by altgithe distribution of stiffnesk.
K(s) equals to 0 means that the rod has no connetttibs surrounding tissue at point
r(s).

Fig. 3 shows results of a uniform elastic rod unglavity, fixed on one end. The
top is the result for rod without springs and tle¢tdm is the result for rod with spring
constraints.

(@)

(b)
Fig. 3. Deformation of a rod without or with spring coraéfit.

4 L ocal Defor mation Modelling

The Cosserat rod model represents the motion dfredame and rotation of cross
section, which reflects the global changes. Howeasrthe cross section has shrunk
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into one point in geometry, the shape of crossi@@ctvhich relates to the local
deformation caused by the intervention of surginatruments, is missing from the
Cosserat model.

The reaction force on the instrument can be catedlavith the Cosserat rod
model by consideration of the global deformatioongl the centreline. But the local
deformation of a soft tube-like structure cannot igrored in some cases. For
example, in the resection operation removing auraatancer, poking or pushing the
bowel causes visible deformation of the tube wRiteviously, such deformation had
to be modelled with either the mass spring systethefinite element method, which
increases the complexity of computation and moakglliFurthermore, when the
geometric mesh of the mass spring system or tliee falement method is coarse or
distorted, the local deformation may be filtered aad not shown correctly.

Here, we select a curve resembling the cross-section at intervention pad
deform it to create a local deformation. Being aniftdd of a circle, the curv€ can
be parameterised with angleéfrom 0 to Z asR(#). We assume that the deform&d
takes an in-plane deformation only. Therefore teéordned shape of the curve is
characterised by minimising the potential enengy=U -W .

The elastic energy is defined as

U =L e -ry + ay, -1 ARl ag (10)
2 do

where the first item presents the energy of bending the second item denotes that
of stretching. Only one bending item appears inngplane deformation and there is
no twisting. We write the work by external forcesfallows,
& -1 F urm Rl
W=FOR; -R;)-|—OR-R)—/—"d¢ 11
R -Ry)-[-UR-R)= (11)
where values with note’)( are initial values defined on the rest shapeis the
projection of the exerted force in the cross secto pointR;, and a body force of

-F/L, is distributed along the curve to balance it, wHerés the length of curve.
An additional constraint is added which ensures mhass centre of the curve
unchanged during the deformation.

Once curveC is deformed, its deformation is propagated toé@ghbouring mesh
points. Firstly, before deforming the vertices lo¢ tedges whiclC comes across are
selected (see Fig. 4(a)). For one of the selectatices,p, we can find the closest
point on the curve a§p with distanced. Vertexp is moved to the new positiop’
with

p'=p+(1—d/h)2(Rp—ﬁp) (12)

whereh is a control parameter, which we set @56VA . A is the area of cross-
sectionC. New points are then added to propagate the defoym further. These
newly added points have edge connections to theique selected points (see Fig.
4(b)). Given a new added poiptwhich connected to the previous seledtgubints
P1, P2--- Pk itS New position is given as

p=p Y L-e/h(®; ) (13
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whereg is the edge length ¢f andp. This process then iterates urjiif - pis less
than a given threshol @0/ A .

Fig. 4. (a) Selecting mesh vertices (blue squares) wihielcurveC (red curve) comes across.
(b) New added vertices (green triangles) which eohio the previous selected vertices (blue
squares).

5 Results

Fig. 5. A Phantom Omni device was used to get haptic autpu

A Phantom Omni device is used to control the dirad) @oke actions at a point on the
rod-like structure. As shown in Fig. 5, the usen ¢aput the 3D coordinates of a
selected point on the mesh to mimic the interventibthe instrument in surgery and
the Phantom Omni device provides force feedbackraang to the input.
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(©

Fig. 6. (a) a section of intestine before deformatiof;tile section of intestine deformed
globally when being dragged upwards; (c) a loedbdmation added after global deformation.

Fig. 6 shows the results without (Fig. 6(b)) orlwfFig. 6(c)) local deformation,
which are simulation of a pull operation on a smttdf a bowel structure. It is
observed that the local deformation enhanced theal/fidelity in the simulation.
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6 Conclusions

We have presented a method to model one dimensiodaike biological tissues,

which handles both global and local deformatioreugibly in an efficient manner.

Our strategy is to formulate them with two sepataiers. Global deformations of
such tissues like bending and twisting are simdlatéh the Cosserat rod model,
while local deformations are handled separatelye Tdnoss-section where the
drag/poke action is exerted is extracted to geadoafal deformations, which are also
represented with an enclosed curve subject toitlem doads. The approximated local
deformation propagates to the neighbouring vertices geometric manner. Our
approach provides a good balance between visudlitfidand computational

efficiency. However, if higher accuracy of the Ibdeformation is necessary to an
application, one can always use a more accurateaaslbwer approach, such as
nonlinear finite element computation.

The main benefit of using a one dimensional ertitpresent the physics of the
object is efficiency. Fewer degrees of freedomracgiired to discretize a curve than a
surface or a volume in order to capture the chaofgphysical variables. When
modelling a slender structure, our approach is nu@sirable than the traditional
finite element method or mass spring system witlmwetric discretization.

We have not considered the influence of self-doltisn this implementation. It is
possible to include known contact algorithms, ehle method in [3], into the
prototype. In the future, we would also like to end this work to consider the
nonlinear material properties and to model theimgtoperation, which requires
changes of the mesh topology locally as well angba of the physical properties of
the object accordingly.
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