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Vertex-Preserving Cutting Methods for Deformable Elastic Models

Megumi Nakao™  Toshitaka Kawamoto*!  Tadao Sugiura*!  and Kotaro Minato*!

Abstract - This paper proposes vertex-preserving cutting methods of finite element
models for interactive soft tissue simulation with visual and haptic feedback. Compared to
related study, our methods describe both 3D geometry and physics of soft tissue incision
while not subdividing model elements. This approach does not change the number of
vertices, which avoids increase of computation time and allows fast and stable update of
stiffness matrix. Some experiments on general-purpose PC confirmed that valid cutting

representation is possible and the shapes of finite element elastic models are similar

TVRSJ Vol.12 No.4,2007

to those of real elastic materials.

Also, the algorithms are about 5 times faster than

conventional approach and real-time simulation is achieved.
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ment elimination

178



PR AR -EH B  BMTREETILCNT 2ERBERT L ICUIRTEA

UE»s, EomE#icbFIniwIER2HE
SRV EBAREFNVICEB Y Z2ERFBROEETH
%, 3BTHEREZEHICHEBL -BFROA % IR
TEHETIR, —EHIR L 72 Mg cBiEE T 2 MG
BTRTYBLZVIED 20k ) RTEAIRFEEL o,
—EUBL 2B § a2 BUVIET 2 2 L2tk
WEWLHREDT T, ZOEBZHLLILLDY I 2
L—rarvi3Agth 3,

4.2 PR NI AOEERBH AL

B DBIDZE TR = + ) 7 ADFEHiE. K (3)
WRLERZMC I EICE>TRDBZENTES,
TITC Hil K B E 208, BREFIND
K 25 K™ 25 HEIC X > THEfiF L T T,
EWAER 2 WERICHIE T 5 2 LI HEETH 5 [26].

BEFNLTR, HIRACEBOTHAOBHEED
HERZILBHRIEE AL, FLK OV AX
WAL TH 2, AETIIZORICER L., AiiLBR
BLREZBRICROTEL, ¥z, FEEZRT PR
fitE= + Y 7 222 #FBEE L. Sherman-Morrison-
Woodbury formula [28] % JEH L THRlE< + VY 7 A
ZEBENCER T2,

HLBEHEOESHIHEEZ N, EEIHIBRTSR
Lo kigs. KRAUTE T THROBEERIME < )
PADSDETERD B,

AK. =K' - K, (5)

K. 3HEFHOBERMMEFY 7 A, A K, ZHH
ABOBEREM~ M) 7 2ADEFERT, TOLE,
HHEOLEOMM~ Y 7 A K 3R (6) DL I
RTENTEL, Vi, K 2o HEHERME<FY 2
2T 2% ERT2 3n x 12D A4 X (n:
EHE) oBR< bV 72THD, R (1) DLIIE
#7352,

K =K+ VAK. VT (6)

1
Vi =
kl {0

L 3EFERIME b Y 7 2GS 20T 2R T
ATy IAVALTHY, LIBIVRALDIBEREZR
¥, EHHoMEEe fY 7 2 (K)7! X, Sherman-
Morrison-Woodbury fomula [28] {2V TR (8) T
kD32,

(k= L)

(LB @

(K)'=(K+VAK V)1 =K' -

K 'VAK (I+ VIK'VAK,)"'VIK™! (8)

U EOFEIC > TRt~ ) 7 22 HH T 5%
DFEaAMEEZS, R@Q)KBWVLT, HHHOK™!
WA > TEHEL TEL 2 EDHRETH B, 511
BlOEFH% 1 BRICBET S L TCHRERTLOE
R PV Z7AVRZBID>TEMLTBL I EMNTE
3, JHUE-oTY Ialb—va VIR LEEAaR
BREVDREADIHD 3n x 12 DY 4 ADTFHIL
12 x 3n DY A ADFFIDFETH S, Lo 7T,
—fRiC O(n®) DFHE AP EETZ K 56 (K')!
BBREET 5 HE LB LT, On?) ~ETEEZN
filca 3,

kDD PEEDFENC X BEBAE T v S HET
BOTNLEE= R 2 20 A4 ABELT 28, A
EFINTRAZETHY, At~ F) 7 ADEHELEH
DAEETH B,

5 FHMERREER

REFEIC & > THEEERICN T 2 ERHTR 2
2L —va VR EBUHE»EIDPERIET S0,
CH4itt>T—HD PN ITY AL BEEL, HoOH
DM % EHE L 72, FEBciX. CPU: Intel Xeon
3.0GHz. Memory: 3.0GB OJLH PC 2\, 115l
#1212 Intel Math Kernel Library % V27, EE%
WL T, v=FE 2L —%id SensAble Technologies £l
@ PHANToM Omni i X > CHlfEIaIgE L Lz, 2%
4 AL A ADHARDERZE P IIHEIE, RS
45 ADEBEP BT PQ EERL -,

51 PYRYZIalL—YaviER

REFEORRAN MR T 21012, Z20H V7
NOEEEF U T AU L AN S 2L —va
YEEFEL 7=, AFEEIZIX 200mm x 200mm x 10mm
DGR (Plate) ZEEL 7UEIAE A v > 2 FEH
CTRY a—LF—70o/EK L - (Liver). &
& (Kidney) OWHEIE A v a3 & & LT,
CT 7—# 1 5 OIS, WAk X v > 2 DfF
BRAZ X Mercury # Amira3.1 2L 72, EET LD
TEAE. WEEBRR1IOED L, YV IE K7
v iRy 1.0MPa, 04 Tk & L7,

Plate EF LI L TEO» OB EEHE L S 2
L=t LR 2R 70T, WA 5 BIES
HIZEFLOTIICREL 72, (a) (M OWIHT

#F1 WEEFTAATRA—F
Table 1 Elastic model parameters

(=5vh | Bk | HahE |

Plate 192 392
Liver 288 1015
Kidney 424 1665

179



BAN—FvIUT YT 1 $2BXE Vol.12, No.4,2007

X7 T CT 2506 & UIBR 0L

Fig.7 Deformation before and after cutting
an elastic model
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2 WRIE= Y 2 2ROEFRE
Table 2 Calculation time to update inverse
stiffness matrix

[EF0 (ERE) || BEKE (msec) | REHE (msec) |

Plate(192) 112.1 2255
Liver(288) 2916 6.2
Kidney(424) 773.3 127.8
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Vertex-preserving Cutting of Elastic Objects

Kotaro Minato
Nara Institute of Science
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ABSTRACT

This paper proposes vertex-preserving cutting methods on finite el-
ement models for interactive soft tissue simulation. Unlike existing
methods, we aim to shape variety of incisions using only initial ver-
tices of tetrahedral meshes. Neither tetrahedral decomposition nor
vertex creation is used. The number of vertices is preserved. This
avoids increase of computation cost as well as allows fast update of
physical status of finite element models. To preserve 3D shape and
sharp feature of initial meshes through on-the-fly mesh modifica-
tion, constraints are introduced to the topological update scheme. In
our model, the size of stiffness matrix is constant. Our framework
efficiently simulates several varieties of smooth incisions with suf-
ficient quality for surgical simulation, and also achieves interactive
performance in complex meshes with thousands of elements.

Keywords: Soft Tissue Cutting, Finite Element Modeling, Inter-
active Simulation

1 INTRODUCTION

Virtual cutting of deformable, elastic objects is one of key elements
for interactive application like virtual surgery. The simulation of
cutting has two main aspects: geometric, topological aspect regard-
ing how to define 3D shape of incision, and physical aspect con-
cerned with deformation and reaction force. Tetrahedral meshes are
popular representation to model volumetric 3D geometry of objects.
Removal of tetrahedral elements is a simple approach to model
incision and new physical status after cutting elastic objects[3].
Since only removal of elements have problems of yielding visual
artifacts and of decreasing total volume of the models, topologi-
cal adaptation is required. One approach for topological update
is subdivision of tetrahedral meshes[1][2], which defines incision
using newly created small elements. Splitting mesh on the bound-
ary of elements[4] is another approach. Combined methods have
been well explored[5]. However, so far, most algorithms for topo-
logical change are complex and increase their computation cost in
progress of cutting manipulation. This drawback is mostly derived
from procedural new vertex creation which depends on initial mesh
topology.

This paper presents new vertex-preserving cutting methods of fi-
nite element models for interactive surgical simulation. The key
concept is to model incision geometrically and physically while
preserving the number of vertices. Neither tetrahedral decompo-
sition nor vertex creation is used. This avoids increase of computa-
tion time and allows fast update of physical status of the model. To
preserve 3D shape and sharp feature of initial meshes through on-
the-fly mesh modification, constraints are introduced to the topo-
logical update scheme. Our algorithms efficiently simulate several
varieties of smooth incisions, and achieved interactive performance
in complex meshes with thousands of elements.
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Figure 1: Modeling of incision through vertex relocation and element
removal for vertex-preserving finite element modeling. The progres-
sive cutting is supported by update of vertices around the blade.
Some vertices are constrained to preserve 3D shape and sharp fea-
ture of initial meshes.

2 VERTEX-PRESERVING CUTTING
2.1 Overview

We model the blade of the scalpel as a line segment PQ, and the
elastic object as a tetrahedral mesh (V, E), with vertices V and tetra-
hedral elements E. Figure 1 briefly explains our basic concept using
2D outline of the process. When a blade path is given as the dot-
ted line shown in (a), the vertices of the intersected elements are
projected onto the path. The two parallel lines (surfaces in the 3D
virtual space) composed by relocated vertices are used to shape the
cut surfaces. Some vertices are constrained to preserve 3D shape
and sharp feature of initial meshes.

After the vertices have been relocated, removing elements that
intersect the blade path makes it possible to model the tiny space
between cut surfaces and simulate the physical behavior of the in-
cision. In the finite element modeling, the stiffness matrix must
be updated through relocation of vertices and the elimination of el-
ements. Note that with methods that use element decomposition
to represent the cutting process, the size of the stiffness matrix in-
creases. However, in this model the size is constant. We utilize this
feature for solving linear equation in finite element formulation,
and present fast deformation algorithms for time-varying stiffness
matrix.

2.2 Cut Surface Generation

This section introduces the proposed topological update algorithms
for vertex-preserving cutting. Figure 2 illustrates the basic process
for generating a new geometry of incision: cut surfaces by relo-
cation of existing interior vertices of three tetrahedral elements.
Firstly, we define the blade at time 7 by P,Q,. The movement of
the blade from time ¢ — 1 to ¢ forms square-shaped surface trajec-
tory S,. This surface is called sweep surface as described in [5].
When the sweep surface intersects an edge of a tetrahedral element,
the element is thought to be cut, and cut surfaces are configured
through the relocation of vertices. In order to handle progressive
cut, at least one vertex of the cut element should be updated onto
the blade P,Q,. When a tetrahedral element is cut, the vertices of
the element are projected orthogonally onto the sweep surface §,.
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Figure 2: Creating cut surface by vertex relocation.

This update for intersected tetrahedra make possible to define cut
surfaces.

Avi={n;-(vi—p,)}n (M
where n, is the normal vector of the sweep surface S;.
Vertices that are updated outside of sweep surfaces Sp, S, ..., S;

generate visual artifact that the shape of incision does not depend
on the movement of the blade. Therefore, such vertices are again
relocated by projecting them onto the boundary of given sweep sur-
faces as shown in Figure 2(d). The boundary of sweep surfaces are
composed by several line segments (p;,p;_y) (k= 1,...,#) and the
blade position (p,,q,) at time ¢. We obtain the minimum distance
between the vertex v; and one of boundary line segments, and re-
locate the vertex to the nearest boundary of sweep surfaces. For
example, in case of projecting the vertex onto the blade (p,,q,),
additional update Av} is defined as the following equation:

_ {{q, —p;)- (V; -p)}
Hqt-pt”Z

The surface vertex must be updated to a new position that ap-
proximately forms initial surface around it. Therefore, our model
constrains relocation of the surface vertex on its tangent plane. In-
tersection between the sweep surface Sy and the tangent plane S; of
the vertex v; defines an intersection line. The surface vertex v; is
updated to the intersection line using its perpendicular.

AV,

H

(a;—p,) (9]

3 RESULTS

Figure 3 demonstrates interactive cutting and deformation exam-
ples using a plate model that represents 200mm x 200mm x Smm
soft tissue or skin. The bottom edge of this model is fixed. Our
demonstration system allows users to cut into the model at any po-
sition and to deform it interactively. Deformation of incision by
different external force and curved incision can be also simulated.
Relocation of vertices and additional update onto the boundary of
the sweep surfaces form smooth cut surfaces which along with the
blade trajectory. Cutting two organ models were simulated using
texture-based volume rendering as shown in Figure 4. Cutting pro-
cedure is interactively simulated with sufficient visual quality for
surgery simulation.

4 CONCLUSION

This paper proposed vertex-preserving cutting on finite element
models for interactive surgical simulation. The key concept was
to model variety of incisions while preserving the number of ver-
tices. Methods for topology modification by vertex relocation with
contraint and fast finite element computation were presented. Our
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Figure 3: Interactive simulation examples of vertex-preserving cut-
ting for finite element models. (a) Interactive partial cutting and (b)
deformation of incision . (c) curved cut and (d) complete cutting.

(a) (b)

()

Figure 4: Vertex-preserving cutting on ah organ model. (a) initial
kidney, (b) partical cut, (c) deformation of incision and (d) another cut
with deformation

algorithms efficiently simulate several varieties of smooth incisions,
and achieved interactive performance in complex meshes with thou-
sands of elements. We continue to improve the cutting framework
and to develop interactive preoperative rehearsal system.
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