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Abstract

V ascular sur gery is a te chnic al ly demanding sur gi-

c al sp e ciality, one c omp onent of which is the ac cur ate

plac ement of sutur es thr ough a dise ase d vessel wal l. Mi-

nor err ors c an r esult in thr omb osis and failur e of the

pr o c e dur e. T o develop the ne c essary skil ls takes many

hours of pr actic e which, in the p ast, have b e en ac quir e d

at the op er ating table.

R e cr e ating a sur gic al envir onment using virtual to ols

pr esents a numb er of r ese ar ch chal lenges. Conventional

c ol lision dete ction metho ds fail for deformable b o dies

and do not pr ovide a me chanism to sc ale the r esp onse

over di�er ent r e gions at the same time. W e have devel-

op e d a thr e ade d c ol lision test al lowing the mesh to b e

up date d whilst guar ante eing a smo oth for c e r esp onse for

haptic devic es. The Finite Element Metho d (FEM) was

adapte d to al low multiple p oints of c ontact and the va-

lidity of this mo del is discusse d with r esp e ct to known

tissue b ehaviour. F ol lowing a pr eliminary examination

by clinicians, a novel scheme was intr o duc e d for simu-

lating mor e r e alistic for c e r esp onses.

1. In tro duction

1.1. Bac kground

In the last few y ears there has b een a ma jor c hange

in the pro vision of training for junior surgeons, e�ec-

tiv ely reducing op erativ e exp osure b y as m uc h as 50%.

In addition, the Chief Medical O�cer for the UK has

recommended that, from 2005, newly quali�ed do ctors

will en ter a 2-y ear F oundation programme, after whic h

trainees m ust then c ho ose their in tended career, prior

to en tering a further 6-y ear programme. The assess-

men t of studen ts at the F oundation stage and the prob-

lem of pro viding more realistic mo dels for training are

imp ortan t areas whic h ha v e y et to b e fully addressed

[1 ].

A t the same time, the use of sim ulators in high pro-

�le areas suc h as the a viation and n uclear p o w er indus-

tries has b ecome commonplace. This success has mo-

tiv ated researc h in to virtual surgery and a n um b er of

commercial sim ulators are no w a v ailable, notably in the

area of laparoscop y , eg. KISMET [2]. F or virtual real-

it y (VR) sim ulations of op en surgical pro cedures, ho w-

ev er, the c hallenge to recreate the op erating en viron-

men t is considerable and, for sev eral decades, v arious

devices to aid training ha v e b een prop osed [3].

The capabilit y of hardw are devices to allo w mo v e-

men t to b e represen ted and constrained is one of the

most di�cult issues. Deformable mo delling is another:

most collision detection libraries, for example, mak e use

of b ounding b o x sc hemes to impro v e e�ciency , and are

only suited to use with rigid b o dies. In addition, the

demanding nature of real-time displa ys dictates that a

balance b et w een realism and computational load m ust

b e found in order to obtain the necessary up date rates

[4 ].

In the past, this has often resulted in mo dels of lo w

complexit y where, for example, only one hand can b e

emplo y ed or computed forces are unrealistic. Also, with

few exceptions (eg. [5, 6]), this approac h has giv en a

lo w priorit y to qualifying the in tegrit y of the underly-

ing mo del.

1.2. Benc h mo dels

In the UK, surgical trainees m ust no w undertak e

a Basic Surgical Skills course early in their appren-

ticeship, whic h is in tended to in tro duce basic tec h-

niques and encourage p ositiv e attitudes to training.

The course mak es use of a n um b er of b enc h mo dels

and prosthetic devices. F or v ascular surgery , a small jig

is used to moun t ex vivo v essel segmen ts suc h as pig

aorta. T raining on liv e sub jects is illegal in Britain, but



syn thetic substitutes w ere though t to b e inferior. A t-

ten tion w as sp eci�cally dra wn to the manipulation and

con trol of tissues to allo w sutures to b egin at the in-

ner v essel w all [7].

The main skill under observ ation is the accurate in-

sertion of stitc hes using the dominan t hand. This re-

quires that tissues are manipulated to giv e access in-

side the in ternal edge of the w ound. The sub ordinate

hand is used mainly to facilitate this access, whic h has

to b e su�cien t to allo w p erp endicular en try of a curv ed

needle, and for rotation of the hand so that the nee-

dle is k ept mo ving smo othly . Of particular concern is

the need to reduce stress at the edge of the w ound, so

that, for example, a surgical patc h is often used to pre-

v en t the need to dra w the sides of the incision together.

1.3. VR Researc h

O'T o ole et al [8 ] dev elop ed a series of criteria for as-

sessing v ascular surgery using a force-feedbac k (hap-

tic) represen tation. This w ork w as based up on a com-

mercial sim ulator [9 ] whic h allo w ed the use of b oth

hands, but whic h placed the user in an op en access p o-

sition (see criticism b y [10]). Other VR sim ulators are

in progress whic h can most readily b e classi�ed b y their

c hoice of underlying mo del. The merits of eac h ma y b e

summarised as follo ws:

Non-ph ysical mo dels: Use a comp ositing approac h

to accum ulate densities, sti�nesses or deformations

across the v olume, eg. [11, 12]. Although inexp ensiv e

computationally [13], the di�cult y of generating accu-

rate forces to feed bac k to the user limits the e�ectiv e-

ness of these mo dels in this area (see [14]).

Mass-spring systems: eg. [15, 16]. The mesh is seen

as a collection of p oin t masses connected b y springs,

whic h are damp ed to con trol vibration. Real-time com-

putation is easily ac hiev ed for relativ ely large mo dels,

although an initial pro cessing step is usually required

to optimise the c hoice of parameters [17]. No des can

b e added or remo v ed during usage to mo del c hanges

in top ology , although the system ma y lose stabilit y un-

less the optimisation step is rep eated.

FEM systems: The mesh is used to pro vide `ele-

men ts' up on whic h the elastic material functions of

stress and strain are in tegrated, eg. [18, 2]. This re-

quires considerable computation, usually in v olving a

pre-pro cessing step for w orking in real-time. T op o-

logical c hanges are then prohibited (cf. [19]), but the

metho d giv es a m uc h clearer represen tation of tis-

sue parameters to assess forces and damage. The

accuracy of the mo del can readily b e upgraded b y in-

creasing the n um b er of elemen ts.

Our ob jectiv e to in v estigate the qualit y and param-

eterisation of the tissue mo del dictated our c hoice of

FEM, but one further approac h is of in terest. Bann et

al ha v e emplo y ed video tec hnology with motion sen-

sors to analyse suturing and knot-t ying on b enc h mo d-

els [20]. T ensioning and t ying o� sutures forms a sig-

ni�can t prop ortion of an y op en pro cedure, and VR re-

searc hers are only just b eginning to address this issue

[21, 22]. F or suturing, ho w ev er, it is argued that VR de-

vices allo w b etter assessmen t of the trainee where line-

of-sigh t ma y b e lost and the relativ e p osition of to ols to

the w ound is unclear: in v ascular surgery this ma y eas-

ily o ccur due to complex anatom y , the depth of the

w ound, use of b ypass tub es, patc hes etc.

1.4. Tissue researc h

Biological tissues are highly visco elastic in b e-

ha viour [23]. This prop ert y requires that the stress at

an y time is made dep enden t not only up on the cur-

ren t strain, but also up on the history of the defor-

mation. In v ascular pro cedures, surgical exp erience

suggests that tissue resistance can v ary signi�-

can tly , esp ecially if v essels are diseased or calci�ed. In

suc h cases, su�cien t force m ust b e applied at an ap-

propriate rate - or the needle cannot b e prop erly

inserted. Some progress has b een made with the appli-

cation of visco elastic mo dels to medical sim ulations,

where the n um b er of degrees-of-freedom (dof ) is re-

stricted [24, 6, 25], but for more op en applications,

their use is prohibited [2].

The calibration of soft tissue mo dels is the sub ject

of ongoing w ork b y n umerous researc hers [26, 27], but

most recen tly (with resp ect to surgical sim ulation) at

VEST A [28]. This w ork sho ws that the tissue stress

resp onse tends to follo w a `J'-shap ed curv e, with t w o

p ossible phases of linearit y . Ragha v an et al prop osed a

p ossible mathematical basis for the app earance of this

curv e, suggesting that the t w o linear phases of elastic

activit y corresp ond to the reaction of elastin and colla-

gen �bres at di�eren t p ortions of the strain curv e [29]

(and see [30]).

1.5. W ork in progress

V ascular surgery requires careful manipulation of

tissues with b oth hands to judge the correct use of suf-

�cient force. FEM pro vides the b est curren tly a v ailable

mo del for realistic deformations and forces, but m ust

b e pre-computed to obtain satisfactory haptic p erfor-

mance. W e dev elop the tec hnique of c ondensation to



Figure 1. Ha rdw a re

allo w e�cien t storage and recall for w orking with n u-

merous con tact p oin ts, large-scale deformations and

the safe computation of forces (see Section 3.1). Ex-

ploration of this approac h allo w ed a further extension

to appro ximate the visco elastic resp onse of tissues, and

a quali�cation of this mo del is giv en in Section 5.

Using this tec hnique, the top ology of the FE mo del

is �xed at the outset. T o represen t tissue manipulation,

therefore, separate roles for the deformation mo del, col-

lision detection and graphical displa y algorithms w ere

de�ned, leading to the formation of a la y ered design

whic h w as capable of parallelisation (describ ed in Sec-

tion 4).

2. Metho d

2.1. Hardw are

A Dell 3GHz dual-pro cessor PC with 2GB RAM and

n Vidia FX2000 graphics card w as used. CrystalEy es

stereo glasses are used to pro vide a sense of depth for

targeting the `needle'. F orce-feedbac k is rela y ed to the

dominan t hand b y Sensable Desktop Phan tom (6dof in-

put, 3dof displa y). A pair of ratc heted (lo c king) needle-

holders has b een attac hed to the latter, in suc h a w a y

that op ening and closing of the grip lo c k is still al-

lo w ed, see Figure 1.

F or researc h purp oses, and to in v estigate the sta-

bilit y of forces, w e use a mouse or Spacemouse (from

3dConnexion [31]) in the sub ordinate hand to manipu-

late `tissue'. In future, this ma y b e replaced b y a more

appropriate device: it should b e noted, ho w ev er, that

the main ob jectiv e is to train the dominan t hand b y

v arying the access conditions, and that, in an y case,

training should encourage sw apping the devices b e-

t w een hands.

2.2. Soft w are

The op erating platform w as Redhat 9 Lin ux with

2.4.23 k ernel. The force-feedbac k device w as enabled

b y Ghost v4 driv ers from Sensable [32] and the space-

mouse driv er w as supplied b y 3dConnexion [31]. Op en

In v en tor [33] w as used to pro vide the graphical dis-

pla y and appropriate widgets to rotate the scene to an y

viewp oin t. It should b e noted that the op en source v er-

sion of In v en tor (v2.15-10) is not `thread safe', but can

b e used if graphics calls are main tained on the same

thread. The FEM co de w as adapted from [34] to in ter-

face with solv ers from LAP A CK [35].

A n um b er of collision detection libraries are a v ail-

able in the public domain. Most, ho w ev er, emplo y �xed

b ounding b o x tec hniques to optimise detection for rigid

b o dies. The authors are a w are of only t w o exceptions:

� The HCol lide library [36], whic h is not publicly

(or commercially) a v ailable

� The Solid library [37], whic h is still under dev el-

opmen t [p ersonal comm unication]

Our solution w as to separate the basic roles of collision

detection in to t w o main comp onen ts, within a la y ered

design, describ ed in Section 4.2.

3. Deformable mo delling

F or FEM, the use of tetrahedral elemen ts in the ar-

bitrary domain is una v oidable [38]. F urthermore, the

need to generate fast up dates for haptic displa ys re-

stricts our c hoice to linear elemen ts. Without pre-

pro cessing, and as an initial exp erimen t, it w as found

that satisfactory haptic p erformance could b e obtained

for small mo dels with a single p oin t of con tact (<100

no des, using a `nearest-neigh b our' bandwidth reduc-

tion sc heme and a banded Cholesky solv er).

T o allo w in teraction with b oth hands, ho w ev er, a

separate solution for eac h p ossible con tact p oin t is re-

quired and hence pre-pro cessing is necessary . The prin-

ciple of sup erp osition can b e emplo y ed [39] to com bine

solutions and for this step, w e extend the metho d of

[40] to exploit the e�ciency of the p enalt y metho d.

This tec hnique is describ ed as p enalty-c ondensation in

the text whic h follo ws.

3.1. FEM Energy form ulation

F rom an engineering p ersp ectiv e, a b o dy within a

giv en system is seen as p ossessing a total p otential en-

er gy ( � ), whic h comprises the strain energy of the b o dy



if deformed ( �

�

), and the w ork p oten tial of external

forces to pro duce deformation ( �

f

). W e can write:
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u dx (1)

where � and � are (resp ectiv ely) the engineering

strain and stress v ectors, u and f the output displace-

men t and input force v ectors, and 
 de�nes the domain

of in terest. F or static equilibrium, these terms m ust b e

mo di�ed to include b oundary conditions, so that the re-

sulting system is not singular ie. the b o dy under load

is not free to mo v e [41, 42].

The in tegration of the terms in Equation 1 results in

a function of man y v ariables whic h is simpli�ed b y the

supp osition that: the displac ement that satis�es the es-

sential b oundary c onditions, and minimises the total

p otential ener gy of the system, is the e quilibrium dis-

plac ement [43]. Hence, using partial deriv ativ es to min-

imise this function with resp ect to eac h displacemen t

v ariable (dof ) results in a system of linear equations,

often assem bled as:

K u = f (2)

where K is symmetric p ositiv e de�nite and is kno wn

as the glob al sti�ness matrix, of order 3 � n um b er of

no des ( N

total

).

3.2. Solving

Numerous tec hniques exist to sp eed up the solution

of Equation 2. Condensation mak es use of matrix parti-

tioning (a metho d of imp osing b oundary conditions) to

rearrange the sti�ness matrix in to blo c ks of surface(s)

and in ternal(i) no des, so that Equation 2 can b e re-

written as:

�

K

ss
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K

ii
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s
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(3)

allo wing u

i

(the displacemen t of in ternal no des) to

b e eliminated b y substitution [40].

This concept w as further explored b y [18] in that

partitions (`bands') w ere also de�ned for con tact no des,

visible no des, surface no des etc and the matrix organ-

ised in suc h a w a y that solutions for the most imp or-

tan t no dal dof (`con tact' and `visible') w ere reco v ered

�rst. The solv e pro cess could th us b e terminated after

this p oin t, a v oiding the need for matrix in v ersion. In

the sim ulation of v ascular surgery , ho w ev er, the n um-

b er of p oten tial con tact p oin ts is v ery large, and the

banding approac h w as though t inappropriate.

Condensed systems w ere initially used to represen t

large organs or lim bs where the prop ortion of in ter-

nal to external no des w as relativ ely high. It migh t b e

though t that this approac h w ould ha v e little v alue for

v ascular mo dels but medical and pathological phenom-

ena suc h as ather oscler osis (in ternal calci�cation) indi-

cate that meshes comprising sev eral tetrahedral la y ers

could b e needed. F urthermore, no des sub ject to b ound-

ary conditions - whic h migh t o ccur when v essels are

constrained b y surrounding organs - can also b e elimi-

nated.

3.3. Boundary conditions

In the original c ondensation algorithm, the `ones on

diagonal' metho d w as fa v oured for sp ecifying b ound-

ary conditions [42]. Using the p enalt y metho d, �xed

no des are notionally displaced b y sti� springs, whic h

m ust b e included in the energy equation (1).

In essence, if a sti� spring is in tro duced to displace

the mesh an in tended distance, sa y a

1

, then due to the

increased of strain in the b o dy , the v ertex is only dis-

placed b y an amoun t u

1

. This increases the total energy

b y the stored energy of the spring, �

C

=

1

2

C ( u

1

� a

1

)

2

,

where C is the sti�ness constan t of the spring. Minimis-

ing this expression with resp ect to u

1

, w e obtain the

additional term:

� �

C

� u

1

= C u

1

� C a

1

, whic h ma y b e in-

cluded in Equation 2, so that K app ears as:
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(4)

and the righ t-hand side v ector no w con tains dis-

placemen t terms (appropriate for use with the Phan-

tom [44]) :

f = [ f

0

; f

1

+ C a

1

; : : : ; f

N � 1

]

T

= [0 ; C a

1

; : : : ; 0]

T

(5)

The constan t C is added along the diagonal of K ,

where constrain ts m ust b e imp osed. If the no des are

n um b ered so that en tries of K are ordered as con tact,

�xed and in ternal dof, then �xed and in ternal no des

ma y b e remo v ed b y the substitution step. The p enalt y

constan t is added for eac h con tact no de in turn and

eac h matrix is then in v erted. Since f no w con tains only

a few non-zero elemen ts (the in tended displacemen ts

m ultiplied b y C ), only the columns of K whic h corre-

sp ond to con tact dof need to b e stored. This results in a

c omp osite matrix, � , of in v erted K fragmen ts whic h re-

quires storage for (3 N

f r ee

)

2

terms.



The metho d o�ers one further gain: the reaction

force comp onen t is computed as: R

1

= � C ( u

1

� a

1

) .

By con trast, the `ones on diagonal' metho d requires

that ro ws of the original sti�ness matrix m ust b e re-

called and eac h force computation then requires at least

18 N

f r ee

op erations - a signi�can t additional burden if

up dates are needed at 1000Hz.

3.4. Tissue parameters

In general, linear �nite elemen t mo dels ha v e lim-

ited use due to their abilit y to handle only �rst or-

der strain terms. This corresp onds to the initial elas-

tic Ho oke an phase whic h o ccurs b elo w the lev el of

1% strain for most materials. F or tissues, ho w ev er, re-

searc hers ha v e sho wn that the initial phase of linear-

it y ma y extend up to c .15% strain for in vivo tissues.

F or conditioned ex vivo tissues, this limit o ccurs at

c .60% strain [45]. The resp onse of our linear mo del is

examined for stabilit y at these high strain lev els, us-

ing a comparable Lagrangian strain statistic, de�ned

as str etch r atio ( � ) = l eng th=or ig inal l eng th , see Sec-

tion 5.

Estimates of Y oung's Mo dulus for soft tissues range

from E = 1 � 200 k P a in most n umerical sim ulations.

F or P oisson's Ratio, � � 0 : 495 is usually emplo y ed [26].

Choice of the latter is more restricted since � = 0 : 5 is

the strict upp er limit for incompressible materials at

whic h con v en tional linear systems b ecome insoluble.

4. Design and Implemen tation

4.1. La y ered mo del

Most collision detection (CD) libraries mak e use of

e�ciencies from b ounding b o x c hec king whic h is inap-

propriate for deformable mo dels (see Section 2.2). By

abstracting the resp onsibilities of the graphics and hap-

tics subsystems, ho w ev er, it is p ossible to consider the

tissue mo del as comprising sev eral `la y ers', summarised

in Figure 2 . In particular, sc heduling and CD resp on-

sibilities w ere de�ned within these, so that the mesh

could b e up dated without causing discon tin uities in the

haptic lo op.

In dev eloping this design, and since dual-pro cessor

mac hines are b ecoming increasingly a v ailable, the au-

thors w ere conscious that a m ulti-threaded approac h

migh t b e pro ductiv e. T o tak e adv an tage, ho w ev er, ac-

cess to k ey v ariables m ust b e restricted and separate

programming fragmen ts m ust b e main tained up on eac h

thread. These fragmen ts cause additional computa-

tional o v erhead but can b e tailored to the requiremen ts

30Hz

Global CD

of deformable
triangles

30Hz

Graphics

Display

FEM

200-1000Hz

FEM pre-computation
step dictates static,
fixed mesh

Local CD
against single
entry/exit
triangle

Haptics

1000Hz

None

Layer                   Mesh Collisions

Nodes/normals updated
for displacements by against set

None

No haptic mesh - transmit
forces received from

provide scheduling
FEM layer and

subordinate hand. Pass
displacements to display

Open Inventor calls -
Normals for smooth shading
Keyboard/mouse interaction

Figure 2. La y ered design

of the giv en la y er. F our la y ers w ere en visaged, the re-

sp onsibilities of whic h are describ ed b elo w.

4.2. Description

CD algorithm: Since the `needle' can readily b e rep-

resen ted b y a collection of line segmen ts, a ra y-plane

in tersection test w as adapted, comprising three basic

stages: (i) ra y-plane in tersection, (ii) barycen tric co or-

dinate computation, (iii) segmen t-plane in tersection.

Haptic la y er: The Ghost driv er emplo ys threading to

pro vide a real-time sc hedule, suggesting a mec hanism

to manage the timing of the threads for parallelisation.

In practice, user safet y is impro v ed, and the sync hroni-

sation problem is eased, if the graphic and haptic dis-

pla ys are dela y ed b y a single video frame (the Phan-

tom m ust still receiv e up dates at 1000Hz for smo oth

forces).

FEM la y er: This thread w as p ermitted to execute at

slo w er sp eeds than the haptic thread, and the force

data in terp olated as necessary . F or the lo c al CD al-

gorithm, data for the nominated triangle are created

and up dated during sync hronisation with the graphic

la y er. If an in tersection is con�rmed in the lo c al lo op,

the nomination b ecomes �xed un til con tact is lost.

Barycen tric co ordinates are used to distribute the im-

pact of the `needle' b y w eigh ting eac h no de of the en try

face accordingly , the resulting deformations b eing su-

p erimp osed. Th us, ev en if the to ol lea v es the area of



the original triangle, the �delit y of FEM solution can

still b e main tained.

The angle of en try and a depth/stress test of the

`needle' endp oin t are used to determine whether the

mesh has b een pierced. If so, the segmen ts of the `nee-

dle' are trac k ed through the mesh to determine appro-

priate releasing and re-grabbing.

Graphic la y er: This la y er is resp onsible for up dat-

ing the mesh used in the glob al CD algorithm and for

passing graphics calls. A set of v alid exterior triangles

is initially de�ned (b y computing face normals) whic h

is tested at eac h pass of the graphics lo op. If v alid pla-

nar in tersections are found to lie within the test trian-

gle (b y c hec king barycen tric co ordinates) and the ends

of the colliding segmen t are found to lie to either side

of the plane, then the in tersected triangle is promoted

to the lo c al sc heme.

Multiple collisions m ust b e c hec k ed for plausibil-

it y . Since `surgical' errors ma y still o ccur through p o or

tec hnique, the glob al sc heme con tin ues to c hec k the de-

�ned mesh set after this p oin t. Manipulation of the

mesh b y the sub ordinate hand causes the collision de-

tection mesh (and normals) to b e up dated.

Displa y la y er: The deformation state whic h arises

through in teraction of the `needle' is sup erimp osed

graphically (normals b eing recalculated for shading),

but is otherwise ignored for collision detection. If this

w ere not the case, the dela y in timing w ould cause force

discon tin uities.

5. Biphase mo del

5.1. Stabilit y

In the curren t sim ulation, it w as found that E =

100 k P a ga v e a fairly strong resp onse, and so most use-

ful mo dels w ere constructed using v alues at or b elo w

this �gure. Since matrix in v ersion increases instabilit y

[46], and the p enalt y metho d increases sti�ness [43],

a smaller v alue of P oisson's Ratio had to b e accepted

than ideal (see Section 3.4). Dep ending up on the size

and mo dulus of the mo del, observ ation sho w ed eviden t

instabilities with � > 0 : 47 and hence this w as the max-

im um v alue adopted here.

In order to generate an appropriate large-scale de-

formation b y the sub ordinate hand, the input displace-

men t w as applied equally to eac h no de of the con tact

triangle. As a consequence, the linearit y of the mo del

w as often exceeded b efore the 10% strain lev el. In fact,

visually , these discon tin uities app eared to b e caused

b y realignmen ts of tetrahedra in order to satisfy v ol-

ume constrain ts. F or the dominan t hand, the displace-

� (%) E

1

mo del, % inc. Bi-phase mo del, % inc.

2 <0.5 <0.5

10 0.5 0.5

20 0.8 6.5

50 5 25

T able 1. Strain( � )-V olume increase erro rs (%)

men t is distributed o v er the no des of the con tact tri-

angle, and this mesh realignmen t w as rarely observ ed.

Indeed, linear b eha viour often con tin ues unin terrupted

b ey ond the 60% strain lev el.

5.2. Algorithm

The stabilit y of the mo del (ab o v e 1% strain) indi-

cated that it w ould b e p ossible to com bine solutions to

appro ximate the linear resp onse phases of [29]. Com-

p osite matrices, �

1

and �

2

, w ere computed for a test

mo del (10mm side, 729 no des, 3072 elemen ts) for v al-

ues of E

1

= 20 k P a and E

2

= 40 k P a . Hence:

� Belo w the arbitrary strain limit, � = 0 : 2 , defor-

mations and reaction forces w ere obtained using

�

1

.

� A t � = 0 : 2 , the magnitude of the input v ector f is

recorded as j f

�

j .

� Where � > 0 : 2 , the input v ector w as normalised as

^

f , and solutions w ere obtained for inputs j f

�

j :

^

f to

�

1

, and ( j f j � j f

�

j ) :

^

f to �

2

.

� The results w ere then sup erimp osed.

5.3. Results

In c ho osing suc h a lo w �gure for � , it w as inevitable

that the v olume of the mesh w ould b ecome distorted.

T able 1 giv es observ ations of v olume incr e ase errors

(%), asso ciated with lev els of strain, � , but early tests

indicate that suc h high strain �gures are rarely ap-

proac hed when trying to suture.

T o compare the resp onses for the tissue-stretc hing

curv es of [45, Fig. 3], the strain statistic, � (see Sec-

tion 3.4) w as recorded against the computed reaction

force for the `needle' inserted in the cub e mo del. Fig. 3

sho ws this relationship with reaction forces sampled at

15Hz. An example curv e using the visco elastic mo del

of the latter is juxtap osed in the �gure purely for ref-

erence.
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N

total

N

elements

N

f r ee

solv e time (min/sec)

792 2856 286 9m14.1s

1286 4776 633 160m58.8s

2283 9144 1152 1868m28.9s

T able 2. Solution times

6. Discussion

6.1. Limiting factors

Despite the use of condensation, the size of the

mo del is still largely determined b y the computational

di�cult y of matrix in v ersion: mesh sizes of o v er 2000

no des curren tly require a solv e time of o v er 24 hours

(without parallelisation), see T able 2. Nev ertheless, it

w ould b e straigh tforw ard to amalgamate smaller mo d-

els to build a larger scene.

The use of the mouse/Spacemouse within the VR

en vironmen t detracts from the immersiv e qualit y of the

scene, but not so m uc h that the fac e validity [47] of the

sim ulator is undermined. A second haptic device migh t

impro v e the lev el of immersion, but our results indicate

that the generation of large-scale deformations and the

requiremen ts of global collision detection w ould cre-

ate substan tial di�culties. The resulting force displa y

w ould ha v e to b e arti�cially con trolled, p erhaps b y us-

ing a second lo cal CD sc heme. A more serious issue,

in our opinion, is the problem of constraining the hap-

tic device at b oth the en try and exit p oin ts, whic h is

curren tly imp ossible with presen t Phan tom mo dels.

The threading mo del describ ed allo w ed collision de-

tection on a deformable mesh and reasonable p er-

formance on more mo dest PC systems (dual pI I I

1400MHz, using in terp olation), although degrada-

tion of the force displa y w as noticeable at lo w er sp eeds

(<333Hz).

6.2. Biphase mo del

A more realistic resp onse can b e obtained using a

biphase mo del whic h com bines separate linear solu-

tions. The metho d of com bination is dictated b y the

need to enforce displacemen t - and hence reaction -

con tin uit y (ie. C

0

con tin uit y). This is not a visco elas-

tic resp onse in the true sense, but w e are not a w are

of an y similar results for suc h large mo dels in a rela-

tiv ely op en application area.

Surgical exp ertise suggests that the shallo w initial

resp onse of the visco elastic curv es demonstrated in [45],

is not desirable in practice: a more immediate reaction

is exp ected and allo ws b etter depth cueing. Also, the

attac k of the needle has to b e decisiv e, or the v essel

will not b e p enetrated. W e ha v e therefore adjusted our

mo del so that the strain limit ( � ) is reduced as the v e-

lo cit y of the needle reac hes critical v elo cit y .

6.3. F orces and FEM

The forces generated b y the curren t system ap-

p eared to b e sligh tly lo w er than those suggested b y the

VEST A pro ject (t ypically <2N) [28] and signi�can tly

smaller than the p eak grip forces discussed b y Mo o dy

et al (> 4.5N) [14]. The latter found that a larger grip

force w as exerted b y exp ert surgeons at the p oin t of in-

sertion. This ma y b e partly due to the t yp e of instru-

men t emplo y ed (unratc heted?), but w ould also seem

to indicate sp eci�c action for con trol prior to piercing.

This view is supp orted b y the assessmen t b y [8], whic h

observ ed that studen ts t ypically applied larger forces

(less precisely) to the tissue mo del (2-2.5N), although

this metric w as not found to b e a signi�can t discrim-

inan t. Nev ertheless, the lo calisation of stress and the

v elo cit y of the needle near the p oin t of insertion w ould

app ear to b e useful metrics to train and ev aluate stu-

den ts.

6.4. F uture w ork

The v alidit y of the sim ulator will b e tested in the

near future using the ab o v e metrics to discriminate ex-

p erts and trainees ( c onstruct validity ). If successful, w e

hop e to demonstrate the training p oten tial of the de-

vice b y observing practice and reten tion e�ects.
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