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Abstract 
Needle insertion procedures are commonly used to treat and to diagnose prostate cancer. Surgical simulation 
systems can be used to estimate prostate deformation during pre- and intra-operative needle insertion planning. 
Such systems require a model that can accurately predict the prostate deformation in real time. In this study, we 
present a prostate model that incorporates the anatomy of the male pelvic region. The model is used to predict 
the prostate deformation during needle insertion and it is implemented in the Simulation Open Framework 
Architecture (SOFA). SOFA simulations are compared with experimental results for two scenarios: indentation 
and needle insertion. An experimental phantom is developed using anatomically accurate magnetic resonance 
images and populated with elasticity properties obtained from ultrasound-based Acoustic Radiation Force 
Impulse imaging technique. Markers are placed on the phantom surface to identify the deformation during 
indentation experiments. The root mean square error (RMSE) obtained in indentation experiments is 0.36 mm. 
During the needle insertion, the needle tip position is used to validate the model. The SOFA simulation resulted 
in a RMSE of 0.14 mm. The results of this study demonstrate that SOFA is a feasible option to be used in 
surgical simulations for pre-operative planning and training. 
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1. Introduction 
Prostate cancer is the second-leading cause of cancer death in men. In 2013, 238,000 new cases of prostate 
cancer will be diagnosed only in the United States (American Cancer Society, 2013). In order to decrease the 
mortality rate, efficient techniques for treating and diagnosing prostate cancer are essential. In this context, 
needle insertion plays an important role in both treating and diagnosing prostate cancer. Biopsy is already a 
common technique to diagnose cancer tumours, and brachytherapy is replacing radical prostatectomy as the 
treatment of choice for early-stage prostate cancer (Ragde et al., 2000). For both procedures, accurate needle 
insertions are essential. 

Misplacement of the needle tip may cause false diagnosis or impair the treatment effectiveness. One important 
issue during needle insertion is prostate deformation due to the needle-tissue interactions. This deformation can 
lead to misplacement of the needle tip. The information about the prostate deformation can help surgeons to 
accurately insert the needle. A biomechanical model of the pelvic region can be used in pre- and intra-operative 
planning to predict the prostate deformation and improve the accuracy of needle tip placement. Moreover, a 
real-time prostate deformation model can also be used as a control input for robotic systems designed to steer 
flexible needles (Reed et al., 2011; Abayazid et al., 2013; Bernardes et al., 2012). Therefore, an accurate model 
of the prostate and its surrounding area is important and can be helpful in surgical training, pre-operative 
planning and robotically-assisted needle insertion (Misra et al., 2010b). 

Extensive literature on soft tissue modelling already exists (Terzopoulos et al., 1987; Fung, 1993). Soft tissue 
models can be formulated using principles from continuum mechanics. These models can be broadly classified 
as linear elastic models, nonlinear elastic models (Misra et al., 2010) and viscoelastic models (Barbé et al., 2007; 
Yamamoto et al., 2009; Moreira et al., 2012). A comprehensive review of soft tissue models was presented by 
Misra et al. (2008). Some of those models have been already implemented in simulations based on Finite 
Element (FE) analysis for different applications, such as the prostate model (Crouch et al., 2007) and needle 
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insertion (DiMaio & Salcudean, 2003). Models based on FE analysis create a mesh dividing the tissue into a 
number of discrete elements. The mesh deformation is calculated by solving the interaction between each 
element. One common issue with FE models is the high computational cost. The computational time usually 
required by FE models limits their use in real-time simulations. 

Currently, Simulation Open Framework Architecture (SOFA) provides an environment for real-time modelling 
and simulation of soft tissues based on FE analysis. SOFA is primarily targeted at real-time simulation, with an 
emphasis on medical simulation (Faure et al., 2012). Graphics Processing Unit (GPU) can be used to allow 
real-time computation of complex deformable models with nonlinear geometry using implicit and explicit 
methods (Comas et al., 2008). SOFA has also been used to simulate needle insertions. The work presented by 
Durriez et al. (2009) simulates the insertion of bevel-tip needles using a constraint-based approach. However, the 
simulations presented by Durriez et al. (2009) do not account for anatomical details. Geometry and boundary 
conditions are important aspects for the FE simulation (Misra et al., 2009) and accuracy can be improved by 
designing a model based on anatomically accurate data. A model can be designed using Magnetic Resonance 
(MR) images to identify the geometry of organs. In addition, elastic properties of organs can be estimated using 
Acoustic Radiation Force Impulse (ARFI) imaging technique.  

This work presents a three-dimensional (3D) SOFA model of the male pelvic region based on MR images and 
evaluates its accuracy with respect to experimental results. The prostate deformation during indentation and 
needle insertion are analysed. An experimental phantom is designed based on MR images and allows us to 
perform experiments. Another novel aspect of this work is the use of non-invasive ultrasound-based ARFI 
imaging technique to estimate the elastic properties of organs. The relevance of this work is based on the 
combination of different aspects of the prostate modelling, such as, MR images to identify organ anatomy, the 
use of ARFI imaging technique to estimate elastic properties, phantom design to perform experiments, design of 
a FE model in SOFA to perform simulations and comparison between experimental and simulated results. 

The work is organized as follows: In Section 2, the experimental setup and the model design is presented. 
Section 3 shows and compares simulation results using the proposed model with experimental results obtained 
on a phantom, followed by Section 4, which concludes and provides directions for future work. 

2. Methods 
In this section, we present the methods used to predict and evaluate the prostate deformation. First, the 
experimental setup is presented, followed by the description of the SOFA model. 

2.1 Experimental Setup 

We first describe the experimental setup, which consists of the phantom design followed by the setup used to 
drive the needle guide and the needle. 

2.1.1 Phantom Design 

The phantom design uses anatomically accurate MR images to identify the organs present in the pelvic region. 
The MR images are post-processed using image triangulation within ScanIP (Simpleware, Exeter, United 
Kingdom) (Jahya et al., 2013). Each triangle side has an average length of 4.5 mm. The identified organs are: the 
prostate, the urinary bladder, the pubic bone, the rectal wall and the spine. The identified organ’s shapes are used 
to design a mould. The fabricated mould used to produce the phantom is shown in Figure 1a. 

The phantom is prepared using gelatine (Dr. Oetker, Amersfoort, The Netherlands). By varying the concentration 
of gelatine it is possible to obtain different stiffness values. Table 1 shows the details of concentration for each 
organ of the phantom. The experimental phantom is presented in Figure 1b. 

Table 1. Materials and concentration used to prepare the phantom. The Poisson’s ratio is assumed to be 0.495 for 
all organs 

Organ Gelatine Water Silica E[Kpa] 

Rectal wall 25.7% 74.3% 1.0% 172 

Urinary bladder 19.0% 81.0% 1.0% 98 

Prostate 17.0% 83.0% 1.0% 75 

Adipose tissue 5.3% 94.3% 1.0% 10 

 



www.ccsen

 

Figure 1
Israel). (

6-pu

The mater
commercia
imaging te
machine (
(G) and de

It is known

where μ is

The ARFI
fabricated 
pubic bone
distinguish

Markers ar
The marke
Japan) wit
marker usi
2013). 

2.1.2 Need

The Needl
al., 2011). 
of the need

For the ind
velocity of
inserted us
with diame

During th

net.org/mer 

. (a) The moul
(b) The experim
ubic bone. The

rial properties
ally-available 
echnique, know
Siemens AG, 
ensity (ߩ) by: 

n that the shea

s the Poisson’s 

I imaging tech
using VeroW

e and on the p
h them from th

re placed on th
ers’ positions 
th resolution o
ing regions of 

dle Insertion D

le Insertion De
This device, w

dle and a rotati

dentation expe
f 0.5 mm/s. D
sing the NID. T
eter of 1mm an

he needle inse

(a)      

ld fabricated b
mental phanto

e green dots are

s are estimated
implementati

wn as Virtual T
Erlangen, Ger

ar modulus and

ratio. Using (

hnique is not u
White-FullCure8
phantom prosta
he rest of the p

he phantom su
are acquired 

of 1024 × 768
f interest. The a

Device 

evice (NID) dr
which is presen
ion about the s

eriments, the N
During the expe

The needle use
nd a bevel tip 

ertion, an ultr

Mechanical 

           

y a three-dime
om: 1-spine; 2-
e the markers p

d based on th
on of an ultr

TouchTM Quan
rmany). The sh

்ܿ
d the Young’s m		ܧ ൌ
1) in (2), the Yܧ ൌ 2
used on the sp
830 (Objet Ge
ate does not ch
hantom. 

urface in order
using a Sony

8 pixels. An im
algorithm is im

rives the needl
nted in Figure
same axis. 

NID is used to
eriments with 
ed in the exper
of 45°. 

rasound probe

Engineering Re

66 

           

ensionalprinte
-adipose tissue
placed on the p

 

he shear wave
rasound-based

ntification, avai
hear wave vel

ൌ ඥܩ ⁄ߩ    

modulus (E) arൌ ሺ1ܩ2 ൅ ሻߤ  

Young’s modul2ܿߩଶ்	ሺ1 ൅ ሻߤ
pine and the pu
eometries, Reh
hange their ela

r to visualize a
y XCD-X710C
mage-processi

mplemented us

le guide and th
2, has two de

o push the nee
needle inserti

riments is mad

e is used to 

esearch

           

er (Objet EDEN
e; 3-rectal wall
phantom prost

e velocity. Th
d Acoustic Ra
ilable on the S
locity (்ܿ) can

           

re related by:

           

us is calculate

           

ubic bone, wh
hovot, Israel). 
astic properties

and determine 
CR colour cam
ing algorithm 
sing C++ and t

he needle durin
grees of freedo

dle guide 5 m
on, the needle

de of Nitinol (E

track the ne

 (b) 

N 250, Stratasy
l; 4-urinary bla
tate to track its

is velocity is 
adiation Force

Siemens Acuso
n be related to 

            

            

d as:    

            

hich are consid
The presence 

s. The markers

the deformati
mera (Sony C

determines th
the OpenCV li

ng the experim
om: a translati

mm towards the
e guide is fixed
E = 75 GPa) an

eedle. The tra

Vol. 3, No. 2;

ys Ltd., Rehov
adder; 5-prosta
s deformation

measured usi
e Impulse (A

onS2000 ultras
the shear mod

            

           

            

dered rigid an
of markers on

s are made gre

on of the phan
orporation, To

he position of 
ibrary (Jahya e

ments (Roesthu
ional along the

e rectal wall w
d and the need
nd it is a solid

ansducer is pl

2013 

 

vot, 
ate; 

ing a 
ARFI) 

ound 
dulus 

 (1) 

 (2) 

 (3) 

d are 
n the 
en to 

ntom. 
okyo, 
each 

et al., 

uis et 
e axis 

with a 
dle is 
wire 

laced 



www.ccsen

 

perpendicu
using the 
ultrasound

 

Figure 2. N
guide and
1-Needl

2.2 SOFA M

In this sub
general ov

2.2.1 Mod

SOFA is 
physics-ba
main goal
simulation

The mode
node is co
functionali

 M
m
th

 C
m

 M
u
el
co

 C
o
b
re

 S
b
G

net.org/mer 

ular to the nee
insertion and 

d machine is a 

Needle Insertio
d is also used t
le Insertion De

Devi

Model 

bsection we pre
verview of mod

delling Design 

a generic en
ased deformati
l of the fram
n (also called s

l in SOFA is b
onsidered as a
ities. The main

Mesh loaders: W
mesh. The mesh
he 3D phantom

Collision mode
mesh generated

Mechanical mo
used to simulat
lement over t
omponents.  

Constraints: In 
ur case, we u
ones. To addre
educe the trans

Solvers: Euler s
ased on Chole

Gauss-Seidel it

edle and it is ro
the tip veloc

Siemens Acus

(a)         
on Device (NI
to drive the ne
evice; 2-needle
ice; 2-needle g

esent the most 
delling in SOF

in SOFA 

nvironment b
ion modelling
ework is to p
cene). 

built from com
a representatio
n types of com

We use ANSY
h is loaded into

m model can be

l: This model 
d by ANSYS fo

odel: To model
te the elastic 
the mesh gene

 order to place
se fixed const
ess the issue of
sversal motion

solver is used 
esky decompo
erative method

Mechanical 

obotically repo
cities to determ
son 2000 (Siem

            
ID): the device
edle during the

e guide; 3-phan
guide; 3-phanto

relevant aspec
FA, and then w

based on mod
g, collision det
provide an ef

mponents place
on of an obje

mponents in the

YS (ANSYS 14
o SOFA to cre
e seen in Figur

detects possib
or the collision

l the physical b
response. The
erated by AN

e the object in
traints to deter
f boundary con

n of the phanto

for implicit tim
osition to inve
d is used to res

Engineering Re

67 

ositioned to tra
mine the out-o
mens AG, Erlan

 
            

e is used in the
e needle insert
ntom; (b) Need
om; 4-ultrasou

cts of the simu
we focus on the

dules. Each 
tection, graph

fficient tool fo

ed inside node
ect in the sce
e simulation ca

4.0, ANSYS In
eate a topology
re 3. 

le collisions be
n representatio

behaviour of th
e element form

NSYS. The ela

n space, bound
rmine the con
nditions on the
m. 

me integration
ert the system 
solve the conta

esearch

ack the needle 
of-plane motio
ngen, Germany

           
 indentation ex
tion experimen
dle insertion ex

und probe; 5-in

ulation in SOFA
e simulation of 

module impl
hical rendering
or creating co

es, which are o
ene, and each 
an be described

nc., Canonsbu
y for each obje

etween objects
on. 

he phantom, FE
mulation is do
astic propertie

dary condition
nstant position 
e edge of the p

n in each step. 
matrix in eac

act condition (D

tip. The trans
on (Vrooijink 
y) with an 18L

    (b) 
xperiments to p
nts; (a) Indenta
xperiments: 1-

nserted needle 

A framework. 
f flexible needl

ements functi
g etc. (Comas 
omplex model

organized in a 
component im

d as follows: 

urg, USA) to g
ct in the scene

s. In this work

E methods ava
one using a lin
s are set as p

s are imposed
 of organs tha

phantom, penal

In addition, w
ch step, while 
Duriez et al., 2

Vol. 3, No. 2;

sducer is positi
et al., 2013).

L6 HD probe. 

position the ne
ation experime
-Needle Inserti

First, we prov
le insertion. 

ionalities suc
et al., 2008).

lling scenario

scene graph. 
mplements de

enerate the vo
e. The final me

k, we use the lo

ailable in SOFA
near P1 tetrah
parameters of 

d via constraint
at are in conta
lties are impos

we use direct s
a solver base

2006). 

2013 

ioned 
 The 
 

 

eedle 
ents: 
ion 

vide a 

h as 
 The 
s for 

Each 
esired 

lume 
sh of 

oaded 

A are 
edral 
 the 

ts. In 
act to 
ed to 

olver 
ed on 



www.ccsen

 

Figure 3. T

2.2.2 Simu

The appro
modelled 
tetrahedral
sliding con
deviated in
trajectory 

At each si
The Gauss
multipliers
proved to b

3. Results
In this sect

3.1 Experi

Two differ

1) In
se

2) N
sc
d

 

Figure 4. T

3.2 Indenta

The goal o

net.org/mer 

Top view of th

ulation of Need

ach based on c
using serially

l linear elemen
nstraint. The 
n order to mov
defined by the

mulation step,
s-Seidel metho
s. This set is 
be fast and com

   
tion, the simul

imental Plan 

rent scenarios a

ndentation exp
elected to track

Needle insertio
cenario, the co

during the expe

The 8 prostate

ation Experim

of this experim

he final mesh c
3-u

dle Insertion 

constraints is u
y linked beam
nts. Two types
tip constraint 
ve along a cur
e needle tip. 

, the deformati
od is used to it
used to obtai

mputationally 

lation results u

are explored: 

periments: The
k the prostate d

on experiments
omparison is m
eriment. 

e markers selec
device. T

ment 

ment is to val

Mechanical 

omposed of 35
urinary bladder

used to simula
m elements (
s of constraint
determines th

rved trajectory

ion is compute
teratively com
in a configura
efficient for a 

using the SOFA

e needle guide
deformation. T

s: The needle 
made by the nee

cted to be track
The markers are

idate the prop

5

7
8

6
3

1

4
2

Engineering Re

68 

5000 tetrahedr
r; 4-prostate; 5

ate needle inse
(Timoshenko, 
ts are created a
he trajectory o
y. The sliding c

ed based on th
mpute the const
ation where al

wide range of

A model and th

e is moved 5 m
The chosen ma

guide is fixed
edle tip positio

ked during the 
e placed on the

posed SOFA m

8

esearch

 
ral elements. 1
5-pubic bone

ertions in SOFA
1921) and th

as the needle i
of the needle. 
constraint forc

he constraint re
traint resolutio
ll constraints a
f tool-tissue int

he experimenta

mm towards th
arkers are show

d and a needl
on simulated b

indentation ex
e phantom surf

model during t

x

y

-rectal wall; 2-

A. In this appr
he phantom i
is inserted: a t
The needle ti

ces the needle 

esolution from
on, resulting in
are satisfied. 
teractions (Pet

al results are co

he rectal wall.
wn in Figure 4

e insertion is 
by the SOFA m

 

xperiments wit
face  

the needle gui

Vol. 3, No. 2;

-surrounding t

roach, the need
is modelled u
tip constraint a
ip is geometri
shaft to follow

m the previous 
n a set of Lagr
This approach
terlik et al., 20

ompared. 

 Eight marker
.  

performed. In
model and meas

th the needle g

ide placement.

2013 

tissue; 

dle is 
using 
and a 
ically 
w the 

step. 
range 
h has 
11). 

rs are 

n this 
sured 

guide 

. The 



www.ccsen

 

needle gui
performed
compared 

The larges
presents th
gives the l

 

Figur
experime

The absolu
important 
absolute er

 

Figur

3.3 Needle

net.org/mer 

ide is pushed 5
d with a time-

with the exper

st displacemen
he smallest err
argest error. P

re 5. Displacem
ent; the black a

ute displacem
to notice that 
rror (0.47 mm)

re 6. Absolute 

e Insertion Exp

0

0.1

0.2

0.3

0.4

0.5

A
bs

ol
ut

e 
er

ro
r 

[m
m

]

5 mm towards
-step of 0.01 
rimental result

nts are given b
ror between th

Please refer to t

ment of each m
arrows are the 

ent errors betw
for all 8 mark

) and Marker 1

error of Mark

periments 

1 2

Mechanical 

s the rectal wal
s and the tota
t by analysing 

y markers 6 an
he experimenta
the accompany

marker in mm:
displacements

displa

ween simulati
kers the absolu
1 gives the sm

ker’s displacem

2 3

Engineering Re

69 

ll with a veloc
al simulation 
the displacem

nd 8 due to th
al results and S
ying video tha

 blue arrows a
s computed by 
acement errors

 

on and experi
ute errors are 
allest absolute

ment between S

4 5
Marker

esearch

city of 0.5 mm
is computed i
ents of each m

heir proximity 
SOFA simulati
t demonstrates

are the displace
the SOFA sim

s 

imental results
less than 0.50

e error (0.19 m

SOFA simulati

6 7

m/s. The indent
in 80 s. The 

marker (Figure 

with the conta
ion. On the oth
s the simulatio

ements measur
mulation and th

s are presented
0 mm. Marker 

mm). 

on and experim

8

Vol. 3, No. 2;

tation simulati
simulated resu
5). 

act point. Mark
her hand, Mar

on results. 

red during the 
he red lines are

d in Figure 6.
8 gives the la

 
mental results

2013 

ion is 
ult is 

ker 1 
ker 8 

 the 

It is 
argest 



www.ccsen

 

The needl
simulation
total simu
experimen
mm and th
proposed S

Figure 7. 
and the

section 2

4. Conclus
This study
The model
a non-inv
indentation
errors of th
of 0.14 mm
indentation
indicates th

Future wo
Rotations 
simulate a
needle inse

Reference
Abayazid, 

feedb
542-5

American 

Barbé, L., 
insert
http:/

Bernardes
with 

net.org/mer 

le insertion ex
n, a time-step o
ulation is 60 
ntal and simula
he insertion p
SOFA model c

Needle tip pos
e black dot line
2.1.2. the needl

sions 
y has presented
l incorporates 
asive ultrasou
n and needle i
he markers we
m and a peak 
n and needle i
hat it is possib

ork will concer
along the need

a complete flex
ertion experim

es 
M., Roesthu

back for real-ti
553. http://dx.d

Cancer Societ

Bayle, B., & 
tions. The
//dx.doi.org/10

, M. C., Ador
robotic mani

xperiment is p
of 1s is used w
s. The tip po

ated needle tip
presents a root
can accurately 

sition during th
e represents th
le bends due to
the accompany

d the design o
the anatomy o

und-based AR
insertion. The 
ere between 0
error of 0.32 

insertion simu
ble to use this m

rn merging the
dle axis will b
xible needle st

ments will be co

uis, R. J., Rei
me flexible ne
doi.org/10.110

ty. (2013). Can

de Mathelin, 
e Int. 

0.1177/0278364

rno, B. V., Poi
ipulator. IEEE

Mechanical 

erformed with
without compr
osition is use

p positions. Th
t mean square
simulate needl

he insertion ex
he experimenta
o the interactio
ying video tha

of a 3D FE mo
of the male pel

RFI imaging te
indentation si
.19 mm and 0
mm. Based o

ulations. In add
model in pre-o

e indentation a
be included in 
teering, such a
onducted. 

link, R., & M
eedle steering.
9/TRO.2012.2

ncer Facts & F

M. (2007). In
Journal 

4907082666

ignet, P., & Bo
E Internationa

Engineering Re

70 

h an insertion 
romising the m

ed to evaluate
he peak error (
e error (RMSE
le insertions in

xperiment. The
al tip position o
on between the
at demonstrates

 

odel for the pr
lvic region and
echnique. The
imulation pres
.47 mm. The n

on these result
dition, the com

operative plann

and the needle 
the needle ins

as presented in

Misra, S. (201
IEEE transac

2230991 

Figures 2013. A

n vivo model e
of Rob

orges, G. A. (
al Conference

esearch

velocity of 1
model accurac
e the model a
0.32 mm) occu
E) of 0.14 mm
n real-time. 

e blue line repr
obtained by the
e bevelled tip a
s the simulatio

rostate deform
d the elasticity
e model was 
sented a RMSE
needle insertio
s, the model h

mputational tim
ning or in real-

insertion scen
sertion model.
n Abayazid et 

13). Integratin
tions on robot

Atlanta: Ameri

estimation and
otics Res

2012). Semi-a
e on Robotics

 mm/s. For th
cy. The compu
accuracy. Figu
urs with an in

m. The RMSE

resents the sim
e needle tracki
and the phantom
on results 

mation using S
y of each organ

validated und
E of 0.36 mm.
on simulation 
has proved to 
me required fo
-time surgical s

narios into one
 Therefore, it 

t al. (2013). Fu

ng deflection m
tics, online pre

ican Cancer So

d hapatic chact
search, 26

automatic need
s and Autom

Vol. 3, No. 2;

he needle inse
utation time fo
ure 7 shows 
sertion depth o

E indicates tha

mulated tip posi
ing presented i
m. Please refe

OFA environm
n is estimated u
der two scena
. The displace
presented a R
be accurate du

or both simula
simulations.

e single simula
will be possib

urthermore, in

models and im
e-publication, 2

ociety. 

terization of ne
6, 1283-1

dle steering sy
mation, 1595-1

2013 

ertion 
or the 

both 
of 20 
at the 

 

ition 
in 
r to 

ment. 
using 
arios: 
ment 
MSE 
uring 

ations 

ation. 
ble to 

vivo 

mage 
29(2), 

eedle 
1301. 

ystem 
1600. 



www.ccsenet.org/mer Mechanical Engineering Research Vol. 3, No. 2; 2013 

71 
 

http://dx.doi.org/10.1109/ICRA.2012.6225185 

Cheng, D., & Tempany, C. M. (1998). MR imaging of the prostate and bladder. Semin Ultrasound CT MR, 67-89. 
http://dx.doi.org/10.1016/S0887-2171(98)90025-7 

Comas, O., Taylor, Z., Allard, J., Ourselin, S., Cotin, S., & Passenger, J. (2008). Efficient nonlinear FEM for soft 
tissue modelling and its GPU implementation within the open source framework SOFA. 4th international 
symposium on Biomedical Simulation, 28-39. http://dx.doi.org/ 10.1007/978-3-540-70521-5_4 

Cotin, S., Delingette, H., & Ayache, N. (1999). Real-time elastic deformations of soft tissues for surgery 
simulation. IEEE Transactions on Visualization and Computer Graphics, 5(1), 62-73. 
http://dx.doi.org/10.1109/2945.764872 

Courtecuisse, H., Jung, H., Allard, J., Duriez, C., Lee, D. Y., & Cotin, S. (2010). Gpu-based real-time soft tissue 
deformation with cutting and haptic feedback. Progress in Biophysics and Molecular Biology, 103(2-3), 
159-168. http://dx.doi.org/10.1016/j.pbiomolbio.2010.09.016 

Crouch, J. R., Pizer, S. M., Chaney, E. L., Hu, Y. C., Mageras, G. S., & Zaider, M. (2007). Automated 
finite-element analysis for deformable registration of prostate images. IEEE Trans Med Imaging, 26(10), 
1379-90. http://dx.doi.org/10.1109/TMI.2007.898810 

DiMaio, S. P., & Salcudean, S. E. (2003). Needle insertion modeling and simulation. IEEE Transactions on 
Robotics and Automation, 19, 2098-2105. http://dx.doi.org/10.1109/TRA.2003.817044 

Duriez, C., Dubois, F., Kheddar, A., & Andriot, C. (2006). Realistic haptic rendering of interacting deformable 
objects in virtual environments. IEEE transactions on Visualization and Computer Graphics, 12(1), 36-47. 
http://dx.doi.org/10.1109/TVCG.2006.13 

Duriez, C., Guébert, C., Marchal, M., Cotin, S., & Grisoni, L. (2009). Interactive simulation of flexible needle 
insertions based on constraint models. Medical Image Computing and Computer-Assisted Intervention, 
291-299. http://dx.doi.org/10.1007/978-3-642-04271-3_36 

Eichelberger, L. E., Koch, M. O., Daggy, J. K., Ulbright, T. M., Eble, J. N., & Cheng, L. (2003). Predicting 
tumor volume in radical prostatectomy specimens from patients with prostate cancer. Am. J. Clin. Pathol, 
120(3), 386-91. http://dx.doi.org/10.1309/82U1089XLQGKMMN1 

Faure, F., Duriez, F., Delingette, H., Allard, J., Gilles, B., Marchesseau, S., Talbot, H., Courtecuisse, H., 
Bousquet, G., Peterlik, I., & Cotin, S. (2012). Sofa: A multi-model framework for interactive physical 
simulation, in Soft Tissue Biomechanical Modeling for Computer Assisted Surgery, Y. Payan, (Ed.). ser. 
Studies in Mechanobiology, Tissue Engineering and Biomaterials, Vol. 11, 283-321. Springer Berlin 
Heidelberg. http://dx.doi.org/10.1007/8415_2012_125 

Husband, J. E., Padhani, A. R., MacVicar, A. D., & Revell, P. (1998). Magnetic resonance imaging of prostate 
cancer: comparison of image quality using endorectal and pelvic phased array coils. Clin Radiol, 53(9), 
673-681. http://dx.doi.org/10.1016/S0009-9260(98)80294-8 

Jahya, A., Herink, M., & Misra, S. (2013). A framework for predicting 3D prostate deformation in real time. 
International Journal of Medical Robotics and Computer Assisted Surgery, online pre-publication, 1-9. 
http://dx.doi.org/10.1002/rcs.1493 

Kerdok, A. E., Cotin, S. M., Ottensmeyer, M. P., Galea, A. M., Howe, R. D., & Dawson, S. L. (2003). Truth cube: 
establishing physical standards for soft tissue simulation. Med Image Anal, 283-291. 
http://dx.doi.org/10.1016/S1361-8415(03)00008-2 

Misra, S., Ramesh, K. T., & Okamura, A. M. (2008). Modeling of tool-tissue interactions for computer-based 
surgical simulation: a literature review. Presence: Teleoperators and Virtual Environments, 17(5), 463-491. 
http://dx.doi.org/10.1162/pres.17.5.463 

Misra, S., Macura, K. J., Ramesh, K. T., & Okamura, A. M. (2009). The importance of organ geometry and 
boundary constraints for planning of medical interventions. Medical Engineering & Physics, 195-206. 
http://dx.doi.org/10.1016/j.medengphy.2008.08.002 

Misra, S., Ramesh, K. T., & Okamura A. M. (2010). Modelling of non-linear elastic tissues for surgical 
simulation. Computer Methods in Biomechanics and Biomedical Engineering, 13(6), 811-818. 
http://dx.doi.org/10.1080/10255840903505121 

Misra, S., Reed, K. B., Schafer, B. W., Ramesh, K. T., & Okamura, A. M. (2010b). Mechanics of flexible needles 
robotically steered through soft tissue. International Journal of Robotics Research, 29(13), 1640-1660. 



www.ccsenet.org/mer Mechanical Engineering Research Vol. 3, No. 2; 2013 

72 
 

http://dx.doi.org/10.1177/0278364910369714 

Moreira, P., Liu, C., Zemiti, N., & Poignet, P. (2012). Soft tissue force control using active observers and 
viscoelastic interaction model. In Proc. IEEE International Conference on Robotics and Automation, 
4660-4666. http://dx.doi.org/10.1109/ICRA.2012.6224958 

Oldfield, M., Dini, D., Giordano, G., & Rodriguezy-Baena, F. (2011). Detailed finite element modelling of deep 
needle insertions into a soft tissue phantom using a cohesive approach. Computer Methods in Biomechanics 
and Biomedical Engineering, 16(5), 530-543. http://dx.doi.org/10.1080/10255842.2011.628448 

Oldfield, M., Dini, D., & Rodriguez y Baena, F. (2012). Predicting failure in soft tissue phantoms via modeling 
of non-predetermined tear progression, in Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society (EMBC), 6305-6308. http://dx.doi.org/10.1109/EMBC.2012.6347435 

Okamura, A. M., Verner, L. N., Reiley, C. E., & Mahvash, M. (2007). Haptics for robot-assisted minimally 
invasive surgery. Robotics Research: 13th International Symposium of Robotics Research, 26-29. 
http://dx.doi.org/10.1007/978-3-642-14743-2_30 

Peterlik, I., Nouicer, M., Duriez, C., Cotin, S., & Kheddar, A. (2011). Constraint-based haptic rendering of 
multirate compliant mechanisms. Haptics, IEEE Transactions on, 4(3), 175-187. 
http://dx.doi.org/10.1109/TOH.2011.41 

Ragde, H., Grado, G. L., Nadir, B., & Elgamal, A. (2000). Modern prostate brachytherapy. CA: A Cancer 
Journal for Clinicians, 50(6), 380-393. http://dx.doi.org/10.3322/canjclin.50.6.380 

Reed, K. B., Majewicz, A., Kallem, V., Alterovitz, R., Goldberg, K., Cowan, N. J., & Okamura, A. M. (2011)。 
Robot-Assisted Needle Steerin. IEEE Robotics & Automation Magazine, 18(4), 35-46. 
http://dx.doi.org/10.1109/MRA.2011.942997 

Roesthuis, R., van Veen, Y., Jahya, A., & Misra, S. (2011). Mechanics of needle-tissue interaction, in Intelligent 
Robots and Systems (IROS), 2011 IEEE/RSJ International Conference on. IEEE, 2011, pp. 2557-2563. 
http://dx.doi.org/10.1109/IROS.2011.6094969 

Terzopoulos, D., Platt, J., Barr, A., & Fleischer, K. (1987). Elastically deformable models (1987). Computer 
Graphics, 21(4), 205-214. http://dx.doi.org/10.1145/37402.37427 

Timoshenko, S. P. (1921). On the correction factor for shear of the differential equation for transverse vibrations 
of bars of uniform cross-section. Philosophical Magazine, 43, 125-131. 

Vrooijink, G. J., Abayazid, M., & Misra, S. (2013). Real-time three-dimensional flexible needle tracking using 
two-dimensional ultrasound, in Proceedings of the IEEE International Conference on Robotics and 
Automation (ICRA), Karlsruhe, Germany, 1680-1685. http://dx.doi.org/10.1109/MRA.2012.2201600 

Yamamoto, T., Vagvolgyi, B., Balaji, K., Whitcomb, L. L., & Okamura, A. M. (2009). Tissue property estimation 
and graphical display for teleoperated robot-assisted surgery. In Proc. IEEE International Conference on 
Robotics and Automation (ICRA), 4239-4245. http://dx.doi.org/ 10.1109/ROBOT.2009.5152674 

 

Copyrights 
Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution 
license (http://creativecommons.org/licenses/by/3.0/). 

 

 

 


