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Abstract. In this work a tissue aspiration method for the in-vivo de-
termination of biological soft tissue material parameters is presented. An
explicit axisymmetric finite element simulation of the aspiration experi-
ment is used together with a Levenberg-Marquardt algorithm to estimate
the material model parameters in an inverse parameter determination
process. Soft biological tissue is modelled as a viscoelastic, non-linear,
nearly incompressible, isotropic continuum. Viscoelasticity is accounted
for by a quasi-linear formulation. The aspiration method is validated
experimentally with a synthetic material. In-vivo (intra-operatively dur-
ing surgical interventions) and ex-vivo experiments were performed on
human uteri.

1 Introduction

Precise biomechanical characterization of soft tissues has recently attracted much
attention in medical image analysis and visualization. Tissue elasticity can de-
liver valuable diagnostic information. Procedures as palpation have been used
for centuries in medical diagnosis. On the other hand, current computer-assisted
systems for medical diagnosis, therapy and training are increasingly relying on
the availability of procedures allowing a realistic quantitative prediction of the
mechanical behaviour of soft tissues.

Surgical navigation, as stereotaxy for limited access brain surgery [1] or image
guided orthopaedic navigation [2] often relies on pre-operative images, which
have to be aligned with the actual anatomy of the patient during operation.
While efficient and precise algorithms have been developed for rigid registration
[3], these can only be applied if organ deformation between the radiological data
acquisition and the intervention can be excluded. Several studies underline the
importance of duly considering elastic tissue deformation in neurosurgery [4] or
even in orthopaedic applications [5].

Another area, where soft tissue modelling plays an important role is the de-
velopment of virtual reality based simulators for surgery training. In addition to
several academic research projects in the field of laparoscopic [6,7,8], arthroscopic
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[9] or eye surgery [10] simulators, e.g., a large number of commercial products is
already available on the market.

The performance of the simulation in both application areas critically de-
pends on the availability of appropriate methods for calculating soft tissue de-
formation. Besides highly simplified physically inspired models for laparoscopic
training [6,7,11] or interpolative algorithms for landmark-based non-rigid match-
ing [12], several attempts have been published to apply methods based on contin-
uum mechanics. Finite element based simulation of soft tissue deformation has
been applied both in surgical simulators [13,14] and elastic image registration
especially in neurosurgical applications [15].

While the applied methods sometimes even allow fully volumetric modelling
with non-linear effects [14], even the most sophisticated simulation algorithms
are of limited use without precise information about the elastic properties of liv-
ing tissue. Unfortunately, only very limited quantitative data are available about
the biomechanical properties of soft tissues, especially for the in-vivo character-
ization of human organs. This is primarily due to the extreme technical and
ethical demands on such experiments. In many cases direct access to the in-
ternal organs is necessary, which cannot be achieved during the usual surgical
procedures without significantly disturbing or prolonging the intervention.

Most traditional methods of material testing like tensile experiments or com-
pression techniques cannot be performed under such circumstances. Indentation
methods have been used successfully for in-vivo experiments both on the skin
[16] and on internal organs during surgery [17]. The resulting tissue deforma-
tion is sometimes measured by imaging techniques like ultrasound [18] or MR
[19]. Surgical instruments have also been equipped with force-sensing capabil-
ities allowing elasticity measurements [17,20]. These techniques have, however,
disturbing drawbacks: they are restricted to one-dimensional testing, they lack
well-defined boundary conditions during the experiment and often fail to address
the viscoelastic properties of the tissue. MR elastography, allowing to spatially
map and quantify small displacements caused by propagating harmonic mechan-
ical waves [21] opened the way for volumetric non-invasive imaging of elastic
properties in non-homogeneous organs. The resulting very small displacements
(usually 1 mm or less) and the frequency range used do not allow, however, to
predict the tissue behaviour in the range of the strains and strain rates observed
during surgical interventions.

With the tissue aspiration method presented here we address the following
targets: we generate well defined mechanical boundary conditions during the
experiment, we are able to induce relatively large tissue deformations (depending
on the maximum aspiration pressure) and the time dependent resolution of the
deformation allows us to describe the viscoelastic properties of the tissue at a
time scale relevant for actual surgical procedures.
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2 Methods

2.1 Aspiration Experiment

In this work the experimental data used to characterize the soft tissues is ac-
quired with a tissue aspiration experiment. The tissue aspiration instrument used
is shown in Fig. 1. It was developed at the Institute of Robotics at the ETH
Zurich. In the tissue aspiration experiment the aspiration tube is put against
the target tissue and a weak vacuum is generated in the tube by connecting the
aspiration tube to a low-pressure reservoir. A small mirror, placed next to the
aspiration hole at the bottom of the tube, reflects the side-view of the aspirated
tissue towards the video camera placed on top of the instrument. An optic fi-
bre connected to a light source illuminates the tissue surface. The video camera
grabs the images of the aspirated tissue with a frequency of approximately 25 Hz.
The aspiration pressure is measured simultaneously with a pressure sensor. Only
the profile of the aspirated tissue, represented by the outermost contour of the
surface, is used to characterize the deformation. We assume that the experiment
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Fig. 1. Tissue Aspiration Experiment

occurs under axisymmetric conditions. Since tissues are in general anisotropic,
the condition of axisymmetry will never be met exactly in the experiments.The
resulting pressure and profile histories are the two data sets used to evaluate the
aspiration experiments. With the profile data of the undeformed tissue a finite
element model of the tissue surface is generated. The pressure data is applied to
the surface of the finite element model as a surface load in order to simulate the
aspiration experiment.

2.2 Soft Tissue Models

The soft tissue material models constitute a very important part of the sim-
ulation of the aspiration experiment. Due to their high water content soft bi-
ological tissues can be approximated as nearly incompressible materials. The
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following form of the strain energy function depending on the reduced invari-
ants J1, J2, J3 of the right Cauchy-Green deformation tensor C was used in an
explicit displacement-pressure finite element formulation [21]

W̄ =
N∑

i=1

µi(J1 − 3)i +
1
2
κ(J3 − 1)2. (1)

The µi [N/m2] are material parameters and κ [N/m2] is the bulk modulus of
the material. The degree of non-linearity of this constitutive equation can be
determined with the parameter N . By setting N = 1 a nearly incompressible
neo-Hookean material formulation results. The synthetic material employed in
the experimental validation of the aspiration method and the human uteri are
modelled with the strain energy function according to Eq. (1).

The viscoelastic material properties are modelled with a quasi-linear ap-
proach. The second Piola-Kirchhoff stresses S(t + ∆t) at time t + ∆t in the
material are additively composed of a purely elastic part Se and a part incorpo-
rating the history dependence of the stresses

S(t + ∆t) = Se(C(x, t + ∆t)) +
∫ t+∆t

0

Nd∑
i=0

(cie
−(t+∆t−s)/τi

∂

∂s
Se

dev(C(x, s)))ds

(2)

Se
dev = 2∂(

N∑
i=1

µi(J1 − 3)i/∂C), Se = 2∂W̄ (J1, J2, J3)/∂C. (3)

The spectrum of Nd +1 relaxation times τi with corresponding weighting factors
ci in Eq. (2) is used to model the viscoelastic material properties. Depending on
the degree N of the strain energy function from Eq. (1) and on the number Nd+1
of relaxation times used in the spectrum approximation of Eq. (2) the following
material constants are determined by fitting the simulation of the aspiration
experiment to the real aspiration experiment: µi, i = 1 . . .N and ci, i = 1 . . .Nd.
These parameters are grouped in the parameter vector p. The bulk modulus
κ of the material and the different relaxation times τi are not included in the
parameter determination but set constant.

2.3 Inverse Finite Element Parameter Estimation

The employed material law represents the basis of the inverse parameter es-
timation. The material law is chosen according to a priori knowledge of the
mechanical properties of the target tissue. The determination of the parameters
contained in the chosen material law is then done by comparing the experimen-
tal and the simulated tissue profiles (Fig. 2). The quality of the match of the
simulated data and the experimental data is measured by the objective function
o(p), which consists of the squared differences between simulated and experi-
mentally determined profile data. The optimization algorithm searches for an
optimal set of material parameters in order to minimize the objective function
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Fig. 2. Flow chart for parameter estimation algorithm

o(p). The parameters corresponding to the computed minimum of the objective
function are assumed to represent the real tissue parameters. From the many
available algorithms for the optimization of the parameter vector p we chose the
Levenberg-Marquardt method, which has already been shown to work well in
finite strain applications [22],[23].

3 Results

3.1 Experimental Validation of the Method

An experimental validation of the aspiration method was performed on a syn-
thetic material by predicting the behaviour in a tensile test with parameters
obtained from the aspiration tests. Silgel, a very soft gel-like material, proved
to be an ideal material to test the aspiration method. In tensile tests the neo-
Hookean material formulation showed to adequately model the silgel material.
The following four relaxations times are used to model the viscoelastic proper-
ties relevant for the stretch rates in the aspiration and the tensile experiments
τ0 = 0.036 [s], τ1 = 0.36 [s], τ2 = 3.6 [s], τ3 = 36 [s]. The largest relaxation
time τ3 = 36 [s] was determined by optimization from an aspiration experiment.
The other relaxation times were equally distributed to obtain a good spectrum
approximation. The values obtained for the different material model parameters
from the aspiration experiment were then used to simulate tensile experiments.
In Fig. 3 the force-elongation curves predicted by these simulations are compared
to the corresponding experimentally determined force-elongation curves for dif-
ferent stretch rates. A good agreement between the predicted and the measured
data is observed. A good material characterization with the aspiration technique
was also possible by using only estimated values for the relaxation times τi.
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Fig. 3. Comparison of predicted force-elongation curves and experimentally de-
termined data

3.2 In-Vivo Measurements on Human Uterus

The tissue aspiration technique was for the first time applied in-vivo on human
tissue. In collaboration with the Department of Gynaecology of the University
Hospital in Zurich intra-operative measurements on the human uterus were per-
formed. From the continuum-mechanical point of view the uterus represents a
very complex tissue. The uterus is a complex multilayered structure with strongly
anisotropic properties. On the other hand it is of great advantage for us that
the hysterectomy (removal of the uterus) is a quite frequently performed surgi-
cal intervention and we therefore have the chance to perform measurements on
the organ before and after it is excerpted. In some of the cases the excerpted
uteri show pathological changes. Three aspiration experiments are performed at
different positions before the uterus is removed, then three measurements at the
same locations on the removed uterus. The three positions are a ventral and
a dorsal position and a position close to the fundus of the uterus. Due to the
short duration of 20 seconds of the aspiration experiments the obtained material
data is only valid for simulations within this time frame. Since we do not have
any data regarding the viscoelastic relaxation times of the human uterus we
use the following spectrum of relaxation times for our quasi-linear viscoelastic
model τ0 = 0.1 [s], τ1 = 1.0 [s], τ2 = 10.0 [s]. The observed, strongly viscoelastic
properties of the uterus would certainly require the inclusion of larger relax-
ation times in the material model but a robust determination of their weighting
factors ci calls for experiments of long duration which are not possible under
in-vivo conditions. Tensile experiments performed by Yamada [24] on uteri of
rabbits indicate a nearly linear stress-elongation behaviour of the uteri in tensile
experiments up to extension ratios of 40%. We therefore assume that the human
uterus mechanically behaves similar and use the following strain energy function
to model the human uterus

W̄ = µ1(J1 − 3) + µ2(J1 − 3)2 +
1
2
κ(J3 − 1)2. (4)
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Fig. 4. Intra-operative experiment on human uterus during a hysterectomy

κ is set to κ = 107 [N/m2]. Up to now in-vivo and ex-vivo measurements on
six uteri were performed. These six measurements led to five data sets which

uterus 3 in-vivo

uterus 3 ex-vivo

location of performed
aspiration experiment

µ1 [Pa] µ2 [Pa] c0 [ ] c1 [ ] c2 [ ]

ventral 1239 829 1.4 7.1 4.7

dorsal 3044 1879 2.9 3.3 1.6

fundus 3477 3580 0.5 5.0 1.8

ventral 894 1306 1.7 3.4 1.9

dorsal 708 3525 16.0 0.1 0.8

fundus 754 2914 16.8 1.5 1.6

Table 1. Parameters for the polynomial material law obtained from the in-vivo
and ex-vivo aspiration experiments performed on uterus 3

could be evaluated with the inverse parameter estimation algorithm, one data
set showed too large a noise component. Stress-stretch curves simulated with
the parameters gained from the aspiration experiments are shown in Fig. 5, the
corresponding material parameters estimated for uterus 3 are given in Table 1.
The time involved for one measurement is approximately one day where all the
time needed for the preparatory work, e.g. for getting the patients’ consent and
having the aspiration instrument sterilized, is not counted here.

4 Discussion

The presented soft tissue aspiration method allows to determine the parameters
of mechanical models for soft tissues under in-vivo conditions. An experimental
validation of the aspiration method with a synthetic material showed that very
good predictions of the material behaviour can be made also for states of defor-
mation different from the one in the aspiration experiment. For the first time
the aspiration method was employed intra-operatively under in-vivo conditions
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Fig. 5. Stress-stretch curves predicted with data from aspiration experiments on
uterus 3 and uterus 4 at a stretch rate of ±0.02 [1/s]

on human uteri. A pronounced decrease in the uterine tissue stiffness was visible
between the in-vivo and the ex-vivo measurements. The intersample variation
of the tissue stiffness of all measurements seemed to be slightly higher than the
stiffness variation observed on the single uteri. The maximum differences in stiff-
ness observed in all performed measurements on the uteri were approximately
equal in the in-vivo and the ex-vivo measurements. A statistical interpretation
of the mechanical properties of the uterus does not seem appropriate due to the
relatively small number of experiments performed.
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