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Abstract. Quantitative descriptions of in vivo biomechanical properties of soft
tissues are necessary for tissue evaluation and a meaningful surgical simulation.
A hand-held ultrasound indentation system that can acquire force-displacement
response in vivo has been developed. Using this system, non-invasive meas-
urements of in vivo biomechanical properties of tissues are described in this pa-
per. First, a linear elastic model was used to describe a porcine phantom mate-
rial. Its Young’s modulus was estimated via a mathematical solution from
force-displacement curves. The estimated value of Young’s modulus was in
good comparison with those from a material test machine and 2D and 3D finite
element simulations. Secondly, a finite element-based inverse scheme was used
to reconstruct Young’s modulus distribution of a three-layer phantom based on
the displacement field measured from 2D continuous ultrasound images. Fi-
nally, in our primary study a pseudo-elasticity model was used to fit the ex-
perimental data of in vivo breast tissue.

1 Introduction

Soft tissue abnormalities are often correlated to a local change in mechanical proper-
ties. For instance, physicians use palpation widely as a qualitative diagnostic tool for
breast cancer. However, this technique is subjective. More quantitative descriptions of
in vivo biomechanical properties of soft tissues are needed for successful clinical
applications in surgical simulation and planning, minimally invasive and tele-surgery,
and image guided surgery and diagnosis. The biomechanical properties of soft tissues
vary significantly from one individual to another, and can take on different values
depending on whether they are measured in-vivo or in vitro. Unfortunately, most
research has been focused on in vitro measurements of soft tissue under different
loading conditions [1,2]. Very little quantitative information is available on the
biomechanical properties of soft tissue in vivo in the literature [3,4].

A common method of assessing biomechanical properties involves using an in-
dentation test, a procedure where an indenter depresses the tissue and the resulting
deformation of the external surface is recorded. Indentation tests have been widely
used for measuring material properties of soft tissues [4,6,7]. Because tissue’s thick-
ness will affect the indentation response [8,9], it is necessary to measure it. Using a
combination of ultrasound techniques and some theoretical models [8,9], hand-held
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ultrasound indentation devices [5,10] have been proposed to measure in vivo biome-
chanical properties of soft tissue, in which ultrasound techniques were used to meas-
ure tissue’s thickness. The above indentation devices with a single element transducer
were restricted to one-dimensional testing, and limited in investigating internal com-
ponents of tissues. Recently, some reconstruction approaches [11,12,13,14] under the
framework of inverse-problem solutions have been proposed to quantitatively recon-
struct the material properties of tissues based on 2D internal deformation (displace-
ment or strain) fields induced from an externally applied compression. In these meth-
ods, the displacement or strain field was obtained from a sequence of medical images
(MRI or ultrasound). Combining indentation test devices, imaging devices and recon-
struction algorithms, it is possible to investigate biomechanical properties of abnormal
and normal components of in vivo tissues.

A 3D free-hand ultrasound imaging system with a force transducer was used for
deformation correction in ultrasound imaging to produce an improved 3D reconstruc-
tion [15]. In the current study, this system was used as a novel hand-held ultrasound
indentation system to measure in vivo material properties of tissues. Non-invasive
measures of biomechanical properties on simulation material and in vivo breast tissue
are described in this paper.

2 Material and Methods

2.1 System Description

A force transducer (Mini 40, ATI Industrial Automation) was mounted on a 3D free-
hand ultrasound system developed in our lab to form an ultrasound indentation test
system in which the ultrasound probe attached with a force sensor and 4 infrared
LED’s (position marker) formed a hand-held indenter. Figure 1(a) shows the system
architecture. Figure. 1(b) presents the schematic diagram of the ultrasound indentation
system. The ultrasound (B-mode) images were obtained using a conventional ultra-
sound machine (Sonos 5500(Agilent Technologies)) and a 7.5MHz linear array probe
(Hewlett Packard L7540). A meteor II-MC frame grabber (Matrox Imaging, Dorval,
Canada ) was used to capture frames from the video output of the ultrasound machine.
The position and orientation of the probe was recorded using a Polaris hybrid optical
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Fig. 1. Free-hand Ultrasound Indentation System
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tracker (Northern Digital Inc, Ontario, Canada) that uses a stereo camera to measure
the position of 4 infrared LED’s mounted on the probe.

Software has been written in C++ that interfaces with the hardware components
and controls the acquisition. The code is multi-threaded with separate threads
acquiring video, position and force data. This allows the recording to occur
asynchronously at the maximum rates determined by the acquisition hardware: 25Hz
for video, 60Hz for position and force measurements.

2.2 Phantom

Two types of block-shaped phantoms were made to simulate soft tissue. One con-
tained one layer, the other one contains three layers. Each layer was constructed of
gelatin powder from porcine skin (G-2500, Sigma Ltd.). The gelatin powder was
hydrated with deionized water and heated above its gel point to disperse the collide,
clarify the solution and release trapped gases. Then, the liquid gel solution was cooled
and poured into a box mould kept in an ice-water bath. While the gel solution was still
in liquid form, talcum powder (Johnson’s Ltd.) was added to increase the absorption
and scattering. The phantoms were then stored at 10oC. The one-layer phantom was
constructed from 5% by weight gelatin. The three-layer phantom was constructed
from 6%, 2% and 4% by weight gelatin from top to bottom (Fig.2). The one-layer
phantom was of dimensions 120mm wide, 190mm long and 42mm high; the three-
layer phantom was of dimensions 120mm wide, 190mm long and total 33.5 mm thick
(first layer 8.7mm, second layer 10.8mm, third layer 14mm).

2.3 Measurement Procedure

The US-based indentation system was applied to phantoms and the breast of a volun-
teer. First, the probe was placed on the surface of the specimen with a minimal force.
Then, the load was gradually increased manually and then removed. This was re-
peated a few cycles in each trial. Ultrasonic coupling gel (Parker Laboratories, NJ,
USA) was spread on the contact surface of each specimen prior to indentation. The
phantom was compressed with indentation rates approximately, 1-2mm/s, 2-3mm/s,
and 5-10mm/s to investigate the effect of loading rate on measurement values. The
maximum indentation depth was kept to within 20% of the initial thickness. During
each experiment, the load, the probe position and 2D B-mode image (Fig.2) meas-
urements were acquired simultaneously and stored to the computer disk. From the

       
(a) Initial contact                    (b) Larger strain

Fig. 2. B-mode images of a three-layer phantom at different compression
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position information of the probe obtained with optical tracking system, via a co-
ordinate transformation, the indentation depth was obtained. The tissue depth also
could be measured from the B-mode images under the assumption that the speed of
sound in soft tissue is a constant (1540ms-1). In Fig. 2, B-mode images of one three-
layer phantom are shown at different strains. Because there were unknown time de-
lays in the position sensor, force sensor, ultrasound machine and frame grabber re-
cordings, it was necessary to calibrate for the relative time delay between the storage
of the ultrasound scan and the position measurement. In this paper, we employed the
same method used by Prager et al [16].

3 Results

3.1 Single-Layer Phantom

Figure 3 shows experimental force-displacement curves of the one-layer phantom for
three indentation rates. At the beginning of loading, the force-displacement curve
shows slightly nonlinear behavior because of the incomplete contact between the
probe and the phantom. When the indentation depth increases to about 1.0 mm, the
probe and the phantom contact each other completely. The response of phantom to
loading is now linear and nearly independent of the indentation rate. This demon-
strates that the phantoms behave as elastic materials i.e. the viscous component is
negligible.

The Young’s modulus E can be calculated using a mathematical solution to the
contact problems of a rectangular block on an elastic layer with finite thickness
[17,18].
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Here, ν is Poisson’s ratio, F the total applied force, l the probe’s length, a the in-
denter half-width, p=F/al, δ the indentation depth, h the tissue thickness, andκ a
scaling factor. The scaling factor κ  provides a theoretical correction for the finite
thickness of the elastic layer, and it depends on both the aspect ratio ah /  and Pois-
son’s ratio v . Assuming phantoms to be nearly incompressible, the Poisson’s ratio is
taken to be 0.495 in the study, then κ=ln(2h/a)-0.976+1.02(h/a)-2-1.14(h/a)-4 [18].
The assumption of near incompressibility was made based on the fact that most tissue
fluid would not have enough time to move within the tissue under a quick indentation
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Fig. 3. The force-displacement curves of a one-layer porcine phantom
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[19]. The ratio δ/F  is determined by the slope of the load-indentation response
shown as Fig.3. The value of Young’s modulus of one layer phantom was 28.1KPa
from Eq.(1). The measured Young’s modulus 28.6KPa from a standard material test
machine verified the above value.

The experimentally measured Young’s modulus was also verified using two finite
element(FE) models shown as Fig 4. Because the length(50mm) of contact area
between the US probe and the phantom surface is larger than its width(14mm), a 2D
FE model under the plane strain assumption was used to find the Young’s modulus. A
3D FE model was also used. Four-node elements and eight-node elements (ABAQUS,
HKS Inc. Pawtucket, RI) were created for 2D and 3D analysis, respectively. The
interface between the US probe and the phantom was assumed to be frictionless
because friction has a negligible effect on the indentation process for a thick-layer
tissue[18]. Based on an elastic assumption, the Young’s modulus of a homogeneous
structure has a linear relationship with indentation depth under the same boundary
condition. The Young’s moduli determined by 2D and 3D FE analysis were 27.2KPa
and 29.8KPa,respectively.

3.2 Multi-layer Phantom

To demonstrate how the same indentation probe can be used to estimate Young’s
moduli of different components of a tissue, a three-layer phantom as shown in Fig.2
was indented by the ultrasound probe. The internal deformation of three layers was
measured by tracking the boundary lines between two different layers from a se-
quence of B-mode images [20]. The percentage deformation of the three layers is
plotted against the total applied force in Fig. 5. Note that the second layer is softer
than other two layers, and hence its percentage deformation is the largest. The first
layer directly contacts with the probe, it is subject to a much larger local stress. There-
fore, although the first layer is harder than the third layer, its percentage deformation
is very close to that of the third layer. The Young’s modulus of each layer in this
phantom cannot be measured directly. To reconstruct the Young’s modulus distribu-
tion, a finite element based inverse method has been developed [14]. An objective
function relating the least-square difference of model-predicted and measured dis-
placement fields from a sequence of 2D B-mode images is minimized with respect to
the unknown Young’s moduli. The solution can be obtained by iteratively adjusting
the Young’s moduli in the FE mode until the model-predicated displacements most
closely match the measured displacements from ultrasound images. In order to obtain
a physically meaningful solution, the Young’s moduli are bounded with the lower and
upper limits that are not considered in other research groups [11,12,13]. The finite
element method acts as a forward problem solver to calculate the displacement field

            
(a)3D Mesh                           (b) 2D Mesh(Deformed)

Fig. 4. Finite element meshes
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of a simplified 2D plane-strain model. A modified Levenberg-Marquardt method and
an active set strategy are used to solve this constrained nonlinear optimization prob-
lem. For more details on constrained optimization, see [21]. Using this method the
ratio of the Young’s moduli among three layer materials was reconstructed as
1:0.298:0.562, which was comparable to 1:0.256:0.498 measured from three single-
layer phantoms corresponding to three layers of the phantom respectively.

3.3 In vivo Test on Breast Tissue

Figure 5(b) shows the relationship between the force and external cyclically varying
strain under the compression of the probe on the breast of a volunteer. The effect of
preconditioning [1] of in vivo breast tissue is evident. With an increased number of
cycles of force, the hysteresis decreases while the curve shifts to right. After around 2
cycles a steady state is reached. The breast tissue in vivo exhibited visoelasticity,
linear and elastic model was no longer suitable to describe this material. Because the
differences between the loading and unloading curves(Fig. 5(b)) after the first cycle
are not large, we can describe the properties of the soft tissue by a pseudo-elasticity
model[1]. Force and deformation response can be represented as F(λ)=αeβλ, in which
λ is the stretch ratio δ/δ0,δ and δ0 are the compression depth and initial thickness,
respectively, and F is the measured force. Taking the derivative dF/dλ=βF results in
parameter β as a measure of the stiffness of the tissue. In Fig. 5(b) the force and in-

dentation response of breast tissue in vivo can be expressed as δ178.00526.0 eF = ,
or λ12.70526.0 eF = with an initial thickness 40mm at the measured position. The
static expression of Eq.(1) can be extended to the dynamic case through the corre-
spondence principle[1], so that Young’s modulus is determined as E=2(1-ν2)κF/δl. If
we assume the breast tissue is incompressible, E(δ)=0.0526e0.178δ. (The unit of
Young’s modulus is MPa).

4 Discussion and Conclusion

In this study, a hand-held ultrasound indentation system that can acquire force-
displacement response in vivo was presented. Non-invasive measures of biomechani-
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cal properties of soft tissue derived using this system were described. One novelty of
our approach in comparison to others [5,10] is we can quantitatively estimate not only
integrated biomechanical properties of soft tissues (i.e. treating soft tissue as a homo-
geneous material) but also those of their internal components.

We presented phantom and in-vivo results. We showed that a linear elastic model
could be used to model the phantom material over normal strain levels (up to 20%).
The Young’s modulus estimated from experimental data via a mathematical solution,
showed good agreement with 2D FEA and 3D FEA results, which showed that a
plane-strain approximation was valid in this study. Considering the effect of different
Poisson’s ratios, friction factors, geometry sizes and boundary conditions, more de-
tailed 2D and 3D FE analysis has been doing to define the applicable range of this
mathematical solution. In vivo testing on breast tissue showed the viscoelasticity of
the tissue. A pseudo-elastic model was fit to in vivo indentation data. In the indenta-
tion experiment, since the full deformation-time record and force-time record were
acquired simultaneously, this meant we could investigate the hysteresis, relaxation
and creep of the tissue in vivo. Future work will focus on investigating these features
of soft tissues such as breast tissue.

In this study, the indentation rates ranged from 1.0mm/s to 10mm/s, which was ap-
propriate for manual control of the hand-held probe. It was shown that the indentation
rate was insensitive to gelatin phantom measures. The same results were reported by
Krouskop et al [22] for in-vitro tissues and Zheng et al [4] for in vivo plantar foot
tissue.

Based on non-invasive ultrasound technique, the internal deformation field of soft
tissue can be obtained. Consequently it is possible to evaluate abnormal and normal
components of tissues. Both the Young’s modulus and the Poisson’s ratio can be
reconstructed from this algorithm. In a primary study, using a finite element-based
inverse reconstruction algorithm, the Young’s moduli of a three-layer phantom were
calculated. Good comparison was found between the reconstruction algorithms and
experiments. This inverse reconstruct algorithm will be applied to clinical data in the
future.

In this study, B-mode images were used to measure the displacement field. If raw
RF signal data can be accessed from the ultrasound machine, this system can also act
as a free-hand elastographic imaging system [23]. Because the force can be measured,
quantitative Young’s modulus can be determined rather than relative Young’s
modulus.
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