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Abstract—We describe a robotic palpation system that
determines whether a breast tumor is benign or malignant by
measuring its nonlinear elasticity. Two indenters compress the
breast from different directions to generate sufficient strain on
the inner tumor, which simply represents clinical dynamic
testing. The nonlinear elasticity of the inner tumor is estimated
by correcting the reaction force data of the surrounding soft
tissue. Here, we present the basic concept of our study and
simulation results considering geometric conditions of the
indenters using a finite element breast model. Indenters with
variable width are applied to the breast at several contact
positions in a simulation for comparison. Our results indicate
that when the spring stiffness between the contact position of
one indenter and the center of the tumor equals the spring
stiffness between the contact position of the other indenter and
the center of the tumor, a larger contact area (i.e., larger spring
stiffness) provides larger strain acting on the inner tumor.

I. INTRODUCTION

In recent years, early detection of breast cancer has been
possible because of advances in imaging technology.
However, it is difficult to make a definite diagnosis using
palpation or imaging modalities, and invasive examinations
such as biopsy are needed to determine whether a breast tumor
is benign or malignant. Therefore, accurate non-invasive
diagnostic methods are required for accurate diagnosis and to
alleviate the pain felt by and the mental burden placed on
patients.

The elasticity of a suspicious tumor has traditionally been
qualitatively measured through palpation by doctors. In
particular, elastography imaging technologies have attracted
consideration. In elastography, an external force induces strain
on the suspicious tumor and the subsequent deformation is
measured by conventional medical imaging modalities, from
which mechanical properties can be reconstructed.

The focus of elastography techniques had typically been
on the imaging contrast in linear elasticity, but attention has
shifted toward nonlinear elasticity in recent years. Krouskop et
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al. [1], Wellman et al. [2], and Samani et al. [3] measured the
stiffness properties of breast tissues and reported that breast
tissues under low strain exhibit linear properties, while
stiffness increases nonlinearity under high strain. Furthermore,
they indicated that the difference between a benign tumor and
a malignant tumor is greater in terms of the nonlinear property
than in terms of the linear property. Therefore, it is necessary
to measure the nonlinear elasticity of a suspicious tumor under
high strain to determine whether the tumor is benign or
malignant.

The goal of this study is to develop a robotic palpation
system to determine whether a breast tumor is benign or
malignant by measuring its nonlinear elasticity. Figure 1
describes the schema of our palpation system. We have
previously reported that the reaction force data of the
surrounding soft tissue can indicate the nonlinear property of
the inner tumor when a tumor is deformed sufficiently.
Therefore, using our system, external forces are applied to the
soft tissue by two indenters to generate sufficient strain on the
inner tumor. Placements of the indenters are simply modeled
on clinical dynamic testing. Dynamic testing is a manual
technique for ultrasonic diagnosis to examine deformability of
the tumor. The ultrasonologist grasps the patient’s breast with
the thumb and the other fingers of one hand to apply external
forces from two different directions, and examines the
deformation of the tumor manipulating an ultrasonic probe
with the other hand. Two indenters of our palpation system
represent the thumb and the other fingers of the ultrasonologist
respectively. The strain magnitude of the tumor depends on
the contact positions, the contact areas and the directions of
the fingers, which are represented as those of indenter
movements in our palpation system. Therefore, we evaluated
the effect of the geometric conditions of indenters.

Some researchers have focused on generating sufficient
strain on an inner tumor of soft tissue. Shiina et al. [4], [5] and
Wang [6] applied external compression on the target tissue
using two boards. Kim et al. [7] examined the surface
deformation and force response of soft tissue depending on
various indentation depths and different tip shapes. Barbone et
al. [8] considered the boundary conditions that can and cannot
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Figure 1. Schematic diagram of our robotic palpation system.
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be inferred from strain images. However, these papers did not
clarify the relationship between the geometric boundary
conditions and the strain on the inner tumor.

The objective of the present paper is to evaluate the
geometric effect of two indenters on the strain magnitude of
the inner tumor. In this paper, we focus on the contact
positions and contact areas of two indenters. Simulation
analysis for several contact positions and contact areas using a
finite-element breast model was performed to clarify the
relationship between the geometric boundary conditions and
the strain on the inner tumor.

II. METHOD

To derive the optimal contact positions and contact areas
that generate sufficient strain on the inner tumor of soft tissue,
we evaluated the strain magnitude of the tumor for several
contact positions by simulation using a finite-element breast
model. The contact positions defined by the compression
angles and contact areas of each indenter were set variants for
comparison.

A. Nonlinear Elastic Model
We have previously reported a nonlinear elastic model of a
hog liver and breast [9]. This model was constructed using
torsional creep. In our previous work, the nonlinear properties
were modeled using the quadratic function of strain described

in (1).
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where E is the magnitude of the stiffness, E, is the elastic
modulus of the linear range, a, is a coefficient representing
the increasing level of elasticity when a change in the
tumor-type tissue appears in the nonlinear deformation data, &

is the strain and &, is the strain in which the characteristics of
soft-tissue change show nonlinearity.

(1

B. Finite Element Modeling

We have previously reported our solution for the finite
element model and have also provided specific descriptions
of the development of this model [9]. This model has two
types of nonlinear elastic parameters, for the normal breast
and for the mock tumor, because these target objects are
reproducible in an in vitro experiment. As shown in Fig. 2, the
shape of the breast model was assumed to be a semi-ellipse,
which was 100 mm in diameter and 40 mm in height. The
shape of the tumor field was assumed to be a circle, 10 mm in
diameter. The x-coordinate of the tumor’s center was 20 mm,
and the y-coordinate was the middle of the breast’s height, as
shown in Fig. 2. As an initial boundary condition, we set the
dorsal side of the model to be the fixed end, simulating the
effect of the sternum. The mesh was developed using the
Delaunay method, which involves automatically dividing the
object into triangular elements, according to the outline of the
target object. The mesh was created to form three types of
circle: one with a diameter of 12 mm that circumscribed all
the individual triangular finite elements of the mesh, one with
a diameter of 0.6 mm that circumscribed all of the elements
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Figure 2. Shape and mesh of the breast model. The number of elements was
1616, and the number of nodes was 906.

TABLE L. Nonlinear elastic parameters.
Normal breast Malignant tumor
Type
Ratio Value Ratio Value
Elastic modulus £, kPa 1.00 14.4 2.63 379
Coefficient a, 1.00 93.0 3.17 295
Limitans Strain & 1.00 0.087 1.03 0.0896

existing within a radius of 8§ mm from the points at which the
indenters make contact and the points of the above circular
profile of the tumor, and one with a diameter of 0.4 mm that
circumscribed all of the elements existing within a radius of 8
mm from the tumor’s center point.

C. Material Parameters

The stiffness parameter of the model was decided
according to our previous work in measuring the nonlinear
elasticity of breast tissues [10]-[12]. Table 1 gives the
parameters of the normal breast tissue and the malignant
tumor.

D. Simulation Conditions

To determine the optimal contact positions and contact
areas of each indenter, we defined the three following
variables for comparison. We conducted simulations under
several conditions of the variables in the simulation.

1) Indenter Angle ¢ : Setting the contact points closer to the
target tumor can expand the stress distribution and generate
larger strain on the target. The defined domain of the contact
points was limited to the semicircular profile of the soft tissue.
The contact point P is described as the angle of the direction
from P to the center of the target C with respect to the
y-coordinate. An indenter was set at the angle of degree. We
selected contact positions of 30, 45, 60 and 90 degrees in our
simulation analysis; the lengths between the contact point P
and the center of the target C are given in Table II.

TABLE I1. Length between the contact point and the center of the
target.
Indenter Angles ¢ deg.
Length
cnsth mm 30 45 60 90
P,C 16.83 17.31 18.63 24.44
P,C 24.46 30.61 39.88 64.44
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2) Contact Area A : We previously reported that the range
of a stress distribution depends on the shape and size of the
manipulator tip [13]. A larger contact area can generate larger
strain acting on both the target tumor and the surrounding
tissue. The contact area is described as the width of the tip of
each indenter since a flat tip was applied for simplification in
finite element analysis. We selected widths of 5, 10, 15 and
20mm, where the ratio of the width to diameter of the tumor
was 1/2, 1, 3/2 and 2 in this paper.

3) Enforced displacement d : The enforced displacement d
was set the same for the two indenters, with values ranging
from 0 to 20 mm at 0.4-mm intervals.

E. Strain Magnitude

To find the optimal conditions for generating sufficient
strain on the inner tumor, we define an evaluation value. A
larger displacement magnitude generates larger strain acting
on the target tumor although it simultaneously generates large
strain acting on the surrounding tissue. However, excessive
compression causes pain in the breast. We define the lower
limit of strain acting on the inner tumor. Additionally, we
define the evaluation value f'as the compression displacement
when the average of the von Mises strain £zo; acting on the
inner tumor given by Eq. (1) exceeds the lower limit. Equation
(2) expresses the evaluation value.

We set the lower limit of the average of the von Mises strain
Zporacting on the inner tumor to 0.17, which is twice the strain
at which the characteristics of normal breast tissue change
show nonlinearity, to ensure a sufficient difference in
deformation between the normal breast and malignant tumor.
In equation (1), §° is the elemental area and ¢, is the von Mises
strain.

Conditions minimizing f readily allow the generation of
sufficient strain acting on the inner tumor.
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III. RESULTS

We present simulation results. We focus on the ratio of
length P;C to P,C in describing the relationships between
evaluation values and contact positions and contact areas.
Figure 3 shows the relationship between the evaluation value
and the ratio of length P,C to P,C. The index of the parameter
is the number of indenters. When the ratio of length P;C to P,C
is less than 3.0, it has positive correlation with the evaluation
value. When the ratio of length P,C to P,C is more than 3.0, it
has low negative correlation with the evaluation value. The
evaluation value is at a minimum when the ratio of length P,C
to P,C is about 1.0, indenter angle ¢, is 90 degrees, and
indenter angle ¢, is 30 degrees.

We explain separately the relationships between the
evaluation value and the contact positions and contact areas
using the ratio of length P,C to P,C. The coefficient of
correlation between the evaluation value and each parameter is
given in Table IV.
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Figure 3. Relationship between the evaluation value and the ratio of length
P]C to PzC

TABLE IV. COEFFICIENT OF CORRELATION BETWEEN THE EVALUATION

VALUE AND EACH PARAMETER

Parameter Correlation coefficient
P,C/P,C<3.0 P,C/P,C23.0
Indenter Angle ¢, -0.25 0.44
Indenter Angle ¢, 0.63
Contact area 4, 0.26 0.32
Contact area A, -0.15 0.81

A. Case that the ratio of length P,C to P,C is less than 3.0

The correlation between the evaluation value and the
contact position differs between the indenters. In the case of
indenter 1, there is poor correlation between the evaluation
value and indenter angle ¢,. In the case of indenter 2, the
evaluation value decreases as the indenter angle ¢ decreases.
The evaluation value is a minimum at indenter angle ¢, = 30
degrees.

There is poor correlation between the evaluation value and
contact area A for both indenters. The evaluation value is a
minimum for contact area 4,= 15 mm and contact area 4,= 20
mm.

B. Case that the ratio of length P,C to P,C is more than 3.0

In the case of indenter 1, there is positive correlation
between the evaluation value and indenter angle ¢, The
evaluation value is a minimum at indenter angle ¢; = 90
degrees. In the case of indenter 2, there is no correlation
between the evaluation value and indenter angle ¢, because
indenter angle ¢,is 90 degrees only.

In the case of indenter 1, there is poor positive correlation
between the evaluation value and contact area 4. In contrast,
there is high positive correlation between the evaluation value
and contact area 4.

IV. DISCUSSION

In this section, we discuss how the geometrical condition
can be used to generate sufficient strain acting on the inner
tumor from simulation results.
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We consider that the strain acting on the inner tumor is
decided by the ratio of the spring stiffness between the contact
position of one indenter and the center of the tumor to the
spring stiffness between the contact position of the other
indenter and the center of tumor. Figure 5 shows the
deformation of the breast model when the breast model has the
geometrical conditions that minimize and maximize the
evaluation value. When two indenters compress the breast by
the same displacement, the inner tumor moves in the direction
of lower spring stiffness as seen in Fig. 5 (a). If the spring
stiffnesses of the tissue between the contact position of the
indenter and the center of the tumor are the same for the two
indenters, the inner tumor is deformable because the inner
tumor moves less, as seen in Fig. 5 (b).

Spring stiffness is inversely proportional to the length
between the contact position and center of the tumor, and is
proportional to the contact area. However, simulation results
show that there is high correlation between the evaluation
value and the ratio of length P,C to P,C, and there is low
correlation between the evaluation value and the contact area.
We consider that although the contact area and enforced
displacement are the same, the strain on the inner tumor differs
depending on the indenter angle because the state of contact
between the indenter and breast differs depending on the
indenter angle. We calculated the coefficient of correlation
between the evaluation value and the contact area when the
ratio of length P,C to P,C is 1.0; the correlation coefficient for
A is —0.48 and that for 4, is —0.83. Hence, a larger contact
area (i.e., larger spring stiffness) promotes the generation of
large strain acting on the inner tumor.

Therefore, when the spring stiffness between the contact
position of one indenter and the center of the tumor equals the
spring stiffness between the contact position of the other
indenter and the center of tumor, a larger contact area (i.e.,
larger spring stiffness) produces larger strain acting on the
inner tumor.

0.3 0.0
Strain H— . <€— : Moving direction of tumor

(b) P,C/ P,C = 1.0 (¢,= 90 deg., ¢, =30 deg.)
Figure 5. Deformation of the breast model.

V. SUMMARY

The objective of the present paper is to evaluate the
geometric effect of two indenters on the strain magnitude of
the inner tumor for the development of a robotic palpation
system to determine whether a breast tumor is benign or
malignant through measuring its nonlinear elasticity. Finite
element analysis for several contact positions and contact
areas was performed to clarify the relationship between the
geometric conditions and the strain acting on the tumor. The
simulation showed that, when the spring stiffness between the
contact position of one indenter and the center of the tumor
equals the spring stiffness between the contact position of the
other indenter and the center of the tumor, a larger contact area
(i.e., larger spring stiffness) readily promotes the generation of
large strain acting on the inner tumor. In future work, we will
perform simulation analysis using breast models of various
shapes and various elastic properties. Additionally, we will
perform in vitro experiments to evaluate the optimal geometry
conditions derived from simulation analysis.
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