
Detecting Solid Masses in Phantom Breast Using Mechanical
Indentation

L. Sallaway & S. Magee & J. Shi & O. Lehmann &

F. Quivira & K. Tgavalekos & D.H. Brooks & S. Muftu &

W. Meleis & R.H. Moore & D. Kopans & K.-T. Wan

Received: 27 March 2013 /Accepted: 8 July 2013 /Published online: 12 April 2014
# Society for Experimental Mechanics 2014

Abstract Palpation is an economical, safe and effective
method to detect breast cancer among other expensive and
sometimes limited diagnostic tools such as mammography
and magnetic resonance imaging (MRI). To understand the
mechanics of palpation, a rigid inclusion was embedded in a
phantom gel to simulate the lesion. An array of indents using
a rigid indenter was made over an assigned area of the
phantom surface, while the applied load, F, was measured
as a function of instantaneous indentation depth,w. When the
local stress field interacted with a sufficiently shallow inclu-
sion, the mechanical response F(w) yielded an augmented
apparent stiffness C. A 2-dimensional spatial map of C
shows the presence, depth, and geometry of the simulated
lesion. A camcorder was used to capture the in-situ move-
ment of the inclusion during indentation, which showed
consistency with the finite element (FEA) prediction. Results
provide preliminary confirmation that mechanical indenta-
tion is a good tool to complement existing imaging tech-
niques and has the potential to guide design and fabrication
of an automatic palpation device.
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Introduction

Breast cancer is a leading cause of non-preventable cancer
deaths among women. The death rate in the United States
had previously been unchanged for at least 50 years. Since
mammography had been shown to significantly reduce
deaths in randomized, controlled trials [1], in the mid-
1980s, there is sufficient participation to affect national
statistics [2]. As expected, the following 5–7 years showed
a drastic decline in mortality from breast cancer [3], and there
are now more than 30 % fewer deaths per annum than would
have been expected. Although therapy has improved, multi-
ple studies have consistently shown that early detection is the
main factor in reducing deaths [3–11]. Therapy saves lives
when breast cancers are found earlier. Mammography
screening, however, is far from perfect. It does not find all
cancers and does not consistently find others early enough to
result in a cure. Even were all women ages 40 and over to
participate in regular mammography screening, it has been
estimated that the death rate from breast cancer could be
decreased by 50 % [12]. Unfortunately, there remain at
present approximately 40,000 fatalities due to breast cancer.
Moreover, although major efforts are underway to devise
preventive measures or to develop a universal cure, none
are on the horizon. Thus at the present time, the best hope of
curing breast cancers remains improving our ability to detect
them earlier. In particular, enhanced ability to detect mammo-
graphically occult cancers at a smaller size and earlier stage
can be expected to further reduce deaths.

Breast tissues are heterogeneous, and the distribution of tissue
structures in the breast differ among individuals and, indeed, for
each breast. Many cancers evade mammography due to the
interfering presence of the normal breast tissues. The fact that
most breast cancers are stiffer and harder than the surrounding
tissues has led to a number of novel electromagnetic-opto-
mechanical subsurface imaging methods such as magnetic reso-
nance imaging (MRI) [13], magnetic-resonance elastography
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[14], ultrasound [15], and acoustic radiation [16], all attempting
to detect tumors in early stages. Despite the many advantages,
these relatively expensive and time consuming methods may
miss small tumors or mistaken cysts as tumors nonetheless.

One longstanding but effective, economical and safe
examination method is finger palpation during a clinical
breast examination (CBE) [17, 18]. However, CBE is an art
that is difficult to master and teach via apprenticeship,
let alone to standardize. Automating palpation through a
mechanical device is a subject of previous research. To
reduce the myriad of variables present in actual biological
tissues but retain scientific rigor, gelatin phantoms cast into
rectangular blocks or shapes that reflect the breast geome-
try have been designed to mimic breast tissue, and solid
inclusion inserted to simulate cancers [19, 20]. A rudimen-
tary mechanical method reported in the literature is to
apply local mechanical compression on the gel surface so
that the differential mechanical responses indicate the pres-
ence of an inclusion [21, 22]. An elementary model assum-
ing the inclusion resting on a rigid substrate was adopted
for data analysis, and the force measurement was taken as
direct reflection of the inclusion depth. As we will show
later, this oversimplified model can lead to significant
errors. It is therefore necessary to construct a rigorous
and systematic solid mechanics model to extract useful
information and to estimate the ultimate sensitivity and
capability of the method.

In this paper, we report characterization of a phantom gel
with an inclusion using mechanical indentation. Modeled on
conventional palpation, the method allows one to quantify
the depth, geometry, and mechanical compliance of the em-
bedded mass. A theoretical model based on well-known
contact mechanics theory will be discussed and shown to
be consistent with finite element analysis (FEA). This
theoretically-grounded approach provides the opportunity
to develop a reliable and reproducible tool to detect tumors
in the breast. Another outcome of this work is to define the
feasible limits of minimum inclusion size, maximum depth,
and minimum stiffness contrast with the surrounding tissue
where the lesion can possibly be detected.

Theory

Comprehensive solid mechanics models for indentation in
linear elastic materials, the local displacement and the asso-
ciated stress–strain fields in rectilinear coordinate systems,
and the constitutive relations, are readily available in the
literature. However, virtually all human tissues and phantom
gels under an external load are known to exercise large
viscoelastic, rather than linear elastic, deformation. For the
sake of simplicity and proof of concept, linear elasticity is
nonetheless adopted here. The half-continuum sample

surface is defined with respect to the z-axis that passes
through the inclusion (Fig. 1(a)–(b)). The sample surface is
defined as the x-y plane where the inclusion of radius R0 is
buried at a depth z=–d. To specify a point on the surface, the
radial distance r=(x2+y2)1/2 from the origin (x=y=0) is
used. Another coordinate system is needed for the loading
axis of the indenter of radius R. Within the gel volume, the
radial distance from the indent and the angle subtended with
the loading axis are given by ρ and θ. The third azimuthal
angle is redundant here because of axisymmetry. For a sam-
ple without an inclusion, a point load (R≈0), F, applied at the
origin (ρ=θ=0) creates an indentation dimple of depth, w,
along the loading axis. The local subsurface stress field is
given by [23, 24]

σi ρ; θð Þ ¼ F

2πρ2
gi θð Þ with i ¼ ρ; θ;w ð1Þ

where

gr θð Þ ¼ 1−2v
1þ cosθ

− 3 sin2 θ cosθ

gθ θð Þ ¼ 1−2vð Þ cosθ−
1

1þ cosθ

� �

gz θð Þ ¼ − 3 cos3 θ

with v the Poisson ratio of the gel. Without delving into the
rigorous mathematics, we only state some relevant charac-
teristics of the stress field. The mechanical stress is inversely
proportional to the square of radial distance, gi (ρ,θ) ∝ ρ−2

such that the stress field is highly localized and diminishes
rapidly away from the origin. An arbitrary border of this
stress field can be chosen, for instance, when σ(ρ*) falls
below 0.10×σ0 with σ0 the maximum stress within the field,
the region with ρ>ρ* no longer feels the presence of the
external load and is considered stress-free. Force measure-
ment as a function of the indentation dimple depth, F(w),
thus yields the materials properties such as the elastic mod-
ulus of the gel, Egel.

In the presence of a subsurface solid inclusion, σi(ρ,θ)
will be modified accordingly [25]. If the solid mass lies
outside the stress field (ρ>ρ*) by virtue of being too deep
or too far from the origin, both σi(ρ,θ) and F(w) are left
status quo and governed exclusively by the gel properties.
However, if (ρ,θ) falls within the stress field (ρ<ρ*), σi(ρ,θ)
will be distorted accordingly and F(w) will reflect the loca-
tion of the inclusion. The sensitivity at which we can detect
the embedded solid will be raised by several factors: (i)
inclusion dimension being larger than a critical threshold
such as the indenter size or the contact area at the indenter-
sample interface, (ii) a large mismatch between Egel and
Esolid, (which is readily satisfied in the case at hand due to
the commonly accepted assumption that the lesion is 20
times stiffer than the surrounding healthy tissue [26]), and
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(iii) shallow embedment under the surface with a small d. In
our experiments, multiple indentations were performed per-
pendicular to the sample surface over a prescribed area. A

two dimensional map of the apparent stiffness based on F(w)
is then constructed to show whether an inclusion is present.

It is worthwhile to list the model limitations upfront.
The inclusion is assumed to remain fixed at its spatial
location even upon interaction with the local indentation
stress field. In reality, the stress gradient creates a net
force that pushes the inclusion downwards and sideways
(unless indentation is collinear with the inclusion axis,
i.e. coincidence of z and w axes), since the soft gel is
readily deformable. A rigorous mechanical model to cap-
ture the angular movement is beyond the scope of this
paper. Nonetheless, as a demonstration, FEA will be
employed to predict the temporal and spatial trajectory
of the inclusion in response to the external load. A 3D
solid model is built using a commercial FEA software
ABAQUS (Standard version 6.9-2) assuming an isotropic
linear elastic half-continuum gelatin phantom, a rigid half
sphere indenter, and a spherical inclusion. The mechani-
cal deformation is simulated by an 8 node reduced inte-
gration solid element (C3D8R). The gelatin was modeled
by a structured mesh with ~25,000 elements, with mesh
refinement at the contact area as shown in Fig. 1(c).
Only half of the block was modeled due to axisymmetry.
The inclusion-gel interface is taken to be strongly
coupled with no slippage. The boundary conditions are
set up based on: (i) symmetric boundary conditions with
respect to the y-z plane, (ii) all degrees of freedoms
constrained at the bottom plane of the block, (iii) a
displacement constraint of indentation depth of w=5 mm.

Experiment

Materials

An optically transparent gelatin phantom was fabricated to
match the reported average elastic modulus of normal fat
tissues in the breast [26]. Mechanical integrity was ensured
such that the phantom remained intact throughout the mea-
surement without being torn apart or collapsing due to the
external load. Specifically gelatin phantoms were made
with a 5 to 3 ratio of Knox original unflavored gelatin
packets (Kraft Foods, Tarrytown, NY) to water. The gelatin
particles were dissolved in simmering water, before the
solution was cooled to room temperature and then trans-
ferred to a refrigerator (4 °C). Molds were prepared by
placing plastic wrap in a kidney shaped bowl to create an
asymmetrical phantom to resemble the breast. Roughly
500 cc of the gel solution was then poured into the mold
to 2 cm depth and cooled as described. A 1.5 cm diameter
stainless steel ball was placed on the partially solidified gel
and then more liquid gel solution was added to fill the
container, thus suspending the solid inclusion after cooling.

Fig. 1 Indentation of a phantom gel with solid spherical inclusion. (a)
Portrait of a typical phantom sample. (b) Schematic of loading geom-
etry. The Cartesian coordinates (x, y, z) is defined with respect to the
inclusion axis (x=y=0) and sample surface (z=0). The spherical coor-
dinates (ρ, θ) is defined with the origin at the indent (ρ=0, θ=0).
Indentation depth is w. Note that the elastic stress field in equation (1)
is exact for small strain approximation and w→0. (c) A three dimen-
sional mesh is set up for finite element analysis (FEA) for indentation at
any location (x, y) on the surface. The indentation axis is here shown as
collinear with the inclusion axis
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A metal ball was chosen because of its high optical reflec-
tivity for in-situ observation and high elastic modulus
compared to the encapsulating gel. Soft microwave heating
was then applied to ensure homogeneity and miscibility of
the top and bottom gel layers at the interface, followed by
overnight cooling.

Mechanical Characterization

Figure 1(a) and (b) show the experimental setup and a
schematic. A 2.5 cm diameter metal ball was attached to a
shaft that was in turn connected to the load cell of TA.XT
Plus Texture Analyzer (Precision Technology, Boston,
MA). The ball indented on the sample surface to an
adjustable indentation depth of w=1 cm, and the mechan-
ical response F(w) measured. A 5×5 cm square area was
marked on the phantom (2.5 cm on either side of the
inclusion). An array of indentations was then performed
by translating the phantom by a computer controlled x-y
actuation table in steps of 2.5 mm along the x-axis and
then repeating after a 2.5 mm shift in the y-axis. The
output F(w) was recorded at every lattice point of the 2-
D scanned area. When the indentation was made far from
the inclusion axis with large r, F(w) reflected only the
elastic properties of the gel, Egel, that forms the baseline
of mass detection. For indentation closer to the inclusion,
F(w) deviates from the baseline, showing the presence of
solid mass underneath. By assigning a color map to the
range of dF/dw, the projected geometry of the inclusion
onto the sample surface, as well as the inclusion depth, was
obtained. Additional experiments were performed for in-situ
video recording of the inclusion motion upon indentation. A
side camera tracked the steel ball motion as F increased from
null. A tracking program ANchOVy1 and AutoCAD were
used to define the trajectory.

We note that the exact moment when the probe first
touched the sample surface is crucial because any cer-
tainty will accumulate in the curve fitting routine in the
logarithmic scale (see later). To determine this critical
moment precisely, we started the force measurement
when the probe was some small distance (~1 mm) away
from the sample surface, rather than using the automatic
function of the TA.XT to trigger data collection at a
nonzero threshold load. The inevitable noise of the in-
denter disappeared suddenly at the first contact of F=0
as the viscoelastic gel dampens the random fluctuation.

Results and Analysis

Figure 2 shows the force measurement F(w) along a line
passing directly above the inclusion. The load cell has a
resolution of δF~0.1 mN and the actuator δw~10 μm. The
maximum indentation depth was chosen to be wmax≈10 mm
as indicated by the terminal data of each curve. When the
indentation was performed far away from the inclusion, the
probe sensed the mechanical deformation of the soft gel only
and the mechanical resistance was therefore the smallest, as
manifested by the gentle slope of F(w) at x=2.5 cm in the
right-hand curve in Fig. 2. Closer to the inclusion, the em-
bedded sphere offers additional inertia against the indenta-
tion probe, leading to a steeper slope in F(w) in the left-hand
curve. Maximum stiffness was recorded when indentation
was made directly above the inclusion at x=0. The complex
stress–strain field in the gel around the inclusion and the
resulting F(w) are proved to be mathematically involved. A
reasonable first approximation is to model the force mea-
surement by a phenomenological nonlinear equation

F ¼ C:wn ð2Þ

where C and n are constants depending on (i) geometry:
inclusion radius, indenter radius, inclusion depth, (ii) mate-
rial: Egel, (iii) the complex stress field due to coupled external
load with the inclusion. In a log-log plot of F(w) shown as an
inset in Fig. 2, all curves virtually fall on the same line,

1 Video tracking software: ANchOVy, Comprehensive Software Suite for
the Annotation of Objects in Videos, 2012. Authored by Oliver Leh-
mann, Octavia Camps, Richard Moore, and Gilead Tadmor, Northeastern
University, Boston MA 02115. Contact anchovy.team@gmail.com

Fig. 2 Indentation over a range of (x, y) with respect to the inclusion
axis was recorded by the TA.XT texture analyzer. The upper and lower
bounds of the measured responses correspond to indentation at the
inclusion axis (0,0) and far from the inclusion (x=2.5 cm, y=0 cm)
respectively. The inset shows the same set of data in a logarithmic plot
with an average slope of n=1.48. The large data scattering at small force
and small displacement indicates the resolutions of the force sensing
machine. Sensitivity of the indentation method is determined by the
maximum indentation depth wmax. A force sensor is able to detect the
inclusion if its resolution is better than an arbitrarily fraction of
ΔF=Fmax−Fmin
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showing equation (2) to be a reasonable representation of the
mechanical response. The large data scattering at low load below
2 mN is due to the limited force resolution of the TA.XT, and is
essentially ignored in our analysis. The gradient of the curve is
found to be n=d(logF)/d(logw)=1.48±0.10, which is therefore
taken as a constant for all F(w) curves. Since the gel sample is
isotropic, the constant C solely depends on the inclusion depth,
d, and the horizontal distance from the inclusion, x. With
n=1.48,C deduced from equation (2) is taken to be the apparent
stiffness at a specific location (x,y). As alluded earlier, the first
contact of the indenter with the sample surface is critical, because

curve fitting in a log-log graph requires an accurate determina-
tion of the reference of F=0 and w=0. A small uncertainty can
lead to significant error in determining n and C.

Figure 3 shows a two dimensional apparent stiffness map
overlaid on a picture of the sample phantom. A single indenta-
tion is made at the center of each square pixel in the image,
which match the lattice points described above, and the color
indicates the numerical value of C(x,y), normalized by its max-
imum valueC0 at the origin (x=0, y=0). The darkest blue region
corresponds to indentationmade beyond the sample edge, so that
the probe did not touch the phantom surface. The apparent
stiffness gradually diminishes as the indentation is made farther
away from the inclusion center, as indicated. The concentric
colored pattern defines the outline of the spherical inclusion.
Surface texture features such as the ridge indicated in the figure
are also detectable in the map. Figure 4 shows the normalized
C/C0 as a function of radial distance r for all indentation mea-
surements. The increase in data scattering from the average
values (marked as yellow circles) as r increases is the result of
surface roughness and wrinkles. The lower envelop of C(r)
shown as gray curve is therefore a better representation of the
true mechanical response of the sample. As r increases beyond
3 cm, the effect of the inclusion becomes negligible and C(r)

Fig. 3 Typical stiffness map overlaid on the top view of the sample
surface. The color code indicates the normalized apparent stiffness at
specific location. The dark blue region closely following the sample
edge shows that the indenter did not touch the phantom surface. A
surface ridge due to imperfect fabrication of phantom becomes apparent
in the map (Color figure online)

Fig. 4 Apparent stiffness, C/C0, as a function of aerial distance, r from
the inclusion axis (0,0). The mechanical stiffness is a maximum at the
origin, and decreases monotonically as indentation made farther away.
Large data scattering is due to surface texture. The yellow symbols
denote the average value at r. The lower envelop of C(r) is a good
representation of the sample characteristics. An asymptotic value is
found roughly 3 to 4 cm from the origin in this sample. The minimum
or baseline of C(r) indicates the gel elastic modulus which can be
determined to certain accuracy as shown (Color figure online)

Fig. 5 Off-axis indentation where the indentation axis is not collinear
with the inclusion axis. (a) The inclusion is pushed from the original
position (red circle) sideways to final position (blue) through an angular
displacement subtended to the vertical. (b) Measured (data) as a
function of distance from the inclusion axis, along with the theoretical
prediction (curve) derived by FEA (Color figure online)
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decreases monotonically towards a fixed minimum indicating
the material properties of the gel itself with no inclusion.

Figure 5(a) shows the angular displacement of the steel
ball at equilibrium with the external load. The red and blue
circles show the inclusion position at F=0 and F=Fmax

respectively. A load applied directly above the inclusion with

an oblique angle. Figure 5(b) shows the angular displace-

Discussion

Our preliminary work suggests that the simple indentation
method is a viable method for detecting some breast cancers.
It is worthwhile to comment on a number of characteristics,
limitations and improvements on the indentation technique.
The size of the probe in the present study is roughly the

dimension of a fingertip in order to resemble the physician’s
palpation. If the inclusion is arbitrarily 10 times smaller in
dimension, it is unlikely that the mass will be detected.
However, it is possible to use a smaller indenter probe to
yield more precise information about the size and geometry
of the inclusion, though more time is needed to cover the two
dimensional mapping. One possible remedy is to conduct a
quick and coarse scan over a large area with a smaller
number of indentations before a more costly fine-scan over
a suspected region. The indentation depth is also critical to
determine the technique’s sensitivity. If the geometrical ratio
(wmax/d) falls below roughly 5 to 10, that is, the inclusion is
too deep or the indentation depth too shallow, a perceivable
change in apparent stiffness is unlikely. The numerical sen-
sitivity can be estimated using the F(w) data in Fig. 2. Dis-
cernible difference between maximum load recorded directly
above the inclusion and the minimum load far from the
inclusion,ΔF=Fmax−Fmin determines whether the inclusion
can be identified by a physician’s finger or an electronic
sensor. For instance, in case of wmax=5 mm, ΔF≈0.3 N
and the sensor resolution should be δF≈0.05 N or better.
The maximum depth of a discernible inclusion can also be
estimated in similar manner by an equivalent reduction of
wmax in the graph.

The present work is a proof of concept based on a primitive
but readily available solid mechanics model of indentation

Fig. 6 (a) The axisymmetric von
Mises stress/strain and displace-
ment fields computed by FEA for
indentation made directly above
the inclusion. The mechanical
stress is localized around the in-
dent and the intermediate distance
between the indent and inclusion.
(b) The skewed fields computed
for off-axis indentation

940 Exp Mech (2014) 54:935–942

r=0 led to downwards movement only and there is no lateral
shift with ϕ(r=0)=0o. When the load was applied off-axis a
distance r≠0 from the inclusion, the stress gradient drives the
ball along a curved trajectory until equilibrium is attained at

ment measured as a function of the off-axis distance ϕ(r),
and the FEA prediction with symmetry about ϕ=0o. A
reasonable fit is obtained at small r but a larger deviation is
found at roughly r>2 cm presumably due to large deforma-
tion not explained by linear elasticity and small strain
approximation.



(c.f. equation (1)). Despite the inability to account for lateral
motion of the inclusion upon external load (c.f. Fig. 5), FEA
yields a number of interesting consequences. Figure 6(a)
shows the fields of von Mises stress, strain and displacement
in the sample when indenting directly above the inclusion
with wmax=5 mm. The stress distribution remains symmetric
along the loading axis, reaches its maximum immediately
underneath the indenter, and fades away from the origin.
Around the inclusion, the stress field is severely distorted
and becomes discontinuous at the inclusion-gel interface due
to the large mismatch in elastic moduli. Figure 6(b) shows the
modification when the loading axis is off-center by 12.5 mm
and wmax=5 mm. The stress field turns asymmetric and
skewed towards the inclusion. It is noted that the stress and
displacement are localized in the vicinity of the loading point
as expected. Should the inclusion be buried at a depth much
larger than wmax, it will not distort the stress field and thus
become undetectable by this scheme.

Our ultimate goal is to expand on this preliminary work to
try to develop a mechanical “palpater” in an effort to improve
clinical breast examination. Such newmechanical devices can
potentially detect breast lesions that are otherwise occult to
mammography screening. In addition to developing a clini-
cally viable system for testing in vivo, our parallel goal is to
link the approach to Digital Breast Tomosynthesis (DBT)
which provides high resolution, quasi three-dimensional, x-
ray information on the structures of the breast. In this way we
may able to monitor the internal structures of the breast as they
deform during indentation as a way to identify harder tissues
that could indicate cancer.

As a last remark, it is noted that indentation has been used
in the engineering community to characterize sample mate-
rials with embedded particles (e.g. [27]). However, most
recent literature focuses on the fabrication of composite
materials with medium to high density of nano-scale parti-
cles. Since the contact area at the indenter-sample interface is
usually many times that of a single particle, the mechanical
response is an average measurement that varies from nano-
to micro- to macroscopic scale. In this paper, we present a
macro-indentation with an inclusion with size at least that of
the indenter.

Conclusion

We have demonstrated how the force sensing ability of inden-
tation is capable of detecting the location, size and shape of a
rigid solid inclusion embedded in a soft gel matrix. Our
measurements are consistent with both a primitive but rigor-
ous solid mechanics model and computational finite element
analysis. The technique can be used to gauge and train the
sensitivity of physician’s palpation, and to define the neces-
sary precision of the force sensing devices to detect lesion.
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