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Abstract—Many ailments and/or malfunctions of the body have
been observed to change the viscous behavior and elastic proper-
ties of biological soft tissues. The technique of elastography has
evolved to image such properties. The clinical evidence gathered
during studies involving elastography to identify cancerous lesions
is very promising. However, the quantification of the resolution
and specificity of elastography is best achieved under a controlled
study using tissue-mimicking phantoms. One challenge is to repro-
duce viscoelastic behavior in phantoms as observed in biological
tissues. In this paper, polyacrylamide gel based tissue-mimicking
phantoms have been developed to experimentally study the role
of viscoelastic properties in a controlled manner. To measure the
Young’s modulus, the phantoms were subjected to linear loading,
and the stress–strain relationship is deduced therefrom. It is seen
that the phantoms show hysteresis behavior. The viscoelastic prop-
erties of these phantoms were measured by subjecting the samples
to cyclic loading. Normal forces during this process of loading
were also measured as a measure of sample elasticity. To emulate
the normal and pathological lesions, samples were prepared with
varying concentration of monomer and studied. Three models,
namely, Maxwell, Kelvin–Voigt (KV), and Kelvin–Voigt fractional
derivative (KVFD), were chosen to fit the experimental data. Of
these, the KVFD model was found to be best fitting for the experi-
mental data obtained. Results indicate that stiffer samples exhibit
large variations in the storage modulus when the precompression
levels are altered.

Index Terms—Elastography, loss modulus, normal force,
storage modulus, tissue phantom, viscoelastic.

I. INTRODUCTION

IN CLINICAL practice, manual palpation is often used to di-
agnose the presence of localized tumors in superficial organs

like breast, thyroid, etc. Here, the abnormality is detected by a
physician by touching the lesion with finger tips. Data available
on the elastic properties of the tissues are limited to blood ves-
sels, skeletal muscle, heart muscle, bone, and cartilage [1], [2].
The mechanical behavior of breast and prostate tissue samples
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under compressive loading has been investigated in [3]. Tissue
samples were tested at two different precompression levels (5%
and 20%) to evaluate the viscoelastic properties of the materi-
als. The results showed that ductal carcinoma and infiltrating
ductal carcinomas were much stiffer than any other breast
tissues, and these stiffness values were clearly distinguishable
at higher levels of precompression applied on the sample. The
measurement of mechanical properties using cyclic loading was
also reported for other tissue samples such as normal human
liver [4], normal and pathological (fibrosis) human liver [5],
canine liver [6], veal liver [7], and pig kidney [8]. A method
of imaging the mechanical properties of biological tissues
using a force-sensitive wheeled probe was proposed [9], and a
mechanical image was generated [10] by rolling the wheeled
probe across the surface of a solid organ. The validation of
the method was carried out on silicon phantoms and excised
porcine levers. A summary of viscoelastic properties of various
tissues as evident in the literature is presented in Table I.

As opposed to a procedure involving human intervention,
there are several techniques that use phase-sensitive imaging
modalities such as ultrasound [11]–[13] and magnetic reso-
nance imaging [14], [15] to image the mechanical properties
of soft tissues. The basis for the development of these methods
is that disease processes alter tissue elastic properties [1],
[16]. The measurements of these properties were done using
external quasi-static [11] or dynamic [17] excitations or us-
ing ultrasound-generated radiation force [18], [19]. Ultrasound
elastography is a method to identify pathological changes by
measuring elastic properties of tissues [11], [16] using ultra-
sound. In elastography imaging, the displacement or strain
produced inside the lesion due to the application of an external
force is measured. The load applied in this method is either
static or dynamic. Clinical ultrasound elastography imaging of
breast [12], [20] and thyroid [13], [21] has shown promising
results in differentiating benign versus malignant lesions on
the basis of elastographic contrast. Malignant lesions appear as
stiff regions (low strain or high modulus), as compared with
the background. Elastic strain images can be nonspecific if the
mechanical response depends on the physiological and cellular
microenvironmental processes [22] of a specific patient. These
changes can be detected by imaging viscoelastic features in
combination with elastic features.

A new imaging technique such as elastography needs thor-
ough evaluation in terms of potential limitations in system
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TABLE I
ELASTIC MODULI OF VARIOUS BIOLOGICAL TISSUES

MEASURED BY APPLYING CYCLIC LOADING

performance [15], [23], [24], accuracy, resolution, and contrast
[15], [25], and patient safety to determine its utility in medical
diagnosis. The performance evaluation of most of imaging tech-
niques are time consuming. Hence, biological tissues cannot be
used as they lose their characteristics with time when harvested
away from the human body. In such a context, it becomes neces-
sary to develop tissue-mimicking phantoms that maintain their
properties for a long time. Furthermore, a study on phantoms
can yield precise information on elastography instrumentation
parameters such as gain setting, dynamic range, depth of pen-
etration, center frequency, amount of compressive force to be
applied, etc. It is required to have precise knowledge of the
amount of deformation undergone by the tissue in response to
the stress applied to maximize the visibility of lesions in an elas-
togram. Phantoms that mimic both acoustic and elastic prop-
erties of soft biological tissues aid in establishing a reference
standard for elastography image acquisition and, hence, can be
used as a tool for a better understanding of the elastographic
appearance of different pathological conditions. The imaging of
viscoelasticity properties of gelatin hydrogels and breast tissues
was attempted in [22]. The measurement techniques used were
cyclic loading, creep, and stress relaxation. From the experi-
mental investigations, a concise feature set [26] consisting of
elastic strain ε0 and retardance times T1 and T2 were proposed.
The measurement of viscoelastic properties of polyvinyl alco-
hol phantoms using diffusing wave spectroscopy was presented
in [27]. Previous work on the use of polyacrylamide phantoms
for ultrasound elastography applications was reported in [28]
and [29]. In these studies, the structural properties, including
viscoelastic behavior, were not quantified. Other examples
of polyacrylamide tissue-mimicking phantoms for ultrasound
elastography applications are in [30] and [31]. The specificity
and sensitivity analysis performed on the phantoms [32] with
embedded inclusions of varying stiffness, using a commercially
available elastography system, has shown promising results.

The measurement of structural properties (stress–strain curve
and hysteretic behavior) proved that phantoms have viscoelastic
behavior. Preliminary results on the measurement of viscoelas-
tic properties of the phantoms were presented in [33]. Similar
work on the measurement of mechanical properties of tissues
and phantoms has recently been reported [15], [34], [35].
The imaging of elastic properties of biological tissues by
low-frequency harmonic vibration was presented [15], and the
performance was tested using agar phantoms. The feasibility of
ultrasonic shear-wave elastography in medical diagnosis [34]
was demonstrated using agar-based tissue-mimicking phan-
toms. A handheld indentation system for assessment of me-
chanical properties of tissues in vivo was proposed [35], and the
accuracy and reliability of the system were investigated using
elastomers. In this paper, the viscoelastic behavior of tissue-
mimicking phantoms subject to compressive loading is investi-
gated. The storage and loss moduli of the developed phantom
are also measured by adopting the same procedure as given in
[3]. The normal force is recorded during this loading process
and plotted. The role of models such as Maxwell, Kelvin–Voigt
(KV), and Kelvin–Voigt fractional derivative (KVFD) are also
investigated.

II. THEORY

In this section, we provide a background on three models
that are often used to characterize the viscoelastic behavior
of biological tissues. It also includes relevant aspects of mea-
surements. The viscoelastic behavior of biological tissues can
be measured experimentally using variety of methods. The
objective is to determine the relations among stress, strain, and
time for a particular type of deformation and loading pattern.
One of the methods is based on applying a periodic compressive
displacement to a cylindrical sample of uniform thickness and
cross-sectional area and measuring the force response [1], [7],
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Fig. 1. Schematic representation of the (a) Maxwell, (b) KV, and (c) KVFD
models. E is the elastic constant, η is the viscosity, and α is the order of the
fractional derivative.

[36]. If the viscoelastic behavior is linear, the strain will also
sinusoidally alternate but will be out of phase (δ) with stress.
The stress can vectorially be decomposed into two components,
one in phase with the strain and the other 90◦ out of phase. The
complex modulus is given by

G∗ = G′ + iG′′. (1)

The real part of the complex modulus G′ is known as the
storage modulus, as it is an indicator of the material’s ability
to store energy. The imaginary part G′′ is known as the loss
modulus, which is related to the amount of energy lost through
viscous processes.

The storage modulus G′ and the loss modulus G′′ can be
derived from (1) as

G′ = |G∗| cos δ G′′ = |G∗| sin δ. (2)

In creep and stress relaxation experiments, the transient loading
pattern is used.

A. Maxwell Model

The Maxwell model is represented by a purely elastic
spring and a purely viscous damper connected [37] in series
[Fig. 1(a)]. The model can be represented by the following
equation:

dεTotal

dt
=

dεD

dt
+

dεS

dt
=

σ

η
+

1
E

dσ

dt
. (3)

The complex modulus is given by

E∗(ω) =
Eη2ω2 + iωE2η

ω2η2 + E2
. (4)

Here, E is the elastic constant, η is the viscocity, σ is the
stress, ε is the strain, and ω represents the angular frequency.
Suffixes D and S stand for dashpot and spring, respectively.
The expression for the storage and loss moduli can be obtained
from the real and imaginary parts of (4). With this model,
the stresses gradually relax when the material is put under a
constant strain. When a material is put under a constant stress,
the strain has two components. First, an elastic component
instantaneously occurs, corresponding to the spring, and im-
mediately relaxes upon release of the stress. The second is a
viscous component that grows with time as long as the stress is
applied.

B. KV Model

The model consists of a damper and a spring connected in
parallel [37] [Fig. 1(b)]. The stress is related to the strain by the
equation

σ(t) = Eε(t) + η
dε

dt
. (5)

The complex modulus is given by

E∗(ω) = E + iωη. (6)

This model is simple but is insufficient in predicting the
frequency-dependent complex modulus for viscoelastic media
[6]. The KV model accounts for both storage and loss moduli,
but it does not account for relaxation. Therefore, an improved
model, known as the KVFD model, was considered.

C. KVFD Model

The KVFD model [38] is the generalization of the KV model.
It consists of a spring in parallel with a fractional derivative
dashpot [6], [7], as shown in Fig. 1(c). The second term of (5)
is replaced with a fractional time derivative, i.e.,

σ(t) = Eε(t) + ηDα [ε(t)] (7)

Where the fractional derivative operator Dα[ ] is defined by

Dα [x(t)] =
1

Γ(1 − α)

t∫

0

x(τ)
(t − τ)α

dτ (8)

where Γ is the gamma function, and x(t) is an integrable har-
monic function. For the KVFD model, we restrict 0 < α < 1.
The frequency-dependent complex modulus is expressed as

E∗(ω) = E + η(iω)α. (9)

Equation (7) reduces to (5) for α = 1.
Equation (9) can be written as

E∗(ω)= E + ηe
iπα
2 ωα

=
[
E + η cos

(πα

2

)
ωα

]
+ j

[
η sin

(πα

2

)
ωα

]
. (10)

From this, the equations for the storage and loss moduli can
be obtained.

D. Normal Force and Elasticity

When certain viscoelastic samples are sheared, a force nor-
mal to the plane of the applied shear is produced. This is called
the normal force or normal stress, if the correct geometrical
factors are considered. The rheometer setup used for the mea-
surement of viscoelastic properties consists of high-sensitivity
load cells capable of detecting normal forces in the range of
0.01–50 N. The transducer measures the raw force, but this
can be expressed as a normal force using software once the
appropriate geometrical factors are used. Measuring the normal
force under steady shear conditions can also be related to the
amount of elasticity in a sample, and therefore, a correlation
between normal forces measured under shear and elastic moduli
can be made [39]. Highly elastic samples will correspondingly
exhibit high normal forces.
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Fig. 2. Phantom for measuring (a) structural properties (diameter: 38 mm;
height: 76 mm) and (b) viscoelastic properties with cyclic loading (diameter:
50 mm; height: 1.5 mm). [Phantom specifications: 0.06% initiator, 30% TiO2,
and acrylamide concentration varied from 2% to 20% in steps of 2%.]

III. MATERIALS AND METHODS

A. Phantom Preparation

Acrylamide (99% pure) and N,N′-methylenebisacrylamide
(99.5%) were obtained from SRL India and used as sup-
plied. Ammonium persulfate (APS) and N,N,N′,N′-tetramethyl-
ethane-1,2-diamine (TEMED) were supplied by SRL India and
used without any further purification. The polymerization of
acrylamide hydrogels was carried out in deionized water at
room temperature (22 ◦C) using N,N′-methylenebisacrylamide
as the cross-linker, and APS and TEMED as a pair of re-
dox initiators. Fine particles of titanium dioxide (TiO2) were
used to control the echogenicity of the gel. Gels of different
acoustic and structural properties were prepared using different
acrylamide (2%–20%) concentrations. The 40% (w/v) stock
acrylamide solution was diluted in deionized water and then
poured in TiO2 particles (30% w/v). The solution was degassed
for 15–30 min, followed by the addition of APS and TEMED.
The solution was poured into the vessels and placed in an iced
water bath for about 10 min.

B. Measurement of the Young’s Modulus and
Viscoelastic Properties

Cylindrical samples with 0.06% initiator, 30% TiO2, and
varying concentration of acrylamide from 2% to 20% were
prepared. The diameter of the sample was 36 mm, and the
height was 76 mm [Fig. 2(a)]. The Young’s modulus of the
sample was measured using an unconfined compressive test
setup (AIMIL Digi Tritest, AIMIL Ltd.). The samples were
placed on the sample holder base, and an axial compressive load
was applied on the sample with a strain rate of 0.5 mm/min
until a strain of 10% was reached. The load and elongation
were recorded for the prescribed loading, and the stress–strain
relationship was deduced therefrom.

Thin samples with 0.06% initiator, 30% TiO2, and varying
concentration of acrylamide from 2% to 20% were prepared
for measuring viscoelastic properties. The diameter of the
sample was 50 mm, and the thickness was 1–2 mm [Fig. 2(b)].
The measurement of the viscoelastic properties was performed
using a rheometer setup (Physica MCR 301 rheometer, M/s
Anton Paar GmbH, Graz, Germany). The sample was placed in

TABLE II
ACOUSTIC PROPERTIES OF THE PHANTOM PREPARED WITH 8%

ACRYLAMIDE AND 0.06% INITIATOR. CORRESPONDING PARAMETERS

FOR THE HUMAN TISSUE [40], [41] ARE ALSO GIVEN FOR COMPARISON

the sample base, and parallel-plate geometry was used for the
measurement. The samples were preloaded with an initial small
compression level and then sequentially loaded at frequencies
from 0.5 to 100 Hz. The compressor diameter was the same as
that of the sample diameter to ensure uniform loading and to
prevent buckling. The complex modulus G∗, storage modulus
G′, and loss modulus G′′ were obtained using the Rheoplus
software present in the system. These modulus values were fit
to all the three models to determine the best-fitting model. A
MATLAB curve-fitting toolbox was used for fitting the mod-
els to the experimental data using the Levenberg–Marquardt
method for nonlinear least-squares fitting.

C. Measurement of the Normal Force

Phantoms were precompressed with a known level (5% and
20%), and then, a cyclic load with a strain rate of 5% was
applied. The rheometer head initially moves down toward the
sample at a preprogrammed user-defined velocity (1 μm/s) and
reaches the specified precompression level (5% or 20%). At
this point, the normal force is maximum. Then, the normal
force decays to a level corresponding to the entered strain
amplitude. Almost the same level of force was maintained
during cyclic loading. The normal force during this phase was
very small. The normal force was recorded during this entire
loading process. Modulus values were also recorded during
cyclic loading.

IV. RESULTS AND DISCUSSIONS

The acoustic properties of the phantom prepared with 8%
acrylamide and 0.06% initiator concentration match those of
the human tissue (Table II). Here, 30% TiO2 was used to
achieve the desired echogenicity [31], [32]. The stress–strain
curve obtained due to loading (increasing strain) and unloading
(decreasing strain) the same sample is shown in Fig. 3. The
stress–strain curve is linear for stresses up to 1.8 kPa for the soft
sample and up to 6 kPa for the stiff sample. The hysteresis curve
shows that the sample has viscoelastic behavior and that the
sample does not return to its entire unstretched length during the
unloading process. Many biological soft tissues show similar
behavior [1]. The large area under the hysteresis curve is due
to the large stress (10 kPa), as compared with the commonly
used stress (4 kPa) in biological samples [22] and other tissue-
mimicking materials [26], [42].

Fig. 4 shows the measured variation in the storage and loss
moduli with time, when the samples are subjected to cyclic
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Fig. 3. Stress–strain curves for soft (6% acrylamide) and stiff (14% acry-
lamide) phantoms obtained during an unconfined compressive test for loading
(10% strain) and unloading. [Phantom specifications: 0.06% initiator, 30%
TiO2, acrylamide concentration varied from 6% to 18%, diameter 36 mm, and
height 76 mm.]

Fig. 4. Measured variations in the (a) storage modulus G′ and (b) loss
modulus G′′ with respect to time (the result of the time-sweep experiment).
Sinusoidal loading is applied at a frequency of 4 Hz. [Phantom specifications:
0.06% initiator, 30% TiO2, acrylamide concentration varied from 2% to 20%
in steps of 2%, diameter 50 mm, and height 1–2 mm.]

Fig. 5. Variations in the (a) storage modulus G′ and (b) loss modulus G′′
as a function of frequency (the result of the frequency-sweep experiment)
in log–log scale. Sinusoidal loading with frequencies from 0.5 to 100 Hz is
applied with a compressor of diameter the same as that of the sample (50 mm).
[Phantom specifications: 0.06% initiator, 30% TiO2, acrylamide concentration
varied from 2% to 20% in steps of 2%, diameter 50 mm, and height 1–2 mm.]

loading at 4 Hz. There is no noticeable variation in the storage
and loss moduli with time. The storage modulus is greater
than the loss modulus for all monomer concentrations, which
is similar to the behavior of biological tissues [3]–[8]. There
is a significant increase in both moduli with the increase in
monomer concentration, so that the samples cover both normal
and pathological conditions. The sample with a monomer con-
centration of 8% represents the soft tissue and that with 20%
represents the stiffer tissue. The sample with a 2% monomer
concentration did not gel.

The variation of the storage and loss moduli with frequency is
shown in Fig. 5. A cyclic load with frequencies of 0.5–100 Hz
was applied on the cylindrical samples. The storage modulus
is greater than the loss modulus for all concentrations, and
the modulus values significantly increase with the increase in
monomer concentration. The storage modulus values obtained
by varying the monomer concentration exactly match the mea-
sured values for normal human liver [4], canine liver tissue
[6], and pig kidney [8]. Both moduli slightly increase at higher
frequencies. The same behavior was reported for canine liver
tissue [6]. The results of fitting the models to the experimental
data using the Levenberg–Marquardt method of nonlinear least-
squares fitting are shown in Fig. 6. The agreement between the
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Fig. 6. Comparison of Maxwell, KV, and KVFD models. (a) Storage modulus G′. (b) Loss modulus G′′. [Phantom specifications: 6% acrylamide, 0.06%
initiator, and 30% TiO2.]

Fig. 7. Normal force during the loading process. During phase I, the sample
is compressed to reach the 20% precompression level. In phase II, the normal
force decays, and a small normal force exists during phase III (cyclic loading).
[Phantom specifications: 18% acrylamide, 0.06% initiator, and 30% TiO2.]

data and the model is better for the storage modulus than for the
loss modulus. It is clear that the KVFD model is the only model
that is close to experimental data. This is shown by the best-fit
parameter R2 = 0.95. The KV and Maxwell models are poor
in representing the loss modulus.

The samples were initially precompressed to two different
levels (5% and 20%), and then, a sinusoidal load with a fre-
quency of 4 Hz is applied. Normal forces were recorded during
this complete loading process. The variation of the normal force
during the loading process is shown in Fig. 7. In phase I, the
rheometer head moves down toward the sample at a velocity of
1 μm/s and reaches the specified precompression level (5% or
20%). The normal force increases during this phase and reaches
a maximum value when the sample is compressed to the speci-
fied level. Then, the normal force decays (phase II), and a small
normal force is maintained during cyclic loading (phase III).
The modulus values were also recorded during the cyclic
loading phase. The variation of the normal force for samples
with different monomer concentrations is shown in Fig. 8 for
two precompression levels, i.e., 5% and 20%. The normal force

Fig. 8. Variation of the normal force with the monomer concentration during
the loading process for (a) 5% and (b) 20% precompression. Results are
shown for four samples with different acrylamide concentrations. [Phantom
specifications: 0.06% initiator, 30% TiO2, and acrylamide concentration varied
from 2% to 20% in steps of 2%.]

during the precompression phase increases with the increase
in precompression level. For a given precompression level,
the normal force also increases with the increase in monomer
concentration. In other words, the normal force increases with
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Fig. 9. Variation in the storage modulus with the monomer concentration for
two different compression levels. At higher acrylamide concentrations (> 10%),
there exists a large variation in the modulus values at two compression levels.

TABLE III
ELASTIC MODULI (MEAN AND STANDARD DEVIATION) OF THE

PHANTOMS AT TWO DIFFERENT PRECOMPRESSION LEVELS.
LOADING FREQUENCY IS 4 Hz

the stiffness of the sample, justifying the fact that the normal
force is a measure of sample elasticity. The highest normal
force of 48 N is reached for a sample with a 20% acrylamide
concentration for a 20% precompression level.

The variation in the storage modulus with the monomer
concentration for two precompression levels is shown in Fig. 9.
Table III presents the means and standard deviations of the elas-
tic moduli of samples with different acrylamide concentrations
at 5% and 20% precompression strain levels. At low monomer
concentrations, there is no significant variation in the modulus
at two compression levels. At higher monomer concentrations,
there exist large variations in the modulus values at two precom-
pression levels. Modulus values are higher (three times) at the
20% precompression level compared with 5% precompression.
The same behavior was observed for breast tissues [3]. Breast
cancer tissues (ductal carcinoma) are clearly differentiable from
normal tissues at the 20% precompression level. The trend in
variation and magnitude of the storage modulus at 5% and
20% precompression levels is exactly the same as that of a
normal and pathological (fibrosis) human liver [5] at 5% and
15% precompression. This justifies the suitability of developed

TABLE IV
COMPARISON OF THE ELASTIC MODULI OF THE DEVELOPED

PHANTOMS WITH THOSE OF BIOLOGICAL TISSUES

Fig. 10. Ultrasound B-mode image (B) and elastogram (E) of (a) isoechoic
and (b) hyperechoic lesions. In the elastogram, black areas indicate the hard
(HD) region, whereas white areas indicate the soft (SF) region. The phantom
is prepared with 8% acrylamide, 30%TiO2, and 0.06% initiator. The widths of
the lesions are 14 and 18 mm, respectively.

polyacrylamide phantoms for elastography applications. The
comparison of the elastic moduli of the developed phantoms
with those of biological tissues is presented in Table IV. The
ultrasound B-mode image and elastogram of two lesions of
widths 14 and 18 mm are presented in Fig. 10. The elas-
togram was acquired from a commercially available scanner,
namely, Siemens ACUSON Antares. The lesion in Fig. 10(a)
is isoechoic with different elastic moduli. This information is
clearly captured in elastography. The lesion of Fig. 10(b) is
hyperechoic with an irregular boundary. The lesion is clearly
differentiable from the surroundings in the elastogram. This
figure also shows the extent of the resolution available from
elastography.

The total range of the elastic modulus achieved by varying
the acrylamide concentration from 2% to 20% is 2–24 kPa. The
change in modulus from the sample-mimicking normal tissue
to the sample-mimicking cancerous tissue is large enough to
achieve the desired contrast between the lesion and the sur-
roundings. In ultrasound elastography applications, the differ-
ence in elastic modulus between the lesion and the surroundings
is more important than the absolute value of the modulus for
better lesion delineation and diagnosis.
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V. CONCLUSION

Tissue-mimicking phantoms catering to normal and patho-
logical biological tissues have been developed. The phantoms
were constructed using acrylamide as the monomer and TiO2

as the scattering medium. The measurement of structural prop-
erties of the phantoms confirmed that they exhibit viscoelastic
behavior, as shown by some biological tissues. Modulus values
were also measured by precompressing the sample at two
different compression levels, followed by the application of a
cyclic load. A large variation in the elastic modulus exists for
two precompression strain levels at higher monomer concentra-
tions. This validates the mechanical similitude of the developed
phantoms with that of biological tissues. A large variation in
the normal force was observed during precompression with
the increase in monomer concentration. A large contrast in the
elastic modulus corresponding to the tumor and the normal
tissue can be achieved by suitable selection of the monomer
concentration. These results can be used to provide a recipe for
the preparation of phantoms for ultrasound elastography and
viscoelastic imaging. Three models were explored to fit the
experimental results. The results show that KVFD is the only
model that describes the experimental results.
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