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Characterization of viscoelastic media
combining ultrasound and magnetic-force
iInduced vibrations on an embedded
ferromagnetic sphere

Alejandro Cebrecos, Noé Jiménez, Member, IEEE, Rafael Tarazona, Miguel Company,
José Maria Benlloch and Francisco Camarena

Abstract—We report a method to locally assess the
complex shear modulus of a viscoelastic medium. The pro-
posed approach is based on the application of a magnetic
force to a ferromagnetic sphere embedded in the medium
and the subsequent monitoring of its dynamical response.
A coil is used to create a magnetic field inducing the
displacement of the ferromagnetic sphere located inside a
gelatin phantom. Then, a phased-array system using 3 MHz
ultrasound probe operating in pulse-echo mode is used to
track the displacement of the sphere. Experiments were
conducted on several samples and repeated as a function
of phantom temperature. The dynamical response of the
sphere measured experimentally is in good agreement with
Kelvin-Voigt theory. The estimated viscoelastic parameters
show excellent robustness and agree the measurements
using a quasi-static indentation method, obtaining errors
below 10% in the whole temperature range. Since the mag-
netic force is not affected by weak diamagnetic media,
our proposal results in an accurate estimation of the force
acting on the inclusion. Consequently, it increases the ro-
bustness on the estimation of the viscoelastic parameters
of the surrounding medium.

Index Terms— Ultrasound, Magneto-motive, Shear Mod-
ulus; Viscoelasticity; Magnetic force

[. INTRODUCTION

HE assessment of the mechanical properties of vis-
coelastic media is of great interest in medicine, where
biomechanical properties of tissue have been proved to be
often correlated with their physiological state [1]-[3], and in
industry, where the knowledge of the mechanical properties
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of the medium allows to predict the properties, appearance,
processing, and performance of polymers [4], [5], concrete
[6], [7], asphalt [8] or food [9], [10].

The mechanical response of a solid sphere subjected to the
effect of an external force can be used to determine the vis-
coelastic properties of the surrounding medium. This relation
was first explored theoretically by Oestreicher considering a
Kelvin-Voigt rheological model in a medium with equal stiff-
ness and viscosity [11]. Later, Ilinskii et al. obtained the static
and transient displacement responses of a sphere and a bubble
embedded in an elastic medium [12], and Aglyamov et al.
extended the work to viscoelastic media [13]. Finally, in 2011,
Urban er al. proposed a theoretical development to describe
the generalized embedded sphere response both in time and
frequency domains so that any viscoelastic rheological model
can be used [14].

From these theoretical works, several studies have been
carried out to locally characterize tissue-like phantoms by
exciting a sphere within the acoustic radiation force (ARF)
produced at the focus of an ultrasonic beam. The group of
Prof. Greenleaf presented a quantitative model for a sphere
vibrated by two ultrasound beams of nearby frequencies able
to estimate the material properties of the medium surrounding
a sphere [15]. Later, the group of Prof. Emelianov locally
assessed the shear modulus of a medium by using the ARF
generated at the focus of a focused ultrasound beam excited
with a short pulse [16]. In addition, the motion of the media
due to magnetomotive-generated shear waves can also be
measured [17], but to our knowledge this method has not been
applied to estimate the viscoelastic parameters of the medium.

In this paper we propose a new method to estimate
the viscoelastic parameters of soft-solids. We use a classi-
cal Magneto-Motive Ultrasound (MMUS) experimental setup
[18]-[22] to track the dynamics of a macroscopic ferromag-
netic sphere embedded in a gelatin phantom excited by an
external magnetic force, as sketched in Fig. 1. First, a coil
is excited with an electrical pulse. Second, the generated
magnetic field produces a transient attracting force on the
ferromagnetic inclusion. Third, using a 64-channel phased-
array system, the position of the inclusion is dynamically
tracked, and by using cross-correlation methods the time-
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varying displacement waveform of the sphere is obtained.
Finally, the elastic parameters of the surrounding viscoelastic
medium are estimated from the dynamics of the sphere.

The procedure is similar to the one used in previous works
that make use of ARF [15], [16], but in this case we use a
magnetic force acting on a ferromagnetic inclusion. A common
problem in ARF-based techniques is that it is difficult to accu-
rately measure or estimate the magnitude of the applied force.
This is mainly caused because ultrasound waves attenuate as
they propagate into heterogeneous tissues, the magnitude of
the ARF depends on the geometry and properties of the object
itself and tissue absorption, and in addition weakly nonlinear
effects can be relevant into the estimation of the ARF. The
uncertainty in the estimation of the ARF directly has an impact
on the accuracy of the estimated viscoelastic parameters. In
contrast, since the magnetic force is almost not affected by
tissues which are, in general, weak diamagnetic media, our
proposal results in an accurate estimation of the force acting
on the sphere. In addition, ARF should induce motion not only
at the bead, but on the viscoelastic media due to ultrasound
attenuation and scattering at heterogeneities. Using a magnetic
force, only the sphere is pulled. Therefore, it increases the
robustness on the estimation of the viscoelastic parameters of
the surrounding medium.

It is important to remark that while the setup is similar to
MMUS techniques that track the motion of a soft-solid pro-
duced by magnetic nanoparticles [18]-[22], we make use of a
millimetre-size ferromagnetic sphere. As we will demonstrate,
the use of this inclusion allows an accurate estimation of the
force exerted on it, enabling the quantitative estimation of the
viscoelastic parameters.

The paper is structured as follows: Section II presents the
theoretical model to describe the dynamics of a solid sphere
embedded in a viscoelastic medium and to evaluate the mag-
netic force on the sphere. Section III shows the experimental
setup and methods. Section IV provides the experimental
results and their comparison using indentation techniques.
Finally, the concluding remarks are given in Sec. V.

[l. MODEL

A. Dynamics of a solid sphere embedded in viscoelastic
media

The bulk modulus of most soft-tissues and tissue phantoms
is several orders of magnitude higher than their shear moduli.
Therefore, to model low-frequency shear deformations these
media can be considered incompressible viscoelastic medium,
whose equations of motion for a Kelvin-Voigt-type medium
are given by [13]:

2
p% = —Vp+uV2u+77V2%1:7 (1)
where u = u(t,r) is the displacement vector, p = p(r) is
the internal pressure, ;v and n are the shear elastic and shear
viscous coefficients, p is the density of the medium and ¢ is the
time. Assuming a Fourier convention of e, the equations
of motion in the frequency domain are written as

—VP +GV?U + pw*U =0, )

where P and U are the Fourier transforms of p and u, w
is the angular frequency and G = (u — iwn) is the complex
shear modulus. We consider a rigid sphere embedded in the
viscoelastic medium submitted to a transient external force
F2*(t), acting on direction z. In the frequency domain, and
for small displacements, the z component of the displacement
of the sphere U, (w) and the Fourier transform of the external
force F¥*(w) are linearly related by [12]:

F'w) = |-Mw? + 67GR <1 —ikR — ;kQRQH U (w),
3)

where M = 4np,R3/3 is the mass, ps the density and R
is the radius of the solid sphere, and k is the complex wave
number in the viscoelastic medium given by the dispersion
relation k% = pw?/(u — iwn). Then, the displacement of the
sphere u (t) in time domain can be recovered using the inverse
Fourier transform as:

! / U.(w)e ™t dw. 4)

In our study, we submit the sphere to a pulsed magnetic
force. In practice, obtaining an ideal rectangular waveform
for the current is not possible due to the inductance of the
coil. Therefore, we assume that the temporal evolution of the
magnetic force is given by a trapezoidal pulse with a finite
rise time, as shown in Fig. 1 (c), as

t
—Fy (t) 0<t<t,,
_F t <t <to,
e A 5)
—Fo(l— n 0> to <t <tg+t,,
0 t>tg+ 1y,

where % is the pulse duration, Fjy is the amplitude of the pulse
and ¢, is the rise time. The Fourier transform of the trapezoidal
pulsed force results in

Iy

trap _
Fz ((U) - trw2

(e —1) (e™'r —1). (6)
Combining Egs. (3, 6) and applying the inverse Fourier trans-

form (4), the displacement of the solid sphere in a viscoelastic
medium is written in the time domain as

___H /°°
-~ 1272Rt, J_ oo

(eiwto _ 1) (eith _ 1) e—iwt g .
R —iwn (kR -5 9™ D

utr e (1)

where 5 = ps/p is the normalized density of the sphere
with respect to the medium density, in analogy with the
expression obtained in Ref. [12] for a rectangular pulsed
excitation. Equation (7) is integrated numerically to obtain the
theoretical estimation of the displacement of the sphere. Note
the displacement of the sphere for a long pulse converge to a
constant value [12] of uyg = Fy/6muR, as it is shown in the
example in normalized scale in Fig.1 (c).
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Fig. 1. (a) Sketch and block diagram of the experimental setup. (b) Example of ultrasonic pulse-echo signals: blue line (V' (t1)) corresponds to

the echo of the sphere at reference position in absence of magnetic force, while red line (V' (t2)) corresponds to the echo signal an instant when
the magnetic force is present, as indicated in (c) by the colour markers. (c) Magnetic force waveform (dashed line) corresponding to a trapezoidal
pulsed excitation of length to with a rise time of ¢,., and expected displacement waveform (continuous line) as a result of the cross-correlation

between multiple ultrasonic pulse-echo signals at each time.

B. Magnetic force exerted on the sphere

The magnetic force acting on a small ellipsoid of volume
V' due to the presence of the magnetic flux density By along
the z axis is given by [23]:

14 0By(z,t)
rext — LB 0\~
z (Z,t) 110 O(Z’t) 92

sin® 0
1+ xD,
3

where x is the volumetric magnetic susceptibility of the
particle, pp is the magnetic permeability in vacuum, D, is
the demagnetizing factor along the axis of symmetry, D, is
the radial demagnetizing factor, and @ is the angle between the
symmetry axis of the particle (z direction) and the magnetic
field direction (z axis). For a spherical particle, D, = D, =
1/3, other relations can be found for other geometries [23].
The ferromagnetic sphere used in this experiment is made
of a low-alloy chrome steel (AISI 52100), having a relative
magnetic permeability p, > 300, therefore, the volumetric
magnetic susceptibility x > 1, thus, it can be considered as
a soft-ferromagnetic material [24]. As such, both coercivity
and hysteresis are relatively small and are neglected for this
material in our experiment [25]. All measures in this study are
performed at relatively low values of magnetic field (maximum
around 100 mT), insufficient to saturate the material. Note the
magnetic saturation of the sphere can be roughly estimated as
around 2 T for a low-alloy steel with less than 2% of chromium
[26]. Therefore, and taking into consideration the spherical
geometry of the bead aligned with the magnetic field, at the
z axis of the axisymmetric system, the force acting in the
ferromagnetic sphere of radius R can be reduced to [23]

47 R3 0B, (z,t)
- B _—
MO z (Z’ t) aZ

cos? 6
1+ xD,

F§Xt(z7t) =

©))

Note that for a soft-ferromagnetic sphere the ratio between
the magnetic field strength, H, and the magnetization of the
material, M, does not depend on the magnetic properties of
the material [27] and is given by H = —3M, the induced
mechanical force is therefore independent of x. Also note that

Eq. (9) can only be applied if the system is axisymmetric, i.e.,
the sphere must be accurately located at the axis of the ferritic
core. To know the magnetic force amplitude as a function
of the electrical current on the coil, a finite element method
(FEM) simulation of the whole magnetic system was carried
on using COMSOL® 5.2 software. Numerical simulations
were carried out and the magnetic field was calculated at
different distances from the center of the ferritic core for
different values of electrical current. A model was obtained
by fitting the simulated data to the power law

Fo(z, Iy) = IRaz", (10)

where I is the electrical current on the coil, z is the distance
from ferritic core to the sphere, and « and v are the fitted
parameters of the model. This model, as we will show below,
was validated using Eq. (9) and experimental measurements
of the magnetic field, and direct measurements of the force
on a ferromagnetic sphere using a magnetic scale. The model
provides a direct estimation of the force acting on the sphere as
a function of the electrical current in the coil and the position
of the sphere, parameters that can be accurately measured.

I1l. EXPERIMENTAL METHODS

The experimental setup that produces the magnetic force
on the ferromagnetic sphere is shown in Fig. 1 (a). On the
one hand, we use a copper coil (S1013, Solen Inc.) with
a height of 45 mm and a radius of 178 mm. Inside the
coil is located a ferritic steel core (AISI 430 steel) with
a radius of 35 mm. The coil is excited with a 2800 W
power amplifier (FP14000) which receives the excitation signal
from an arbitrary waveform generator (Rigol DG1022). In
particular, we excite the coil with the proper waveforms to
create trapezoidal pulses of electrical current in the coil of
to = 30 ms duration. An ammeter (TAO18, Pico Technology)
is used to observe the current in the coil and evaluate the
quality of the trapezoidal pulse. We measured a rising time
of ¢, = 3 ms. A three-axis Hall magnetometer (THM1176,
Metrolab) is used to characterize the magnetic field of the
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(a) Scheme of the coil and ferritic core, FEM simulated magnetic flux density, and field lines (white). Colormap in 10log,q |B|/|B|max

units. (b) Experimental (markers), simulated (continuous) and simulated including the sphere (dashed-grey) magnetic flux density at heights z = 10
mm, z = 15 mm and z = 20 mm. (¢) Magnetic force exerted on the sphere measured experimentally using weighing scale (crosses), calculated
from the measured magnetic field (circles), simulated using FEM (dots) and model retrieved using simulated data (continuous line).

system at steady current. The field sensitive volume of the
probe is 200 pym x 200 ym X 5 pm, the instrument range is
up to 3 T with a resolution 0.1 mT, and it provides an accuracy
of £1% T. Finally, a weighing scale (Cent-O-Gram Model
311, OHAUS) is used to experimentally measure the magnetic
force exerted on the ferromagnetic sphere (AISI 52100 steel)
at different heights in the absence of the viscoelastic medium
and under a current of Iy = 30 A. This allows us to validate
the force model given by Eq. (9). Note that the magnetic force
acting on the sphere depends on the distance to the ferritic
core. However, the displacements considered here are smaller
than 100 um and the force presents spatial variations that are
below 1%. Therefore, we assume that the magnetic force does
not depend on the sphere displacement, only on its position at
rest.

The displacement of the sphere is estimated from the
temporal shifts of the echoes produced by a phased-array
system (Vantage 256, Verasonics) using a 64-channel 3 MHz
ultrasound probe (P4-2V, Verasonics) as shown in Figs. 1 (b,c).
The phased-array is set to a pulse repetition frequency of 4
kHz, allowing the reception of an echo every 0.25 ms. The
radio-frequency (RF) signals from the ultrasound probe are
acquired by the phased-array with a total recording duration
of 75 ms. The position of the sphere is given by the cross-
correlation between the RF signals and a reference signal in
which the sphere is at rest, i.e., in its initial state without
being magnetically excited [28]. Interpolation up to a sampling
frequency of 15.6 GHz is considered here to increase the
accuracy on the estimated displacements up to a resolution

of 0.1 pym.

We consider 2 different gelatin phantoms of cylindrical
shape with a diameter of 30 mm and a volume of 25 ml.
First, “phantom A” was produced mixing water and 200 Bloom
gelatin powder, with a gelatin concentration of 60 g/l. Second,
“phantom B” was produced mixing water, glycerol (99.5%
purity) and 200 Bloom gelatin powder, with concentration of
60 g/l and a glycerol concentration of 40% of the total volume.
The density of both phantoms was measured independently,
obtaining slightly different densities for both phantoms, as
expected (p4 = 1010 kg/m3, pp = 1080 kg/m?). A 2.000 +
0.001 mm diameter ferromagnetic sphere of normalized steel
(AISI 52100) was introduced during the manufacturing of
both phantoms at about 15 mm from the bottom surface.
The location of the sphere was measured using pulse-echo
measurements.

The measurement procedure is as follows: first, the sample
is prepared and located in front of the ferritic core as shown
in Fig. 1 (a). Second, the coil is electrically excited and
a pulsed magnetic force is generated on the ferromagnetic
sphere. Third, the motion of the sphere is tracked by the
phased-array system. Finally, the viscoelastic parameters of
the medium are obtained by minimization techniques. We
use a curve-fitting algorithm to optimize the values of u
and 7 that minimizes the least-squares error between the
experimental displacement waveform and the theoretical one
given by Eq. (7). Note that the value of the magnetic force
is fixed during the minimization process. This procedure is
repeated 3 times in this work for each experiment.
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Experiments were carried out at increasing temperature,
taking the samples from a refrigerator and letting them to
slowly achieve room temperature. Measurements were taken
ranging from 16° C to 26° C. Temperature was measured using
two thermistor probes (Tinytag Temperature Logger TK 4023).
The first thermistor was located inside the phantom at the same
height of the sphere on the lateral wall of the sample container,
while the second probe was placed on the top surface of the
phantom.

Finally, indentation test were performed using a mechanical
testing machine calibrated to measure bloom strength of
gelatins (TAXTExpress, Texture Technologies Corp., Hamil-
ton, MA). We used a flat-ended cylinder indenter of radius
a = 1/4 inch, compressing the samples at a rate of 0.5
mm/s. A maximum displacement of 1 mm was set. The
shear modulus was calculated by fitting the force, F(Az),
to F(Az) = 8auAz where Az is the indentation depth [29],
[30]. Indentation tests were repeated at different temperatures
ranging from 20° to 26° C.

IV. RESULTS
A. Magnetic field and force characterization

We start showing the calibration and validation of the mag-
netic forces acting on the sphere in the absence of viscoelastic
medium. First, the simulated magnetic field in the absence of
ferromagnetic sphere is shown in Fig. 2 (a). As expected, the
magnetic field is highly enhanced near the tip of the ferritic
core. Second, a direct measurement of the magnetic field of the
system in static regime has been carried out around the area
in which the ferromagnetic sphere will be located, feeding
the coil using in this case a continuous current of 20 A. The
value of the z component of the magnetic field was sampled
along 3 horizontal sweeps of 40 mm in length with a 1 mm
pitch in z direction, at 10 mm, 15 mm and 20 mm height
from the core, as shown in Fig. 2 (b). The experimental
data is in excellent agreement with the simulated magnetic
flux density. Simulations including the sphere show that the
small ferromagnetic bead do not remarkably disturb the field
outside the boundaries of the sphere (see dashed grey lines in
Fig. 2 (b)). Finally, the magnetic force as a function of the
distance to the coil, i.e., at the axis of symmetry, is shown
in Fig. 2 (c). First, the magnetic force was estimated using
the simulated magnetic field and Eq. (9) as a function of the
height. This was repeated for different currents (from 5 A to
50 A), and Eq. (10) was fitted in a least-squares sense to the
simulated force distribution in the range 5 mm < z < 25 mm,
obtaining the parameters a = 2.66 - 10710 N/A2 m" and
v = —2.3. To validate this model, the magnetic field was
experimentally measured along the axial direction from the
tip of the core, from 3 mm to 24 mm, and using Eq. (9)
the magnetic force was calculated. In addition, the force was
directly measured using a weighing scale with an accuracy
of 0.01 grams (= 0.1 mN). All measurements, direct and
indirect, agree with the simulated force, as shown in Fig. 2 (c).
The magnitude of the force shows a power-law dependence,
decreasing faster near the tip of the ferritic core (note data in
Fig. 2 (c) is in a logarithmic scale). For distances around 20

N N W
o o1 O

Current at coil (A)
o

10 ]
5 ]
0] 3
-10 0 10 20 30 40

Time (s)

Fig. 3. Experimental electrical pulse (current) as a function of the time.
Dashed line marks the rising time, ¢,..

mm and for small displacements of the order of 100 wm, force
variations are small with respect to the force value (< 1 %).
Therefore, we consider constant the magnetic force exerted on
the moving sphere around a fixed depth.

For the viscoelastic measurements, the coil was feed with
a current pulse of {g = 30 ms and Iy = 30 A. As the coil
presents a finite inductance, the current pulse shows a finite
rising time, that for the current setup was set to ¢, = 3 ms, as
measured experimentally, see Fig. 3. As compared with a flat
(ideal) rectangular pulse, the effect of a finite rise time is to
smooth the displacement waveform, i.e., the peak velocity of
the embedded particle is decreased, and the peak amplitude of
its oscillation is reduced. However, as long the correct shape
is introduced in the model using Egs. (5-7), the viscoelastic
parameters can be retrieved. Also note that if the pulse is long
enough a quasi-static displacement value of ug = Fy/6muR
will be also reached using the trapezoidal pulsed force.

B. Estimation of the viscoelastic parameters

For the first experiment, the displacement waveforms corre-
sponding to phantoms A and B are shown in Fig. 4 for I, = 30
A and t9 = 30 ms. The distance from the tip of the core
to the sphere was estimated using ultrasound echo-impulse
measurements, obtaining z4 = 14.6 mm for phantom A and
zp = 15.2 mm for phantom B. This distance was used to
calculate the force acting on the sphere using Eq. (10), as given
in Table I, and used for the optimization method to calculate
the viscoelastic parameters. First, for the phantom A at 24.4°
C we obtain puy = 1862.6 + 4.5 Pa, ny ~ 0.610 £ 0.012
Pa-s. The theoretical curve for the displacement using the
retrieved parameters fits the experiments for the first 15 ms,
as shown in Fig. 4 (a). The ratio between the initial slope
and the amplitude of the first oscillation, as well as its period
is properly fitted by the viscoelastic model. When glycerin
is introduced in the phantoms, as in phantom B (Fig. 7(b)),
the shear modulus is increased. As the viscous modulus is
increased, the first oscillation is damped proportionally to the
viscous modulus. In addition, the shear elastic modulus also
increases. The viscoelastic model correctly fits the experimen-
tal data for this case too, showing, at a similar temperature,
larger shear modulus and viscous modulus than phantom A
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Dynamics of the sphere embedded in the viscoelastic medium. (a) Displacement waveform for an individual test on the phantom A at

T = 24.4°C, measured experimentally (circles), using the fitted parameters and the viscoelastic theory (continuous). The data used for fitting was
for t < 8 ms. (b) Corresponding displacement waveform for the phantom B at T' = 24.5° C. Velocity waveform calculated from the displacement
shown in (a) from experimental displacement data (circles) and using the optimized theoretical expression in Eq. 7 for (c) phantom A and (d)

phantom B.

(up = 4964.4 £ 25.3 Pa, np = 1.048 &+ 0.034 Pa-s). The
experiment was repeated 3 times and the resulting viscoelastic
parameters are listed in Table I. The typical error for the shear
elastic modulus is of the order of 2% of the mean value while
it is of the order of 10% for the viscous shear modulus. Thus,
while the model of the displacement of the sphere is more
sensitive to changes in the shear elastic modulus than in the
viscous one, the estimation of the shear elastic parameters
using the present method shows good repeatability.

It is worth noting here that theory was developed for an
infinite medium. However, in practice, when the inclusion
is forced to vibrate, shear waves are generated, and they
propagate through the finite-size phantom. When shear waves
reach the boundaries of the sample they are reflected back
and, thus, the vibration of the particle is influenced by them.
Figure 4 (c, d) illustrates the velocity signals obtained by
taking the derivative of the theoretical and experimental dis-
placement waveforms shown in Figs. 4 (a, b)). In particular, a
reflection coming from the sidewalls of the container (located
at a distance of d,, ~ 25 mm) is observed in Fig. 4(d). By
considering the fitted elastic modulus, the shear wave velocity
(in the low frequency limit) is ¢ g = /p/p = 2.1 m/s. The

time-of-flight corresponding to the reflection on the sidewalls
is shown in grey lines in Fig. 4 (d), and the reflection is
visible at the sphere location, validating the calculated shear
modulus. On the contrary, the low-frequency limit of the
shear wave velocity for phantom A is slower (cs,4 = 1.4
m/s) and the reflection from the sidewalls arrives when the
displacement pulse has already finished (at about ¢ = 40
ms). Although one can argue that in this situation the plateau
of the experimental displacement pulse should not manifest
any deviations from the theoretical one, multiple reflections
coming form other boundaries, such as the bottom (dp ~ 15
mm) and top boundaries (d; ~ 20 mm) of the container,
prompts a noticeable distortion of the flat part of the pulse.
Hence, the time window to the fit was adjusted accordingly
in order to capture the dynamical response without shear
wave reflections, which, for the conditions of the experiments
presented in this work, results in fitting approximately the
first 10 ms of the pulse, including the first oscillation. A
validation was performed using the indentation tests. For
both phantoms, the measured values using the penetrometer
agrees the retrieved using the current method, as shown in
Table 1. Finally, the temperature inside the gelatin was also

TABLE |
ESTIMATED VISCOELASTIC PARAMETERS, AND MEASURED SPHERE LOCATION, MAGNETIC FORCE AND TEMPERATURE.
Shear elastic modulus Shear viscous Sphere position Magnetic force Temperature
Proposed method Indentation test modulus
p (Pa) p (Pa) n (Pa-s) z (m) Fo (mN) T (°O
Phantom A 1862.6 + 4.5 1869.6 £ 11.6 0.610 &+ 0.012 14.6 3.922 + 0.027 24.4
Phantom B 4964.4 + 253 44474 + 13.7 1.048 + 0.034 15.2 3.623 + 0.025 24.5
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Fig. 5. Temperature-dependence of the shear elastic moduli. (a) Shear elastic modulus () measured experimentally for phantom A (blue markers)
and phantom B (red circles). The quasi-static elastic parameters measured using a flat-ended cylindrical indenter are shown in markers (asterisk).
(b) Shear viscous modulus (n) measured experimentally at different temperatures for phantom A (blue markers) and phantom B (red circles).

measured showing negligible variations between repetitions.
This is extremely important in this kind of materials because,
as we will show in the next Section, shear elasticity in gelatins
is strongly dependent on temperature.

C. Temperature dependence of viscoelastic properties

In order to test the robustness and consistency of the
viscoelastic parameters estimated using the present method,
a temperature dependence study was carried out. Using the
viscoelastic phantoms A and B, a set of tests were performed
while temperature was slowly increased from 16° C to 26° C,
i.e., up to room temperature. First, the temperature-dependent
viscoelastic parameters are shown in Figs. 5 (a, b). The
estimated parameters are shown in blue (red) markers for
phantom A (phantom B). On the one hand, for the real part of
the shear modulus, shown in Fig. 5 (a), we observe that at low
temperatures the experimental data asymptotically converges
to a constant value. On the other hand, the gelatin becomes
softer as the temperature rises, and the shear elastic modulus
decreases. Note that at a temperature around 26° C the gelatin
is about to reach a phase transition from soft-solid to viscous
fluid and the method is no longer applicable.

Finally, the quasi-static viscoelastic parameters using the
indentation tests are shown in Fig. 5 for both samples. The
values obtained by penetrometry agree with those obtained
by the proposed hybrid method for the range of measured
temperatures. Both methods describe the softening of the
gelatins as temperature increases and the values of elastic
modulus are in good agreement.

V. DISCUSSION AND CONCLUSIONS

We propose a method to locally assess the complex shear
modulus of a viscoelastic medium based on the measurement
of the dynamical response of a millimetre-size ferromagnetic
sphere embedded on it under the action of a known magnetic
force. The magnetic force was produced with a classical
magneto-motive ultrasound setup consisting of a coil and a

ferritic steel core. Both, measured magnetic field and the
magnetic forces acting on the ferromagnetic sphere agree with
simulations and theory. Finally, the measured displacement of
the sphere inside the phantom was fitted to an incompressible
Kelvin-Voigt-type viscoelastic model to obtain the shear elastic
and viscous coefficients.

Two kind of phantoms presenting different viscoelastic
properties were considered: a) water and gelatin powder
and b) water, gelatin powder and glycerin. Their mechanical
properties were monitored as a function of the temperature,
showing a decrease in both the shear elastic and the shear
viscous coefficients when temperature increases. The shear
elastic coefficient of the different phantoms was independently
validated using a quasi-static indentation technique, showing
good agreement between the results of the indentation test
and the proposed method combining ultrasound and magnetic
forces. The maximum error was estimated to be around 10%
at low temperature, although errors remain well below 5% for
most temperatures.

As the generated magnetic field rapidly decays with dis-
tance, the penetration depth is limited in the present setup to
1.5 or 2 cm. Note ARF-based techniques are able to focus
ultrasound beams at several centimetres. However, as most
soft-solids are weak diamagnetic, the present system allows a
precise estimation of the force acting on the inclusion. If the
distance from the sphere to the ferritic core is measured, this
system improves the reliability of the force calculation with
respect to the estimated force using acoustic radiation force
techniques. Note the measurement of the location of the sphere
can be accurately performed using the pulse-echo system. In
ARF-based techniques, the force can vary due to a broad
range of factors that include nonlinearities, inhomogeneities or
attenuation in the path between the transducer and the sphere.
In contrast, weak diamagnetic medium does not influence the
value of the magnetic force. For this reason, the proposed
technique allows a robust characterization of the medium, and
is able to provide not only the elastic shear coefficient, but
the viscous shear coefficient. Note that, as occurs with ARF-
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based techniques, the theory used here for the fitting assumes
a homogeneous medium. If shear waves are scattered by an
abrupt change of elastic properties or density, the particle
vibration will be the superposition of the free oscillation and
the motion due to reflected shear waves. Therefore, the method
is restricted to homogeneous media. In particular, for soft-
solids of shear modulus in the range 1 kPa to 10 kPa, a volume
with a radius of 15 mm around the sphere should not create
strong shear wave reflections.

It is worth to mention that MMUS imaging techniques using
magnetic nanoparticles excited using an externally applied
magnetic field and then imaged using ultrasound have been
proposed in the past [18]-[22]. Using its pulsed modality these
techniques allow the visualization of events at molecular and
cellular levels [31], [32]. The potential of this technique to
asses viscoelastic properties of tissues was also pointed out
but specific values were not reported [33]. Moreover, MMUS
systems have been used to generate shear acoustic waves
for ultrasound elastography imaging [17], [34] or to generate
pulsed displacements for optical coherence elastography [35].
MMUS techniques have been applied in vivo [36], [37], and
they have been combined with other imaging techniques such
as photoacoustics [38], PET or MRI [39]. In the proposed
method, we employ a macroscopic ferromagnetic inclusion
instead of using magnetic nanoparticles. Because of the size
of the object, the in-vivo application of the method for tissue
elastography is limited. However, due to the fact that the force
and the induced displacements can be accurately described
by analytical methods when using a macroscopic object,
the proposed method results in an precise estimation of the
viscoelastic parameters, which may have potential applications
in viscoelastic material characterization in industry. In order
to envision potential applications in the medical field using
this technique, replace the macroscopic object with magnetic
nanoparticles will be mandatory, which will result in a more
complicated estimation of the magnetic force due to the
unknown distribution of the nanoparticles within the tissue.
However, effort has been made in the research community in
order to precisely estimate the magnetic force while applying
a magnetic field to magnetic nanoparticles [40], [41], making
feasible to extend this technique to a more realistic preclini-
cal/clinical application.
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