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In the fields of geology, materials and biomedical engineering, the noninvasive and accurate estimation
of the dynamic mechanical properties of the soft matter enclosed in a rigid shell induced by a low-
frequency vibration is worthy of exploration. The addition of fluidity on the basis of viscoelasticity to
describe the properties of the soft matter, especially when containing a large amount of water, may be of
great value in the detection of crustal movement, material structure, and early cerebral diseases. In the
biomedical field, since the influence of the skull on ultrasound is unknown for viewing the propagation of
the transcranial shear wave, it is challenging to obtain the mechanical properties of the brain tissue with
the skull using the transcranial ultrasound. In this study, the propagations of the transcranial shear wave
within the brain tissue induced by an external low-frequency vibration are presented by finite-element-
method simulation. This experiment achieved a transcranial ultrasound estimation and differentiation of
viscoelasticity and fluidity of brain phantoms enclosed in the skull using the low-frequency vibration and
Kelvin-Voigt fractional derivative modeling, and the estimation results are consistent with the nontran-
scranial ones. These results represent a great potential in the estimation of viscoelasticity and fluidity of
the soft matter under different boundary constraints in various areas.
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I. INTRODUCTION

The noninvasive estimation of the nonlinear mechani-
cal properties of the soft matter enclosed in a rigid shell is
of considerable interest in various fields [1–3]. In the soft
matter, especially that with high water content, these prop-
erties vary with the molecular arrangement, cross-linking
density, and properties of the interstitial fluids, which
may be susceptible to modifications during processes
like crustal movement, tissue inflammation, and mate-
rial reordering. These properties can be extracted when
an appropriate constitutive model fits the data acquired
from the displacement field induced by low-frequency
(LF) vibration [3–5]. The current mechanic community
prefers classical constitutive models, such as the Maxwell
model, the Kelvin-Voigt model, and the standard lin-
ear solid model. However, these elementary models for
viscoelasticity description fail to accurately capture the
shear dynamic behavior of the soft matter [6,7], and this
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dilemma can be solved by increasing the complexity of
the constitutive model. Instead of increasing the number
of model parameters, a better alternative is to employ the
Kelvin-Voigt fractional derivative (KVFD) model [7,8].
KVFD is an elegant model offering a more compact set
of viscoelastic and fluidic properties for characterizing the
soft matter [9]. In the biomedical field, the feasibility of
the extended KVFD to assess viscoelasticity and fluidity
of the brain tissue enclosed in the human skull is worth
exploring, and these properties can provide key informa-
tion for the diagnosis of cerebral diseases at an early
stage and monitor the progression of the disease treatment
[10,11].

Two noninvasive ways are available in the biomedical
field to excite the shear wave within the tissue: external
LF vibration [12] and acoustic radiation force (ARF) [13].
The frequency of the shear wave generated by ARF has a
broad bandwidth, making it difficult to control the prop-
agation of the shear wave at a single frequency. On the
other hand, the frequency of the shear wave induced by an
external LF vibration is narrowband, thus facilitating the
propagation of the shear wave at single frequency. In this
way, the viscoelastic and fluidic properties can be related
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to the shear wave speeds at different frequencies by KVFD
modeling.

The shear wave within the brain tissue can be detected
by biomedical imaging methods, such as magnetic
resonance elastography (MRE) [14] or ultrasound shear-
wave imaging (SWI) [15–17]. MRE is able to measure
the mechanical properties of the soft matter [18], then
also extended to the brain tissue [19,20] in a noninvasive
manner. MRE in clinical practice is used to estimate the
elasticity of the brain tissue by placing a vibrating plate
under the patient’s head or in the patient’s mouth and con-
necting it to a mechanical actuator [14,19,20]. However,
the use of MRE is limited and restricted only to dedicated
clinical centers. Moreover, the long acquisition time of
MRE limits its usage as a routine test for brain research
[14], while SWI has a better temporal resolution allowing
the dynamic estimation of the brain elasticity within a sin-
gle cardiac cycle [15]. Currently, SWI has already been
used in clinical practice to evaluate the tissue elasticity in a
variety of soft tissues such as liver [21], thyroid [22], breast
[23], and prostate [24]. However, SWI is rarely applied on
noninvasive transcranial human brain tissue, which can be
due to three reasons. Firstly, the attenuation coefficient of
ultrasound in the skull is very strong due to the mismatched
acoustic impedance [25]. Secondly, the propagation of the
transcranial shear wave is complex due to the rigid bound-
ary constraint of the skull. Thirdly, the three-dimensional
(3D) wave propagation in the brain can be acquired by
MRE, while the transcranial ultrasound imaging can only
display a two-dimensional (2D) section of the brain tis-
sue. Therefore, the position of the LF vibration used in
MRE is not suitable for transcranial ultrasound, and an
appropriate position should be reselected for transcranial
ultrasound to estimate the viscoelasticity and fluidity of the
soft matter.

Inspired by MRE, the external LF vibration is used
in this study to excite the shear wave and estimate the
mechanical properties of the soft matter enclosed in the
skull. The propagation of the shear wave within the brain
tissue is simulated under different boundary constraints
referred to as the absence or presence of the skull, to bet-
ter understand the influence of the skull on the propagation
of the transcranial shear wave and provide the appropri-
ate position of the LF vibration and ultrasound probe in
the following experiments. A method for the noninvasive
transcranial ultrasound shear-wave imaging is developed.
The external LF vibration and the ultrasound probe each
placed on each side of the temporal window are designed
for transcranial ultrasound. The LF vibration at differ-
ent frequencies is used in this experiment to induce the
shear wave within the brain phantom. The noninvasive
estimation of viscoelasticity and fluidity are validated by
brain phantoms using transcranial ultrasound shear-wave
imaging induced by external variable LF vibration and
KVFD modeling.

II. SIMULATION OF SHEAR-WAVE
PROPAGATION

The shear-wave propagation within the brain tissue can
be simulated by the finite-element analysis, which is con-
ducted via COMSOL Multiphysics (release 5.5, COMSOL
Inc., USA). The shear-wave propagations within the brain
tissue with free boundary and enclosed in the human skull
are simulated under an external LF vibration. In the sim-
ulation, 50 cycles of sinusoidal force are applied to an
elastic film to act as an external LF vibration. The fre-
quency of vibration is set from 100 to 300 Hz in 50-Hz
steps. The shape of the film is obtained by the calculation
of the Boolean difference between the film and brain tissue
in the boundary-free constraint, while between the film and
skull in the enclosed human skull constraint. This approach
allowed the close attachment of the film to the brain tis-
sue or skull. The elastic film is placed near the temporal
window. The temporal window of the skull is the maxi-
mum radius of the curvature and the thinnest part of the
skull [26]. The details of the simulation setup are shown
in Figs. 1(a) and 1(d). The mechanical parameters of the
skull, brain, and film are listed in Table I [17,27]. The dura
mater, spinal fluid, and other substances are ignored. The
time step of the simulation is 1 ms.

Taking the LF vibration of 100 Hz as an example, the
shear-wave propagation within the brain induced by the
nontranscranial and transcranial LF vibration is shown
in Figs. 1(b)–1(c) and 1(e)–1(f). As regards the nontran-
scranial LF vibration, the brain tissue is free from any
boundary, and the LF vibration directly acts on the tissue.
Figures 1(b) and 1(c) show that the shear wave propagated
in an arc along the X axis, which is similar to the propa-
gation within phantom [18,28,29] and tissue [12,29] in the
shear-wave elastography. As regards the transcranial LF
vibration, which is different from the former one, the brain
tissue is enclosed in the skull on which the LF vibration
acts. In this case, the propagation becomes complicated,
as shown in Figs. 1(e) and 1(f). At 6 ms after the begin-
ning of the vibration, the arc wave propagated along the X
axis in the brain at the temporal window. At 12 ms after
the beginning of the vibration, the LF vibration spread
along the skull from the temporal window to the parietal
bone. At this time, the propagation of the transcranial shear
wave was different from the nontranscranial shear wave.
The transcranial shear wave propagation was composed of
two waves forming interference in the brain tissue: the one
generated from the temporal window was spreading in an
arc along the X -axis, and the other one generated from the
parietal bone is spreading along the Z axis. The propaga-
tion directions of these two waves are nearly perpendicular.
Since the propagation direction of the shear wave is along
the X and Z axis, the X -Z section is selected as a bet-
ter observation section to detect the propagation of the
shear wave. The LF vibration and transcranial ultrasound
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(a) (b) (c)

(d) (e) (f)

FIG. 1. Simulation of the shear-wave propagation within the brain tissue induced by the LF vibration. The color bar represents the
amplitude of the displacement. The simulation models are, respectively, the brain tissue with free boundary (top row) and with the
skull (bottom row). (a),(d) Details of the simulation setup. The yellow curved surface represents the film. The film is subjected to a
sinusoidal force, and the frequency of the force is from 100–300 Hz in the 50-Hz steps. f (Hz) represents the frequency of the force.
(b),(c) Shear wave propagating in an arc along the positive X axis at 6 and 12 ms after film vibration, respectively. (e) At 6 ms after
the film vibration, the propagation of the transcranial shear wave is similar to that in (b). (f) The propagation of the shear waves from
two directions (X and Z axis) is clearly observed at 12 ms after film vibration.

are each placed on each side of the temporal window in
the following experiment, which is an appropriate posi-
tion to view the transcranial shear wave and estimate the
shear-wave speed by transcranial ultrasound.

III. EXPERIMENTAL METHODS

A. Phantom with skull models

The 3D-printed skull models with matched acoustic
properties are designed using an optimal material after
comparing the acoustic properties of a real skull with dif-
ferent commercially available printing materials [30]. The
ultrasound attenuation coefficient and ultrasound speed of
the skull model printed by polylactic acid (PLA) material is
similar to that of the real human skull with porosity. Thus,
the PLA material is used to print the cubic skull model
and whole skull model in this study. The cubic model is
composed of a five-sided 10 × 10 × 10 cm3 cube, and the
thickness is 2.0 mm, which is the average thickness at the
acoustic bone window [26]. The cubic skull model is used

TABLE I. Parameters of the materials in the simulation.

Skull Brain Film

Young’s module (MPa) 6900 0.013 280
Density (kg/m3) 1080 1000 2200
Poisson’s ratio 0.3 0.485 0.4

to preliminarily verify the feasibility of the experiment.
The geometric shape of the enclosed whole skull model
is obtained by 3D printing of the CT-reconstructed skull,
and the shape and thicknesses are close to the human skull
to further validate the efficiency of the method.

Both skull models are filled with gelatin-agar phantom
to imitate the brain tissue ignoring the intracranial pres-
sure. The brain phantoms are composed of gelatin and agar
powders mixed with hot water (65 ◦C). The agar powder
(1%) is used as a scatterer for phantoms. Three different
gelatin concentrations (4%, 6%, and 8%) are used for brain
phantoms in the experiment with different viscoelastic and
fluidic properties.

B. The transcranial ultrasound SWI system

The transcranial ultrasound SWI experiment setup is
shown in Fig. 2. The excitation sine signal is generated
from a waveform generator (AWG420, Tektronix), and
amplified by an audio power amplifier (FPA1016, Feel-
Tech, China). Then, the LF loudspeaker (DL65TZB-01,
Guanyin, China) is excited to vibrate. The frequencies of
the LF loudspeaker vibration are between 100 Hz and 300
Hz, with steps of 50 Hz. The LF loudspeaker is triggered
by an ultrasound imaging system to synchronize the data
acquisition with the LF loudspeaker vibration. The loud-
speaker is affixed to a tube by a plexiglass dome used
to connect hermetically both parts. The tube is made of
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FIG. 2. Experimental system of the transcranial ultrasonic
shear-wave imaging. The excitation is a continuous LF sine
wave. f (Hz) represents the frequency of the continuous LF sine
wave. The tube and the probe are kept at the same height in the
Z axis. L (m) represents the length of the tube. The details of the
tube’s nozzle are shown in the red circle, and the yellow curved
surface represents the film. The displacement maps are retrieved
through the correlation of the subsequent transcranial ultrafast
plane-wave images.

polyvinyl chloride and its inner diameter is 18 mm. The
length L (m) of the tube varied with the frequency f
(Hz) of vibration, according to the standing-wave equation
L = (2n − 1)∗c/4f (n = 1, 2 . . .). c (m s−1) is a constant,
representing the speed of the sound in the air. The shape
of the tube nozzle is determined by Boolean difference
calculation of three-dimensional graphics, so that the tube
nozzle is closely fitted to the temporal window of the skull.
A 30-μm-thick elastic film is connected at the nozzle of
the tube, and the material of the film is biaxially oriented
polypropylene. The vibration of the loudspeaker spread
along the tube and drove the film at the nozzle to vibrate.
The film vibration is exerted on the skull and induced the
propagation of the transcranial shear wave in the brain
phantom.

The suitable frequency for the transcranial ultrasound
is approximately below 3 MHz due to a great attenu-
ation of the high-frequency ultrasound within the skull
[30]. Considering the imaging resolution and the ultra-
sonic attenuation, a P4-2 probe with 2.5 MHz is selected
to detect the motion of the brain phantom through the skull
using a Verasonics ultrasound imaging system (Vantage
256, Verasonics Inc., Kirkland, WA, USA). The probe is
placed at the temporal window. The temporal window is
the thinnest, thus, the attenuation of the ultrasound is min-
imal. The temporal window is relatively flat, and the probe
could be placed vertically to the skull, to minimize the
ultrasound attenuation. When the shear wave propagated
in the brain tissue for a period of time, the propagation
became more complex, with a phase distortion due to the
strong reflection interface of the skull. rf echoes should
be acquired within 100 ms after the loudspeaker vibra-
tion in the experiment. Therefore, the ultrafast frame rate is
achieved by reducing the emission mode to a single, plane

wave in sonification. The frame rate for the acquisition of
echographic images is set at 1000 Hz. The sampling rate of
rf echoes is increased from 4 times (10 MHz) to 10 times
(25 MHz) of transcranial ultrasonic frequency to ensure the
accuracy of the displacement detection in the brain phan-
tom. All the backscattered signals are stored in a memory,
and then transferred to a computer for offline processing.

C. Estimation of viscoelasticity and fluidity

The rf signals are acquired while the transcranial shear
waves are propagating, and the first frame is used as the
reference echographic image of the medium. The X dis-
placement is estimated using a cross-correlation algorithm
by comparing the correlation between two frames of
images. The cross-correlation algorithm is robust to extract
the displacement information from the low signal-to-noise
ratio rf signals. Thus, even though the rf signals of the tran-
scranial ultrasound have an attenuation due to the skull,
the X displacement can still be estimated by the cross-
correlation algorithm. The rf lines are segmented by depth
X into approximately 2-mm slices with a 50% overlap. The
rf lines and displacements are both filtered using a spatial-
time filter to increase the signal-to-noise ratio [31,32]. The
precision is improved by applying the parabola interpola-
tion method to the displacement estimation.

The nonlinear mechanical properties of the tissue can
be depicted from the tissue displacements. The equation
of the displacement for small perturbations regarding an
operating point can be used for an isotropic, homogenous,
viscoelastic compressible medium [33]:

(λ + μ)∇∇ · u + μ∇2u = ρ
∂2u
∂t2

, (1)

where ρ is the density of the medium, u is the displacement
vector, and μ and λ are the Lamé constants of the medium.

After applying the KVFD model, the fractional order
viscoelasticity is the following [7]:

μ = μ0 + μα

∂α

∂tα
, 0 < α ≤ 1. (2)

The nonlinear mechanical properties of the tissue can be
depicted by viscoelastic models, which relate the shear-
wave speeds and the complex modulus. The shear-wave
speeds at variable frequencies are related to the real stor-
age and imaginary loss parts of the shear modulus μR and
μI , respectively:

cs =
√
√
√
√

2
ρ

μ2
R + μ2

I

μR +
√

μ2
R + μ2

I

. (3)
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In the case of the KVFD model,

μR = μ0 + μαωα cos
(π

2
α
)

, μI = μαωα sin
(π

2
α
)

,

(4)

where μ0 (Pa) is the elastic modulus, μα (Pa sα) is the vis-
cous coefficient, and α is the unitless real number between
0 and 1 that defines the derivative order representing the
fluidic property.

The shear-wave speed is estimated using the linear
regression of the evolution of the phase delay of the strain
estimation as a function of depth at the center frequency
of the LF vibration. It is reported that there is no differ-
ence between the phase speed and the shear-wave speed
as long as the diffraction effects and dissipation can be
ignored [34]. Then the viscoelasticity and fluidity could be
estimated using the KVFD model and shear-wave speeds
at variable frequencies.

D. Statistical analysis

Statistical analysis is performed to confirm the feasi-
bility of the transcranial SWI induced by the proposed
method. The difference in viscoelasticity and fluidity with
different concentrations of gelatin brain phantom (4%, 6%,
and 8%) enclosed in the cubic skull model are compared.
Then, taking the 6% gelatin brain phantom as an exam-
ple, the consistency of the viscoelasticity and fluidity of
the phantom under three boundary constraints is evaluated
by the intragroup correlation coefficient (ICC) [35]. The
three different boundary constraints are referred to as the
phantom in the free boundary, enclosed in the cubic skull
model and enclosed in the whole skull model, respectively.

IV. RESULTS AND DISCUSSION

Figure 3(a) shows the shear-wave propagation within
the 6% gelatin brain phantom enclosed in the cubic skull
model at 18, 46, and 48 ms after the loudspeaker vibra-
tion at 100 Hz. The top row shows the transcranial shear
wave propagated in the brain-tissue phantom in a quasi-
circular arc along the X axis at the temporal window. The
second and third row show another shear wave propagated
along the Z axis from the top skull. The interference of the
two shear waves propagated in nearly perpendicular direc-
tion is shown. The propagation in the experiment agreed
with the simulation. The phase of the shear wave along
the Z axis at the depth of 10 mm shows a nonlinear way
and the phase delay is very small, indicating the occur-
rence of the wave interference phenomenon [Fig. 3(b)].
As the shear wave propagated, the energy of the shear
wave in an arc along the X axis decreased due to the
nonlinearity of the phantom. The shear-wave energy prop-
agating along the Z axis above the depth of 20 mm is much
greater than that along the X axis, thereby the wave inter-
ference is weakened, and the speed can be estimated by the

(a)

(b)

FIG. 3. (a) X -axis displacement induced by the LF transcra-
nial vibration at 100 Hz. The multilayer blue and red stripes at
the depth of 80–100 mm are caused by multiple reflections of the
ultrasound passing through the cubic skull model. The color bar
represents the amplitude of the displacement. The red and black
arrows show the directions of the shear-wave propagation. Prop-
agating transcranial shear wave at three time steps (18, 46, and
48 ms). (b) Phase delay of shear wave along the Z axis at the
depth of 10 mm. (c) Phase delay of shear wave along the Z axis
at the depth of 50 mm. The green dotted line represents the linear
curve of the shift phase.

slope of the phase shift. The transcranial shear-wave speed
(1.61 m s−1) along the Z axis is shown in Fig. 3(c) at the
depth of 50 mm.

FIG. 4. Shear-wave speeds within gelatin phantoms (4%, 6%,
and 8%) along the Z axis at different frequencies are fitted by
the KVFD model. The dots represent the experimental shear-
wave speeds that actually represent the average speeds, with
the maximum deviation indicated by the error bars. The dotted
lines represent the curve fitting by the KVFD model, with 95%
confidence interval.
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FIG. 5. Comparisons of the elasticity μ0 (Pa), the viscosity μα

(Pa sα), and the fluidity α for the 4%, 6%, and 8% gelatin brain-
phantom groups. Results are expressed as mean ± standard error
of the mean. ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.001.

According to Eqs. (3) and (4), the shear-wave speeds
within gelatin phantoms along the Z axis at different con-
centration (4%, 6%, and 8%) and different frequencies are
fitted by the KVFD model, and the initial values of the
parameters are set within the limits to avoid local minima.
Figure 4 shows the fitting results of gelatin phantoms (4%,
6%, and 8%), and the R2 between the optimal solution
and the deviation is 0.9831, 0.9743, and 0.9979, respec-
tively. The viscoelastic and fluidic properties of gelatin
phantoms are estimated and shown in Fig. 5. The differ-
ences among the three groups are significant (p < 0.001)
based on the elastic modulus μ0 (Pa), viscous coefficient
μα (Pa sα) and fluidic property α. The μ0 (Pa) and μα

(Pa sα) increases with the increase of the gelatin concentra-
tion, whereas α shows an opposite tendency. No significant
difference in shear wave speeds is observed between the
groups of 4% and 6% gelatin phantom, but both viscoelas-
ticity and fluidity are significantly different (p < 0.01).
Thus, the parameters show a good quantitative prediction,
which confirms the validity of the proposed approach.

Furthermore, the viscoelasticity and fluidity of the brain
phantom enclosed in the whole skull model are measured
to verify the effectiveness of the method. The displace-
ment of the brain phantom induced by the transcranial LF

FIG. 6. X -axis displacement induced by the LF transcranial
vibration at 100 Hz in the three time periods (64, 66, and 68
ms). The shear waves within the 6% gelatin brain phantom in
the whole skull model are shown. The waves propagated along
the Z axis, which is the direction indicated by the black arrow.

TABLE II. Viscoelastic and fluidic parameters of the 6%
gelatin brain phantom with three boundary constraints.

Boundary constraints μ0 (Pa) μα (Pa sα) α

Free boundary 1305.0 4.357 0.917
Cubic skull model 1452.2 4.07 0.925
Whole skull model 1271.0 4.096 0.926

vibration is detected by transcranial ultrasound, and the
viscoelastic and fluidic properties of the phantom can be
estimated. The shear waves at 100 Hz propagated along the
Z axis within the 6% gelatin brain phantom at a velocity of
1.5 ± 0.15 m s−1 are shown in Fig. 6.

The viscoelasticity and fluidity of the 6% gelatin brain
phantom are compared under three different boundary con-
straints (free boundary, cubic skull model, and whole skull
model) to verify the reliability of the properties estimated
by the method, which is shown in Table II. A statistical
analysis of the consistency of the ICC is carried out for
these properties among the three groups. The value of the
ICC is 0.995 (95% confidence interval: 0.947–1.000), sug-
gesting that the results are highly consistent and indicating
the high credibility of the viscoelastic fluidity obtained
by this method. That is to say, the skulls failed to affect
the shear-wave speed within the brain tissue enclosed in
the skull, when the effect of the intracranial pressure is
ignored.

V. CONCLUSION

In conclusion, this work achieves a noninvasive tran-
scranial ultrasound estimation of the viscoelasticity and
fluidity of the brain phantom. Firstly, the transcranial and
nontranscranial shear-wave propagation within the brain
tissue is simulated. The simulation results show the differ-
ence between transcranial and nontranscranial shear-wave
propagation. An interference of the two waves in the brain
with nearly perpendicular directions exist in transcranial
shear-wave propagation, one in an arc along the X axis and
the other along the Z axis, while the nontranscranial shear
wave propagated in an arc along X axis in the brain tissue.
Next, the optimal observation section of the transcranial
ultrasound is selected according to the simulation results.
In this experiment, the viscoelastic and fluidic properties of
the brain phantoms with different concentrations of gelatin
(4%, 6%, and 8%) enclosed in the skull can be accurately
estimated, and even slightly different properties can be dis-
tinguished. Viscoelastic and fluidic properties of the brain
phantom enclosed in the skull model and with the free
boundary estimated by the proposed method are also com-
pared, and the results are highly consistent (ICC = 0.995).
In other words, the estimation of viscoelasticity and fluid-
ity is consistently estimated by this method as long as the
mechanical state of the brain phantom is consistent regard-
less of the presence or absence of the skull. This research
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has a significant potential for the noninvasive acquisition
of the viscoelasticity and fluidity of the soft matters in
the detection of crustal movement, material structure, and
brain diseases.
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