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Sol-Gel Transition in Agar-Gelatin Mixtures
Studied with Transient Elastography
Jean-Luc Gennisson and Guy Cloutier, Member, IEEE
Abstract—Using the shear wave propagation in solids,
the transient elastography technique has been developed
to assess the elastic properties of soft tissues. Here, a
new approach of transient elastography allows assessing the
viscoelastic properties of soft tissues. In this paper, the
method is used to follow-up the sol-gel transition of an agargelatin mixture noninvasively. The shear wave velocity and
shear wave attenuation through the mixture were continuously monitored in the audible range of frequencies (from
50 Hz to 200 Hz). The observed changes in velocities and
attenuations as a function of frequency conﬁrmed the validity of the Voigt’s model to describe the gel at its stable
mechanical state. By a simple inverse problem approach,
based on the one-dimensional (1-D) Helmholtz equation,
the elasticity and the viscosity of such a mixture were recovered as a function of time. The results obtained are in
good agreement with the literature and theoretical predictions. Overall, they demonstrate the high sensitivity of the
transient elastography measurements to the rheological parameter changes in agar-gelatin mixtures during gelation.

I. Introduction
he sol-gel processes have attracted attention for several decades. To describe this transition from liquid
(sol) to solid (gel), some basic theories were developed [1]–
[4]. Winter and Chambon [5], [6] proposed a new theory to
describe the time evolution of the complex shear modulus
G in polymer mixtures. From a phenomenological point
of view, the sol-gel transition is characterized by an increase of the elasticity and viscosity as a function of time.
Many ways have been developed to assess the mechanical properties of polymer during sol-gel transition. For a
wide array of frequency ranges, several methods can be
used. At low frequencies (from 10−6 Hz to 1 Hz), rheological measurements and ﬂow relaxation techniques were
proposed [7]–[9]. Thermodynamic analysis techniques and
resonance frequencies are used in the range from 10−2 Hz
to 1 kHz [10]. In the speciﬁc audible range, from 10 Hz to
30 kHz, only two techniques were developed, photoacoustic spectroscopy using a YAG (yttrium aluminum garnet)
laser [11] or the acoustic method [12]. In the ﬁrst, the YAG
laser light is absorbed by a black carbon layer used as a
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beaker. The acoustic waves generated by heat emission are
detected by a microphone placed at the sample surface. In
the second, a transducer (bandwidth from 0.3 to 30 kHz)
is applied at the surface of the medium to generate acoustic waves through the sol-gel mixture that are detected by
a microphone placed in front of it. Between 100 kHz and
100 MHz, ultrasonic methods are used [13]. The ultrasonic
wave amplitude and velocity measurements allow one to
assess the material mechanical properties. Over this range
of frequencies (above 100 MHz), optical methods were developed [14].
In the ﬁeld of dynamic elastography, which occurs in the
audible frequency range, only magnetic resonance imaging was recently used to assess the sol-gel transition [15].
In the current paper, a new ultrasound-based technique
called transient elastography is presented to retrieve the
mechanical properties of sol-gel transition of agar-gelatin
mixtures. By using the one-dimensional (1-D) shear elasticity probe, the propagation of shear waves in the audible
range of frequencies is followed instantaneously [16]. This
technique showed its eﬃciency to retrieve the anisotropic
[17], nonlinear [18]–[20] or viscoelastic [21] properties of
biological soft tissues.
In term of viscoelastic properties, it has been shown
that the shear elasticity probe allows one to map the viscosity of soft tissues. Experimental results on beef muscles in vitro and agar-gelatin phantoms pointed out that
the Voigt’s model is appropriate to describe the soft solid
viscoelasticity [21]. The use of a simple inverse problem
approach based on the 1-D Helmholtz equation conﬁrmed
this choice. Thus, it is possible to retrieve the elasticity
(µ) and viscosity (η) of the investigated media.
Here, this method is used to follow the sol-gel transition of agar-gelatin mixtures. The shear wave velocity and
attenuation are studied as a function of the gelatin concentration, shear wave amplitude, and frequency.

II. Materials and Methods
A. Materials
The shear elasticity probe was used in the present experimental study [16]. It is composed of a single element,
10 MHz, ultrasonic transducer (Panametrics, model V312,
Waltham, MA) mounted on a minishaker (Brüel & Kjær,
type 4810, Nærum, Denmark). The shear waves were generated by the front face of the transducer; meanwhile, it
was working in a pulse-echo mode. The ultrasound longitu-
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agar particles, so if there is agar sedimentation, no ultrasonic signals are measurable. The solidiﬁcation was initiated further by reducing the temperature in the chamber
linearly from 24◦ C to 10◦ C in 1 hour. The chamber was
made of a speciﬁcally designed electronic controller (Watlow, model 981, Winona, MN) and a refrigerator equipped
with heated elements (Supra Scientiﬁque, type YF-204017,
Terrebonne, QC, Canada). Following that, the temperature was maintained at 10◦ C for 12 hours to stabilize the
solidiﬁcation and the mechanical properties of the gel, although gelation can go on for a longer duration [22].

B. Typical Displacement Fields

Fig. 1. Experimental setup, the shear elasticity probe was composed
of a transducer mounted on a minishaker. The probe was placed in
a temperature-controlled chamber at the surface of an agar-gelatin
mixture in a liquid state. The gel solidiﬁcation was followed for
12 hours.

dinal waves were generated by a pulsed-echo system (Panametrics, model 5900PR, Waltham, MA) and the low frequency pulse (from 50 to 200 Hz), producing shear waves,
were sent to the minishaker with a function generator (Agilent, model 33250A, Palo Alto, CA) and ampliﬁed (Brüel
& Kjær, type 2706, Nærum, Denmark). In a typical experiment, 300 echographic lines were recorded in an eight bit
format with an acquisition card (Gage, type Compuscope
8500, Lachine, QC, Canada) on a personal computer at
a 100 MHz sampling frequency. The repetition frequency
between successive A-scans was ﬁxed in the experiments
at 2 kHz.
Agar-gelatin samples were a mixture of water (initially
heated at 50◦ C), 3% agar (Sigma Chemical, number A6924, Saint-Louis, MO), and 1.5% to 4% gelatin (Sigma
Chemical, number G-2500 Type A from porcine skin,
Saint-Louis, MO). The agar and gelatin were used as scatterers and matrix, respectively. At this temperature, the
agar was not dissolved (the agar melting point is about
85◦ C). The phantom speckle is provided by the agar particles so, if they are dissolved, one cannot get ultrasonic
signals.
The usual control temperature for this kind of experiment has been made as follows [22]: at the beginning, the
agar-gelatin mixture was in a liquid state, and its temperature was reduced from 50◦ C to 24◦ C. Then to control
the sol-gel transition and to avoid biases from an uncontrolled environment (humidity, temperature, and evaporation), the shear elasticity probe and the samples were
placed in a chamber (Fig. 1). At 24◦ C the mixture was
again in a liquid state and was enough viscous to avoid
agar sedimentation and to keep the mixture homogeneous.
Again, the ultrasonic speckle quality is dependent on the

During each 13 hour experiment, a low-frequency pulse
was induced, and 300 ultrasonic lines were recorded every
1 minute. The transient excitation was constituted of three
consecutive low-frequency sinusoids (from 50 Hz to 200 Hz)
to allow a better resolution in the frequency domain.
In postacquisitions, the movement of the single-element
transducer was compensated with a cross-correlation technique that used the strong echoes from the bottom of
the beaker. This technique was described earlier in [16].
Then, the longitudinal component of the shear wave displacements along the ultrasonic beam was computed with
a 1-D cross-correlation algorithm [23]–[25] that used successive ultrasonic signals stored in memory. Each radiofrequency scan was segmented versus depth z into 0.5 mm
windows with 50% overlap. Each window corresponded to
a slice within the medium. Then, during the propagation
of a low-frequency impulse (from 50 Hz to 200 Hz), axial displacement of those gel slices were calculated. This
technique can measure displacements of about 1 µm along
the ultrasonic beam for a medium slice of approximately
1 mm [26].
In Fig. 2, displacement ﬁelds are shown at diﬀerent acquisition times during the sol-gel transition process of an
agar-gelatin mixture (3% agar and 2.5% gelatin). At the
initial time (t = 0 minutes), only the bulk wave (longitudinal wave P) with a speed of about 1500 m/s was visible
at each depth. Between t = 30 minutes and t = 60 minutes, the medium became solid, allowing the shear waves
to propagate (quasi transversal wave S). These waves were
very slow and took a certain time to arrive at each depth.
The shear wave slope was relative to their velocity and,
in the approximation of purely elastic solid, the velocity is
directly proportional to the elasticity. During the solidiﬁcation process, the shear waves accelerated, their slope increased and their amplitude remained constant for a given
excitation voltage. At t = 150 minutes, the mixture began
to be mechanically stable. The slope of the shear waves did
not evolve, and some secondary waves (R) appeared. These
last were surface waves converted in volumetric waves coming from the beaker sides [27]. After t = 210 minutes, the
displacement ﬁelds were very similar and no big changes
could be noticed.
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A Voigt’s model is composed of a spring representing
the elasticity (µ) in parallel with a dashpot corresponding
to the viscosity (η) [30]. From this model, the stress-strain
relationship was deduced:
∂ε
,
∂t

σ = µε + η

(4)

where σ is the stress and ε is the strain. Then, because
ε = (∂uz /∂z) and divσ = ρ.g (g is the acceleration), one
can deduce from (4), the new Helmholtz equation given by:
∂ 2 F T (uz (z))
ρω 2
F T (uz (z)) = 0,
+
2
∂z
(µ + iωη)

Fig. 2. Displacement ﬁeld in an agar-gelatin mixture (3% agar and
2.5% gelatin) at diﬀerent times (from 0 to 210 minutes) during the solidiﬁcation process. The displacement ﬁeld was plotted in gray color
scale, along the depth z as a function of time. The low frequency
pulse at 100 Hz was given at the time of 5 ms. Three diﬀerent types
of waves were noted: the bulk waves (P), the shear waves (S), and
artifactual secondary waves (R).

C. Inverse Problem Approach
From the displacement ﬁelds, a simple inverse problem
approach based on the 1-D Helmholtz equation was used
to recover the shear velocity (VS ) and attenuation (αS ) of
each medium [21]. This inversion is valid only in viscoelastic, homogeneous, and isotropic media. From:
∂ 2 F T (uZ (z))
+ k 2 F T (uZ (z)) = 0,
∂z 2

(1)

where F T is the Fourier transform, uz (z) is the longitudinal component of the shear wave displacement ﬁeld, z is
the depth, and k is the wave vector, then the local complex
wave vector was given by:

k=

∂ 2 F T (uZ (z))
∂z 2

F T (uZ (z))

,

(2)

and the local shear wave velocity VS and shear wave attenuation αS were expressed as [28]:
VS =

ω
, αS = Im[k],
Re[k]

(5)

where ρ is the density of the medium.
Thus, from the complex wave vector, the shear wave
velocity as well as the shear wave attenuation can be expressed as a function of the elasticity and viscosity:


2 (µ2 + ω 2 η 2 )

,
(6)
VS =  

ρ µ + µ2 + ω 2 η 2




 ρω 2
2 + ω2 η2 − µ
µ

αS =
.
(7)
2 (µ2 + ω 2 η 2 )
By analytically inversing (6) and (7), the elasticity µ
and the viscosity η were retrieved as a function of time:
µ=
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III. Results and Discussion
Based on this theoretical approach, the sol-gel transition was studied as a function of the shear wave frequency,
the shear wave amplitude, and the gelatin concentration.

(3)

with ω = 2πf being the pulsation frequency that varied
between 50 Hz and 200 Hz.
To retrieve the medium elasticity and viscosity, we assume that the material mechanical behavior corresponds
to a simple mechanical model. Here we are dealing with
a material that is changing from a liquid to a solid state.
The two possible simplest models are the Maxwell’s (usually used for ﬂuids) and Voigt’s (usually used for solids)
models [29]. As shear waves can only propagate in solids,
the Voigt’s model is used here [21].

A. Shear Wave Frequency
For four diﬀerent samples (3% gelatin and 3% agar), the
sol-gel transition was studied as a function of the shear
wave frequency from 50 Hz to 200 Hz (Fig. 3). Because
shear waves do not propagate in liquids, the assessment
became valid at a precise time: tg , when the medium was
enough solid to allow the propagation of shear waves. This
time was deﬁned as the sol-gel transition time. When the
samples were mechanically stable, a plateau was reached.
Mean velocities and attenuations were calculated on the
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TABLE I
Shear Wave Velocities and Attenuations at the Transition Time tg and at the Plateau as a Function of the Shear Wave
Frequency.
Shear wave
frequency
(Hz)

Time tg
(min)

Velocity
at tg :
VS (m/s)

Attenuation
at tg : αS
(Np/m)

50
100
150
200

42
57
70
98

0.88
0.92
0.96
1.37

475
484
467
506

Velocity at
the plateau:
VS (m/s)
2.18
2.25
2.19
2.15

±
±
±
±

0.04
0.07
0.09
0.13

Attenuation at
the plateau: αS
(Np/m)
23
104
161
218

±
±
±
±

1
8
7
13

At the plateau of the gelation process, the elasticity
dominates. The attenuation eﬀects were minimum, and the
shear waves propagated easily. As can be seen at the beginning of the gelation process (at tg ), the medium was
very soft and practically liquid. The attenuation was too
important to observe shear waves (they did not propagate
over more than one wavelength). One should understand
that the mixtures need to reach a certain level of elasticity
during the solidiﬁcation to allow the shear wave’s propagation. Actually one can deﬁne an attenuation threshold
(the mean attenuation value at tg , αSM = 483±17 Np/m).
When this threshold is reached during the solidiﬁcation,
the transition point of the mixture, between liquid and
solid, is near and the propagation of the shear waves occurs, which allow the assessment of the velocity and attenuation properly. In other words, when arriving close to
the time tg , the mixture is very soft and the viscosity is
huge; but, because at low frequency the attenuation seen
by the shear wave is smaller, the velocity and attenuation
assessments can be determined sooner. So, if the shear
wave frequency is suﬃciently low, the attenuation is small
enough to allow the propagation of the shear wave when
the medium is minimally elastic.
Fig. 3. Shear wave velocity (a) and shear wave attenuation (b) as
a function of time for diﬀerent frequencies (from 50 Hz to 200 Hz).
The gelatin mixtures for these four experiments were composed of
3% agar and 3% gelatin. The shear wave amplitude was adjusted by
the minishaker voltage that was set to 4 V.

plateau over the last hour. The shear wave velocity and
attenuation measurements are given in Table I.
At the precise time tg , the shear wave velocity increased
and attenuation stayed practically constant as a function of frequency (from 0.88 m/s to 1.37 m/s and from
467 Np/m to 506 Np/m, respectively). The time tg increased from 42 minutes to 98 minutes with the shear wave
frequency. This can be explained as follows: at low frequencies, the viscosity eﬀects (directly proportional to the particle velocity, then to the frequency) are negligible when
compared to the elasticity eﬀects. In fact, it is the viscosity on elasticity ratio (also called the relaxation time) that
is proportional to the attenuation by wavelength product,
which determines the quality factor Q (Q = (η/µ)) of the
propagation of a wave [28]. So at a constant attenuation,
larger is the wavelength, better is the quality factor, and
the easier one can observe the propagation of shear waves.

However, as can be seen in Fig. 3, the velocity at the
plateau was practically constant (close to 2.19 m/s), and
the attenuation increased as a function of the frequency
(from 23 ± 1 to 218 ± 13 Np/m). The velocity variations
were minimum, which conﬁrms the reproducibility of the
agar-gelatin mixture preparation even if there were some
possible variability in the agar-gelatin mixture concentration. Nevertheless, to compare with theoretical predictions, the Voigt’s model of (4) was computed (Fig. 4, solid
line). The simulation parameters were ρ = 1100 kg/m3 ,
µ = 5234 Pa, and η = 1 Pa.s for the density, elasticity,
and viscosity, respectively. The elasticity parameter was
deduced from the shear wave velocity at 50 Hz. The conformity of the theoretical and experimental velocities were
in good agreement [Fig. 4(a)]. But in terms of attenuation,
the experimental data (circles) were overestimated due to
diﬀraction eﬀects, even if the diﬀraction has a very low
eﬀect on the shear wave velocity in this range of frequency
(50 Hz to 200 Hz) [27].
To correct the data from diﬀraction, a Green’s function simulation in semi-inﬁnite lossless media was used
[31]. The simulation parameters were ρ = 1100 kg/m3 ,
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Fig. 4. Theoretical and experimental shear wave velocities (a) and
shear attenuations (b) as a function of frequency. The experimental
data for attenuation () was corrected with a Green’s function simulation () to compensate for the diﬀraction eﬀects. The corrected
attenuation αS values (2) were in good agreement with the theoretical predictions (solid line).

VS = 2.19 m/s, VP = 1540 m/s, and R = 5 × 10−3 m
for the density, shear wave velocity (mean value of the
experimental data), bulk wave velocity, and piston radius
(radius of the transducer). The shear wave velocities and
attenuations were computed with the inverse problem approach on the simulated displacement ﬁelds (6), (7). The
velocities were in good agreement with the simulation parameters and experimental data, but apparent overestimation of attenuation were still observed at each frequency.
As the simulation medium was considered as lossless, the
simulated attenuations should be zero. Thus, these calculated attenuations should correspond to diﬀraction. So, the
apparent attenuations computed with the Green’s function simulation (diamonds) were subtracted from the measurements, and what remains was the attenuation of the
medium (squares) [21]. Consequently, the theoretical attenuations agreed with the experimental corrected data
[Fig. 4(b)].
Nevertheless, as simulation methods are not a real-time
process [3 days for one data point on a Pentium 4 processor (Intel, Santa Clara, CA) 3 GHz with 2 Gbytes of memory], all the following plotted attenuation assessments of
the paper are relative and not absolute. In fact, the diﬀraction eﬀects are correlated to the shear wavelength. As the
shear velocity was changing during the gelation process,
the shear wavelength was changing too. So to have a correct evaluation of attenuation during the sol-gel transition,
the diﬀraction eﬀects must be calculated for each velocity
acquired, which is in term of simulation time not conceivable (1 experiment = 13 h ⇒ 780 × 3 days of simulation).
To solve this, an exact inverse problem would be needed to
compute directly the shear wave velocity and shear wave
attenuation taking into account diﬀraction eﬀects. However, even if the diﬀraction eﬀects were not corrected, the

Fig. 5. Shear wave velocity (a) and shear wave attenuation (b) as
a function of time for diﬀerent amplitudes adjusted by the voltage
on the minishaker (from 1 V to 5 V). The gelatin mixtures were
composed of 3% agar and 3% gelatin. The shear wave frequency was
set to 100 Hz.

velocity and attenuation behaviors corresponded to what
could be predicted with the theoretical Voigt’s model estimation.
Even if the diﬀraction eﬀects are not corrected, lower
is the shear wave frequency, smaller are the attenuation
eﬀects, sooner the shear waves will be observed, smaller
will be the measured gelation time tg and the measured
shear wave velocity at tg .
B. Shear Wave Amplitude
At a second time, the solidiﬁcation process was studied as a function of the shear wave amplitude adjusted by
the voltage of the minishaker from 1 V to 5 V at 100 Hz.
For these voltage and frequency ranges, the ampliﬁer was
linear. The amplitude of the shear wave displacements induced by such a voltage were from ∼5 µm (± 2.5 µm) to
∼25 µm (±12.5 µm). Such displacements were too small
and too fast to induce any signiﬁcant perturbations of the
medium, and they were on the order of those found in the
literature with other apparatus [32].
The experiments were done on ﬁve diﬀerent samples
(3% gelatin and 3% agar). As shown on Fig. 5 and summarized in Table II, the shear wave velocity and the shear
wave attenuation assessments were relatively constant as
a function of the shear wave amplitude.
The mean velocity and attenuation values at the plateau
were calculated on ﬁve experiments and were found to be
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TABLE II
Shear Wave Velocities and Attenuations at the Transition Time tg and at the Plateau as a Function of the Shear Wave
Amplitude.
Shear wave
amplitude
(V)

Time tg
(min)

Velocity
at tg :
VS (m/s)

Attenuation
at tg : αS
(Np/m)

1
2
3
4
5

73
34
68
57
66

0.80
0.86
0.92
0.92
0.84

368
370
218
484
262

2.31±0.05 m/s and 109±8 Np/m, respectively. This allows
one to appreciate the reproducibility of the method, even
if the shear wave velocity and shear wave attenuation measurements at tg showed more variabilities (the mean values
at tg were: VSM = 0.87±0.05 m/s, αSM = 340±104 Np/m,
tgM = 60 ± 15 minutes). These variabilities may come
from the agar-gelatin mixture preparation, actually the
water volume, agar and gelatin weights must be measured
very precisely to obtain the right concentration. In addition, the mixture temperature control is very important to
assess the gel properties. The experiment must have the
same temperature at the beginning to observe the same
kinetics as a function of time. The mixtures were at 24◦ C
at the beginning (t = 0 minutes) to avoid the agar particle sedimentation and to keep the mixtures homogeneous.
For the set of measurements at 2 V, a temperature lower
than 24◦ C was unfortunately experienced, which could explain the small time tg = 34 minutes. In fact, the gelation
kinetics depend directly on the temperature history as reported in the literature [9], [33]. The temperature was well
controlled in the measurement chamber, but unfortunately
the room temperature could vary during the preparation
of samples. Nevertheless, as expected by elastic wave theory [28], the shear wave amplitude has no eﬀects on the
shear wave velocity (6) and shear wave attenuation (7)
assessments.

Velocity at
the plateau:
VS (m/s)
2.33
2.39
2.32
2.25
2.29

±
±
±
±
±

0.05
0.05
0.06
0.07
0.05

Attenuation at
the plateau: αS
(Np/m)
98
117
117
104
109

±
±
±
±
±

4
5
7
8
5

Fig. 6. Evolution of the shear wave velocity (a) and shear wave attenuation (b) at 100 Hz as a function of time for diﬀerent gelatin concentrations (from 1.5% to 4%). The shear wave amplitude was constant
in those measurements (the minishaker voltage was adjusted to 4 V).

C. Gelatin Concentration
In Fig. 6, the shear wave velocity and shear wave attenuation patterns are seen for gelatin concentrations increasing from 1.5% to 4%. For each sample, the agar concentration was 3%. The shear wave frequency and shear
wave amplitude were set to 100 Hz and 4 V, respectively.
Measurements are summarized in Table III.
As listed in Table III, tg decreased from 185 minutes
to 21 minutes when the gelatin concentration increased.
Moreover, the shear wave velocity at the plateau varied
from 0.47 ± 0.08 to 3.94 ± 0.10 m/s, whereas the attenuation changed from 184 ± 26 to 14 ± 3 Np/m. In fact,
in an agar-gelatin phantom, higher is the gelatin concentration, harder is the medium. These results are in good
agreement with the literature [34]–[36]. So it is not surprising to observe an increase of the velocity as the gelatin
concentration increased. The decrease in attenuation also

is consistent. More solid is the medium (the density is constant, only the medium structure is changing); faster and
less attenuated is the shear wave propagation.
At the opposite of the frequency dependence (Section III-A), the time tg decreased as the velocity at tg increased. The mean attenuation at tg was about the same
(αSM = 456 ± 20 Np/m) and the frequency-attenuation
ratio was almost constant (f = 100 Hz). The variations
of velocity at tg are due only to the gelatin concentration.
So higher is the gelatin concentration, faster the medium
becomes solid, and faster the elasticity of the mixture is
increasing. In other words, faster is the attenuation threshold reached, deﬁned by the mean attenuation value, faster
the shear wave’s propagation is observed. This conﬁrms
the dependence of the shear wave’s propagation on the
viscosity-elasticity ratio.
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TABLE III
Shear Wave Velocities and Attenuations at the Transition Time tg and at the Plateau as a Function of the Gelatin
Concentration.
Gelatin
concentration
(%)

Time tg
(min)

Velocity
at tg :
VS (m/s)

Attenuation
at tg : αS
(Np/m)

4
3.5
3
2.5
2
1.5

21
36
57
72
98
185

1.26
1.01
0.92
0.82
0.69
0.32

454
460
484
423
466
447

Fig. 7. Kinetics of gelation: relative elasticity µG and relative viscosity ηG versus time at 100 Hz for an agar-gelatin mixture of 2.5%
gelatin and 3% agar. The shear wave amplitude was adjusted by the
minishaker voltage to 4 V.

At last, one can also point out the temperature inﬂuence on the sol-gel transition process. The time tg sometimes occurred before 60 minutes, when the temperature
was in transition between 24◦ C and 10◦ C in the chamber.
So the shear wave velocity and shear wave attenuation assessments before 60 minutes compared to those after were
not acquired under exactly the same conditions, even if the
temperature decrease was always linear. So the temperature inﬂuence on the shear wave velocity and attenuation
assessments for these speciﬁc measures stay an open question.
D. Elasticity, Viscosity
In Fig. 7, results are shown for a 2.5% gelatin mixture concentration. Even if the diﬀraction eﬀects were
not corrected, these parameters evolved as a power law,
as predicted by the Winter-Chambon’s criterion [5], [6].
Note that the plotted elasticity and viscosity are relative values and not absolute. The viscosities were multiplied by the pulsation frequency to match the scale. Both
the elasticity and viscosity reached a maximum when the

Velocity at
the plateau:
VS (m/s)
3.94
3.21
2.25
1.72
1.29
0.47

±
±
±
±
±
±

0.10
0.12
0.07
0.03
0.02
0.08

Attenuation at
the plateau: αS
(Np/m)
14
51
104
114
146
184

±
±
±
±
±
±

3
6
8
3
7
26

phantom was mechanically stable [5], [6]. At the plateau,
the mean values were calculated in the last hour and
µG = 1.97 ± 0.05 kPa and ηG = 2.7 ± 0.1 Pa.s. At tg ,
µGtg = 0.44 kPa and ηGtg = 0.1 Pa.s. These results are in
good agreement with measurements of elasticity (deﬁned
as G ) and viscosity (deﬁned as G ) as function of time
found in the literature on gelatin sol-gel transition [36]. For
example, Joly-Duhamel et al. [36] found at f = 1 Hz, at
the plateau after 5 hours and at 10◦ C, G = µ ≈ 0.7 kPa
and G /ω = η ≈ 0.8 Pa.s [29] for a 2% gelatin concentrated mixture without agar. Study of such results with a
complete inverse problem that would consider diﬀraction
eﬀects may eventually allow one to determine exactly the
evolution of elasticity and viscosity as a function of time.
These could lead one to obtain the real gelation time tg
and structural information on the gel [37]. In fact, around
time tg , the medium could be described as a polymer liquid
mixture in a percolation regime. Far from tg , the medium
could be considered as an homogeneous network. The elasticity and viscosity variations also could be related to the
number of polymers (helice’s number) during the sol-gel
transition [36].

IV. Conclusions
The transient elastography technique allows one to follow the liquid-to-solid transition (sol-gel transition) of
polymer mixtures. It has been shown that the method
is very sensitive to diﬀerent parameters, especially to the
material composition. Shear wave velocity and shear wave
attenuation, related to the elasticity and viscosity of the
medium, have been assessed as a function of time. The
shear wave velocity increased and the shear wave attenuation decreased as a function of the gelatin concentration.
These sets of experiments demonstrate the feasibility and
sensitivity of the transient elastography technique to follow the transition of materials from liquid to solid state.
Moreover, this technique provides a quantitative elasticity
and viscosity measurement of the sol-gel transition in the
audible range of frequencies compared to other techniques
[11], [12].
For elasticity imaging, the so-called 1-D shear elasticity probe is relevant; but to consider viscosity diﬀraction
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eﬀects, the method would need to be improved by solving
the exact inverse problem. Further works are needed to
describe theoretically these processes through the percolation theory. Because not only chemical polymers have a
sol-gel transition [38], [39], this method also can be used
with biological materials, as blood for example, to better understand its solidiﬁcation process during coagulation [40].
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