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Abstract—In the production of fat containing food products,
insight in the crystallization behaviour of fats is of utmost
importance to obtain the desired product functionality and
product quality. The aim of this research is to study the potential
of advanced ultrasonic techniques to monitor fat crystallization.
For reasons of sensitivity and signal quality during the entire
process, we concentrate on shear wave reflectivity measurements
at the interface between a fat sample and a plexiglass delay line.
Preliminary experiments show that interesting evolutions can be
observed in the experimentally obtained reflection coefficient dur-
ing the crystallization process of cocoa butter, and we conjecture
that the observed features can be linked to particular phases in
the process. Additional measurements have been performed to
check the influence of sample properties and of the experimental
set-up, such as the viscosity or thickness of the cocoa butter layer.
It is found that the thickness of the layer influences the reflection
coefficient up to a frequency dependent limiting thickness value.
In order to eliminate this influence and avoid its contamination
in the analysis of the crystallization phases, it is required to use
sufficiently thick fat layers. To support the experiments, a shear
reflectivity simulation model is proposed, which is coupled to the
evolution of sample parameters.

I. INTRODUCTION

Many food products contain an important amount of fat,
of which a large part is in the crystallized form. Examples
are butter, chocolate, ice cream and whipped cream. The
consumers’ perception of these products is determined by
their macroscopic properties, such as texture, taste, mouth feel
and appearance. Generally, a consumer will not buy a product
if he does not like one or more of these characteristics.
The ultimate goal of many studies is thus to understand and
predict these macroscopic properties.
The fat crystallization process forms a key element in the
development of the desired end-product qualifications. This
process comprises different steps. In the first step, the cooled
fat undergoes a liquid-solid transformation where primary
crystals with specific shapes, sizes and polymorphisms are
formed. This is the so-called primary crystallization phase.
Due to the van der Waals interaction, these primary crystals
will aggregate and form clusters. These clusters will interact
progressively and eventually form a three dimensional
network. The number, size, shape and spatial distribution of
the particles and large clusters of sizes between 1 and 200 µm

Fig. 1: Different steps in the structural hierarchy in fatty products.

define the micro-structure, which has an enormous influence
on the macroscopic properties of fat products. The different
steps in this structural hierarchy are illustrated in Figure 1.
All steps are influenced by the processing conditions, which
are determined by the applied temperature - shear - time
profile. [1].

Conventional techniques such as differential scanning
calorimetry (DSC), pulsed nuclear magnetic resonance
(pNMR) and X-ray diffraction have been traditionally used
to investigate the crystallization process. The main disadvan-
tage of these techniques is that they can only monitor the
primary crystallization ([2], [3]). In contrast, an oscillatory
rheological method has been recently developed to follow the
different phases (primary crystallization and micro-structure
development) of crystallization of palm oil under static and
shear isothermal conditions ([4], [5]). In spite of the interesting
results, none of the above measurement techniques allows for
an in-line monitoring of the crystallization process. Never-
theless, in-line monitoring of the crystallization process may
have important advantages for the food industry as it may
result in an in-line quality control of the product during the
production process. In this perspective, various measurement
techniques based on ultrasonic wave propagation can have the
potential to become premium in-line monitoring techniques
as these techniques are non-destructive, rapid and relatively
inexpensive.
In most of the ultrasonic investigations performed in the past,



the substrate is an emulsion or dispersion of fat crystals in
liquid oil, rather than bulk fat. Dilutions are preferred in
order to simplify the acoustic experimental arrangements and
to reduce the solid fat content. Good quality measurements
are reported to be possible for a solid fat content below 20%
[6]. In this paper, we report on preliminary investigations of
the crystallization behaviour of real bulk fat, which is quite
different from the case of dilutions. As reported in literature,
there are several serious problems associated with ultrasonic
investigation of bulk fat crystallization. The first problem is
connected to the high attenuation of sound waves once a
certain amount of solid fat is reached. A variety of mechanisms
can be considered responsible for this high attenuation, such
as the scattering from voids in the fat and from elements in
the micro-structure [7]. In addition, systems with a high solid
fat content tend to pull away from the container forming an
air gap, which complicates the measurements [8].
Problems with high attenuation of fat samples can be avoided
using a reflection technique, for longitudinal or shear waves.
In [8], the longitudinal reflection coefficient was found to
be independent of the micro-structure of the fat sample. In
a later study, the same research group reported indications
that -contrary to the longitudinal waves- the shear ultrasonic
properties do depend on the micro-structure [9]. To avoid
problems with the high attenuation of the fat sample and taking
into account the promising sensitivity of shear ultrasonic
properties on the micro-structure, we have implemented a
shear wave reflection measurement method to monitor the
isothermal crystallization of bulk cocoa butter.
In section II, the measurement set-up and analysis used for the
shear reflection method will be explained. Some preliminary
results will be illustrated in section III. A theoretical model
corresponding to the measurement set-up is reported in section
IV.

II. MEASUREMENT METHOD

Figure 2 presents a schematic overview of the experimental
set-up for shear wave reflectivity measurements. A transducer
is glued to a plexiglass delay line, above which the sample
holder is placed. The delay line is used to create a time
delay between the signal sent by the transducer and the
signal reflected at the interface between the plexiglass and the
sample. The sample is surrounded by a container filled with
water for a better temperature control. The water is kept at
constant temperature by refreshing it, using a pumping system,
with water from a cryostat which is at a fixed temperature. A
PXI-5412 arbitrary waveform generator card (National Instru-
ments) produces a sweep which is transferred to a shear wave
transducer. The duration of the sweep in time and its frequency
content depends on the frequency used. The signal, reflected
from the plexiglass-sample interface, is detected using the
same transducer and visualised on an oscilloscope (Lecroy
Waverunner 64ZI). An example of a reflected sweep with a
centre frequency of 5 MHz, is shown in Figure 3a, with its
Fourier transform given in Figure 3b.

Fig. 2: Schematic overview of the measurement set-up.

Fig. 3: (a) Reflected sweep at the interface between the sample and
the upper side of the plexiglass delay line, detected by the

transducer at the bottom side of the delay line (centre frequency of
5 MHz). (b) Fourier transform of the signal in Figure 3a.

The determination of the reflection coefficient is based on
two measurement steps. In the first step, the sample holder
is empty. The signal reflected from the interface between the
plexiglass delay line and air is detected by a transducer and is
used as a reference signal. In the second step, cocoa butter
in a fluid phase is poured into the sample holder and the
signal reflected at the interface between the plexiglass delay
line and the sample is continuously monitored as a function
of time during the crystallization process. From both measure-
ment steps, the reflection coefficient at the interface between
the delay line and the sample is obtained by consecutively
calculating the ratio of the maximum Fourier amplitude of the
signal with the sample put in place to the maximum of the
Fourier spectrum for the reference signal:

R =
max(fft(signalsample))

max(fft(referencesignal))
(1)

III. RESULTS

Figures 4a and 5a show the evolution of the reflection
coefficient at the interface between plexiglass and cocoa
butter during crystallization for different experimental runs.
The excitation signal is a sweep with a centre frequency of
respectively 500 kHz and 5 MHz. Figures 4b and 5b display
the evolution of temperature of the cocoa butter as a function
of time during the measurement, measured by means of a
thermo couple (Fluke 80TK).

At the start of each measurement run, the liquid fat sample
is poured into the sample holder at a temperature of 30◦C,
to avoid air bubbles. At first, the sample cooles down and
a decrease in the temperature can be observed. Next, the
temperature increases again, indicating that the sample is
crystallizing and releases heat. The reflection coefficient
for a sweep with a centre frequency of 500 kHz (Figure



Fig. 4: (a) Reflection coefficient R as a function of time at the
interface between plexiglass and isothermally crystallizing cocoa

butter for 6 different measurements at 500 kHz. (b) Temperature of
cocoa butter as function of time for the measurements of Figure (a).

Fig. 5: (a) Reflection coefficient R as a function of time at the
interface between plexiglass and isothermally crystallizing cocoa

butter for 3 different measurement runs at 5 MHz. (b) Temperature
recording of cocoa butter as function of time for the measurements

of Figure (a).

4a) first increases, followed by a very fast decrease. For
a sweep with centre frequency of 5 MHz (Figure 5a), we
observe that the reflection coefficient decreases while the
fat is cooling. After this decrease, the reflection coefficient
is constant. At a certain moment during the process, a step
in the reflection coefficient can be observed. At present, we
can only hypothesize that these effects can be attributed to
different crystallization phases of the cocoa butter. In order
to verify this hypothesis, further insight has to be gained
regarding the influence of particular processing parameters
(temperature, cooling rate, shear).

Preliminary experiments using the above described
monitoring technique have indicated that certain parameters
of the experimental set-up and of the fat sample strongly
influence the measured reflection coefficient, e.g. the thickness
of the fat layer and the viscosity of the fat. Regarding the
thickness of the fat layer, interference effects may occur
between the wave reflected at the delay line-fat interface
and the wave reflected at the fat-air interface. For small
layer thicknesses and depending on the thickness value, this
interference can be constructive or destructive. At the same
time, when the fat in the sample holder is crystallizing, the
density is changing, causing a reduction of the thickness
of the fat layer with time. Currently, we believe that the
oscillations observed in the reflected amplitude as a function
of time can be attributed to these interference effects. In order
to support this, we investigated the influence of the thickness
of the fat layer for olive oil. The results of this investigation
are displayed in Figure 6. For frequencies of 500 kHz and
1 MHz, we observe a large influence of the thickness of the
olive oil layer in the sample holder (time<33). When small
volumes of olive oil are progressively added (33<time<133),
we observe several jumps in the reflection coefficient,

Fig. 6: (a) Reflection coefficient R (green: 500 kHz, blue: 1 MHZ,
red: 5 MH) as a function of time at the interface between plexiglass

and olive oil when small volumes of olive oil are successively
added. (b) Protocol of the thickness variation of the olive oil layer.

indicating wave interference effects. Finally, when a certain
critical thickness is reached, further addition of extra olive oil
has no influence anymore on the reflection coefficient. This
means that thick enough layers have to be used in order to
eliminate the influence of the thickness of the fat layer.

IV. SIMULATION OF NORMAL SHEAR WAVE REFLECTION
BETWEEN THE PLEXIGLASS DELAY LINE AND A COCOA

BUTTER LAYER WITH A FINITE THICKNESS

The geometrical configuration corresponding to the simula-
tion model, and fully consistent with the experimental set-up,
is presented in figure 7. In the model, we consider a shear
wave transducer that induces a shear wave propagating along
the z-axis. The goal is to calculate the reflection coefficient
Rs between a plexiglass delay line (medium 1) and a layer
cocoa butter (medium 2) with a finite thickness d. The medium
above the cocoa butter is air (medium 3). The shear wave
propagation in the plexiglass delay line can be described using
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reflected shear wave. In the cocoa butter layer, the upward
and downward propagating shear waves are described using
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potentials can be linked to each other by requesting that the
following boundary conditions are satisfied: At the interface
between the plexiglass and the cocoa butter (z = 0), we require
that:

u[1]x = u[2]x , σ
[1]
xz = σ[2]

xz (2)

with u the displacement vector and σ the stress tensor. At
the boundary between the cocoa butter and air (z = d), the
shear displacement should be zero:

u[2]x = 0 (3)

Substitution of the vector-potentials into the boundary con-
ditions results in a set of equations from which the reflection
coefficient Rs can be obtained:
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(4)
Here, k[1]z and k

[2]
z are the z-components of the complex

valued shear wave vectors for the plexiglass and for the
cocoa butter, respectively. In the case of normal incidence,



Fig. 7: Normal shear wave reflection between the plexiglass delay
line and a cocoa butter layer with a finite thickness. The medium

above the cocoa butter is air.

Fig. 8: Numerical simulation of the evolution of the reflection
coefficient during the crystallization of a cocoa butter for a layer
thickness of 1 mm (black) and 2 mm (green), and an ultrasonic

frequency of 500kHz.

k
[1]
z = (2πf/v

[1]
s )+ iα

[1]
s and k[2]z = (2πf/v

[2]
s )+ iα

[2]
s with f

the excitation frequency, and v[1]s , v[2]s , α[1]
s , and α[2]

s the shear
velocities and attenuation in the two media. Further, µ1 and
µ2 denote the shear moduli of the plexiglass and cocoa butter.
Figure 8 shows a simulation example of the evolution of
the reflection coefficient during the crystallization of a cocoa
butter layer. The excitation frequency of the transducer was
fixed at 500 kHz. The density and shear velocity values used
for the plexiglass delay line are: ρ1 = 1180 kg.m−3 and
v1 = 1200 m.s−1. For the cocoa butter, we here assume
for simplicity an exponentially varying time evolution of the
density, shear attenuation and shear during crystallization as
expressed by:

F (t) = Fbegin + (Fend − Fbegin)(1− e−at) (5)

Note that any other evolutionary model can be treated in the
same manner, for instance a sigmoid function as commonly
found in literature ([10], [11] and [12]). The numerical sim-
ulations for a cocoa butter layer with a thickness of 1 mm
(black) and 2 mm (green) are shown in Figure 8. As for the
experimental results presented in Figure 6, we observe that
the thickness of the cocoa butter layer has a significant influ-
ence on the reflection coefficient. In addition, the reflection
coefficient shows a minimum after approximately 60 minutes,
which is good qualitative agreement with the experimental
observations illustrated in Figure 4a.

V. CONCLUSION

Following earlier reported indications that only ultrasonic
shear waves, rather than longitudinal waves- are dependent on
the micro-structure of fat- and in an effort to avoid problems
with the extreme attenuation of fat samples, we implemented
a shear reflectivity monitoring system in which the shear wave

reflection coefficient is continuously measured at the interface
between a plexiglass delay line and cocoa butter during the fat
crystallisation process. Measurements were performed using
swept sine signals with a centre frequency between 500 kHz
and 5 MHz as excitation source. We conjecture that several
particular effects observed in the evolution of the reflection
coefficient are due to the various crystallization phases of the
cocoa butter. We are currently further verifying this hypothesis
by performing additional measurements investigating the in-
fluence of several sample parameters of the cocoa butter, such
as the viscosity or thickness of the cocoa butter layer. As part
of this investigation, it was shown that until a certain limit,
the thickness of the fat layer can have a significant influence
on the reflection coefficient at the interface between the delay
line and the fat sample meaning that thick enough fat layers
have to be used to eliminate the influence of the thickness of
the fat layer. Qualitatively similar results as observed in the
preliminary experiments have been obtained using a simulation
model.
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