
ABSTRACT: This paper reviews the study of the morphology
and physical properties of fat crystal networks. Various micro-
scopical and rheological methods can be used to quantify the mi-
crostructure of fats, with the ultimate aim of relating structure to
mechanical response. Even though a variety of physical models
have been proposed to explain the relationship between the me-
chanical properties of fats and their microstructure, the fractal
scaling model most closely describes the experimentally ob-
served behavior. Mass fractal dimensions determined by mi-
croscopy and rheology can be used successfully to quantify the
microstructure of fats since fractal dimension values are sensitive
to the combined effects of crystal size, morphology, and the spa-
tial distribution of mass within the fat crystal network. Methods
used to determine the fractal dimension of a fat crystal network
such as box counting, particle counting, Fourier transform, light
scattering, and oil migration are explained in detail here. The re-
lationship between fractal dimensions determined by microscopy
and rheology are discussed in light of the fact that different mea-
sures of the fractal dimension describe different microstructural
features in a fat crystal network.
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In food products of high fat content, such as butter, margarine,
and shortening, fat exists in a semisolid state, structured by an
underlying fat crystal network (1–5). The physical properties
of fat and food products containing fat are related to the struc-
ture of this fat crystal network (6–10). Like many other materi-
als, fat crystal networks demonstrate distinct hierarchies of
structural organization as shown in Figure 1 (11). Most of the
studies on the structure and properties of fat crystal networks
have concentrated mainly on lipid composition, polymorphism,
and SFC (solid fat content). In general, few attempts have been
made to establish relationships between the size, morphology,
and mass distribution of fat crystals and the rheological proper-
ties of fats.

Most of the studies on the microstructure of fat crystal net-
works qualitatively describe the general trends of how pro-
cessing conditions change the size and morphology of fat crys-
tal clusters and the rheological properties of fat crystal net-
works. Many microscopy techniques, for example, PLM
(polarized light microscopy) (9,11–16), SEM (scanning elec-
tron microscopy) (12,17–19), CSLM (confocal scanning light

microscopy) (20), FFEM (freeze-fracture electron mi-
croscopy) (21,22), and cryo-SEM (23), have been used to vi-
sualize the microstructure of fat crystal networks. Although in
these studies the relationship between the physical properties
and the microstructure of fats was not studied quantitatively,
these studies allow us to gain a deeper understanding of the
structure of fat crystal networks and provide valuable data for
further analysis.

In addition to microscopy, large- and small-deformation rhe-
ology has been used to probe the microstructure of fat crystal
networks. Moreover, oil migration and light-scattering tech-
niques have served the same purpose (21,24). As researchers
gained a deeper understanding of the structure and properties
of fat crystal networks, more realistic physical models were
proposed. However, the quantitative study of the microstruc-
ture of fat crystal networks did not progress much until the in-
troduction of the physical model of cross-linked fractal aggre-
gates (3,8–10). In this model, a fat crystal network is consid-
ered to be composed of interconnected fractal fat crystal
clusters. The fractal dimensions calculated by light scattering,
rheology, and permeability approaches (termed here physical
fractal dimensions) and image analysis of PLM images of fat
crystal networks (termed here microscopy fractal dimensions)
provide suitable parameters to describe quantitatively the spa-
tial distribution of mass within fat crystal clusters as well as the
network comprising many fat crystal clusters. The relationship
between crystallization kinetics and the microstructure of fat
crystal networks also has been quantitatively studied using the
fractal concept (25).

In this paper, we will review studies on the microstructure
of fat crystal networks and describe our fractal model. Meth-
ods used to determine microscopy and physical fractal dimen-
sions of fat crystal networks are also explained in detail.

MORPHOLOGY OF FAT CRYSTALS

Qualitative study on morphology. The most popular method to
visualize the microstructure of fat crystal networks is PLM. Be-
cause of their birefringence, fat crystals appear bright between
two crossed polarized filters, while the liquid oil remains dark.
For taking 2-D polarized light micrographs of a fat sample, a
drop (about 10 µL) of melted fat (80°C) is placed on a heated
glass slide and covered with a heated cover slip (80°C). The
sample is then placed at the required temperature, or cooled at
a certain rate, to induce crystallization. Polarized light images
of the sample can be observed between two 90° crossed polar-
ized filters without freezing or removal of the liquid oil. 
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Owing to the geometric restrictions of the 2-D space where
crystallization takes place, the microstructure of the fat crystal
networks observed using PLM of fat thin films may be differ-
ent from that of bulk fat samples. Some attempts have been
made to study the microstructure of fat crystal networks in 3-D
space. Litwinenko (26) took polarized light micrographs of fat
samples with thicknesses of 207 µm. 2-D polarized light mi-
crographs of the sample at different depths were taken and con-
verted into a 3-D view of the fat crystal network after deconvo-
lution and a 3-D volume rendering. But this method only works
for fat samples with low SFC. When the SFC of fat samples is
high, it is difficult to take a polarized light micrograph of the
thick fat samples.

In addition to the PLM method, EM (electron microscopy)
has been used to study the microstructure of fat crystal net-
works (12,17,18,21,27). Most of the EM performed on fats has
been freeze-fracture SEM, which does not require the electron
beam to pass through the sample. Thus, it can be used to visu-
alize the surface microstructure of thick fat samples at high
SFC. The problem with the freeze-fracture SEM technique is
the removal of the liquid oil entrapped within the fat crystal
network to improve the visualization of the fat crystals. One
of the most successful SEM methods was developed by
Heertje et al. (17). They designed a special sample holder and
used a mixture of 2-butanol and methanol (90:10, vol/vol) as a
solvent to de-oil margarine samples containing as much as
80% liquid oil. The scanning electron micrograph of the fat
crystal networks was taken after removing the liquid oil, with
a resolution of ~1 µm. In addition to SEM, CSLM and FFEM
have been used to study the microstructure of fatty products

such as shortening, margarine, and butter (12,20–23). SEM
images can provide information about the surface of the fat,
whereas PLM images of fat samples provide a cross-sectional,
or internal structural view of the sample (18). In recent years,
PLM has gained more popularity than the SEM techniques be-
cause PLM can provide sharper images and sample prepara-
tion is easier.

By using these microscopy techniques, the morphology of
the fat crystal clusters can be studied. Much information on
how the shape and size of the fat crystal clusters change with
different temperatures, polymorphism, chemical composition,
and SFC is available (2,3,12,13,17,20,21,23,28,29). The shape
of the fat crystal clusters can be spherulitic, feather-like, blade-
or needle-shaped. The size of fat crystal clusters can vary from
several micrometers to more than 200 µm. 

In addition to their effects on the shape of fat crystal clus-
ters, processing conditions can affect the size of the fat crystal
clusters. Many studies have shown that an increasing crystal-
lization temperature, a decreasing cooling rate and agitation
rate all lead to an increases in crystal size (14,20,29). 

The effects of processing conditions, especially the effects of
crystallization temperature on crystal size, have been explained
by different nucleation rates brought about by different process-
ing conditions (30): At high crystallization temperatures, or slow
cooling rates, the nucleation rate decreases. Because a decreased
nucleation is usually accompanied by a relative increase in crys-
tal growth (20), it is not surprising to discover crystal size in-
creases at higher crystallization temperatures and/or slow cool-
ing rates.

Another interesting area of scientific and technological en-
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FIG. 1. Structure hierarchy of fat crystal networks (11).



deavor is the study of the effects of shear on fat structure. Maz-
zanti et al. (31) have shown the shear-induced orientational ef-
fects on fat crystals from their nonisotropic 2-D X-ray diffrac-
tion patterns. The orientational effects induced by shear have
been explained as being a consequence of the asymmetry in fat
crystal growth induced by the shear fields that overcome
Brownian thermal effects. Mazzanti et al. also reported that
shearing can accelerate the transformation of fat crystals to
more stable polymorphs. Moreover, a kinetic model for phase
transition kinetics during the crystallization of a multicompo-
nent fat under shear was given (32).

In general, the shape and size of fat crystal clusters are de-
pendent on processing conditions and SFC and are less depen-
dent on the final polymorphism of the fat crystals. In other
words, fat samples with the same final polymorphism can have
fat crystal clusters with different shapes and sizes depending
on processing conditions and SFC. 

This effect was shown by Manning and Dimick (18). The
morphology of cocoa butter samples with different polymor-
phism was studied by SEM and PLM. Fat crystal clusters with
irregular, spine-like, feathery, and needle-like shapes were
found for the β and β′ forms depending on the crystallization
temperature and the incubation time. Failey et al. (33) also
showed that the morphology of blends of butter fat and tri-
palmitin was strongly dependent on the blending ratio and less
dependent on the polymorphic form of the fat crystals. Herrera
and Hartel (34) cooled different blends of HMF (high-melting
fraction of milk fat) in LMF (low-melting fraction of milk fat)
at 0.2 and 5.5°C/min to different temperatures and observed
different fat crystal sizes and morphology, although the same
β′ polymorph was present in all samples.

The importance of crystallization rate and SFC and the lesser
importance of final polymorphism on the morphology of the fat
crystal clusters confirm that a structural hierarchy exists within
fat crystal networks. Polymorphism has to do with different mo-
lecular packing arrangements of TAG molecules, at the nanos-
tructural range, within the primary fat crystals. Once the pri-
mary fat crystals are formed, they aggregate, or grow into each
other, to form fat crystal clusters, which in turn cross-link to
build up a 3-D fat crystal network. Microscopy is sensitive to
the microstructural level of structure in fat crystal networks and
to the morphology of fat crystal clusters, which is controlled by
the kinetics of primary crystal aggregation/nucleation.

Quantitative study on the morphology and fractal dimen-
sions of fat crystal networks. Because fat crystal clusters are
usually shaped irregularly and their sizes are heterogeneous, it
is not easy to quantify their structure, nor to build a numerical
relationship between the morphology of the fat crystal clusters
and their physical properties. Moreover, since manually mea-
suring the crystal size, morphology, and spatial distribution was
too tedious, few attempts to quantify the microstructure of fat
crystal networks were made until image analysis software be-
came widely available. Herrera and Hartel (34) studied fat crys-
tal size distribution of blends of HMF in LMF, with blending
ratios ranging from 30% HMF to 50% HMF, by cooling sam-
ples at 0.2 and 5.5°C/min to 25 and 30°C with or without shear.

The results clearly showed that, on increasing the HMF ratio
from 30 to 40%, the diameter of fat crystal clusters became
smaller. For the same 50% HMF, the diameter of the fat crystal
clusters increased from 200–280 µm to 360–520 µm when the
crystallization temperature increased from 25 to 30°C and de-
creased to 80–140 µm when the shear rate was increased from
50 to 200 rpm. The selection of the parameter used to quantify
the fat crystal clusters’ size must be done carefully. For exam-
ple, although different cooling rates result in fat crystal clusters
with different size distributions, their average crystal size
hardly varied in some experiments (35). Other parameters such
as the median volume diameter, which corresponds to the 50th
percentile of the particle volume frequency curve, and the
modal volume diameter, which corresponds to the peak of the
volume frequency distribution, may be better parameters to
quantify fat crystal cluster size (36).

The concept of a fractal dimension was first introduced by
Benoit Mandelbrot (37). The idea is to use a fractal number to
describe the self-similar or self-affine character of some ob-
jects quantitatively. Fractal geometry provides a new paradigm
to understand many physical phenomena. The fractal nature of
fat crystal networks was first recognized by Vreeker et al. (8)
and further explored by our research group. Fractal dimensions
calculated by microscopy methods such as box counting, parti-
cle counting, and Fourier transforms of polarized light micro-
graphs of fats can be used to quantify the microstructure of fat
crystal networks. The fractal dimensions describe the com-
bined effects of morphology and spatial distribution patterns of
the crystal clusters in fat crystal networks.

Fractal dimension by microscopy methods. In general,
fractal dimensions by microscopy methods provide a descrip-
tion of how space is occupied by a particular curve or shape.
A fractal dimension is an intensive property of an object (38)
and is used to quantify the variation in length, area, volume,
or other properties with changes in the scale of the measure-
ment interval. To calculate the fractal dimensions of an ob-
ject, a property of the fractal object such as length L, is mea-
sured at different length scales r. For a self-similar fractal ob-
ject, the length L displays a power law relationship to the
length scale r, and the fractal dimension of the object can be
derived from the exponential term. This principle is applied
to calculate the box-counting, particle-counting, and Fourier
transform fractal dimensions. The only differences among
these methods are the properties measured and the formula
used to calculate the fractal dimensions from the exponential
term.

Box-counting fractal dimension, Db. To calculate the box-
counting fractal dimension, grids with side length li are laid
over the polarized light micrographs of fat crystal networks.
Any grid containing particles of more than a threshold value is
considered to be an occupied grid. The number of occupied
grids Ni for side length li is counted. This process is repeated
for grids with different side lengths. The box-counting fractal
dimension, Db, is calculated as the negative of the slope of the
linear regression curve of the log-log plot of the number of oc-
cupied boxes Nb vs. the side length lb:
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[1]

To reduce errors and artifacts, small and large box sizes should
be exempted from the calculation (39).

Particle-counting fractal dimension, Df. The concept of par-
ticle-counting fractal dimension Df is derived from the mass
fractal dimension Dm, where  Dm relates the number of parti-
cles N to the linear size of the fractal object R, and the linear
size of one particle (microstructure element) a as:

[2]

If the average size of the microstructural element is assumed to
remain constant (9), then Equation 2 becomes:

[3]

where Df is the particle-counting fractal dimension. To calcu-
late the value of Df, 2-D polarized light micrographs of fat crys-
tal networks are used. The logarithm of the number of mi-
crostructure elements log(N(R)) is plotted against logR for
varying values of R. The slope of the linear regression curve is
the particle-counting fractal dimension Df (9). The particle-
counting fractal dimension algorithm should be carried out
within the range between 100 and 35% of the original image
size (5). 

Fractal dimension by Fourier transform method, DFT. In
image analysis, a 2-D image is considered to be a discrete func-
tion, f(x,y), where x and y are the coordinates of the object pix-
els in the horizontal and vertical direction. The 2-D discrete
Fourier transform is applied to transform a 2-D image to its cor-
responding frequency domain image F(u,v) as:

[4]

or, expressing it in the form of sine and cosine functions, as:

[5]

where u and v are the coordinates of the pixels in the frequency
domain image. The power spectrum of F(u,v), is

[6]

where R(u,v) is the real part of the function F(u,v) and I(u,v) is
the imaginary part. 

The frequency domain image is the transformed plotting of
P(u,v) against u, v dimension.

Since a fractal profile by definition includes information at
all frequencies, calculating fractal dimensions from frequency
domain images might seem to be difficult. In fact, the formula
used to calculate fractal dimensions from the frequency domain
image is simple. The logarithm of the magnitude, which is the
square root of the power spectrum in the frequency domain
image, shows a linear relationship with the logarithm of the fre-

quencies. The slope of this linear relationship, β, is related to
the fractal dimension DFT as: DFT = (4 + β)/2 (40). DFT can be
used to study both self-similar and self-affine fractal objects.
The data at low frequencies (u and v <10) are not to be included
in the calculation of DFT (40). Figure 2 illustrates how Db, Df,
and DFT are calculated from polarized light micrographs of fat
crystal networks.

The general scheme for determining the microscopy fractal
dimensions is shown in Figure 3. One small drop of melted fat
sample (about 10 µL) is placed on a glass slide and then covered
using a cover slip. The sample is kept above its melting tempera-
ture for a certain period of time to remove any crystal memory
effects, then cooled, and the structure of the fat samples is im-
aged using PLM. To determine the box-counting and particle-
counting fractal dimensions, the polarized light micrographs of
the fat samples need to be thresholded to binary images, and then
a commercial available software, Benoit 1.3 (TruSoft Interna-
tional, Inc., St. Petersburg, FL), and a self-written program, par-
ticleCounting.m (41), are used to calculate the Db and Df sepa-
rately. Care must be taken in the selection of the threshold value.
Because the global threshold method is applied by most of the
commercial image analysis softwares, it is important to obtain a
well-balanced illuminated image prior to thresholding. Other
common practices to obtain high-quality PLM images include a
background subtraction, where an image of the background liq-
uid oil is taken and then subtracted from the images of the fat
crystal networks, and frame averaging, where several images of
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FIG. 2. Illustration of the log-log plot between (A) the number of occu-
pied boxes with box size to calculate Db, the box-counting fractal di-
mension; (B) the number of fat crystals inside each ROI (region of inter-
est) with ROI size; and (C) magnitude and the frequency of the power
spectrum image obtained by 2-D Fourier-transformation of the polar-
ized light microscopy of fat crystal networks (41).



the same sample area are taken and then averaged to remove the
noise. In contrast to Db and Df, the fractal dimension by Fourier
transform method, DFT, can be determined directly from the
grayscale images. To measure DFT, the grayscale polarized light
micrographs are transformed from a spatial domain to a fre-
quency domain by applying a 2-D discrete Fourier transforma-
tion. The DFT can be calculated from the slope of the log-log plot
of the magnitude against the frequency of the frequency domain
image. All these manipulations can be done using Photoshop
(Adobe, San Jose, CA) plug-ins.

All current microscopy fractal dimensions are derived from
2-D polarized light micrographs, so they are 2-D fractal dimen-
sions. According to the commonly used method, fractal dimen-
sions of fat crystal networks in 3-D space can be obtained by
adding “1” to the 2-D fractal dimensions (40).

Fractal dimensions have been used extensively to quantita-
tively describe the microstructure of fat crystal networks
(8–10,12,26,39,42–47). Awad et al. (13) measured the box-
counting fractal dimension, Db, of AMF (anhydrous milk fat),
PO (palm oil), and CB (cocoa butter). The Db of all the fat sam-
ples were found to increase with SFC up to a critical SFC value
where they reached a plateau. The trends in Db of the samples
correspond well with their polarized light micrographs: The
lower Db values correspond to larger microstructures at low
SFC, whereas higher Db values correspond to a large number
of smaller microstructures at high SFC. When the SFC of the
fat samples was above a critical point, fat crystals filled space
homogeneously on the microscope slide, and the Db of the sam-
ples could not increase any further. For thick fat samples, the
fractal dimensions of the fat crystal network Db and Df had

their highest values at an intermediate depth (26).
The fractal dimensions calculated by different methods may

have different values for the same fat crystal networks (40) and
even display different trends when the microstructure of the fat
crystal networks is changed (40,48). Through computer simu-
lation, Tang and Marangoni (41) found that, in general, Df re-
flects the radial mass density spatial distribution in the fat crys-
tal networks whereas DFT is more sensitive to cluster size and
morphology and Db is affected by SFC, cluster size, and crys-
tal morphology. For example, for 20% SFC and diamond-
shaped crystals, the Db of the fat crystal network increased
from 1.44 to 1.58 when the radius of the crystals was increased
from 3 pixels to 42 pixels. In contrast, for 20% SFC, as the ra-
dius of the crystals was increased from 2 pixels to 6 pixels, DFT
decreased from 1.748 to 1.45. By comparing the affecting fac-
tors of Db, Df, DFT, the particle-counting fractal dimension, Df,
and the Fourier-transform fractal dimension, DFT, were found
to be better parameters to represent the microstructure of the
fat crystal networks than the box-counting fractal dimension,
Db.

MICROSTRUCTURE OF FAT CRYSTAL NETWORKS AND
CRYSTALLIZATION KINETICS

The usefulness in the quantification of the microstructure of
fats using the concept of fractal dimension arises from the pos-
sibility of relating structure to physical properties. Crystalliza-
tion kinetics profoundly influences the final structure of fats,
thus it would be useful if a quantitative relationship existed be-
tween them.
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FIG. 3. General scheme to measure microscopy fractal dimensions of fat crystal networks. Db , box-counting fractal
dimension; Df, particle-counting fractal dimension; DFT, fractal dimension by Fourier transform method; Benoit 1.3
(TruSoft International, Inc., St. Petersburg, FL).



The relationship between crystallization kinetics and the mi-
crostructure of fat crystal networks was first proposed by our
group in a study on the crystallization and structure of cocoa
butter (42). The Db of the polarized light micrographs of cocoa
butter were found to be a function of the natural logarithm of
the nucleation rate J, i.e. ,

[7]

where D is the Db of cocoa butter, D* is the Db of a microstruc-
ture arising from a crystallization process with a nucleation rate
of unity (J = 1), and β is the slope of the linear regression curve
between D and ln J. From the Fisher–Turnbull equation we
know that 

[8]

where α is a variable depending on temperature and the free
energy of diffusion, ∆Gn is the free energy of nucleation, kB is
the Boltzmann’s constant (J mol−1 K−1), and T is the absolute
temperature. Replacing ln J in Equation 7 by Equation 8, we
obtain:

[9]

This suggests that the change in nucleation free energy results
in a change in the Db of the polarized light micrographs of fat
crystal networks. By using fractal geometry concepts, it is pos-
sible to define the meaning of the above parameters (43).

This work links the microstructure of fat crystal networks
with their crystallization kinetics, thus building a physical basis
for the fractal nature of fat crystal networks. Although the rela-
tionship between the fractal nature of a cluster with aggrega-
tion kinetics of the particles was shown by computer simula-
tion (49,50), little work has been done on the microstructure of
fractal networks and its relationship with crystallization or ag-
gregation kinetics. It would be interesting to apply our findings
and simulate how the microstructure of fat crystal networks
changes with varying nucleation free energies and temperature
based on Equation 9.

PHYSICAL PROPERTIES OF FAT CRYSTAL NETWORKS

Fat-structured products contain a fat crystal network formed
by solid fat crystal clusters and liquid oil entrapped within.
These materials are viscoelastic, which means they display
both viscous and elastic properties. Many methods have been
used to characterize the mechanical properties of fat samples
including large-deformation and small-deformation (rheologi-
cal) tests.

In large-deformation tests, the bulk fat products are consid-
ered as a plastic material, which is elastic when the stress (or
strain) is below the yield stress (or strain) and is viscous when
the stress (or strain) is above the yield stress (or strain). The
elastic properties of the plastic fats are modeled as τ = Gγ, and
its viscous properties above the yield stress are modeled as τ -
τ0 = η (dγ/dt), where τ is the stress, τ0 is the yield stress, G is

the elastic modulus, η is the viscosity, γ is the strain, and t is
the time. During a large deformation test, the sample is de-
formed until it reaches its critical point and a permanent defor-
mation or fracture is induced. The stress and strain during this
deformation are measured, and information about the yield
stress and elastic modulus is obtained. To describe the behav-
ior of such materials, the yield stress and the relationship be-
tween the stress and strain below the yield stress must be deter-
mined.

The penetrometry method is a large-deformation test and is
widely used to determine the yield stress or the firmness of a
plastic fat (AOCS method Cc 16-60; 51). During the penetrom-
etry test, the penetrating object geometry (could be a cone, a
needle, or a plate) is held in contact with the surface of the sam-
ple and then is released. The time required to reach a particular
depth is recorded. The yield stress can be calculated from the
mass, the angle of the geometry, and the penetration depth after
a predetermined period of time according to the equation Y =
CM/Pn (7,52–55), where Y is the yield stress, M is the mass of
the penetrating objectgeometry, P is the penetrating depth, n is
a constant, and C is a constant that depends on the geometry of
the cone. The hardness index (HI) of the material is given by
HI = M/P, where P is within the range of 1.5–5 mm (56).

In addition to the penetrometry method, the two-plate com-
pression method is also used to study the structure of fats. A
uniaxial parallel force is applied to fat samples, which are held
between two parallel plates, to determine the yield force of the
samples. The compression experiment can be combined with
creep tests, in which a constant load is applied to the sample
and the change in the deformation of the samples over time is
monitored, or carried out in a constant speed mode, where the
top plate moves down to the top surface of the fat sample at a
constant speed.

The large-deformation method has been widely used to
study the physical properties of fat products, such as the
spreadability of shortenings and the hardness of chocolate and
milk fat, and the results have been found to correlate well with
sensory tests (14,56–58).

Although large-deformation tests for some fat samples cor-
respond well with their sensory tests’ results, it is difficult to
relate the result from large-deformation experiments to any
fundamental characteristics of the microstructure of fat crystal
networks since the structure of the fat crystal networks is de-
stroyed during the test. Small-deformation experiments have
thus gained popularity in the study of the microstructure of fat
crystal networks.

A small-deformation test refers to the rheological experi-
ment in which the deformation of the fat samples is within the
LVR (linear viscoelastic region, where the strain is proportional
to the applied stress) of the fat samples. The fat samples are
considered to be viscoelastic materials at small deformations.
Viscoelastic fat products demonstrate elastic and viscous prop-
erties, so the shear modulus G consists of two components: the
storage shear modulus G′ and the loss shear modulus G′′. The
G′ is the solid-like property of the fat samples, more specifi-
cally, the strength of the links between the fat crystal clusters,
whereas G′′ is the liquid-like property of the fat samples. A dy-
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namic controlled strain or stress test is used to determine the
moduli of the fat samples, where the samples are subjected to a
sinusoidally varying strain or stress in time at a frequency ω.
The corresponding stress or strain amplitudes are measured in
time. The complex modulus G* for a controlled strain experi-
ment is determined as the ratio between the measured stress
over the applied strain. The storage (elastic) modulus G′ and
the loss (viscous) modulus are deconvolved from G*, consid-
ering the phase angle difference between the input strain wave
and the resulting stress wave. A purely elastic stress response
is in phase with the strain wave, and thus the phase angle is
zero, whereas a purely viscous response is out of phase with
the strain wave, and thus the phase angle is 90°. For a vis-
coelastic material, the phase angle lies somewhere between 0
and 90°. The corresponding expressions are G′ = G*cosθ and
G′′= G*sinθ.

Thus, the expression relating the stress and strain during
controlled strain dynamic testing is: τ = γ0G′sin(ωt) +
γ0G″cos(ωt) where γ0 is the maximum strain amplitude. Since
during dynamic testing within small deformation, the mi-
crostructure of the fat crystal networks is unaffected, the G′ rep-
resents the strength of the links between fat crystal clusters.

Small-deformation rheology experiments have been exten-
sively used in the study on the viscoelastic properties of fat
crystal networks. The rheological properties of a variety of
model fat systems have been investigated by several groups
(1,3,8,9,15,21,28,58–61). By combining rheology methods
with various microscopy methods, attempts have been made to
explain the change in the rheological properties of fat samples
by a change in their microstructure. Nederveen (60) used a 20
to 30% tristearin suspension in liquid oil as a model fat system
to study the relationship between the bending and torsion mod-
ulus and the SFC, the storage time, and the stress at varying
frequencies. The bending and torsion moduli were found not to
be dependent on frequency in the range of 40–1000 cps but in-
creased considerably during storage. Heertje (21) studied the
microstructure of shortenings before and after a compression
experiment. The bridges between crystal clusters were found
to be broken after compression, which implies that the inter-
crystal cluster links carry most of the stress during the defor-
mation. Herrera and Hartel (35) reported that the compression
storage modulus E′ of a mixture of HMF and LMF is affected
by crystallization temperatures and cooling rates.

Rousseau and Marangoni (61) measured the shear storage
modulus G′ and the shear loss modulus G″ of enzymatic inter-
esterified and noninteresterified butter fat/canola oil blends by
small-deformation rheology experiments. The difference in
rheological properties of the enzymatic interesterified and non-
interesterified butter fat/canola oil blends were closely related
to the changes in their SFC and to a lesser extent to the distrib-
ution of solid crystal mass within the fat crystal networks.
Marangoni and Rousseau (44) studied the hardness HI and the
shear storage modulus G′ of the chemically interesterified
lard–canola oil (LCO) and palm oil–soybean oil (POSBO)
blends ranging from 100% hardstock to 50%:50%
hardstock/vegetable oil (w/w). The microstructure of the fat

crystal networks in lard and palm oil was quantified rheologi-
cally using fractal dimensions. The different G′ for interesteri-
fied and noninteresterified LCO and POSBO were non-SFC-
related, since SFC of the samples did not change substantially
with chemically interesterification. The spatial distribution of
mass was not affected significantly either, since the microstruc-
ture of the fat crystal networks quantified by fractal dimensions
did not change as well. The increased G′ of chemically inter-
esterified LCO was suggested to be related to the change in the
properties of the particles that make up the network. 

All of these studies implied that the rheological properties
of fat crystal networks are the results of a combined effect of
SFC, the microstructure of the fat crystal networks, and the
properties of the particles making up the networks. Since the
1960s, different physical models of fat crystal networks have
been proposed to quantitatively investigate the relationship be-
tween the physical properties of fats and their microstructure.

MODELS OF FAT CRYSTAL NETWORKS

Work on modeling of fat crystal networks started as early as
the 1960s, when Van den Tempel proposed the linear chain
model (1). In this model, solid fat particles are held together by
two types of bonds—irreversible primary bonds and reversible
secondary bonds—and form linear chains, which eventually
form a fat crystal network. The primary bonds are stronger than
the secondary bonds and may consist of relatively strong van
der Waals forces. The breakage of strong irreversible primary
bonds explained the work -softening phenomena of margarine
and butter after kneading (21,59). In this model, the shear mod-
ulus G is predicted to be directly proportional to the volume
fraction IO of solids and to particle diameter D according to the
equation:

G = 5A IOD0.5/(24πH0
3.5) [10]

where A is Hamaker’s constant, H0 is the interparticle distance,
and IO is the volume fraction of solids (usually determined as
SFC/100). However, the experimental results (28,44,60–62) do
not agree with the prediction; the G was observed to increase,
not in a linear fashion with the volume fraction of solids, but
rather in an exponential fashion. (6,62).

Sherman (6) proposed a different model that was similar to
a flocculated oil-in-water emulsion. The fat crystal networks
were described as less densely packed areas formed by the join-
ing of localized regions of densely packed particles. However,
Sherman’s model still predicts a linear relationship between G
and IO, which is not supported by experiments. Realizing the
stronger dependence of G on IO and D than the prediction of the
linear chain model, van den Tempel extended his model (15).
The fat crystal network was still described as a network formed
by linear chains, but the chains consisted of preformed aggre-
gates instead of rigid sphere fat particles. The interaction be-
tween neighboring aggregates in a chain was proposed to be
the sum of the interactions between the particles in contact be-
tween clusters. The tensile force in one principal direction was
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related to the interaction between particles in contact. A cor-
rection factor was introduced into the calculation of the G of
the fat crystal networks. The shear modulus G was recalculated
as:

[11]

where G is the corrected shear modulus of the fat crystal net-
work, Gtheory is the shear modulus of the network calculated
from the linear chain model, m is the number of connecting
chains between two neighboring aggregates, n is the average
number of primary particles in an aggregate, Da is the average
diameter of an aggregate, and D is the average primary particle
diameter.

More realistic results were reported by fitting the experi-
mental results (1,60) to the extended linear chain model. How-
ever, owing to the difficulties in calculating the correction fac-
tor and the lack of success of the previous linear chain model,
this model has not been widely used.

Fractal geometry principles are now applied to quantita-
tively describe the structure of fat crystal networks (3,8). Fat
crystal networks are modeled as cross-linked fractal clusters
that are formed by the aggregation of fat crystals. On stressing
the material, the links between the fractal fat crystal clusters
carry most of the stress and are irreversibly broken when the
deformation of the fat crystal networks is beyond its limit of
linearity. A self-similar character is assumed to exist within the
clusters, from primary fat crystals to the clusters. A theoretical
schematic of the fat crystal networks under stress is shown in
Figure 4 (45). If one were to express the force-constant of the
links between microstructures as kl, then the macroscopic elas-
tic constant K (in one dimension) of the network could be writ-
ten as: 

[12]

where ξ is the diameter of one microstructure, L is the macro-
scopic size of the system, and d is the Euclidean dimension of
the sample (d = 3). Particles of diameter a are packed in a frac-
tal fashion within flocs with size ξ. A force F acting on the net-
work causes the links between flocs to yield, and the original
length of the system in the direction of the applied force to
change by ∆L. Thus, the interfloc separation distance l also
changes. Since the structure within the microstructure is fractal
in nature, the diameter of the microstructure (or aggregates) is
related to the particle volume fraction of the fat crystal net-
works IO as: ξ~ IO1/(D–3). By substituting this expression into the
expression of the macroscopic elastic constant of network K
and assuming the links between the microstructures are statisti-
cally identical, then K is related to IO as K~ IO1/(3–D). Because the
shear storage modulus of the network is related in a propor-
tional manner to the force constant K, the G′ is related to the
particle volume fraction via the fractal dimension of the net-
work as (3,9,11,45–47): 

[13]

The fractal dimension D is used to quantify the microstruc-
ture of the fat crystal networks. The constant λ depends on
the links between microstructures and the relationship be-
tween ξ, IO, and D, as well as the nature of the proportionality
between IO (the SFC of the system) and IOt (the SFC within a
cluster).

In practice, to measure the fractal dimensions of fat crystal
networks, the shear modulus of the fat crystal networks G′
within the LVR (linear viscoelastic region, where the stress in-
creases with strain at a constant rate) is measured by small-de-
formation rheology experiments. By measuring the G′ of fat
crystal networks at different SFC, IO, and plotting the logarithm
of G′ against logarithm of IO, the fractal dimensions of the sys-
tem can be determined from the slope of the curve as D = 3 −
1/slope.

Fractal analysis is a powerful tool for studying the mi-
crostructure of fat crystal networks. Vreeker et al. (8) used the
fractal dimensions of tristearin aggregates to explain the power
law relationship between the published G′ and SFC data. In the
determination of fractal dimensions by Vreeker et al. (8), the
fat crystal networks were assumed to be in the strong link
regime according to the theory of Shih et al. (63), in which G′
~ IOu, and u = (3 + x)/(3 − d), where d is the fractal dimension of
the fat crystal network, and x is usually is in the range 1–1.3. 

Marangoni and Rousseau (3) recognized that fat crystal net-
works at high SFC values are in the weak link regime, so they
applied the weak-link theory of Shih et al. (63) to high-SFC
systems and used fractal dimensions to quantify the microstruc-
ture of fat crystal networks. By assuming a spherical geometry
for the microstructure elements, Narine and Marangoni (4) ob-
tained an expression for the elastic modulus of a fat crystal net-
work based on fractal scaling concepts: 

′ = −G DλOI
1

3

K L kd
l= −[ / ]ξ 2

G G
mD

nDtheory
a= •
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FIG. 4. Theoretical schematic of the fat crystal network under small de-
formation (45). a, diameter of one microstructure; L, microscopic size
of the system; ∆L, change of the size of the system under external force;
l, distance between two microstructures; ξ, diameter of a microstruc-
tural element.

ξ



[14]

where m is the number of neighboring microstructural elements
at the interface between two microstructures, A is the Hamak-
er’s constant, c is a constant in the expression N = cRD (N is the
number of primary particles in a cluster, R is the radius of the
cluster, D is the mass fractal dimension of the cluster), a is the
diameter of a microstructural element, ξ is the diameter of one
microstructure, and d0 is the average equilibrium distance be-
tween microstructural elements. In addition to the power law
relationship G′~ IO1/(d-D), Narine and Marangoni (4) explained
the negative relationship between the hardness of fat samples
and their particle size (6,60) by the cross-linked fractal clusters
model of fat crystal networks. 

The model of fat crystal networks was further developed by
Marangoni through a thermodynamic approach (45). A general
formulation for the relationship between the elastic modulus
and the microstructure of high volume fraction aggregate net-
works has been obtained, namely,

[15]

where E is the Young’s modulus of the fat crystal networks,
∆Uξ corresponds to the change in internal energy per floc–floc
bond, l0 is the equilibrium distance between flocs, l corresponds
to the distance between flocs under an applied stress, a is the
diameter of the particles within the floc, ξ is the diameter of the
flocs, γ is the strain of the network (γ = ∆L/L, where ∆L is the
deformation of the network and L is the size of the network), IO
is the volume fraction of the aggregate of the network, d is the
Euclidean dimension of the space where the network is embed-
ded, and D is the fractal dimension for the arrangement of par-
ticles within the network. By substituting ∆Uξ for the interpar-
ticle interactions in a specific network, this extended model is
suitable to study any soft materials network at high volume
fractions. For example, by knowing that the interaction forces
between the structural elements of a fat crystal network are van
der Waals’ forces, the Young’s modulus of the fat crystal net-
works with differently shaped flocs can be derived separately.

The extended fat crystal network model has been used to in-
vestigate the yield stress of soft materials (47), where an ex-
pression of the yield stress of a network structured as a space-
filling collection of fractal particle flocs was obtained as

[16]

where σ* is the yield stress, δ is the solid-liquid surface energy
(interfacial tension), a is the diameter of the microstructural el-
ement, IO is the solids’ volume fraction of the samples, d is the
Euclidean dimension of the space where the network is embed-
ded, and D is the fractal dimension of the networks. The yield
stress as a function of solids volume fraction for blends of milk
fat, cocoa butter, and modified palm oil has been studied by

small-deformation rheology experiments. The results corre-
sponded well with the model described by Equation 15.

Fractal dimension from oil permeability measurements. In
the oil migration method, the permeability coefficient B is mea-
sured for fat samples at different SFC values. The fractal di-
mensions of the fat crystal networks can be calculated from the
slope of the log-log plot of the permeability coefficient of the
fat samples against their SFC. The permeability coefficient B
is defined as “the rate of flow of water (liquid oil in our case)
through a unit cross-sectional area under a unit hydraulic gra-
dient at the prevailing temperature” (64). The permeability co-
efficient B is calculated from the volumetric flow rate Q ac-
cording to Darcy’s law:

[17]

where Ac is the cross-sectional area through which flow takes
place, η is the viscosity of the liquid oil in the fat sample, and
∆P is the pressure applied to the permeating oil over the dis-
tance L. In addition, the flux through one fractal structure ele-
ment also can be described by Poiseuille’s law as: Q =
πr4∆P/(8ηL), where r is the inside radius of the element and
the other symbols have the same meanings as that in Darcy’s
law. By combining Darcy’s law and Poiseuille’s law and ap-
plying fractal geometry principles, Bremer et al. (24) showed
that the permeability coefficient B is related to network struc-
ture as 

[18]

where a is the particle size, M is a parameter similar to the tor-
tuosity factor in the Kozeny-Carman equation (65), IO is the
solid’s volume fraction, and D is the fractal dimension of the
network. Combining these two equations, D is related to Q as

[19]

Thus, the fractal dimensions D can be calculated from the vol-
umetric flow rate Q data at different solids volume fraction, IO.
Dibildox-Alvarado et al. (66) applied the equation of Bremer
et al. to analyze the oil migration data for mixtures of peanut
oil and IHPO (chemically Interesterified and Hydrogenated
Palm Oil) cooled at different cooling rates. Dibildox-Alvarado
et al. (66) measured the Db and Df of the fat samples and suc-
cessfully predicted the increased permeability coefficient at a
lower cooling rate according to Equation 18 of Bremer et al.
(24). Tang and Marangoni (67) studied the microstructure of
the mixture of tristearin and sunflower oil using the oil migra-
tion method. Higher fractal dimensions were found for the sam-
ples cooled at higher cooling rates. A good fit (r2 = 0.99) was
found for the nonlinear regression of the equation of Bremer et
al. to the data as seen in Figure 5.

Fractal dimensions by light scattering. In addition to the
rheology method and the permeability coefficient method, the
fractal dimensions of fat crystal networks can also be obtained
using light scattering. When light travels through a dilute sus-
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pension of fat crystals in oil, it will be scattered by the crystal-
lites. The intensity of the scattering is generally considered to
be a function of two components, S(q), which is the structure
factor corresponding to the scattering due to the spatial correla-
tion between particles, and P(q), which is the form factor cor-
responding to the scattering arising from the properties of indi-
vidual particles. The scattering intensity I(q) is thus a product
of the structure factor and the form factor, namely, I(q) ~
S(q)*P(q). At small values of the scattering vector q, P(q) is
considered to be a constant, so the variation of the scattering
intensity mainly comes from the spatial distribution of the fat
clusters in the fat crystal networks, which is expressed as: I(q)
~ q−D. The scattering vector has the following form: q = (4π/λ)
sin (θ/2), where λ is the wavelength of the light and θ is the
scattering angle. The light scattering fractal dimension D is cal-
culated as the negative of the slope of the log-log plot of the
scattering intensity I(q) with the scattering vector q (8). This
equation is only valid when q is within the range: 1/Rg << q <<
1/r0, where Rg is the size of the aggregate and r0 is the size of
the primary particle. The light-scattering technique has been
used to study the microstructure of fat crystal networks.
Vreeker et al. (8) studied the change in microstructure of a dis-
persion of glycerol tristearate in olive oil during storage after
rapid cooling from 90 to 2°C. The fractal dimensions of the
samples from the light-scattering method increased from 1.7 to
2.0 after 7 d of storage. More compact fat crystal clusters were
related to the increased fractal dimension. The fractal dimen-
sions calculated using the rheology method was 2.0, corre-
sponding well with the fractal dimensions from the light-scat-
tering method. For application of the light-scattering method,
the samples have to be optically transparent, so this method is
useful only for fats with very low SFC.

SUMMARY AND FUTURE WORK

In food products, fat is structured macroscopically as fat crys-
tal networks, with a different structure at different length scales.
The microstructure of fat crystal networks including the mor-

phology and spatial distribution of the fat crystal clusters is the
determining factor of the rheology and other physical proper-
ties in these materials. Among the physical models used to de-
scribe the microstructure of fats, the fractal model best de-
scribes the observed behavior. However, the physical meaning
of the various fractal dimensions used in the quantification of
structure remains unclear. It is necessary to study the determin-
ing factors of these fractal dimensions to explore their physical
basis experimentally and in theory in order to explain the be-
havior of the physical properties of fats. In addition, the ability
to quantify the microstructure of fat crystal networks using
other structural parameters needs to be evaluated and compared
with the fractal dimensions.
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