Open Access Article. Published on 17 februar 2025. Downloaded on 24-02-2026 07:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12, 3358

Received 24th December 2024,

Accepted 4th February 2025 Patrick Grahn,

DOI: 10.1039/d4mh01891e

rsc.li/materials-horizons

The mechanical properties of crystalline lipid-based materials are
dependent on the microscale structure formed during the crystal-
lization process. In this work, we show for the first time that the
mechanical properties of such materials can be mathematically
calculated by performing 3D mechanistic modeling on the exact
microstructure obtained by non-destructive imaging. Initially, we
obtained a digital twin of a monoglyceride-based oleogel from
phase-contrast X-ray tomography. The microstructure was found to
be composed of an interconnected network of crystalline platelets.
Then, we applied micromechanical finite element modeling on the
microstructure, which revealed that the effective shear modulus
scales with the local solid fraction and also depends on the precise
crystalline arrangement. Lastly, we designed composite materials in a
digital environment by adding particle inclusions to the digital twin.
The particle material, concentration and size are varied to demon-
strate their effect on the composite’s mechanical properties. The
designed materials reveal that particle inclusions can either decrease
or greatly increase the shear modulus of lipid-based materials. Our
new micromechanical approach accelerates the design of lipid-based
materials by leveraging virtual environments, leading the path
towards materials with tailored mechanical properties.

1 Introduction

Crystalline lipid-based materials are fundamental to modern
society, being essential in food, cosmetic, textile, agricultural,
pharmaceutical, electronic, and healthcare industries. The role
of lipids in such industries spans from structurants, stabilizers,
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New concepts

This manuscript introduces 3D micromechanical modeling to the field of
lipid-based materials. The key concept is the creation of a digital twin based
on precise imaging of the material’s 3D microstructure. Virtual rheological
experiments are then carried out on the digital twin. Although the
mechanical properties of crystalline lipid-based materials have been
investigated for a long time, methods have relied on indirect or destructive
analysis, leading to qualitative results and empirical or semi-mechanistic
equations. This manuscript presents, for the first time, a 3D reconstruction of
an undamaged oleogel microstructure. It shows that the macroscopic
mechanical response can be directly calculated from the microstructure
and its constituents’ bulk material properties. The digital twin approach
provides additional insight for lipid applications, such as food and cosmetics,
where traditionally the development of new materials has relied on a trial-
and-error approach. The digital twin can be augmented with additional
constituents, such as particle inclusions, to investigate the mechanical
properties of hypothetical composite materials for fostering the
understanding of the mechanical response of lipid-based materials and
also provide a new strategy for developing lipid-based composite materials.

and bulking agents, to lubricants, and delivery and protective
systems."™ A clear example of the importance of lipid crystalline
materials is in food products, where they confer mouthfeel,
texture, and flavor to, e.g., butter, chocolate, spreads, and
croissants.® Lately, new types of lipid-based materials, namely
oleogels - gels of liquid oil - are being developed to become a
healthier alternative to traditional solid fats.” New types of lipid-
based materials are also being developed in cosmetics for
skincare products, including sunscreens where they provide
protection against UV light,” and in pharmaceuticals for vac-
cines and gene therapy.®’

The versatility of crystalline lipid-based materials shown in
the previous examples is a consequence of their mechanical
properties that originate from the structure of the lipid crystal
network.'® Without an appropriate understanding of the for-
mation, tailoring, and stability of lipid crystal networks, the
application of these materials could lead to, e.g., unacceptable
foods, ineffective pharmaceuticals, and unsuitable cosmetics.
This can lead to wastage of natural resources and possible
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threats to human health. To avoid these problems, great effort
has been made to control lipid crystal network formation and
architecture by modifying formulation (e.g., blends of different
lipids) and process (e.g., cooling rate and shear force)."'*™*?
More emphasis has recently been devoted to elucidating the inter-
play between crystal hierarchical organization in crystalline lipid-
based materials at nano-, micro-, and macroscopic levels and their
resulting mechanical properties. This effort includes the observation
of lipid crystalline nanoplatelets as building blocks for lipid
microcrystals,"*"® experimental demonstration of nanoplatelet
aggregation mechanisms along with simulations at molecular and
nanoscale levels,"*?® empirical models for nanostructure
description,”” multiscale structural measurements,”® mechanical
analysis of these materials with direct observations of the disruption
of the crystal network during rheological measurements,'****° and
the establishment of links between the nanostructure and its
breakdown mechanisms during rheological measurements.**

Although considerable effort has been dedicated to under-
standing the link between the structure and arising mechanical
properties, materials have been analyzed using indirect and/or
destructive approaches, such as optical and electron micro-
scopy or X-ray diffraction and scattering. This limitation leads
to either qualitative results or empirical or semi-mechanistic
equations. Furthermore, the focus was directed to understanding
the effect of nanostructures on the rheological properties of
crystalline lipid-based materials, overlooking the role of micro-
structures in the governance of the rheological response. Lately,
Raman confocal hyperspectral imaging has been used as a non-
invasive technique for lipid structures, but a 3D reconstruction
was not attempted.*>** Therefore, non-destructive capturing of
the exact 3D microstructure along with a full mechanical descrip-
tion at the microscale for crystalline lipid-based materials is still
missing. The lack of such a precise description limits the devel-
opment of new lipid-based composite materials, forcing research-
ers to resort to a trial-and-error based approach.

In order to overcome this problem, we introduce a novel
technique for the structural study of lipid crystal networks by
employing non-destructive phase-contrast X-ray tomography. This
technique allows us to image the exact spatial distribution of
microcrystals. Following this, we use the image data to reconstruct
a 3D digital twin of the crystalline lipid-based material. In contrast
to a static 3D image, a digital twin is an interactive digital object
that can be rotated, modified, and utilized for numerical calcula-
tions. Then, we apply the finite element method (FEM) on the 3D
digital twin, allowing us to carry out a novel more comprehensive
simulation method in the field of lipids. FEM is a well-known
simulation technique for finding numerical solutions to partial
differential equations that describe any physical phenomena.**
Application of FEM to microscale 3D reconstruction has been
previously carried out for ice cream and bread crumbs, but not for
lipid microstructures.® By using a continuum mechanics formula-
tion of FEM, we can study the propagation of stress within the
lipid network to understand its rheological response. This method
can be used on any type of material and 3D geometry to apply
shear, simulating a virtual rheological measurement. Given the
freedom to modify the 3D digital twin of the crystal network
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microstructure, we also studied the inclusion of particles into
the lipid crystal structure. We calculate the effect of the particle
diameter, volume fraction, and material properties on the rheo-
logical response of the resulting composite crystalline lipid-based
material. This approach provides the first theoretical description
of the effect of inclusions in oleogels, which broadens the sig-
nificance of our results. The work presented here introduces a new
point of view for the study of crystalline lipid-based materials. Our
purpose is to accelerate the research of new types of lipid-based
materials and establish the foundation for using digital twins of
real lipid structures in FEM simulations.

2 Materials and methods
2.1 Materials

Myverol 18-04K saturated monoglyceride (MG) was donated by
Kerry Ingredients and Flavour (Bristol, United Kingdom). The
MG has a fatty acid composition of 1.4% C14:0, 59.8% C16:0,
and 38.8% C18: 0. The melting point of the MG is 68.0 & 0.5 °C.
Rapeseed oil was purchased from a local grocery store.

2.2 Sample preparation

2.2.1 Oleogels. Oleogels were prepared by mixing 10% (w/w)
MG in rapeseed oil. The mixture was heated to 80 °C while
stirring with a magnetic stirrer. An additional heating of 15 min
was applied after the monoglyceride had dissolved. The mixture
was then sampled using a 200 pL pipette tip. The pipette tip was
held in the hot mixture for a few seconds to allow thermal
equilibration. Then, 200 pL of the molten mixture was drawn
into the pipette tip and the sample was allowed to quiescently
cool down in the pipette (at a room temperature of 21-22 °C) for
at least 20 min before carefully removing the tip from the pipette.
The sample was stored at room temperature overnight before
being carefully packed and shipped to Carl Zeiss Microscopy
GmbH, where it was analyzed 13 days after preparation.

2.2.2 Pure monoglycerides. Samples of 100% MG were
heated to 80 °C using the same protocol as for the oleogel samples.
After this initial preparation, the samples were poured into custom
3D-printed molds with dimensions of approximately 50 x 10 x
3 mm (length, width, and height). The samples were allowed to
cool for at least 20 min before extracting them from the molds.
After extraction, the samples were cut to a length of approximately
40 mm using a sharp razor blade. This was done to remove the two
irregular ends caused by the mold having a rounded end and an
end with an opening for sample pouring. Then, a thermal treat-
ment protocol was chosen to make the samples into the desired -
polymorphic form. The protocol deemed optimal for this work
consisted of heat-treating the solid samples at 60 °C for 94 h. Then,
the oven was switched off and the samples were kept in the oven
for 3 h before withdrawing them. The polymorphic form was
validated by powder-XRD measurements as described in the ESL}

2.3 Phase-contrast X-ray imaging of oleogels

An oleogel sample, directly crystallized in a pipette tip, was
imaged using a Zeiss Xradia 630 Versa (Oberkochen, Germany)

Mater. Horiz., 2025, 12, 3358-3367 | 3359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01891e

Open Access Article. Published on 17 februar 2025. Downloaded on 24-02-2026 07:40:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

X-ray microscope operating in phase-contrast mode, with a 20x
objective and a 3 W X-ray tube. Settings including an accelera-
tion voltage of 40 kV, a source-to-rotation-axis of 18 mm, and a
detector-to-rotation-axis of 32 mm were used to image the
oleogel sample, which resulted in a pixel size of 502 nm. The
imaging lasted 20 h and resulted in 2401 projections. Image
data were gathered in a cylindrical volume with a diameter and
height of 0.5 mm. The volume was located at the middle of the
pipette tip. The tomography data were reconstructed using
DeepRecon Pro (Zeiss) software to reduce noise and improve
image contrast. Subsets of the data were extracted and meshed
using Dragonfly v. 2022.2.0.1409 (Zeiss).

2.4 Torsional measurement of pure monoglycerides

The mechanical properties of three samples of 100% MG were
determined using an Anton Paar MCR 302e rheometer (Graz,
Austria) mounted with a torsional measuring fixture (SRF-12)
for dynamic mechanical analysis. Small amplitude oscillatory
shear measurements were carried out, at an oscillation fre-
quency of 1 Hz, sweeping the strain amplitude from 0.001% to
0.1%. The measurements were performed at room temperature.
An Anton Paar proprietary TruStrain functionality was utilized.
Data were collected with Anton Paar RheoCompass software.

2.5 Finite element modeling (FEM)

COMSOL Multiphysics v. 6.2 (Stockholm, Sweden) was used to
model the micromechanical response of both plain and com-
posite monoglyceride-based oleogels, using the solid mechanics
interface and built-in functionality for importing and modifying
3D meshes.

2.5.1 FEM of plain oleogels. Plain oleogels were analyzed
by using the 3D tomography data of the MG-based oleogel, where
16 different representative volume elements (RVEsS) were
obtained from the initial full tomographic volume. Dragonfly
software was used to create an initial surface mesh of the MG-oil
interfaces. This surface mesh was then imported to COMSOL,
where it was partitioned with a 60-um wide cube. The enclosed
surfaces of MG were converted into volumetric domains. All
surfaces were then re-meshed with a free triangular mesh to
reduce the number of excessive elements generated during the
initial meshing process. The meshing process was manually
tuned to avoid distorted and intersecting elements. Lastly, the
volumetric domains were filled with a free tetrahedral mesh.

An effective shear modulus G was calculated for each RVE
from small-strain finite-element analysis of simple shear. The
deformation state is obtained by applying a tangential strain on
one face of the cubic RVE and keeping the opposing face fixed.
For the remaining four faces of the cube, the component of the
displacement vector that is normal to the tangentially strained
face is constrained to zero. This constraint prevents excessive
bending of the structures that are cut at the RVE boundaries.
Periodic conditions cannot be applied because the structure
has no periodicity. The shear modulus is evaluated at the
tangentially strained boundary by dividing the shear stress with
the applied strain. A cubic RVE has faces in three Cartesian
directions, each of which can be tangentially strained in two
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orthogonal directions. This creates six different cases to calcu-
late. We define the effective shear modulus Geg of an RVE to be
the arithmetic average of these six cases.

A linear elastic material model was used for the MG by
defining its shear and bulk modulus. For the shear modulus we
use the value obtained from torsional measurement of pure
monoglycerides. On the other hand, the bulk modulus of MG
was arbitrarily chosen to be equal to ten times its shear modulus.
This assumption is supported by the fact that materials can be
categorized into metals, ceramics, and polymers when it comes to
defining their mechanical properties.*® We assume that MG
responds mechanically similarly to polymers, which are nearly
incompressible and it is only rarely important to know the precise
value of the bulk modulus.**”*” Liquid oil is not included in the
calculations, because such liquids are unable to transmit shear
forces in stationary or low-frequency loading conditions. Stress
concentrations in the RVE are visualized by plotting the von
Mises stress, which is a scalar equivalent stress field that is often
used to predict the yield point of a material. The distribution of
von Mises stress is maximum at the locations where material
failure is to be expected.*®

For each RVE, we evaluated the solid volume fraction ¢ and
paired it to the effective shear modulus G.¢ calculated by FEM.
The data were then fitted to a power-law equation expressed as

Gett = 70", 1)

where 7 is an exponent and y a scaling factor. In eqn (1), ¢ is a
unitless number between 0 and 1. Such power-law relations
have been reported previously for macroscopic samples of
triglyceride networks®® and oleogels.”” The scaling factor y is
fitted using the method of least squares. The value of the
exponent n can be determined by either fitting or by calculating
the fractal dimension®® of the three-dimensional structure. To
this aim, we applied a box-counting algorithm®' on the 3D
tomography data in an attempt to calculate the exponent.

2.5.2 FEM of composite oleogels. Composite oleogels were
modeled by using the 3D mesh obtained from tomographic
reconstruction of a plain oleogel and virtually adding particle
inclusions. For this purpose, we used a slightly larger RVE of 80
pm size. Particles in the form of spherical inclusions were drawn
into RVEs using COMSOL. The particles were positioned in a
simple cubic lattice with the lattice constant chosen based on the
desired value for the particle volume fraction. At positions where
a drawn particle overlaps with the MG structure, the material is
set to that of the particle. The particles had to be generated
already at a stage prior to partitioning the surface mesh with the
RVE cube. The procedure to construct the final volumetric mesh
for modeling required significant manual tuning of the mesh
features to avoid software errors in the meshing algorithm. Due
to these challenges, only a single RVE of the plain oleogel was
used as a basis for studying particle addition.

Effective shear modulus is calculated for the particle-
containing oleogels using the same procedure as for the plain
oleogel. In the first study, we consider the particles to have a
diameter of 20 um and to be made of microcrystalline cellulose
(Table 1). For this composite oleogel, we calculated several

This journal is © The Royal Society of Chemistry 2025
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Table 1 Material properties (shear modulus G and Poisson’s ratio v) used
for the particles in the modeling of composite oleogels. Properties of
silicone are taken from ref. 44, microcrystalline cellulose from ref. 45 and
iron from ref. 46

Material G (MPa) v
Liquid 0 0.5
Silicone (low cross-linking density) 1 0.45
Silicone (medium cross-linking density) 45 0.45
Microcrystalline cellulose 3500 0.3
Iron 81400 0.29

cases of particle volume fraction, ranging from 10% to 50%.
The maximum packing fraction of spheres in three dimensions
is approximately 74% (v/v). As the packing fraction approaches
this limit, materials become brittle and granulated. For exam-
ple, for oleogels reinforced by microcrystalline cellulose and
starch particles, the material appeared brittle at 50% (v/v).*>*?
Therefore, we chose to limit particle fractions to a maximum of
50%, which enabled us to use a simple cubic packing for
all cases.

In a second study, the effect of particle size was investigated by
changing the diameter of the inclusions between 5 um and 73 pm,
while keeping the volume fraction fixed at 40%. The same plain
oleogel RVE of 80 pm size was used for all calculations, except for
the two cases using the smallest particle diameters of 5 pm and
10 um, where a smaller RVE of 40 um was used to limit the total
amount of particles in the model.

In a third study, we fixed both the volume fraction and
particle size to the values of 40% and 20 pm, respectively, and
investigated the effect of the material choice for the particles.
This was done by keeping the RVE mesh unchanged and only
modifying the material properties of the particles. The selected
homogeneous materials are listed in Table 1. They were
selected to demonstrate a wide range of mechanical properties.
These properties can also resemble the effective properties of
colloidal particles, for example, hydrogel particles,”” air bub-
bles covered by adsorbed crystals*® or oleogel droplets encap-
sulated in a soluble fiber.*’

3 Results and discussion

In order to calculate the micromechanical response of a mate-
rial, one needs to know two elements: (i) the exact microstruc-
ture comprising the spatial distribution of the building
elements, and (ii) the bulk mechanical properties of the mate-
rial constituting each building element. In our case, this means
that we must know the shape of the monoglyceride crystal
network comprising the spatial location of each microcrystal
with the position and number of each junction zone formed
with neighboring crystals, as well as the bulk mechanical
properties of the monoglycerides in the same polymorphic
form present in the studied oleogel. Precise data on the 3D
building elements of oleogels and their spatial arrangement is
missing from the literature. Similarly, the bulk mechanical
properties of the building elements (pure monoglyceride) are
also missing. Therefore, the first step was to address this gap in
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the literature by applying non-destructive methods for obtain-
ing the precise 3D microstructure of oleogels using X-ray
tomography, and the bulk properties of pure monoglyceride
using rheology. These results were then used to obtain the
micromechanical response of oleogels using FEM analysis.

3.1 Tomographic reconstruction

Oleogels are soft materials with a microstructure that is suscep-
tible to damage when loaded (e.g., during lifting, scooping, or
cutting). Therefore, to avoid any damage, we crystallized the
oleogel inside a pipette tip and imaged the distribution of MG
crystals with non-destructive X-ray tomography. To the best of our
knowledge, the images presented here represent the most intact
and representative microstructures of a crystalline oleogel.

The entire scan contained data from a cylindrical volume of
0.5 mm diameter as shown in Fig. 1(A), where the bright colors
represent the crystalline MG, which occupies approximately
10% of the total volume. The dark colors show the remaining
90%, which is liquid oil. In this structure, the oil is trapped by
the MG like in an open-cell foam. The 3D reconstruction provides
conclusive evidence that the MG microstructure in an oleogel
consists of thin platelets that have a certain degree of intercon-
nection. We were unable to find any fully disconnected parts of
MG, but rather every platelet is part of the same network. A
platelet-like morphology and some evidence of a network formed
by these platelets have been observed previously for oleogels
containing plant waxes,”®>! mineral waxes,’® fatty alcohols,”®
monoglycerides,*” and cyclic peptides,” using destructive analy-
sis like cryogenic scanning electron microscopy and polarized
light microscopy.

The full image in Fig. 1(A) contains excessive details for
efficient visualization and modeling. Therefore, individual RVEs
of the MG structure were extracted, where the oil had been
removed. Four examples of such RVEs are shown in Fig. 1(B)}-(E).
The orientations of platelets were random, such that the
sample was isotropic on a macroscopic scale. The platelets
appeared bent and had uneven surfaces, which made it difficult
to precisely specify their length and thickness. However, by
manually inspecting the RVEs, we estimated the platelet length
to be on average 43 um (standard deviation of 15 pm) and the
thickness to be 1.8 pm (standard deviation of 0.4 pm). These
rough estimates were not used in any calculations but are
rather presented here to illustrate the scale of the microstruc-
ture. It is known that fast cooling leads to smaller structures
compared to slow cooling.>® When cooling quiescently at room
temperature, the cooling rate is faster for smaller samples and
slower for larger samples. Therefore, our small sample in the
pipette tip was expected to have smaller structures compared to
similar samples produced in a beaker or Petri dish. For
example, using optical microscopy techniques, a size-estimate
of approximately 57 um has been reported for similar oleogels,
when using a cooling profile representing 30 mL cylindrical
containers at an ambient temperature of 17.5 °C.° The surface
roughness of the platelets cannot be accurately estimated due
to the limited pixel size of 502 nm and smoothing caused by the
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A

Fig. 1 (A) Full 3D tomographic reconstruction of a monoglyceride-based oleogel obtained by phase-contrast X-ray tomography. The dark colors are
regions of liquid oil, whereas the bright colors are solid monoglycerides. Microscopic representative volume elements (RVEs) are sampled from the full
reconstruction. (B)-(E) Examples of RVE revealing the microscopic structure of the monoglyceride crystal network. The edge size of the RVE cube is
60 um.
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reconstruction algorithm. Surface roughness is not expected to
affect mechanical properties such as shear modulus.

The solid fraction of each RVE was calculated to observe
whether it correlates with the effective shear modulus. Even
though the macroscopic sample was prepared to have a homo-
geneous solid fraction of 10% (w/w) in its entire volume, the
local solid fraction of a microscopic RVE can deviate from this
value. The RVEs considered in this article were found to have
solid fractions ranging from 6.7% to 13.1%. This variation can
be explained by the formation of microscopic domains of more
densely packed crystal network portions connected by more
loosely packed ones.

3.2 FEM of a plain oleogel

After successfully obtaining 16 instances of RVE from the MG-
based oleogel, we proceeded with their micromechanical FEM
(these oleogels are referred to as plain because they lack
materials other than MG and oil). In order to obtain necessary
bulk mechanical properties, we analyzed samples of pure MG in
B-polymorphic form. The form was verified by X-ray diffraction
(shown in Fig. S1, ESIt). This is the form that MG crystallizes
into when forming MG-based oleogels.>®> We then used torsional
oscillatory rheology to measure the mechanical properties of
pure MG. The measurements revealed a storage modulus that
was independent of the strain amplitude for small strains (see
Fig. S2, ESIf). The small-strain storage moduli for three MG
samples were 610, 630, and 680 MPa. The average value of these
measurements, 640 MPa, was chosen to be a representative
value for the shear modulus of the pure MG in -polymorphic
form. More information about the effect of MG polymorphism
on its mechanical properties is discussed in the ESI.f The shear
modulus value of 640 MPa is used as input in all finite element
modeling discussed in this work. The value for the bulk
modulus was set to 6400 MPa (as discussed in Section 2.5.1).

Fig. 2(A) shows the calculated effective shear modulus as a
function of RVE solid fraction for the plain oleogel. The
modulus ranges from 0.3 MPa to 2.6 MPa within the range of
solid fractions between 6.7% and 13.1%. Although we observed
a clear positive correlation between the microscopic solid frac-
tion and shear modulus, the data points do not follow a clear
curve. This is expected because the RVE only includes a limited
amount of microstructure. The limited size also causes the
microscopic RVE to have an anisotropic mechanical response.
The macroscopic shear modulus of an entire sample that could
be observed in a rheological measurement is expected to be
isotropic and approximately follow the average of a large num-
ber of RVE calculations. In this case, the average of the calcu-
lated 16 moduli is 1.6 MPa, which is of the expected order of
magnitude for an ideal undamaged oleogel, such as those
directly crystallized in the measuring geometry of a rheometer.
A storage modulus of 1.92 MPa has been measured for an
oleogel (10% (w/w) of MG, myverol 18-08 NP) crystallized in a
rheometer using a programmed cooling rate that mimicked
ambient temperature of 30 °C.*°

There are several practical obstacles to obtaining a storage
modulus greater than 1 MPa using MG-based oleogels of 10%
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Fig. 2 (A) Calculated effective shear moduli for representative volume
elements of a plain oleogel. Each black point represents a unique micro-
structure. The green curve shows a power-law fit to the data points. The
dashed part of the curve shows predictions outside the region of fitting.
(B) Distribution of von Mises stress in an RVE under simple shear. A shear
strain of 0.01% is applied in the positive y-direction on the top z boundary.
The geometrical deformation is magnified by a factor of 1000 for better
visualization.

solid fraction. First, it is convenient to crystallize oleogels in a
beaker and then transfer them to a rheometer for measure-
ment. However, this process can easily damage the microstruc-
ture, resulting in a reduced shear modulus. Second, the cooling
temperature profile is of critical importance and generally
faster cooling results in a lower shear modulus. For example,
reducing the ambient temperature from 30 °C to 5 °C was found
to reduce the modulus from 1.92 MPa to 0.357 MPa,** while
using a constant cooling rate of 2 °C min~ ' yielded 0.4 MPa.>®
In a study involving fast cooling using a circulating water bath
and transfer of the sample from the beaker to a rheometer,
moduli in the range of 0.1-0.3 MPa were found. Finally, the
modulus is also greatly affected by the type of monoglyceride®”
and oil®® that is used.

After obtaining the shear modulus and solid volume fraction
for each RVE, we fitted a power-law given by eqn (1) to the data.
Results from the considered RVE models have a too high
variance to justify the precise determination of the exponent
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n. We attempted to obtain n by calculating the fractal dimen-
sion from the 3D tomographic data. However, the calculated
local dimension did not converge with reducing the box size
(see Fig. S4, ESIT). This suggests that the image data are not
fractal. Therefore, we consider as a hypothesis that n = 2, which
is the value that can be analytically derived for open-cell
foams.>® MG oleogels at 10% concentration (same as that used
in this work) have been experimentally observed to behave as
cellular foams,>® which supports our assumption regarding the
value of the exponent n. The 3D reconstruction in Fig. 1 also
shows large open volumes of fluid surrounded by a connected
crystalline network, which has a resemblance to that of an
open-cell foam.

A value of y equal to 139.46 MPa is obtained by fitting using
the method of least-squares. The fit is shown by the solid green
line in Fig. 2(A). The data points show a correlation with the fit
(R* = 0.50), which suggests that a quadratic polynomial-law
could be a coarse approximation for the effective shear mod-
ulus at a microscopic level. MG-based oleogels with concentra-
tions of 5% (w/w) and 15% (w/w) have often been considered.*?
Therefore, predictions of the fit are also shown for solid
fractions outside the region of fitting by the dashed lines in
Fig. 2(A).

A high variance of the shear modulus was observed between
the RVEs of similar solid fractions. Looking at the stress distribu-
tion in Fig. 2(B), we observed that the stress is the highest in the
interconnections between the platelets. The number and width of
interconnections are different across the considered RVEs. This
could explain part of the observed variance. These results suggest
that particular attention should be given to the crystallization
process. If the crystal growth can be optimized to maximize these
interconnections, the mechanical properties could be enhanced.
In addition, the number of nuclei and their positions are
important to consider as they affect the platelet size distribution
and number of interconnections, further contributing to the
mechanical properties of oleogels.

3.3 FEM of composite oleogels containing spherical
inclusions

Spherical or nearly spherical inclusions can be added to an
oleogel matrix, such as solid particles,”>®® hydrogels,*” air
bubbles,*® or encapsulated droplets of a secondary oleogel.*
In the literature, significant modification of the oleogel’s
mechanical properties due to these inclusions was observed
experimentally. Yet, an accurate theoretical description of the
effect of inclusions is missing due to the lack of 3D models of
an oleogel’s microscopic structure. Using our 3D tomographic
reconstruction, we can investigate the effect of inclusions in a
digital environment. Particles were added to an RVE to evaluate
their effect on the mechanical response of an oleogel. Fig. 3
shows one of the created RVEs for such a particle-containing
oleogel. We considered an ideal case of monodisperse spherical
particles. Using FEM, we calculated the effect of three different
parameters: particle concentration, particle size, and particle
material. In each study, one of the parameters was varied, while
keeping the remaining two fixed.
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Fig. 3 A cubic representative volume element for an oleogel that has
been reinforced by particles. Monoglyceride and particles are shown in
white and yellow colors, respectively. The size of the cube is 80 pm and
the particle volume fraction is 40%.

The effective shear modulus of the chosen RVE without
particles was 1.07 MPa. This value is slightly lower than those
calculated in the previous section. We attribute this to the
increased RVE size because due to non-ideal boundary condi-
tions, the modulus has a slight dependence on the RVE size.
The MG solid content in this RVE was 11.1% prior to adding the
particles. The addition of particles with a diameter of 20 pm
and made of microcrystalline cellulose increases the effective
shear modulus as shown in Fig. 4. The results show that for a
particle concentration of 10% (v/v), the modulus increases by a
factor of 4.5. For the highest calculated particle concentration
of 50% (v/v), the modulus increases by a factor of 69. In a
previous study, a factor of approximately 40 was reported for
non-spherical fiber-shaped particles at a weight fraction of
40% (w/w) which corresponds to 24% (v/v).*> Our calculations

80
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Volume fraction of particles (%)
Fig. 4 Calculated effective shear moduli for representative volume ele-
ments of particle-reinforced oleogels. Each black point shows the result of

a chosen volume fraction of particles. The particle diameter is 20 pm and
the material is microcrystalline cellulose.
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give a factor of 13 at 24% (v/v), which is lower. This could
suggest that fiber-shaped particles are more efficient at
strengthening the material compared to spheres at the same
volume fraction. It should be noted that the increase of the
modulus depends on the chosen RVE and the positioning of
the particles within the RVE. Thus, it can be expected that the
mechanical reinforcement is stochastic on a microscopic scale.

Particles modify a composite oleogel’s mechanical proper-
ties both directly, through the stiffness of the particles, and
indirectly, by modifying the crystal structure. In a previous
study, it was observed that platelets may switch to spherulites
in MG-based composite oleogels.*> However, in this study, we
decided to only consider the direct effect of the particles and
assume that there would be no change to the crystal micro-
structure if inclusions were added. The impact of the indirect
modification of the crystal structure depends on the choice of
structurants and particles.*” For example, it has also been
reported that spherical starch particles do not substantially
influence nucleation and crystallization when added to a lipid
gel composed of oil and tripalmitin.*®

The effect of the particle size on the effective shear modulus
is shown in Fig. 5. Surprisingly, the effect is very small in a
range of diameters between 15 um and 50 pm. However, for
5-10 pm particles, the modulus is reduced. The particles
reinforce the oleogel by linking together the platelets. This
suggests that if the particle size is significantly smaller than the
platelet dimensions, this linking may not occur as effectively.
This is in agreement with experimental observations for fiber-
reinforced oleogels in which nanocrystalline cellulose yielded a
lower modulus compared to microcrystalline cellulose.*” In the
same article, microcrystalline cellulose fibers of 55 pm length
were also observed to yield a larger modulus compared to fibers
of 15 pm length, but the difference was smaller compared to
the difference to nanocrystalline cellulose. Although it should
be noted that the material properties of those fibers were most
likely not identical as they were from different manufacturers.

In Fig. 5, the results for the larger particles of 50 uym and
73 pum have a higher degree of uncertainty due to only a few

O 1 1 1 1 1 1
5 15 25 35 45 55 65

Diameter of particles (um)
Fig. 5 Calculated effective shear moduli for representative volume ele-
ments of particle-reinforced oleogels. Each black point shows the result of

a chosen diameter of particles. The particle volume fraction is 40% and the
material is microcrystalline cellulose.
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particles fitting into the considered RVE. Therefore, they cannot
be used to make statements regarding the asymptotic behavior of
even larger particles. When using particles composed of encap-
sulated oleogels, it has been reported that spheres with a size of
5-20 um have a good encapsulation efficiency that is better than
that of non-spherical morphologies.*® Undesired sensory detec-
tion of particles may occur if particles are too large. In a sensory
experiment, microcrystalline cellulose particles of 50 um were
detectable in certain food products at a low concentration of
1.5% (w/w).** Therefore, we expect several applications to prefer a
particle-size range of 10-50 um, which is included in the range
calculated here.

The reinforcement provided by particles depends not only
on their concentration but also on their material properties. To
illustrate the effect of material choice, we computed the effective
shear modulus for a range of materials. In Table 2, we present the
calculated moduli of the resulting composite oleogels having a
40% particle volume fraction. In general, we observed that the
effect of the type of material on the overall modeled mechanical
response of composite oleogels greatly depends on the particle’s
shear modulus. Interestingly, even the addition of a softer
material such as medium cross-linking density silicone can
increase the effective shear modulus. However, if the material
is too weak, such as low cross-linking density silicone, the
composite oleogel becomes weaker than the plain oleogel. This
is due to the inability of this weak material to effectively transmit
shear forces. Indeed, particles made of this weak silicone partially
replace the stiffer MG platelets, which weakens the resulting
oleogel. We also considered the case where the particle material
is set to liquid. Particles made of fluids such as liquids or air are
unable to transmit the shear forces, resulting in the modulus
being greatly decreased. This effectively corresponds to removing
parts of the monoglyceride crystals, which results in a broken
crystal network and lower solid content. In contrast, adding rigid
particles such as iron can greatly increase the oleogel’s shear
modulus.

In combination, the data in Fig. 4 and 5 and Table 2 reveal
that a wide range of material properties can be achieved by
simultaneously varying the particle concentration and composi-
tion. As an example, 30 pm sized microcrystalline cellulose
particles at even a low concentration of 10-20% could be used
to make composite gels of high elasticity. Another option could
be 15 um sized low cross-linking density silicone particles at
a high volume fraction to achieve a composite oleogel with a
similar shear modulus to that of the plain oleogel, but with a

Table 2 Influence of the particle material on the calculated effective
shear modulus of a composite oleogel. The particle diameter is 20 pm and
the volume fraction is 40%

Material Gegr (MPa)
No particles 1.07
Liquid 0.07
Silicone (low cross-linking density) 0.72
Silicone (medium cross-linking density) 9.05
Microcrystalline cellulose 47.2

Iron 54.5
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widely different composition. This could be helpful for deliver-
ing additional nutritional value in food products or reactive
ingredients in cosmetic applications.

4 Conclusions

We have introduced a micromechanical model for crystalline
lipid-based materials based on the exact 3D crystal network.
This network is obtained by using non-destructive X-ray tomo-
graphy and properties such as the solid content, platelet thick-
ness and length were analyzed. Generating RVEs of the crystal
network allowed us to perform micromechanical FEM. For the
considered example of an MG-based oleogel, the bulk mechan-
ical properties of pure MG were measured and used in the
model. Using the model, we were able to calculate the mechan-
ical properties of the plain oleogel as well as composite oleogels
with supposed spherical inclusions.

In the presented modeling examples, we made no assumptions
about the mechanical properties of the macroscopic oleogel.
Instead, we investigated whether these properties could be calcu-
lated, given only the properties of the bulk materials and their
microscopic structure. The calculated effective shear modulus for
the plain oleogel falls in the expected range of similar undamaged
oleogels, which confirms the validity of the approach.

The modeling of composite oleogels reveals that by suitably
choosing particle inclusions, we can either greatly increase or
decrease the elasticity of the resulting material. Composite
materials with tailored mechanical properties can be created
by merely varying the concentration and composition of parti-
cles. The introduced micromechanical approach provides a
theoretical description for understanding how the particles
should be chosen based on the desired properties of the
composite material. Future research should be carried out to
investigate the effect of polydisperse spherical particles and
non-spherical particles, such as ellipsoidal ones. Furthermore,
the effect of particles on nucleation and crystal growth needs
more investigation. Micromechanical modeling should also be
carried out for other types of lipid-based systems, such as wax-
based oleogels, hydrogels, emulsions, and aerogels.
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