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A B S T R A C T   

A method to create stratified structures with static mixing elements initially developed for the plastic polymer 
industry is investigated here as a new route for structuring food dispersions. Food dispersions of different vis
cosities were structured with static mixing elements to investigate the potential of the method for foods. 
Differently coloured chocolates were used as the model products. The viscosity of the chocolate was controlled 
through the addition of pea fibre. The first step was the formation of 2–8 layers, with the two differently coloured 
chocolates. Then, the chocolate dispersions were layered into 256 layers with an approximate layer thickness of 
60 μm. Layer formation was facilitated when using similar paste viscosity and when slip was induced through 
wall coating with vegetable oil. Uniaxial cutting tests of the layered chocolate indicated that layering resulted in 
different mechanical properties, parallel and perpendicular to the layers. Fibre orientation in the direction of 
flow was observed, resulting in the potential to induce anisotropy, additional to the layers. The higher viscous 
dispersions, wheat dough and melt cheese, could also be structured into layers, although the force constraints of 
the experimental set-up were reached. Mid-stream additions were added to produce strand structures instead of 
layers, resulting in higher hierarchy structures but less uniformity.   

1. Introduction 

Recently, renewed interest was shed on laminar mixing methods by 
which two or more fluids are extruded into layers that are stretched and 
folded on top of each other, respectively. The key element of this com
pounding process is a static mixer into which two or three fluid streams 
are fed in parallel, forming layers, due to the laminar flow conditions (at 
low Reynold numbers). This is in contrast to mixing processes in mixers 
that are based on turbulent fragmentation and reorientation of the 
volumes to be mixed. Similarly as in microfluidic processes, streams of 
fluid are directly controlled by the geometry of the device. 

Such repetitive stretching and folding has been demonstrated for 
polymer melts but also for oil/water emulsions (Hofmann et al., 2021; 
Schaller et al., 2017). The application of laminar fractal mixing for food 
structuring has so far not been discussed. Natural food structures are 
heterogeneous, complex and mostly anisotropic. Structural and textural 
properties in food influence our perception and taste experience (Lill
ford, 2016). Therefore, methods to produce structures in foods are 
widely applied. Especially recently, efforts have been undertaken to 
copy existing product structures from novel raw materials to mimic 
‘traditional’ foods, such as meat. These methods include extrusion and 

3D printing (Nachal et al., 2019; Sandoval Murillo, Osen, Hiermaier and 
Ganzenmüller, 2019). Extrusion is widely applied in food production to 
obtain specific shapes and textures. Extrusion is still considered a 
complex process, due to the fact that multiple sections are highly linked 
through an interdependency of the process conditions and ingredient 
properties (Pietsch et al., 2018). Consequently, extrusion is still difficult 
to control. 3D food printing, usually extrusion based, offers the pro
duction of custom made foods (Liu et al., 2017), and flexible and rapid 
prototyping (Ma et al., 2021). So far the application of 3D printing for 
food is still limited by its scalability. 

In this chapter, the potential of laminar fractal mixing is discussed 
and demonstrated for the structural design of food. In particular of 
multi-component food formulations. Laminar fractal mixing exploits the 
combination of different channel elements. These elements can be ar
ranged differently, to design pre-defined structures according to 
controlled assembly and product requirements. As an example, layers 
can be continuously formed from macro to microscale. In bakery in
dustry, laminar structuring could lead to process improvements, by 
avoiding dough weakening during common kneading processes (Cap
pelli et al., 2020; Muscalu et al., 2020). In other applications the method 
can lead to new flavour experiences, potentially by combining materials 
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of different texture and composition, i.e. a protein network and a fat 
phase. Furthermore, variation in taste, such as sweetness of the phases 
can be exploited for taste sensation. Stretching of fluid material in a 
channel can induce orientation of the components in the fluid. Orien
tation in fluid flow has been shown for fibre-like structures in polymer 
melts (Kugler et al., 2020), as well as for food polymers, i.e. caseins 
micelles during Mozzarella cheese production (McMahon et al., 1999), 
and could thus introduce additional anisotropy into the structures. 

As the method is dependent on laminar flow conditions the material 
properties are important to ensure structure formation solely based on 
laminar flow in the channel geometry. Viscosity differences, normal 
stress differences or interfacial tension between the materials can induce 
distortions, making it less trivial to reach the intended structure 
(Neerincx et al., 2021). Furthermore, the smallest achievable domain 
size that can be obtained by this relatively easy compounding method is 
limited by the balance between the interfacial, inertial and viscous 
forces (Hofmann et al., 2021). This research aims to investigate the 
applicability of laminar fractal mixing to produce pre-defined structures 
with food materials. At first, the theory of the structuring method is 
reviewed, followed by an elaboration on its potential to produce 
anisotropic substructures. Then, first experiments are presented that 
describe the possibilities to form uniform layers and strands with food 
materials of different viscosities. Finally, the potential of laminar fractal 
mixing in food processing is discussed. 

2. Theory 

2.1. Principle of layer multiplication 

Laminar fractal mixing is based on the baker’s transformation. This 
operation received its name from dough kneading in the baking trade. It 
includes a stretching step of the material, whereafter the stream is either 
folded, or cut and stacked onto each other (Fig. 1). 

Fractal mixers are static mixers, hence no parts of the mixer itself are 
moving. Within the mixers, the stream of stacked fluids is split, stretched 
and once again stacked onto each other, resulting in an exponential layer 
multiplication, upon repetition (Neerincx and Meijer, 2013). Fig. 1 

demonstrates the fundamental steps of fractal mixing. Fluid volumes, 
here marked in black and white for the explanation, are stretched and 
then folded, or cut and stacked, to fill the size of the original volume 
element. Different channel designs were designed to enable this opera
tion. Earlier designs included interface rotation steps (Appendix 
Figure A1) (Neerincx et al., 2011; Neerincx et al., 2011; Neerincx and 
Meijer, 2013; Schaller et al., 2017). These mixers were improved with 
the objective to optimise the regularity of the layering even after mul
tiple repetitions of the operation. The rotating operations of the fluid 
stream (Appendix Figure A1) were in more recent developments avoided 
to minimize distortions of the structures (Neerincx et al., 2021). The 
optimized mixing scheme is depicted in Fig. 2. The focus of the design 
was to create a mostly straight flow channel. The first stretching in the 
direction of the flow is induced by a vertical compression step. The 
compression is subsequently reversed by a lateral extension, to return to 

Fig. 1. Principle of the baker’s transformation either by (A) stretching followed by folding, or (B) by stretching followed by cutting and stacking. Graphic adapted 
from (Schaller et al., 2017) with permission. 

Fig. 2. Layer multiplication with converging and diverging channel adopted 
from (Neerincx et al., 2021), grey arrows indicate the vertical compression of 
the stream through the converging channel, and the lateral extension of the 
stream through the divergence of the channel. 
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the original channel cross section. Thereby layering the volumes and 
avoiding interface rotation. 

Further developments included the addition of layers oriented 
perpendicular to the initial layer surface (Fig. 4B and C). With subse
quent layer multiplication the perpendicular layer addition increases the 
hierarchy of the structures. By repeating the layer additions and multi
plication steps, higher hierarchy structures could be formed (Neerincx 
et al., 2021; Schaller et al., 2017). 

Layer formation through laminar fractal mixing has been demon
strated to yield uniform structures of polymer melts, as well as of Nivea 
cream samples (Neerincx et al., 2021; Schaller et al., 2017). However, 
the formation of microstructures, in particular those with a more com
plex pattern resulted in less uniform structures. Even though the 
replacement of the rotation operation improved the uniformity of the 
hierarchical structures a lot (Neerincx et al., 2021), vertical stretching of 
horizontal layers still distorted the layers, comparable to previous re
sults (Neerincx and Meijer, 2013). 

So far, the method development and application of laminar fractal 
mixing was mainly focused on structural uniformity. The stacking has 
been shown to result in layer multiplication, stretching of the liquid 
stream caused layer thinning and served to maintain the continuity of 
the process (Hofmann et al., 2021; Schaller et al., 2017). We noted that 
the stretching step in this structuring process can have additional 
promising effects on the substructure of the different fluids in the 
stream, such as the orientation of the material in the flow direction. 
These effects have so far not been further described for laminar fractal 
mixing, and their potential benefits are therefore elaborated on in the 
following Section. 

2.2. Stretching to induce fibre orientation in fluid flow 

In a fluid, containing fibre-like components, a convergence of the 
channel induces extensional flow, which may result in orientation of 
these components in the direction of flow (Hsiao et al., 2017; Rivlin, 
1948). Such fibre orientation could introduce an additional level of 
anisotropy in the substructure of the layers. 

The latest laminar static mixer geometries include a short stretching 
step (Fig. 2), according to the baker’s transformation. The stretch is 
induced by converging the channel geometry in the vertical direction. 
Accordingly, the convergence can induce extensional flow, which in
duces extensional stress on the fluid. In order for a fibre-like component 
or molecule to orient in a fluid flow, it needs to be exposed to the 
extensional flow for sufficient time or distance (Vincent and Agassant, 
1985). Subsequent to stretching the material, the channel diverges into 
the horizontal direction (Fig. 2), which can result in decrease of the 
extensional stress. Materials can be constrained in te stretched condi
tions for a longer time and distance, by avoiding the channel divergence. 
Recombination of the stretched layers at the reduced channel cross 
section area allows to keep the flow velocity constant after stretching 
(v2), and maintain the extension on the fluid (Fig. 3). The iterative 

decrease of the channel dimensions could be overcome by the addition 
of layers perpendicular to the original layers, and concurrently also in
crease the hierarchical structure of the material. 

3. Experimental 

3.1. Materials 

Multiflux elements were drawn in SolidWorks Software (Dassault 
Système SolidWorks Corp., France) according to the cutting-stretching- 
stacking design of (Neerincx et al., 2021) and processed in PreForm 
3.22.1 (Formlabs Inc., USA) for 3D printing. The elements were 3D 
printed from Grey Resin V4 (Formlabs Inc., USA) on a Form 2 SLA 3D 
Printer (Formlabs Inc., USA) with a layer thickness of 0.16 mm. 

Milk chocolate, dark chocolate and white chocolate (Delicata, Albert 
Heijn, The Netherlands), cheddar melt cheese (Cheddar Kaas, Jumbo, 
The Netherlands), wheat flour (Albert Heijn the Netherlands), and dill 
(Dille Vers, Jumbo, The Netherlands) were purchased from local su
permarkets (Albert Heijn, the Netherlands; Jumbo, The Netherlands). 
Stained cocoa butter (white and black) was purchased online (Brand
NewCake, The Netherlands). Yellow pea fibre isolate was purchased 
from Roquette Frères S.A. (St. Louis, USA), sodium caseinate powder 
was kindly provided by FrieslandCampina (The Netherlands). 

3.2. Chocolate preparation 

The chocolates were melted in a water bath at 40 ◦C. Black and white 
stained chocolate samples were made by mixing 200 g chocolate (white 
or milk) with 15 g white or black stained cocoa butter, respectively. To 
adjust the viscosity of white and milk chocolate, 5 g yellow pea fibre 
isolate was added to the milk chocolate mix, and 15 g pea fibre isolate 
was added to the white chocolate mix to increase the viscosity of the 
dispersion. The chocolate mixes were placed back in the water bath and 
stirred until they reached 40 ◦C. The temperature was monitored with an 
electronic thermometer (VWR International, US). 

3.3. Preparation of melt cheese and production of wheat dough 

The cheddar melt cheese was tempered at 60 ◦C before the struc
turing experiments. 120 g wheat flour was mixed with 60 mL water and 
kneaded until a smooth dough was obtained. The dough was rested at 
4 ◦C, overnight. 

3.4. Structuring in static mixer 

3.4.1. Chocolate structuring 
The Multiflux elements were assembled into a structuring channel. 

For layer formation the channel was assembled with up to 7 splitting 
serpentine elements (Fig. 4A), an inlet and outlet part, and homogenizer 
elements (‘H’ and ‘I’), placed before and after the splitting serpentine 

Fig. 3. Layer multiplication with stretch induced by vertical convergence to half of the channel cross section, with subsequent stream recombination to retain 
extensional stress on fluid. V1 is the flow velocity before channel convergence, v2 is the flow velocity after channel convergence. 

A.C. Möller et al.                                                                                                                                                                                                                               



Journal of Food Engineering 345 (2023) 111413

4

elements, to improve layer thickness uniformity (van der Hoeven et al., 
2001), (Fig. 5). 

The tempered chocolates were filled into pre-heated stainless steel 
syringes connected to the Multiflux elements. The syringes were 
mounted in a Texture Analyzer Instron 5564 (Instron, USA) (Appendix 
Figure A2), which allowed to set a constant force and record the 
displacement over time. A constant force was set to 150 N to obtain 
volumetric flow rates, which resulted in a shear rate of 0.3 s− 1 in the 
structuring channel. The channel was placed above a water bath of 40 ◦C 

to pre-heat the elements prior to structuring, and to avoid early solidi
fication of the chocolate at the walls. 

By adding two differently coloured dispersions to the Multiflux 
channel, 4, 8, 16, 32, 64, 128 and 256 layers were formed. The layer 
formation of the stained chocolate mixes was calculated with the 
following equation (1) (Neerincx et al., 2021): 

b= 2n+1 (1) 

With b the number of resulting layers and n the number of layering 

Fig. 4. Flow profile in Multiflux elements (A) splitting serpentine element for layer multiplication and (B) mid-plane addition element. Arrows indicate the direction 
of flow. Geometry adopted from (Neerincx et al., 2021). 

Fig. 5. From left to right the layer formation set-up contains the following elements: Feed (F), Pressure Homogenizer (H), Splitting Serpentine Mixer (S), Pressure 
Homogenizer (I), H, S, I, Outlet (O). The set-up was extended for up to seven Splitting Serpentine Mixers to obtain 256 layers, with a layer thickness of ~60 μm. 
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operations. One layering operation results in 4 layers, two in 8 layers, 
three in 16 layers, up to seven, which gives 256 layers. With a channel 
width of 15 mm, the layer thickness after 7 folding operations corre
sponds to a theoretical layer thickness of approximately 60 μm. That is 
the maximum number of layers with which a layer thickness >30 μm can 
be obtained. 30 μm is the limit for particle size above which the human 
palate can feel particles (Tiefenbacher, 2017), which we connect here to 
the layer thickness. 

3.4.2. Wheat dough and melt cheese structuring 
One stainless streel syringe was pre-heated for the melt-cheese 

sample, the other one was kept at room temperature. The pumps were 
connected to the Multiflux elements and a constant force of 1800 N was 
set, resulting in a shear rate of 0.02 s− 1. Due to the higher viscosities of 
the wheat dough and melt cheese, higher forces were necessary to push 
the materials through the channel. The set force was limited by the 
constraints from the texture analyzer, and this force did give lower low 
shear rate in case of this combination of materials compared to the shear 
rate obtained with chocolates. . 

The Multiflux elements were placed into the freezer after structure 
formation to shorten the solidification time of the chocolate and to fixate 
the structure of the wheat dough-melt cheese samples. Subsequently, 
structures were collected and cross sections were prepared through 
cutting. The structures were photographed with a Sony α6000 camera 
(Sony, Japan) equipped with a macrolens (Tokina, Japan), Fig. 8. 

3.4.3. Formation of hierarchical structures with mid-plane additions 
Hierarchical structures were formed by adding a mid-plane to the 

layered structures (Neerincx et al., 2021). Four splitting serpentine el
ements were combined with the pressure homogenizer elements to a 
channel to produce 16 layers, followed by the mid-plane addition 
element (Fig. 4) to form simple strand structures. 

3.5. Rheological measurements 

Rheological properties of the coloured chocolate, melt cheese and 
wheat dough were determined using the MCR-502 rheometer (Anton 
Paar GmbH, Graz, Austria). A cone-plate geometry (Ø 50 mm, CP50-4) 
was used. The measurements were performed at increasing shear 
rates, set to increase from 0.1 s− 1 - 100 s− 1 (chocolate), or 0.001 s− 1 – 10 
s− 1 (cheese and dough). The flow curves of the chocolate samples were 
obtained by plotting the shear stress (Pa) as a function of the shear rate 
(s− 1). It is assumed that the flow properties of the liquid chocolate 
samples (40 ◦C) that contain added pea fibre behave similar to those of 
liquid chocolate. Therefore, the viscosities and yield stresses were 
determined by fitting the Casson equation to the data (equation (2)) (De 
Graef et al., 2011). τ is the shear stress, τy the yield stress and ηc the 
Casson viscosity and γ̇ the shear rate. 
̅̅̅
τ

√
=

̅̅̅̅τy
√

+
̅̅̅̅̅̅̅
ηcγ̇

√
(2) 

For wheat dough and melt cheese the viscosity was determined as a 
function of the shear rate at 25 ◦C and 40 ◦C, respectively, according to 
the material temperature in the syringes. The viscosities of the materials 
were determined to compare the flow responses of the materials with 
each other to allow conclusions of their influence on the layer formation. 

The apparent viscosity η of wheat dough and melt cheese was 
calculated at the respective shear rate in the channel, equation (3). 

η= τ
γ̇

(3) 

With τ the shear stress, and γ̇ the shear rate. 

3.6. Cutting tests 

Uniaxial cutting of the structured chocolate samples was done with a 
Warner Bratzler rectangular slot blade (Stable Micro Systems, UK) in a 
TA. XT plusC Texture analyzer (Stable Micro Systems, UK) to determine 
the cutting force. The chocolate products were held at a temperature of 
4 ◦C prior to testing. They were trimmed to a sample width and length of 
15 mm and equal sample heights of 20 mm. The measurements were 
performed at room temperature and the blade was lowered at a constant 
velocity of 1 mm/s. The determined peak force from the tests was used, 
and compared for parallel and perpendicular cut chocolate samples. 

4. Results 

4.1. Formation of 256 layers with white and black stained chocolate 
mixes 

Milk and white chocolate were stained with black and white cocoa 
butter, respectively for better distinction of the layers. The viscosities 
were adjusted with yellow pea fibre isolate. The viscosities of the black 
and white stained chocolate mixes were similar over a temperature 
decrease from 40 to 20 ◦C (Figure A 3). Hence, during cool down in the 
channel, they remained in the same range. The volumetric flow of the 
chocolate through the channel was approximately. 

14 mL/min, which corresponded to a shear rate of around 0.5 s− 1. 
The viscosity of the chocolates and the shear stress on the chocolates was 
approximately the same in this range (Casson viscosity ηC,white = 0.9 Pa s 

± 0.1 Pa s, ηC,black = 0.7 Pa s ± 0.2 Pa s, yield stresses τy,white = 10.8 Pa 

±2.4 Pa, τy,black = 11.6 Pa ±1.2 Pa) (Figure A 3), and might thus not 
induce distortions during layer formation (Neerincx et al., 2021). 

The layer formation of stained chocolate mixes in the Multiflux 
channel is depicted in Fig. 6. Mostly uniform straight layers were pro
duced. The layers were still countable after five layering operations, thus 
64 layers. 

4.2. Structural anisotropy 

The mechanical properties of the product were determined parallel 
and perpendicular to the layers. It was assumed that the layered struc
ture would affect the material stiffness. The required force to cut the 8 
layer and 16 layer structures was higher when cut perpendicular to the 
layers than that of parallel cut samples. Moreover, cutting the samples 
along the layers resulted in even breakage, which was not the case when 
cut perpendicular to the layers (Fig. 7). The peak cutting force was not 
determined for 4 layers, as the structures were too unstable and broke 
too quickly along the layer surfaces during cutting for sample 
preparation. 

4.3. Layer formation with high viscosity dispersions 

The structure formation in the Multiflux mixer was additionally 
tested with wheat dough and melt cheese to investigate if two different 
materials of higher viscosities could also be structured. While the melt 
cheese was heated for the experiments, the wheat dough was kept at 
room temperature. The apparent viscosity of the wheat dough and melt 
cheese was about a factor 10 higher than those of the chocolate (Ap
pendix Figure A 4). Accordingly higher force was required to push the 
material through the channel (Section 3.4). The volumetric flow that 
could be achieved with the set-up was 0.7 mL/min. That also leads to a 
longer residence time of the material in the channel. The corresponding 
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shear rate was calculated to be around 0.02 s− 1. Although, the viscosities 
profiles differed, and were of different magnitude at the respective shear 
rate (apparent viscosity ηcheese = 39 MPa s ± 15 MPa s, ηdough = 23 MPa s 

± 4 MPa s), layers could be produced (Fig. 8). The cheese layer thickness 
was bigger than the dough layer thickness, possibly induced through 
differences in viscoelastic properties of the materials under stress (Ap
pendix Figure A 4). 

4.4. Factors influencing layer formation 

For the structure formation with the splitting serpentine geometry, it 
has been previously described that matching viscosities are a prerequi
site to produce uniform structures (Neerincx et al., 2021). To determine 
the range of viscosity dark, milk and white chocolate was used as a 
model material. All three varied in viscosity and shear stress over a shear 
rate of 0.1–100 s− 1, but followed similar viscosities curves (Appendix 
Figure A 3, A). At the corresponding shear rate in the structuring 
channel, layer formation of milk (Casson viscosity ηc,milk = 0.6 Pa s ± 0.1 
Pa s, yield stress, τy,milk = 12.0 Pa ±0.4 Pa) and white chocolate (ηc,white 

= 0.4 Pa s ± 0.0 Pa s, yield stress τy,white = 4.8 Pa ±0.9 Pa) (Fig. 9 A), 
white (ηc,white = 0.4 Pa s ± 0.0 Pa s) and dark chocolate (ηc,dark = 7.6 Pa s 

± 5.8 Pa s, τy,milk = 23.7 Pa ±9.7 Pa) (Fig. 9 B), and milk (ηc,milk = 0.1 Pa s 

± 0.0 Pa s) and dark chocolate (ηc,dark = 2.2 Pa s ± 1.6 Pa s) (Fig. 9 C) 

resulted in non-uniform layers, or distorted structures. Even though the 
Casson viscosities of the milk and white chocolate structures were 

Fig. 6. Images of layer formation with stained milk chocolate and stained white chocolate. All samples have a height of 15 mm. (0) are the combined chocolates 
before the layering operations, (1) 1st layering operation, (2) 2nd layering operation, (3) 3rd layering operation, (4) 4th layering operation, (5) 5th layering 
operation, (6) 6th layering operation and (7) 7th layering operation. 

Fig. 7. The cutting force was measured as the peak force required to cut 
samples. The cutting force was determined for a structure of 8 layers, and 16 
layers, with cuts parallel (=) and perpendicular (+) to the layers. Cutting 
profiles are depicted in images next to the corresponding modulus, for a better 
comparison of the structures. 

Fig. 8. Structured wheat dough and melt cheese into 0) 2 layers, 1) 4 layers, and 2) 8 layers. All samples have a height of 15 mm.  
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relatively similar, the yield stresses (Appendix Figure A5) of the three 
chocolate samples were distinctly different, compared to those of the 
white and black stained chocolate samples (Appendix Figure A3 B). This 
underlines the importance of similar viscosity properties to avoid dis
tortions. Hence, the similarity of the material viscosities is very relevant, 
while the magnitude of the material viscosity is less relevant, as uniform 
layers could be formed with the white and black stained chocolate 
samples, at relatively low Casson viscosities. 

4.5. Structure formation of higher hierarchical level 

A mid-plane addition element was added to the Multiflux channel to 
produce strands instead of layers (Fig. 4 A) (Neerincx et al., 2021). For 
the production of strands by a mid-plane addition, white and black 
stained chocolate, as well as melt cheese and wheat dough were used to 
see if both materials could produce similar structures. After the 
mid-plane addition in the chocolate samples, the tree structure 
described by Neerincx et al. (2021) were clearly observable, and all 16 
branches could be observed (Fig. 10 B). However, the branches were 
slightly bended towards the middle from both sides. Mid-plane addition 
in the cheese dough sample resulted in a more distorted structure. The 
mid-addition is clearly present, while the branches are even more ben
ded. Due to the distortions not all 16 expected branches were visible. 
Neerincx et al. (2021) pointed out that these distortions are a result of 

normal stress differences in viscoelastic fluids, or differences in 
viscosities. 

The distortions of the ‘branches’ in the cheese-dough sample could 
be additionally induced through the elastic properties of the dough 
phase that formed wavy structures upon relaxation. The results in Sec
tion 4.4 already highlighted the importance of similar viscosities for 
layer formation. Here, it becomes obvious that in order to create hier
archical structures similar viscosities are even more important, as evi
denced by the fact that the cheese dough structures are more distorted. 
Furthermore, the bended branches of the chocolate sample indicate that 
formation of hierarchical structure is even more difficult, as these dis
tortions will likely enhance with subsequent hierarchy increases. The 
structures obtained by Neerincx et al. (2021) with black and white 
stained Nivea cream samples, were more uniform at slightly higher 
viscosities of 50 Pa and similar viscosity profiles. The lesser uniformity 
of the chocolate structure might be a result of the crystallization prop
erties of the chocolate samples that could occur at the geometry wall, 
due to cool down of the geometry and material during structuring. 

5. Discussion 

The layer and structure formation via this laminar fractal structuring 
process seems a promising process for various food applications to 
produce layers or strand-like structures. We could show with our 

Fig. 9. Layer formation (8 layers) of (A) milk and white chocolate, (B) dark and white chocolate, and (C) dark and milk chocolate. All samples have a height of 
15 mm. 

Fig. 10. The structure design (A) to produce a tree structure from 16 layers through a mid-plane addition, adapted from (Neerincx et al., 2021) and the experimental 
results with (B) white and black stained chocolate, and (C) melt cheese and wheat dough. (A and B) Depict the structure after one mid-plane addition, (C and D) 
depict the structure after a subsequent layering operation. Both samples have a height of 15 mm. 
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experiments that food dispersions of varying but matching viscosities 
can be layered in the Multiflux channel. The structure formation with 
the wheat dough and melt cheese was restricted by the maximum force 
of the experimental set-up. Schaller et al. (2017) connected the Multiflux 
channel to two single-screw extruders to process polystyrene and 
amorphous polyamide at high temperatures (200 ◦C and 270 ◦C, 
respectively). A similar set-up here would allow to push higher viscosity 
dispersion through the channel and extend the possibilities to apply the 
method for foods. 

The method offers additionally the potential to structure food dis
persions on a substructure level. The convergence of the structuring 
channel to induce stretching of the fluid has the additional effect of 
component orientation in the stream. When polymer chains, such as 
proteins are exposed to an extensional flow for a sufficient amount of 
time or distance, those polymer chains can stretch and orient in the fluid 
(Hsiao et al., 2017; Rivlin, 1948). Such an alignment could induce an 
additional fibre formation in the food dispersion on a microscale. Pro
tein alignment in food dispersions occurs for example in Mozzarella 
cheese kneading, i.e. oriented casein micelle chains. Fibre formation on 
different length scales, strands on macroscale, and oriented and 
stretched molecule chains on microscale could result in enhanced 
anisotropy. Such structural levels could add to the elasticity and texture 
of the strands and hence to the textural properties of food. 

In order to understand if an orientation in the direction of flow could 
be achieved in the Multiflux channel, even at the conditions tested in 
this research, dill leaves were added to melt cheese. The dill leaves were 
only added to one syringe filled with melted cheese and up to four layers 
were formed. Indeed, orientation in the direction of flow could be 
visualized by orienting a dill leaf in a four layer melt cheese sample 
(Fig. 11). This indicates that anisotropy can be induced also within the 
layers, through orientation in the direction of flow at the length scale of 
the dill leaf. Different channel geometries could be studied in a computer 
simulation at varying viscosities and volume flow conditions using 
models as proposed by (Jaspe and Hagen, 2006) to understand which 
level of molecular aggregation is required to create orientation under 
flow conditions present in such structuring channels. 

The continuity of the process, as well as its scalability makes it 

attractive for the production of a variety of food products. These include 
layered pastry, or novel chocolate structures, such as presented above. 
Layers can provide texture experiences, and allow the combination of 
materials with different flavour profiles, e.g. differences in sweetness or 
saltiness (Kistler et al., 2021). Furthermore, the strand formation in 
combination with the potential orientation of food proteins has potential 
to produce novel food structures with anisotropy at different length 
scales. 

6. Conclusions 

The static Multiflux mixer allowed the formation of stratified struc
tures with food materials. The materials, which resulted in the most 
homogeneous layers after only two layer duplications were used to 
produce up to 256 layers of an estimated layer thickness of 60 μm. 
Chocolate served as a model material, due to its melting and solidifi
cation properties at intermediate temperatures. Layer formation with 
higher viscosity materials, such as wheat dough and melt cheese, could 
also be achieved. The presence of layer in chocolate-based product 
resulted in anisotropy in the mechanical properties. The required cutting 
force was lower when the product was cut in parallel direction, than 
when it was cut perpendicular to the layers. Probably, additional 
anisotropy can be induced in the structures in each layer as indicated by 
the oriented dill leaf in the direction of flow. The application of higher 
forces could open even new opportunities for structure formation, i.e. 
easing the fixation of the structures, and investigating the potential to 
induce orientation at smaller length scale in protein-rich dispersions. 
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Fig. 11. Cross section of four layer melt cheese sample, showing alignment of 
dill leaf in flow direction. The sample has a height of 15 mm. 
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Appendix

Fig. A1. The Chen mixer (A) makes use of the stretching-folding operation, the Dentincx mixer (B) makes use of the stretching-stacking operation. Both mixers 
include interface rotation to reorient layers parallel to each other for layer multiplication. Images reprinted with permission (Schaller et al., 2017). 

Fig. A2. Syringe pump set-up mounted in Texture analyzer.   
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Fig. A3. Viscosity of black and white stained chocolate mixes (A) over a temperature ramp from 40 ◦C to 20 ◦C, (B) shear stress against shear rate at 40 ◦C. 
Broken lines represent the Casson fit at the respective viscosities and yield stresses. Viscoelastic properties were determined in duplicate and a representative curve 
was selected.  
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Fig. A4. Viscosity of wheat dough at 25 ◦C and melt cheese at 40 ◦C at increasing shear rates. Shear stress plotted against shear rate for the same samples (B). 
Viscoelastic properties were determined in duplicate and a representative curve was selected..  
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Fig. A5. Shear stress against shear rate depicted for dark , milk and white chocolate. Respective shear rates are marked (dotted lines). Broken lines 
represent the Casson fit at the respective viscosities and yield stresses. Viscoelastic properties were determined in duplicate and a representative curve was selected. 
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