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The growing shift away from meat products is a key factor in fighting climate change. High-moisture extrusion
(HME) is particularly promising in the production of meat analogues due to its capability to create fiber-like
structures that mimic meat textures. However, opportunities remain for diversification to use the full poten-
tial of HME. This study highlights the potential of using breaker plates in HME to enhance the versatility of
creating fibrous structures and tailoring the mechanical properties of meat analogues. For soy protein isolate, the
influence of various breaker plate geometries on the development of fibrous structures is investigated, regarding
hole diameter (1-2 mm), hole count (10-14), and channel length (2-4 mm). Tensile tests were conducted in
transversal and longitudinal direction to obtain the anisotropy index of the extruded samples. To visualize the
fibrous structure, cryo imaging and visual examination of open samples were carried out. Results reveal that
breaker plates introduce a secondary structure (parallel strands) overlaying the parabolic primary structure.
Achievable anisotropy (1.5-6.5) exceeded the values usually achieved in conventional extrusion. Breaker plate
design affected secondary structure formation substantially. Larger hole diameters produced thicker strands with
reduced anisotropy (2.9-1.5). Increasing hole number raised anisotropy (1.5-6.4) by altering strand cross-
sectional shape and size, accompanied by decreased rupture tension in all directions. Extending flow channels
stabilized structural properties against mass flow variations. Thus, we demonstrated that using breaker plates is

capable to introduce an additional structural level, allowing for greater variability in mechanical properties.

1. Introduction

The rapid progression of anthropogenic climate change is increas-
ingly threatening the habitats of both humans and other living beings
(IPCC, 2023). A significant driver of climate change is the substantial
rise in per capita consumption of animal meat over the past decades
(Parlasca and Qaim, 2022). However, large segments of the population
are unwilling to sacrifice the sensory properties (texture, taste and odor)
of meat products (Hoek et al., 2011; Leland et al., 2022). This dilemma
has initiated a wide range of research topics aimed at facilitating the
development of palatable meat alternatives (Lee et al., 2023). A
particular industrial focus is on mimicking the textural properties of
animal meat and meat products. While products such as sausages, burger
patties, and nuggets require certain levels of firmness, elasticity, and
juiciness (Pematilleke et al., 2022), they do not need the large scale
anisotropic structure and fibrousness of animal meat. The need for such
structures is repeatedly stated for replicating less processed meat
products such as shredded meat or whole cut products like roast slices
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(Mateen et al., 2023; Wittek et al., 2021a,b; Zink et al., 2023). The
extrusion process is the core of the most important industrial
manufacturing methods for meat substitute products. Here, in the screw
section, the protein-rich raw materials are mixed with water and
potentially other additives and plasticized through thermomechanical
stress. In the die section, structuring and solidification into a meat
substitute product takes place. Specifically, through high moisture
extrusion processes (HME) with water contents of 40-80 %, high
moisture extruded meat analogues (HMMA) with highly anisotropic,
aligned structures, approximating animal meat fibers can be produced
(van der Sman and van der Goot, 2023). Using a cooling die, the tem-
perature of the protein-rich mixture is lowered upon exit from the screw
section, thus suppressing expansion (Bouvier and Campanella, 2014). As
a result, the extrudate shows a dense and firm consistency with a
lamellar structure anisotropically aligned along a parabolic shape in the
flow direction across the cross-section of the flow channel (Osen et al.,
2014). Several hypotheses regarding the underlying structuring mech-
anisms are discussed in the literature, operating on different size scales
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within the extrudate (van der Sman and van der Goot, 2023). On a
molecular level Akdogan (1999) describes the structuring through the
folding of individual protein macromolecules and their alignment along
the flow direction. In contrast Guan et al. (2024) state, that protein
clusters form with diameters of approximately 40 nm and lengths
greater than 400 nm while the proteins themselves of about 9 nm remain
undeformed. On a larger scale Tolstoguzov (1993) presents a theory
pointing to phase separation between incompatible biopolymers.
Through shear and elongational stresses these multiphase systems are
thought to be deformed into the before mentioned parabolic shapes
(Grabowska et al., 2014; Krintiras et al., 2015; Wittek et al., 2021a,b).
On the basis of that van der Sman and van der Goot (2023) also highlight
the syneresis of poorly bound water due to increasing cross-linking of
proteins in the solidifying network. Another mechanism of structure
formation proposes gel fracture resulting from temperature depending
solidification and velocity gradients (Guan et al., 2024; Sagesser et al.,
2025).

In all the above mentioned hypotheses, the flow and temperature
profiles after the screw section have a central role in the formation of
structure. Wittek et al. (2021) describe elongation flow conditions in the
transition zone between the screw section and the die section as a crucial
factor for structure formation. Similarly, Zhang et al. (2019) identify
structure formation happening before the cooling die. The impact of
shear and elongation flow on structure formation is furthermore iden-
tified for polymeric extrusion technology. In this context droplet blast
and filament formation of dispersed polymeric system was investigated
under extrusion conditions by Sakellarides and McHugh (1987). Arrigo
et al. (2021) highlight the impact of elongation flow on product prop-
erties for systems as homogenous polymers and immiscible polymer
blends in the context of industrially relevant applications such as film
blowing and fiber spinning. Opposed to Wittek et al. (2021), Guyony
et al. (2022) point out the length of the cooling die as the most impactful
factor in the development of anisotropic structures. However, it remains
unclear whether the varying cooling conditions due to the different die
lengths had an impact, considering that the temperature profile has a
significant influence on structure formation (Kaunisto et al., 2024;
Sandoval Murillo et al., 2019). Also, tests in a high temperature shear
cell have shown, that the introduction of shear during cooling affects
structure formation (Kollmann et al., 2023). Sagesser et al. (2025)
highlight the influence of temperature on flow conditions and resulting
gel fracture.

Consequently there is significant potential in designing the transition
zone and initial die section, as these play a major role in varying flow
conditions, such as elongational and shear flow, as well as cooling.
Wagner et al. (2024) varied the height-to-width ratio of the flow
cross-section of the cooling nozzle to study the effects on heat transfer on
mechanical properties. In a patent Pibarot et al. (2020) presented a
special designed transition zone for producing injectable meat ana-
logues with a loose structure. Snel et al. (2022) developed a complex
setup with a rotating cooling die to decouple shear rate from mass flow
but found little influence of rotation speed on fibrousness and me-
chanical properties.

Well established in extrusion technology, breaker plates are widely
used after the screw section to smooth pressure and flow profiles and
sieve out large particles (Akdogan, 1999; van der Sman and van der
Goot, 2023). The relevance for extrusion of HMMA is stated with respect
to pressure and flow homogenization as well as alignment of protein
aggregates (Sengar et al., 2023). With regard to the role of elongational
flow on the structure alignment (Wittek et al., 2021a,b), we believe that
the whole potential of using breaker plates in HME for product design of
HMMA is still to be fully explored. Moreover, on a macro scale, parallel
protein strands can be produced by incorporating breaker plates into the
extrusion process, as recently demonstrated by Zheng et al. (2024).
However, a systematic investigation regarding the impact of using
different geometric specifications of breaker plates on structure and
mechanical properties is still lacking.
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This study focuses on investigating the impact of different geometric
specifications of breaker plates on the mechanical properties and
structure of extruded samples, using soy protein isolate (SPI) as a well-
known, nonreactive model system (Wittek et al., 2021a,b). By variation
of hole number, the effects of changed flow area ratios and the resulting
elongational flow effects between the breaker plate and the cooling die
could be examined. Additionally, the thickness of the breaker plate,
thereby altering residence time and the development of the flow profile,
was investigated. By altering the hole diameters of the breaker plates,
we explored the possibility of creating parallel protein strands of
different dimensions and thereby contributing to a new path for product
design.

2. Material and methods
2.1. Materials

Soy protein isolate (90 % protein content, d.b.) (SPI) with a moisture
content of less than 6 % was supplied by Solae LLC (St. Louis, MO, USA).
Tap water was used during extrusion runs. For the pre trials, vital wheat
gluten (WG) by Kroner Starke (Ibbenbiiren, Germany) with a moisture of
less than 8 % was added to SPI, to form protein mixtures.

2.2. Breaker plate geometries

The breaker plate geometries used in the extrusion trials were
fabricated from stainless steel in the institute’s own workshop. An
exemplary representation of the used breaker plates is given in Fig. 1.
Cylindrical holes were systematically arranged across the cross-section
of the cooling die’s flow cross-section (stadium shape) for uniform dis-
tance between them. All holes in the breaker plate had the same diam-
eter, to ensure homogenous material flow. The varied geometric
parameters included hole diameter dj, breaker plate length I. and the
flow area ratio (FAR). FAR is defined in equation (1) with Ay, being the
cumulative flow area of the breaker plate holes and A, the flow area of
the adapter and cooling die cross section

Fig. 1. Schematic representation of an exemplary breaker plate used in the
extrusion process, illustrating the hole diameter dj , channel length ., and the
flow area ratio FAR, defined as the quotient of the breaker plate’s flow area
(red) and the adapter flow area (green).
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The values of the varied and constant geometric specifications of the
breaker plates are listed in Table 1. For the control, no breaker plate was
used. It is therefore not listed in Table 1. For breaker plate Al, the holes
are arranged in three rows, whereas all other plates have them in two.

2.3. Extrusion trials

The extrusion experiments were conducted using a co-rotating twin-
screw extruder (“Process 117, ThermoFisher Scientific Inc., Waltham,
MA, USA) with a length to diameter (L/D) ratio of 40 and a screw
diameter of 11 mm. The screw section of the extruder is divided into
eight barrels with independent temperature control in the last seven
barrels. Solids were fed volumetrically into the first barrel (Brabender
Technology GmbH, Duisburg, Germany), while water was dosed into the
third barrel using a peristaltic pump (“Masterflex L/S", Cole Parmer,
Vernon Hills, IL, USA).

Following the screw section, a 32 mm long heatable adapter narrows
the flow cross-section and cross-section shape from that of the screw
section (two-overlapping-circles-shape) to that of the cooling die (sta-
dium-shape). The changing shape of the flow cross-section can be
quantified by the hydraulic diameter, which is 13.2 for the end of the
screw section and 6.8 for the beginning of the cooling die. A visualiza-
tion of the adapters flow volume is given in figure. Al. As depicted in
Fig. 2, the breaker plate was positioned between the adapter and the
subsequent cooling die. For the variation of each geometry specifying
parameters of the breaker plate (dy, FAR and [.) in the main trials, the
other two parameters were kept constant.

The flow channel of the cooling die measured 125 mm in length, 19
mm in width, and 4 mm in height. The temperature Tp,e}; in the die was
controlled using a water-cooled process circulator (“Presto Plus LH 477,
Julabo GmbH, Seelbach, Germany). To mitigate the thermal impact of
the cooling die on the breaker plate, a PTFE isolation layer was posi-
tioned in between (not shown in Fig. 2).

In all extrusion experiments for the process parameters were kept as
constant as possible. The screw configuration, visible in Fig. 3, was
applied with a screw speed of 600 rpm. The water content of 0.56
neglecting the moisture of the powder and total mass flow of 0.7 kg/h

Table 1
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was also kept constant. For selected samples a mass flow of 1.6 kg/h was
chosen. While SPI was used for the main trials, varied SPI to WG ratios
(100/0; 70/30; 60/40; 0/100) were used as the protein source for the
pre-trials. The temperature in the first five barrels has not been varied
during the different trials and were set to 30, 50, 70, 90, 120 °C
respectively. The set temperatures in the last two barrels, as well as the
set temperature of the adapter, were adjusted iteratively to achieve
material temperatures, measured in the adapter of 150 °C for all trials.
This way, slight changes in the residence time through the changes in die
pressure were compensated. The temperature of the cooling die was set
to 40 °C and kept constant throughout all extrusion trials. The material
temperature was measured in the adapter.

To show, that extrusion with breaker plates is a viable tool for
structurization of HMMA, in a proof of concept we extruded mixtures of
varied SPI to WG rations (100/0; 70/30; 60/40; 0/100) exemplarily
with breaker plate Al.

Extrudate samples were taken 5 min after achieving stationary state
in material temperature and pressure. All samples were vacuumed
immediately after exit, frozen and stored at —18 °C until analysis.

2.4. Rupture analysis

For the optical analysis of anisotropy via rupture inducing technique
frozen and vacuumed samples were left at room temperature for com-
plete thawing and room temperature adjustment. For the rupture anal-
ysis the samples were slightly cut, held on the cut locations and then
teared open completely to reveal the anisotropic structure and the
photograph was taken. This is illustrated in Fig. 4A on the left side.

2.5. Cryo imaging

For detailed analysis of the anisotropic structure cryo cutting pro-
vided insights into the lamellar structure and fiber orientation with a
cryo microtome (Leica Biosystems GmbH, Nussloch, Germany). A
method earlier described by Wittek et al. (2021a; 2021b) was used with
slight modifications. First the locations of interest were cut to size in
frozen state as can be seen schematically in Fig. 4B on the right. They
then were covered with a sectioning medium (,,FSC 22 Frozen Section
Media“, Leica Biosystems GmbH, Nussloch, Germany) and placed on a
sample holder which was cooled to —20 °C. The cooling room

Listing of the geometric specifications of the breaker plates used in the extrusion trials. Here, dj, denotes the
hole diameter, FAR the flow area ratio, and L. the breaker plate thickness.

Varied parameter Variation Constant parameters
hole diameter (dy,) Al BSOS 1 mm I, =2mm
000000000000/ ¢
[gele]lelololelo]ele) —
SIORORONORS)
c (goooo) 2mm
flow area ratio (FAR) Cl1 /_O_Q_O_O_O) 0.4 l.=2mm
T OOOO0000O
3 (o000’ 0.6
breaker plate thickness (l.) C3 (mo—o—o—ox\‘ 2 mm dy, = 2 mm
010]0/010/010%
4 mm FAR = 0.6
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ing die.
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cooling die
breaker plate
+«——— adapter

«— screw section

Fig. 3. Schematic representation detailing the specific quantities and positioning of the screw elements utilized in the extrusion trials.

Tearing

Cryo Imaging

Fig. 4. Visualization of sample preparation procedure for tearing (A) and cryo imaging (B) analysis.

temperature was set to —24 °C. Slices of 40 pm were cut from the surface
of the sample using a sectioning blade, till the sections of interest were
revealed as smooth surface. Then a photograph of this surface was taken.

2.6. Analysis of mechanical properties

To assess the mechanical properties related to texture perception,
tensile testing was applied to all the samples using a texture analyzer
(zwickiLine Z2.5 TS, Zwick & Roell, Ulm, Germany). To quantify the
tensile strength and the resulting anisotropy, samples were investigated
parallel and perpendicular to the extrusion direction via tensile testing,
as can be seen in Fig. 5. With definition of the cross-sectional area, the
transversal and longitudinal rupture tension can be calculated. Hereby,
the rupture tension is the maximum tension before the first macroscopic
rupture occurs.

To measure the rupture force in both directions, the extrudate was
stamped for transversal strength testing using a 10 mm stamp and a 6
mm stamp for longitudinal strength testing to create a defined location
of rupture. For testing the strength in longitudinal direction, the

Transversal

Longitudinal

Olong

Fig. 5. Visualization of the procedure for analysis of mechanical properties for
transversal and longitudinal strength.

extrudate could not be clamped due to its small dimensions (19 mm). It
was therefore glued to a piece of wood on both ends using instant ad-
hesive (UHU GmbH und Co. KG, Biihl, Germany) as can be seen in the
supporting information in figure A2. This wooden pieces then were
clamped in the testing geometry (,type 8201%, Zwick & Roell, Ulm,
Germany). For tensile tests in transversal direction the extrudate was
clamped directly in the testing geometry.

The sample was stretched at a speed of 1 mm/s till rupture and the
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maximum force was measured. The stress was calculated using the cross-
sectional area of predicted rupture. Using the maximum stress in
transversal (6ians) and longitudinal (610ng) direction, the anisotropical
index AI was calculated as follows:

Ar =2t @)
Olong

Here, stress is calculated as

== 3

where F is the maximum force in each direction and A the surface be-
tween the opposite stamps.

2.7. Statistical analysis

OriginPro 2023 was used for statistical analysis. For tensile testing,
the data are expressed as mean values and standard deviations from six
measurements. Differences between samples from the extrusion trials
were evaluated separately for transversal and longitudinal rupture ten-
sion by one-way ANOVA applying Turkey test at a significance level of p
< 0.05.

3. Results and discussion

In pre-trials (section 3.1), we showcased the viability of structuring
SPI-WG mixtures via extrusion processing with a breaker plate. In the
main trials, the influence of various breaker plate geometries on the
formation of the parabolic structure (primary structure) and the breaker
plate-induced parallel strands (secondary structure) has been investi-
gated. This investigation focused on the visual and mechanical proper-
ties of the extrudates. The tested geometries differ in terms of hole
diameter (section 3.2), hole number (section 3.3), and channel length
(section 3.4).

3.1. Influence of WG content in SPI-WG mixtures

In the pre trials, four WG-SPI mixtures with varying WG content (0
%, 30 %, 40 %, and 100 %) were extruded using breaker plate Al.
Additionally, a control sample with 0 % WG was extruded without a
breaker plate. Torn open samples are depicted in Fig. 6, with WG content
increasing from left to right. It is evident that the control sample exhibits
a parabolic shape (primary structure), which is characteristic of
conventionally extruded HMMA. For all samples extruded with breaker
plate A1, parallel strands are observed, referred to as secondary struc-
ture. In the case of 100 % WG, this structure is significantly less pro-
nounced, displaying an overall brittle and soft appearance. The

control Al Al
0% WG 0% WG

lextrusion direction>

30 % WG
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reduction in hardness of HMMA with rising WG to SPI ratio was also
observed earlier by Jiang et al. (2024). Furthermore, for the 0 % WG
sample extruded with breaker plate, the parabolic structure remained
visible. A similar superimposition of primary and the secondary struc-
ture is observed for the 30 % and 40 % WG samples. For further in-
vestigations into the effect of varying geometric parameters of the
breaker plates, SPI was chosen as the protein source.

3.2. Influence of varied hole diameter

To investigate the influence of breaker plates with varying hole di-
ameters on the resulting structure and mechanical properties of the
extruded samples, breaker plates with hole diameters of 1 mm, 1.5 mm,
and 2 mm were considered. The results for rupture tension in both the
transversal and longitudinal directions, as well as the resulting AI of the
extruded samples, are shown in Fig. 7. It is evident that rupture tension
increases significantly with hole diameter in both the transversal and
longitudinal directions and reaches its maximum for extrusion without a
breaker plate. Despite the observed increase in transversal rupture
tension, the AI decreases with increasing hole diameter from 2.9 to 1.5,
which is attributed to comparatively stronger increase in longitudinal
than transversal rupture tension. A possible explanation is that the
interface between the individual secondary strands acts as a tensile weak
point when subjected to orthogonal tensile stress within the extrudate.
The magnitude of this interface increases as the hole diameter decreases,
for a constant FAR, resulting in a progressively weakened extrudate
under longitudinal tensile stress. In contrast, when tensile stress is
applied parallel to these interfaces, the number of strands influences the
extrudate’s strength indirectly by facilitating independent elongation

6
I rupture tension
u Al
massflow 0.7 kgh™!
melt temperature 150 °C

o

800

rupture tension / kPa
a
o
o
Al /-

w

0trans long trans long trans long trans Iong0
A1 B1 C1 control

Fig. 7. Rupture tension in transversal and longitudinal direction as well as AI
plotted for extrusion with breaker plate of varied hole diameter (A1 = 1 mm;
Bl = 1.5 mm; C1 = 2 mm) and a control extruded without breaker plate. Small
letters indicate groups with significant differences.

Al Al
40 % WG 100 % WG

Fig. 6. Torn-open samples from WG-SPI mixtures with varying WG content (0 %, 30 %, 40 %, and 100 %) extruded using breaker plate Al. The control sample on the
left with 0 % WG was extruded without a breaker plate. WG content of the depicted samples increases from left to right. All extrudates are oriented in the extrusion

direction left to right with an extrudate width of 19 mm.
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and rupture of each secondary strand, thereby reducing the maximum
rupture tension.

Fig. 8 presents a top view of torn-open extrudates for the different
hole diameters of the breaker plate, as well as for the control case, with
the extrusion direction oriented from left to right. In the samples shown,
a singular parabolic structure is observed, covering the entire flow cross-
section. Upon closer inspection, a slight deformation of the singular
parabolic shape can be noted, particularly in the center of the cross-
section for Al to Cl. This deformation can be attributed to elonga-
tional flow at the inflow of each channel, as well as the development of
the flow profile within the channels of the breaker plate. Additionally, a
secondary structure appears as long, parallel strands in all samples
except for the control case. This reinforces the notion from Wittek et al.
(Wittek et al., 2021a,b) that primary structure formation primarily oc-
curs in the adapter and cooling die. The control sample also shows a
slightly deformed parabolic structure, which also can be seen in the
work of Zheng et al. (2024). This can be attributed to the adapter’s flow
channel transitioning from a twin-circle cross-section to the
stadium-shaped cross-section of the cooling die at the end of the screw
section.

In the samples Al and B1 the ruptured surfaces shows clear ups and
downs with the strands resulting from the breaker plate. C1 shows a
comparatively flat rupture surface. This indicates for C1 that the rupture
occurs within the secondary strands rather than in between of them, as it
seems to be for A1 and B1. This suggests a stronger inter-strand cohesion
for C1 compared to Al and B1 which is in line with tensile tests in Fig. 7
where the lowest AI was seen for C1 among the breaker plates of varied
hole size. Therefore, the number of holes can be deduced from the
ruptured surface of the extrudates A1l and B1 while for C1 this seems
rather difficult.

Deeper insights into the primary and secondary structure gives
Fig. 9. On the left side the cryo images can be seen from the front view,
for the used breaker plates shown schematically on the right. The cross-
sectional area of each strand increases from A1 to C1. With regard to the
hole orientation, for Al three layers of holes stacked while for B1 and C1
only two layers. As indicated with green lines in Fig. 9, for the cross-
section this results in a hexagonal shape for the middle strand row of
Al. For Bl and C1, a teeth like cross-section can be seen due to two
strand rows present. Regarding the primary structure, for all depicted
extrudates a structure similar to a multitude of concentric ellipses can be
seen. For samples extruded with breaker plate this structure is locally
interrupted by the secondary strand interfaces. This suggests, that the
primary structure is built in the adapter before the breaker plates. For all
extrudates, but especially for C1 a deformation of the concentric ellipse-
like shape can be seen, were for each hole concentric cycles seem su-
perposed. This could result from the elongation flow when entering the
breaker plate channels. Additionally a development of a laminar flow
profile within the secondary strands is to be expected. With exit though
the breaker plates, a compressive flow is to be expected diminishing the
visible effect of the aforementioned adjacent concentric circular
structures.

Al B1

[ cxtrusion direction »
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3.3. Influence of varied FAR

It is stated in the literature that elongation flow is one of the major
factors influencing structure formation in extruded high-moisture meat
analogues (Wittek et al., 2021a,b). To assess the impact of this factor on
the mechanical and optical properties when using breaker plates, the
number of holes was varied between 10, 12 and 14, while keeping the
hole size constant with 2 mm. This results in flow area ratios FAR of 0.4,
0.5 and 0.6 for C1 to C3, which leads to an acceleration of flow at the
entrance to the breaker plate and thereby increasing the elongation of
fluid elements. All other extrusion settings were maintained unchanged.
Fig. 10 presents the rupture tension in both transversal and longitudinal
directions, as well as the resulting AI, for the three breaker plates tested.
The results indicate a significant decrease in both transversal and lon-
gitudinal rupture tension with increasing FAR. Additionally, AI
increased with rising FAR from 1.5 to 6.4, primarily due to a compara-
tively greater reduction in longitudinal rupture tension than in trans-
versal rupture tension. While it was assumed, that a more pronounced
elongation flow due to a decreased FAR increases the anisotropy, the
opposite could be seen in tensile testing. An explanation could be the
facilitated gelation within the breaker plate due to increased residence
time for increasing FAR, caused by the higher number of holes.
Assuming plug flow for a rough estimation of residence time in the
breaker plates, Table 2 shows differences of up to 0.16 s between C1 and
C3 which corresponds to a rise in residence time of 41 %.

The torn open samples resulting from extrusion with C1, C2 and C3
are given in Fig. 11. For breaker plate C1, with a shorter residence time,
rupture seems to occur within the secondary strands, C3 shows rupture
between the secondary strands, suggesting a stronger separation be-
tween them. For extrusion using breaker plate C2, an intermediate state
is observed.

A closer look to the front view of cryo cut extrudates in Fig. 12 re-
veals a visible difference in the cross view shape of the secondary strands
with successive flattening of the teeth-like shape coming from the two
layer hole arrangement. Second a reduction in the secondary strand
cross section with increasing hole number can be noticed. Regarding the
primary structure for all extrudates a deformation of the concentric el-
lipses can be seen. Other than expected regarding the higher FAR and
therefore decreased elongation flow before the plates, the primary
parabolic shape seems stronger deformed for C3 than C1.

3.4. Influence of varied channel length and mass flow

To investigate the influence of residence time independently from
changes in elongation flow, the thickness of the breaker plate was varied
from 2 mm to 4 mm, while keeping the FAR constant. Additionally, the
mass flow rate was varied from 0.7 kg/h to 1.6 kg/h. Assuming a ho-
mogenous velocity distribution over the cross section of the breaker
plate, a rough estimation can be made for the residence time as shown in
Table 3. In accordance to the results obtained from section 3.2, a longer
residence time should result in lowered cohesion between the individual
strands, resulting in stronger rupture tensions and lower values for the
AL In this line of argumentation, increased channel length leads to

Cl control

Fig. 8. Torn-open extrudates from extrusion with breaker plate of varied hole diameter (A1 = 1 mm; B1 = 1.5 mm; C1 = 2 mm) and a control extruded without
breaker plate. All extrudates are oriented in the extrusion direction left to right with an extrudate width of 19 mm.
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control

Fig. 9. Front view of cryo cut extrudates for extrusion with breaker plate of varied hole diameter (A1 = 1 mm; B1 = 1.5 mm; C1 = 2 mm) and a control extruded
without breaker plate. Green lines schematically indicate the positions of the interfacial boundaries of the individual secondary strands in the front view. The

extrudates have a width of 19 mm.

1s I rupture tension
Al

massflow 0.7 kgh™!

melt temperature 150 °C

g 6
-
=
[ =
S 5
w
@ 2
2 4z
2
2 3
Q.
2

2

0 trans  long trans long trans IongO
C1 c2 c3

Fig. 10. Rupture tension in transversal and longitudinal direction as well as the

AI of the extrudates for extrusion with breaker plate (C1, C2, C3) with varied
FAR (0.4, 0.5, 0.6). Small letters indicate groups with significant differences.

Table 2
Estimation of residence time when assuming plug flow for use of C1, C2 and C3
in the extrusion process with mass flows of 0.7 kg/h.

Breaker Plate Geometry Calculated Residence Time/s

a 0.39
c2 0.47
c3 0.55

Cl c2

longer a residence time under thermal conditions favorable for gelation
processes occur in the flow channels of the breaker plate. For a given
inflow and outflow temperature, assuming negligible heat loss to the
environment (a reasonable assumption for short plates), the length over
which the temperature decreases to the outlet temperature, should in-
crease with longer channels, allowing for gelation to a larger extent
inside the breaker plates thereby reducing cohesiveness between the
individual strands.

Fig. 13 illustrates the changes in rupture tension in both transversal
and longitudinal directions, as well as the resulting AI, for both pa-
rameters. It can be observed that an increase in mass flow, and thus
reduced residence time, led to significantly higher rupture tensions for
both breaker plate configurations. For a constant mass flow of 0.7 kg/h,
the increased channel length of breaker plate C3_2 shows reduced values
in rupture tension. This further confirms the strength reducing effect of a
higher residence time, with a possible explanation lying in the facilitated
gel formation within the breaker plates flow channels for increased
residence time. However, this conclusion cannot be drawn for a mass
flow of 1.6 kg/h, as the transversal rupture tension for C3_2 shows a
significantly higher value compared to C3. Whereas for C3, a higher
mass flow resulted in a lower AI (reduction from 6.5 to 2.8), this trend
was not observed for C3_2, where the AI remained almost unchanged
(6.1-6.4). To fully understand the underlying mechanisms, more
detailed research is needed regarding flow behavior and the location of
gel formation.

The results for optical investigation of the torn-open samples for
varied channel length and mass flow are shown in Fig. 14. For breaker
plate C3 at a mass flow of 0.7 kg/h, the secondary structure is well-

e

Il cxtrusion direction ’

Fig. 11. Torn open extrudates for extrusion with breaker plate (C1, C2 and C3) of varied hole number (10, 12 and 14). All extrudates are oriented in the extrusion

direction left to right with the extrudate width being 19 mm.



L. Pernice et al.

Journal of Food Engineering 399 (2025) 112602

C2

Fig. 12. Front view of cryo cut extrudates for extrusion with breaker plate (C1, C2 and C3) of varied hole number (10, 12 and 14). Green lines schematically indicate
the positions of the interfacial boundaries of the individual secondary strands in the front view. The extrudates have a width of 19 mm.

Table 3
Estimation of residence time when assuming plug flow for use of C3 and C3_2 in
the extrusion process with mass flows of 0.7 kg/h and 1.6 kg/h.

Breaker Plate Geometry Mass Flow/kg h™! Residence Time/s

Cc3 0.7 0.55
1.6 0.24
C3.2 0.7 1.10
1.6 0.47
. 9 .
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Fig. 13. Rupture tension in transversal and longitudinal direction as well as the
AI of the extrudates for extrusion with breaker plate (C3 and C3_2) of varied
channel length (2 mm and 4 mm) and two mass flows (0.7 kg/h and 1.6 kg/h).
Small letters indicate groups with significant differences.

defined and the rupture seems to occur at the contact surface of the
secondary strands. Opposed to that, an increase in mass flow to 1.6 kg/h
leads to a partial rupture within the secondary strands, suggesting
stronger cohesion between the secondary strands and the dominance of
the primary structure. For extrusion with breaker plate C3_2, the

1.6 kg/h

Il cxtrusion direction »

increase in mass flow appears to have little effect on the rupture loca-
tion, which supports the finding from mechanical testing.

When analyzing the cryo cut samples in Fig. 15, a reduction in the
separation between secondary strands with increasing mass flow is
noticeable for breaker plate C3. At 1.6 kg/h, the structural influence of
the breaker plate is low. In contrast, this effect is not observed for C3_2,
where the secondary strands remain clearly distinguishable even at a
mass flow of 1.6 kg/h supporting the above results from the tearing.

4. Conclusion

This study explored the impact of extrusion using various breaker
plate geometries on the development of fibrous structures on the
example of SPI based extrudates for application in processes to produce
high-moisture meat analogues. Key geometric parameters, such as hole
diameter, hole number, and channel length, were systematically varied.
Mechanical analysis and optical methods, such as cryo imaging and vi-
sual investigation of torn open samples were employed to assess the
resulting structures.

The findings revealed that the use of breaker plates introduced a
secondary structure, comprising parallel strands, which overlaid the
primary parabolic structure. Importantly, the primary structure was
preserved, although minor deformations were observed, likely due to
elongational and shear flow effects both before and within the breaker
plate. Notably, the achievable anisotropy index (AI) values (spanning
1.5 to 6.5) surpassed those typically obtained in conventional extrusion
processes for meat analogues. The geometry of the breaker plate
significantly influenced the formation of the secondary structure.
Increasing hole diameter led to larger secondary strand cross-sectional
areas, which, in turn, reduced the AI (2.9-1.5) due to increased
rupture tension perpendicular to the extrusion direction. Furthermore,
an increase in the number of holes and, consequently, the flow area ratio
altered the shape and size of the secondary strands’ cross section. This
increase in holes was accompanied by a rise in AI (1.5-6.4), along with a

— 32—
0.7 kg/h -~ lLékgh

Fig. 14. Torn open extrudates for extrusion with breaker plate (C3 and C3_2) of varied channel length (2 mm and 4 mm) and two mass flows (0.7 kg/h and 1.6 kg/h).
All extrudates are oriented in the extrusion direction left to right with the extrudate width being 19 mm.
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QOO
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Fig. 15. Cryo cut extrudates for extrusion with breaker plate (C3 and C3_2) of varied channel length (2 mm and 4 mm) and two mass flows (0.7 kg/h and 1.6 kg/h).
Green lines schematically indicate the positions of the interfacial boundaries of the individual secondary strands in the front view. The extrudates have a width of

19 mm.

reduction in rupture tension both parallel and perpendicular to the
extrusion direction. Increasing the residence time inside the flow
channels by increasing breaker plate thickness reduced the sensitivity of
both the visually detectable secondary structure and the Al to changes in
mass flow.

A new structural scale for meat analogues has been introduced,
expanding product design possibilities. Analogues with parallel strands
could be used to mimic pulled pork or slow-cooked meats. Still more
research is needed to further explain underlying mechanisms for struc-
ture formation with respect to the influence of flow and gelation
conditions.
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