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A B S T R A C T

Meat alternatives are a sustainable food option increasingly becoming a regular part of many consumers’ diets. 
One major challenge in developing plant-based meat alternatives is replicating the diverse range of textural 
characteristics found across various conventional meat products. This study investigated the impact of nitrogen 
gas volumetric flow rate (0, 5, 10, 20, 40 ml/min) and gas injection position (barrel section 3 (midsection) and 
barrel section 4 (terminal section)) on the mechanical anisotropy, textural properties, and microstructure of high 
moisture extrudates by modifying the porosity. The results showed that gas incorporation creates porous 
structures with mean pore sizes ranging from 18.18 to 73.94 μm and from 21.01 to 77.30 μm in barrel section 3 
and 4, respectively. As the gas injection volume increases from 0 to 40 ml/min, the density of the extrudates was 
reduced up to 14.82 % while enhancing its lightness and visual fibrous structure. Moreover, the incorporated gas 
lowered Warner-Bratzler shear force, hardness, and chewiness in both barrel section 3 and 4 and consequently 
increased the tenderness of the extrudates. Similarly, the elastic anisotropy index increased from 1.35 for the 
control with no gas injection to 1.70 for samples with gas injection at 5 ml/min in barrel section 3. Dynamic 
mechanical analysis revealed a decrease in extensional storage and loss modulus as the gas flow rate increased. 
These findings reveal that modifying the porous structure through gas-assisted extrusion can effectively tailor the 
structural and textural attributes of high-moisture extrudates and indicate the potential towards more desirable 
product characteristics.

1. Introduction

Plant protein structures with anisotropic properties that create meat- 
like textures have gained considerable attention in recent years, driven 
by growing awareness about the environmental impact of animal-based 
foods and concerns regarding animal welfare (Zheng et al., 2024). A 
major focus in the plant-based meat alternative market is replicating the 
sensory attributes of traditional meat, such as texture, flavor, juiciness, 
and mouthfeel. Among these, achieving textural similarity to animal 
meat remains a significant challenge, prompting extensive research ef
forts to address this issue (Ozturk & Hamaker, 2023). High-moisture 
extrusion is a widely used technology for producing plant-based meat 
analogues based on its ability to create anisotropic, fibrous, meat-like 
structures while ensuring high versatility and throughput (Wang et al., 
2022; Zink et al., 2023). Extrusion process involves the formation of a 
hot protein melt within the extruder barrel under high temperature, 
pressure, and intense shearing, which then develops into a fibrous 
structure in the cooling die through a combination of phase separation 

and shear deformation (Cornet et al., 2022). However, this process often 
results in a high-density, non-porous structure due to restricted water 
evaporation and limited expansion in the cooling die. The resulting 
dense structure creates a chewier texture and hinders the diffusion of 
flavor, pigments, and other molecules that could enhance sensory at
tributes. Therefore, it is essential to develop strategies that improve the 
microstructure of extrudates to achieve more desirable textural 
attributes.

Gas incorporation has been extensively studied in low-moisture 
extrusion to create hierarchical, ordered porous structures by 
increasing bubble nucleation sites in the products (Koksel & Masatcio
glu, 2018). Increasing the porosity in low-moisture extrusion is posi
tively correlated with water-holding capacity and modified textural 
behavior (Van Esbroeck et al., 2024). Similar observations have been 
made with meat protein and acrylamide gels, where it was found that 
increasing hydrophilic contacting surface due to larger pore diameter 
(decreased capillary pressure) increases the water-holding capacity and 
decreases the cooking loss (Stevenson et al., 2013). However, existing 
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research on gas incorporation in high-moisture extrusion is limited, but 
has the potential to lower the density of extrudates and thereby decrease 
its chewiness. Nitrogen gas injection has been demonstrated to increase 
void fraction and porosity, which in turn enhances product lightness and 
tenderness (Ghanghas et al., 2024; Zink et al., 2023). In addition to 
direct texture modifications, porous structures may also impact post- 
tenderization processing, flavor distribution, and water retention (Xie 
& Grossmann, 2025). While gas flow rate has emerged as a key deter
minant of porosity, other extrusion parameters also contribute to 
product quality (Lorenzen et al., 2025). Moreover, further studies are 
needed to understand how gas incorporation affects the distribution of 
porous structures in extrudates, as this knowledge could enable the 
design of directional porous structures (Stehle et al., 2024). As sum
marized in Table 1, previous studies highlight a predominant focus on 
either pure gas flow rate or in combination with other extrusion pa
rameters. However, the influence of gas injection position within the 
extruder barrel has not been addressed. This gap could be addressed by 
examining the combined effects of gas flow rate and injection position 
on the appearance, structural anisotropy, and textural properties of soy 
protein-based high moisture extrudates, with particular focus on 
tenderness.

The high-moisture extrusion process involves different processing 
zones within the individual barrel sections, such as mixing and melting 
zones, each fulfilling a specific function with specific pressure and 
temperature settings (Zheng et al., 2024). As the protein melt passes 
through these zones, it undergoes phase changes and exhibits different 
flow behaviors due to the superimposed pressure, shear, and tempera
ture gradients (Li, Zhang, et al., 2024). Zhang et al. (2019) observed that 
the flow behavior, thermal transition, and decomposition properties of 
protein melts varied across processing zones. In the mixing zone, the 
unfolding and crosslinking of protein molecular chains in combination 
with the exposure of hydrophobic functional groups and the accumu
lation of disulfide bonds resulted in the formation of aggregate-like 
clusters with increased viscosity – the increased viscosity could 
impede the uniform incorporation of gas. Conversely, in the melting 
zone, the complete unfolding of protein chains led to a more flexible 
protein structure, which reaggregated and promoted the development of 
a fibrous structure – this transformation might enhance gas incorpora
tion. Such variations are likely to impact gas diffusion and infusion 
behavior depending on the position at which the gas is introduced into 
the extruder barrel, while ultimately influencing the final properties of 
the product. Therefore, this study aims to develop a gas injection process 
to produce high-moisture extrudates with controlled porosity, pore size 
distribution, and tailored textural properties. The hypothesis is that 
increasing porosity and pore size will enhance tenderness until the pores 
become excessively large.

2. Materials and methods

2.1. Materials

Soy protein concentrate with a protein content of 66.1 % was 

donated by ADM (Chicago, IL, USA). Rhodamine B was purchased from 
Sigma-Aldrich Inc. (St. Louis, MO, USA). All other reagents used in this 
study were of reagent grade.

2.2. Methods

2.2.1. High moisture extrusion
Extrusion process. A co-rotating twin-screw extruder (Three-Tec 

GmbH, Seon, Switzerland) with a 40:1 L/D ratio and a 12 mm screw 
diameter was used, coupled with a cooling die measuring 4 × 15 × 300 
mm (H × W × L). A breaker plate with a hole diameter of 3.2 mm was 
positioned between the barrel and the cooling die. The screw consisted 
of 19 elements and the screw design is displayed in Fig. 1. Processing 
parameters for the extrusion were selected as described previously by 
Stehle et al. (2024). In brief, water was fed into the barrel using a 
peristaltic pump to achieve a water content of 65 % in the final extru
dates. Barrel sections 1 to 6 were operated at a temperature profile of 
80–100–100–120–140–160 ◦C followed by texturization in a cooling die 
regulated at 40 ◦C using a chiller (DuraChill®, VWR, Radnor, PA, USA). 
The total throughput was 1 kg/h at a screw speed of 400 rpm. All 
extruded samples were vacuum-sealed and stored at 4 ◦C until further 
analysis.

Microfoaming. The microfoaming was performed by adding gaseous 
nitrogen (N2) to the extruder barrel using specifically designed gas in
jection ports with an inner diameter of 4.90 mm. The gas was injected at 
three different positions, i.e., the inlet section (barrel 2), midsection 
(barrel 3), and terminal section (barrel 4) (Fig. 1). Precise control of gas 
addition was achieved through the use of a mass flow controller (GC1, 
Dakota Instruments Inc., America) at constant pressure of p = 0.76 MPa. 
With operated gas flow rates at 0, 5, 10, 20, 40 ml/min, gas-to- 
throughput mass fraction of 0.000 %, 0.098 %, 0.197 %, 0.395 %, 
0.790 %, respectively, were achieved calculated based on the ratio of gas 
mass flow rate to total throughput.

Specific mechanical energy (SME). The process parameters (screw 
speed, screw torque, die pressure) were recorded during the process and 
the SME was calculated using the following Eq. (1) (Stehle et al., 2024). 

SME =
2πnM

ṁ
(1) 

where n stands for the screw speed in rpm, M stands for the screw torque 
in Nm, ṁ stands for total throughput in kg/min.

2.2.2. Texture properties
Tensile test. Tensile tests were performed according to the method of 

Skov et al. (2024) using a texture analyzer (TA.XT Plus, Texture Tech
nologies Corp., and Stable Micro Systems Ltd., NY, USA). Samples (15 ×
15 × 4 mm) were tested in perpendicular and parallel directions at room 
temperature and a strain rate of 0.25 mm/s using a 5 kg load cell and 
serrated tensile grips (TA-96BW). The elastic anisotropic index (AITensile) 
was also calculated using the Young’s Modulus in parallel (Epara) and 
perpendicular direction (Eper) in accordance with Eq. (2) (Stehle et al., 
2024). The Young’s modulus (E) was obtained from the slope of the 

Table 1 
Comparison of the methodologies and measurement approaches in similar relevant studies.

Raw materials Gas injection conditions Other extrusion 
parameters

Focus References

38.5 wt% Soy protein 
concentration powder, 57.7 % 
water, 3.8 wt% oil

Nitrogen gas fraction (0 %– 
0.3 wt%)

None Extruder end-plate pressure, specific mechanical energy, 
perceptual lightness, textural hardness, cohesiveness, liquid 
absorption characteristics, porosity

(Zink et al., 
2023)

30 % soy protein and 70 % water Nitrogen gas injection 
pressures (GP) (0, 1 and 2.5 
bar)

Cooling die 
temperatures (35, 50 
and 65 ◦C)

Torque and specific mechanical energy input, density, pore 
size and cutting force, texture profile analysis results

(Ghanghas 
et al., 2024)

Ground Cagliata curd Nitrogen gas concentration 
(0, 0.05, 0.10, and 0.15 % w/ 
w)

Screw speeds (250, 300 
and 350 rpm)

Process parameters porosity, proton mobility, extensibility, 
tensile strength, hardness

(Lorenzen 
et al., 2025)
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linear region of the stress-strain graph, considering strain ranges of 0.5 
%–10 % for Epara and and 0.5 %–9 % for Eper. 

AITensile =
Epara

Eper
(2) 

Warner Bratzler shear force (WBSF). The WBSF of the extrudates 
(15 mm × 15 mm × 4 mm) in parallel and perpendicular direction to the 
protein fibers was determined using a rectangular Warner Bratzler slot 
blade at 1 mm/s speed and maximum displacement of 55 mm (Skov 
et al., 2024). The peak shear force was recorded as a function of the 
cutting distance. The AIWBSF was obtained as the ratio of maximum 
WBSF in perpendicular (WBSFper) to parallel direction (WBSFpara) as 
shown in Eq. (3) (Ghanghas et al., 2024). 

AIWBSF =
WBSFper

WBSFpara
(3) 

Texture profile analysis. The extrudates (cylinder shapes, diameter 
10 mm, thickness 4 mm) were tested at a travelling speed of 0.20 mm/s 
using a 5 kg load cell and a cylindrical probe (TA11). The measurements 
were conducted using a standardized double compression protocol, with 
a 2-s pause between strokes and a probe height of 5 mm above the 
sample surface after lifting (Rekola et al., 2023). The strain was set at 25 
% with a trigger force of 0.05 N. The hardness, springiness, cohesive
ness, and chewiness were obtained from the resulting force-distance 
profiles (Hu et al., 2024).

Dynamic mechanical analysis. The dynamic mechanical analysis 
measurements were conducted using a stress-controlled rheometer 
equipped with a linear lower drive (MCR702e MultiDrive, Anton Paar, 
Graz, Austria). An upper parallel measuring plate with a diameter of 15 
mm and a lower measuring plate (L-PP25) with a diameter of 25 mm 
were used. The frequency sweep test was carried out for the extrudates 
(15 × 15 × 4 mm) at 20 ◦C employing a ramp of f = 0.1–100 Hz at a 

constant strain of γ = 0.1 % in compression mode. The initial value for 
proportional static force was set as 0.02 MPa with a proportional static 
force factor of 150 %.

2.2.3. Appearance and color
Photographs of the extrudates’ surface, cross-sections (both parallel 

and perpendicular to the flow direction), and internal fibrous structure 
were taken using a digital camera (Canon Rebel T7, Tokyo, Japan) under 
controlled lighting conditions. A colorimeter (ColorFlex EZ 45/0-LAV, 
Hunter Lab, Virginia, USA) was used to quantify the color parameters 
(L*, a*, b*) on the surfaces of the extrudates via a standardized light 
source (D65) and detection angle (10◦). The instrument was calibrated 
using standardized white and black tiles.

2.2.4. Density
A pycnometer was used to measure the density of solids by applying 

Archimedes’ principle of fluid displacement (Ghanghas et al., 2024). A 
10 ml specific gravity bottle (Eisco Scientific LLC., Rochester, NY, USA) 
was accurately filled with water at a known density (ρwater) obtained by 
a handheld density meter (Densito, Mettler Toledo, Switzerland) and 
weighed (m1) using an analytical balance (VWR-1003 AC, VWR Inter
national, USA). Subsequently, about 1.000 g of extrudate were cut and 
weighed (m2). The weighed extrudates were placed in the specific 
gravity bottle and then filled up with distilled water and weighed (m3). 
The weight of the remaining water and specific gravity bottle was 
calculated as (m3-m2). The density of the extrudate (ρextrudate) was 
calculated from the weight of water displaced m1-(m3-m2) using the 
following Eq. (4). 

ρextrudate =
m2

([m1 − (m3 − m2) ]/ρwater )
(4) 

Fig. 1. Screw configuration design for the microfoaming process of soy-based high-moisture extrudates with different gas injection positions (inlet section, 
midsection and terminal section). The “inlet section microfoaming” process experienced a blockage caused by high-pressure backflow resulting from the gas injection 
configuration.
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2.2.5. Microstructure
Confocal laser scanning microscopy (CLSM) was used to visualize the 

microstructure of the samples. Extrudates were sliced in parallel and 
perpendicular direction to the flow into 30 μm thick samples at − 20 ◦C 
using a cryo-microtome (Leica CM1860 Cryostat, Leica Biosystems 
company, Danvers, MA) with prior rapid freezing in liquid nitrogen. The 
extrudate slices were treated with Rhodamine B (0.1 %, 30 μl) on a 
microscope slide. Images were obtained using a CLSM (Nikon Eclipse C1 
80i, Nikon Instruments Inc., NY, USA) equipped with a TRITC laser at 
561 nm.

2.2.6. Pore size distribution and porosity
The porosity and pore size of the extrudates were analyzed in situ 

using a 3D X-ray microscope (Bruker Skyscan 1276 micro-CT, Bruker, 
Billerica, USA). The extrudates (15 × 8 × 4 mm) were individually 
wrapped using plastic wrap and put inside the rotating container using 
transparent tape. The machine was equipped with an X-ray source 
emitting at 80 kV and 200 μA that was used without a filter to obtain the 
images. Images were taken at a rotation step of 0.4◦, frame averaging of 
4 with a 410 ms exposure time at each angle to obtain a 3D model of the 
extrudates with 1920 × 2016 pixels at a resolution of 9 μm/pixel 
(Chanvrier et al., 2015; Luo et al., 2020). The images were reconstructed 
using NRecon software. Regions of interest within the cross-sectional 
images were identified and selected. A binary image comprising 256 
Gy levels was segmented using an automatic process to determine the 
threshold value. The number-based histogram of size distribution was 
calculated for a volume of interest using the CTAN software (Bruker, 
Billerica, USA). The 3-D analysis was conducted to determine the 
volume-based three-dimensional pore size distribution, mean pore size, 
and total porosity. Morphometric analysis tools were employed to 
identify pores, which were characterized as black voxels enclosed by 
white voxels within the dataset. The mean pore diameter is determined 
by the structure thickness, which corresponds to the diameter of the 
black pores, using a greyscale threshold value of 75. Subsequently, a 3-D 
model was generated using CTAN software and further processed in 
CTVOL software (Bruker, Billerica, USA) to create a 3-D visualization of 
the extrudates.

2.2.7. Statistical analysis
All experiments were performed at least twice from fresh raw ma

terials, and measurements were carried out at least in duplicate. Data 
was analyzed by one-way analysis of variance (ANOVA) with a Tukey’s 
test (p < 0.05) using Origin Pro (OriginLab Corp., Northampton, MA, 
USA).

3. Results and discussion

Porosity is a key structural parameter that influences the quality 
characteristics of many foods by affecting their deformation behavior, 
appearance, liquid absorption and retention, and diffusion properties 
(Aghajanzadeh et al., 2024). Standard high-moisture extrusion does not 
allow the protein melt to expand due to spatial restriction within the 
cooling die, which prevents vapor expansion (Schmid et al., 2022). As a 
result, the final product is generally dense with minimal porous struc
tures. This dense nature can have certain drawbacks, such as a firm 
texture, reduced lightness, and limited liquid absorption during mari
nation, which could improve the flavor profile. For this reason, an in-line 
microfoaming approach was designed to enable the tailoring of the 
porous structure by modifying the injection location and the gas volume 
flow rate Q.

Initially, the screw design was optimized to facilitate the successful 
injection of gas and prevent any backflow of the gas mixture. To achieve 
this, a “gas-injection segment” was added in the screw configuration 
right before the gas injection port consisting of mixing, reverse, and 60◦/ 
90◦ kneading segments (Fig. 1). This segment was strategically posi
tioned at three different gas injection points: the inlet section (barrel 2), 

the midsection (barrel 3), and the terminal section (barrel 4). However, 
when gas was injected into the inlet section, a blockage occurred, likely 
due to the high-pressure backflow of the gas caused by the protein melt 
not being fully developed in the initial stages causing a compression of 
powder particles (Fig. 1). For this reason, gas was only injected in the 
midsection and terminal section using different flow rates up to 40 ml/ 
min controlled by a mass flow controller, which resulted in a successful 
and stable extrusion process.

3.1. Process parameters

The initial investigation focused on changes in extrusion process 
parameters under different microfoaming conditions. For this purpose, 
the SME was calculated, and the die pressure was recorded as shown in 
Fig. 2. No significant differences in SME were observed between the 
extrudates under varying microfoaming conditions. However, an in
crease in SME was noted for the process of the gas-injected extrudates 
compared to those without gas injection. Similarly, die pressure also 
increased for the process of gas-injected extrudates compared to those 
without gas injection. Specifically, the SME increased from 367.2 ± 27.9 
to 445.1 ± 4.8 kJ/kg in the midsection and from 368.9 ± 5.8 to 460.4 ±
8.5 kJ/kg in the terminal section as the flow rate increased from 0 to 40 
ml/min. The die pressure rose from 0.82 ± 0.01 to 1.43 ± 0.03 MPa in 
the midsection and from 0.87 ± 0.03 to 1.44 ± 0.02 MPa in the terminal 
section as the flow rate increased from 0 to 40 ml/min. Notably, at lower 
gas flow rates of 5 and 10 ml/min, the die pressure in the midsection was 
higher than that in the terminal section. The increase in SME and die 
pressure during in-line microfoaming can be attributed to the incorpo
ration of gas into the protein melt. The overall higher volume of protein 
melt plus incorporated gas phase elevated the barrel filling degree and 
consequently increased the friction between screw and protein melt, 
while decreasing the molecular mobility. As a result, the pressure 
buildup intensified, which required more mechanical energy input for 
the protein melts to move forward. A similar increase in pressure 
following gas injection at concentrations up to 0.2 wt% was also 
observed in the study by Zink et al. (2023).

3.2. Effect on internal structure

Microfoaming was utilized to test the hypothesis of modifying the 
internal structure in a plant-protein matrix through the creation of a 
porous network. For this reason, the density, pore size distribution, and 
internal microstructure were analyzed. The impact of the gas-injection 
position in the extruder barrel and varying flow rates on the density of 
the high moisture extrudates are shown in Fig. 3. Extrudate densities 
ranging from 989.32 ± 2.97 (40 ml/min) to 1084.22 ± 10.54 kg/m3 (0 
ml/min) and from 962.56 ± 4.21 (40 ml/min) to 1130.01 ± 25.94 kg/ 
m3 (0 ml/min) were determined for gas injection in the midsection and 
in the terminal section, respectively. This aligns with the findings re
ported by Ghanghas et al. (2024) for gas-injected meat alternatives, who 
reported a decrease in density from 1,111 to 1,070 kg/m3 as gas pressure 
increased from 0 to 2.5 bar. With an increasing injection flow rate, the 
density of the extrudates expectedly decreased as the gas injection leads 
to pore formation and potential product expansion after exiting the 
cooling die. Interestingly, a higher density was observed when lower 
flow rates were injected in the terminal section in comparison to the 
midsection; however, the opposite trend was noted at higher gas flow 
rates (>20 ml/min). These findings align with the study by Paulik et al. 
(2021), which concluded that the gas volume fraction in dough led to a 
significantly higher specific bread volume. Li et al. (2019) also found a 
decrease in the density of wheat flour extrudates as nitrogen injection 
pressure increased. Overall, gas injection decreased the density by up to 
14.82 %, which may have important consequences on the 
microstructure.

Fig. 4 displays the microstructure obtained by CLSM of extruded 
samples cut both perpendicular and parallel to the fiber direction. The 
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images show that non-microfoaming results in an internal structure 
which is primarily composed of very dense protein layers with only a 
minimal number of pores. Some of these pores likely formed due to the 
barrel not being completely filled – a phenomenon also observed by 
Wang et al. (2023), who reported numerous voids in high-moisture soy 
protein–gluten extrudates without gas injection. In contrast, the 
microfoamed extrudates exhibited numerous visible pores on both the 
perpendicular and parallel cut cross-sectional areas. As the gas flow rate 
increases, more pores developed that were larger in size. This indicates 
that higher gas flow rates result in more nitrogen gas being incorporated 
into the extrudates. Especially at higher flow rates (20 and 40 ml/min), 
the gas injection in the terminal section resulted in more visible pores 
with more irregular and elongated shapes compared to pores from 
midsection microfoaming. This is consistent with the more fibrous 
structure observed in their appearance, as discussed later (see section 
3.3).

The underlying reason for this observation could be the difference in 
barrel temperature and, consequently, product temperature. The barrel 
temperature in the midsection was 100 ◦C, whereas in the terminal 
section 120 ◦C was reached. Under the high temperature conditions, the 
proteins in the soy-based formulations denature and form a viscoelastic 
network that can entrap gas. The successful incorporation of the gas 
depends on two main factors. First, the gas needs to be incorporated into 
the protein melt, requiring the formation of a flowable mass. Second, the 

gas must be retained within the protein melt by developing a viscoelastic 
network. It is likely that more gas is retained when injected in the ter
minal section due to the formation of a more pronounced viscoelastic 
network at higher temperatures compared to the earlier sections. In 
addition, the injection in the terminal section reduced the exposure of 
the embedded gas pores to the intense shearing process, which can 
compress the pores (Sun et al., 2022). These two factors can simulta
neously contribute to the differences in gas incorporation into the pro
tein melt.

The microstructure observed through CLSM was also validated by 
micro-CT imaging. From this data, the pore size distribution was 
analyzed and the mean pore size and porosity were calculated (Fig. 5). 
The volume-based mean pore size increased from 18.18 (0 ml/min) to 
73.93 μm (40 ml/min) in the midsection and from 21.01 (0 ml/min) to 
77.29 μm (40 ml/min) in the terminal section. The porosity increased 
from 2.14 % (0 ml/min) to 9.35 % (40 ml/min) in the midsection and 
from 2.01 % (0 ml/min) to 15.33 % (40 ml/min) in the terminal section. 
This is further confirmed through 3-D model images of the soy-based 
high moisture extrudates with midsection foaming and terminal sec
tion foaming (Figs. 6 and S1). Lorenzen et al. (2025) also observed that 
increasing nitrogen concentration led to greater porosity in micro- 
foamed casein-based extrudates. With increasing gas flow rate, the 
fraction of larger pores became more prominent while the proportion of 
smaller pores decreased. Specifically, the small pore size class (9.09 to 
45.46 μm) comprised 63.6 % of all pores at a flow rate of 5 ml/min, 
which decreased to 40.4 % when the flow rate was increased to 40 ml/ 
min in the midsection and from 62.8 % to 34.0 % in the terminal section. 
This aligns with the number-based pore size distribution shown in Fig. 5. 
As the flow rate increased from 0 to 40 ml/min, the percentage of pores 
in the size range of 18.2–72.7 μm declined from 67.9 % to 50.9 % in the 
midsection and from 59.7 % to 47.9 % in the terminal section. This in
dicates that smaller pores decreased more significantly when the 
microfoaming was carried out in the terminal section compared to the 
midsection as already indicated in the density measurements (Fig. 3). 
Additionally, the proportion of pores in the same pore size class was 
higher in the midsection compared to the terminal section at the same 
flow rate, which indicates that microfoaming in the midsection has a 
higher proportion of pores with smaller sizes. Overall, microfoaming in 
the terminal section produced extrudates with larger pore sizes, as re
flected by the higher mean particle diameters (Fig. 5). This suggests that 
along with increased flow rates gas injection in the terminal section 
tends to generate larger pores during the extrusion process.

Overall, these results suggest that higher flow rates increase porosity, 
leading to lower density and larger pores, while injecting gas into the 
terminal section of the barrel also results in the formation of larger 

Fig. 2. SME and die pressure of high moisture extrusion processes microfoamed using different gas injection positions (midsection and terminal microfoaming) and 
gas flow rates. Bars with different lowercase letters show significant differences between gas flow rates at the same injection position, while * indicates differences 
between injection positions at the same flow rate (p < 0.05).

Fig. 3. Density of high moisture extrudates microfoamed using different gas 
injection positions (midsection and terminal microfoaming) and gas flow rates. 
Bars with different lowercase letters show significant differences between gas 
flow rates at the same injection position, while * indicates differences between 
injection positions at the same flow rate (p < 0.05).
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pores.

3.3. Effect on external appearance

The formation of pores alters the scattering pattern when light strikes 
the sample surface (Yu et al., 2023). Therefore, the microfoaming pro
cess was expected to change the color appearance of the extrudates, and 
Fig. 7 shows the color parameters (L*, a*, b*) of the extrudates. In 
general, the color of the high moisture extrudates was influenced by the 
gas flow rate. As the gas flow rate increased from 0 to 40 ml/min, the L* 
value increased, while the a* value showed a decreasing trend. This 
indicates that the lightness of the extrudates increased, and they became 
less red. The increased lightness could be related to the formation of 
pores created by the injected gas, which results in a porous surface that 
scatters more light (Koksel & Masatcioglu, 2018). Principally, surfaces 
exhibit greater whiteness when more light is scattered. Porous structures 
with a high degree of porosity enhance the light reflectance, resulting in 
increased whiteness (Penttilä & Lumme, 2009). Moreover, the b*-values 
increased with higher flow rates, indicating that the extrudates became 
more yellowish at these elevated flow rates. This is in accordance with 
the study of Li et al. (2019), where nitrogen gas injected wheat flour 
extrudates exhibited less red and brighter color as gas pressure 
increased. However, at higher flow rates (20 and 40 ml/min), micro
foaming in the terminal section resulted in higher L*-values and lower 
a* as well as lower b*-values compared to microfoaming in the 
midsection at the same flow rates. This was in accordance with the lower 
density (Fig. 3) and higher porosity (Fig. 5) that led to higher light 
reflection on the surface.

The color values were also confirmed by the visual appearance of the 
extrudates, which are displayed in Fig. 8A and B. The surface appear
ance showed that as the flow rate increased, the extrudates became 
whiter, developed a more fibrous structure, and displayed more prom
inent striations caused by the breaker plate. A similar increase in 
whiteness was also reported by Koksel and Masatcioglu (2018) and was 
related to yellow pea puffed snacks using nitrogen-assisted extrusion 
cooking. Moreover, microfoaming significantly affected the visual 
fibrosity, likely due to gas entrapment, which caused the spatial sepa
ration of individual parallel protein fibers and subsequently increased 
fibrosity. As the flow rate increased, the microstructures became more 
aligned with the flow direction and displayed thinner, more entangled, 
and intertwined fibers, particularly for those perpendicular to the fiber 
direction, which also appeared whiter. When comparing the micro
foaming site, terminal microfoaming appeared to result in a whiter 
surface, consistent with higher L* values (Fig. 7). Additionally, terminal 
microfoaming exhibited a more visual fibrous structure, indicating a 
more spatial separation of the protein fibers by the injected gas. This 
aligns with the higher porosity observed for terminal microfoaming and 
highlights that the terminal injection could lead to improved visual and 
textural properties compared to midsection microfoaming.

3.4. Effect on directional texture attributes

The visual appearance suggested a modification in textural and 
anisotropic characteristics caused by the microfoaming. Hence, the 
change in texture parameters was analyzed using texture profile anal
ysis, tensile as well as cutting tests, and dynamic mechanical frequency 

Fig. 4. Microstructure of soy-based high-moisture extrudates microfoamed at different gas injection positions (midsection and terminal) and gas flow rates, observed 
via confocal laser scanning microscopy sliced parallel and perpendicular to the fiber direction. The scale bar is 100 μm.
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sweeps. Table 2 displays the texture profile analysis results of the 
extrudates. The chewiness and hardness showed a decreasing trend as 
the gas flow rate increased from 0 to 40 ml/min. Hardness and chewi
ness decreased from 17.06 ± 0.46 to 10.81 ± 0.30 N and from 12.32 ±
0.43 to 7.83 ± 0.16 N for midsection microfoaming, respectively. 
Similar observations were made when terminal microfoaming was 
employed, which lowered hardness from 19.49 ± 0.84 to 14.32 ± 0.12 
N and chewiness from 14.05 ± 0.75 to 10.31 ± 0.10 N. This indicates 
that a higher gas flow rate results in lower hardness and chewiness, 
leading to a more tender texture of the extrudates. Similar phenomena 
were also observed by Ghanghas et al. (2024), and they found that soy 
protein-based high moisture extrudates subjected to nitrogen incorpo
ration at a pressure of 2.5 bar exhibited lower hardness and chewiness 
values than those processed at 0 bar. Lorenzen et al. (2025) further re
ported that nitrogen gas injection reduced the hardness of casein-based 
meat analogues. The reduction in hardness and chewiness is likely due 
to the disruption of the microstructure (Fig. 4), which leads to a less 
dense protein arrangement by breaking the protein-protein network 
through the formation of aerated structures (Mehta et al., 2009).

Interestingly, midsection microfoaming led to a lower chewiness and 
hardness compared to terminal microfoaming, except at a flow rate of 
10 ml/min. The elevated initial hardness and chewiness observed for the 
terminal section microfoaming configuration at a gas flow rate of 0 ml/ 
min may be attributed to a more homogenous protein melt, facilitated 
by the kneading and mixing elements positioned closer to the cooling 

die. This enhanced uniformity likely promotes a denser protein struc
ture, resulting in greater hardness and chewiness. A denser protein 
network formed when increased air incorporation compresses the pro
tein melt at constant throughput in the extruder when the gas injection 
location is moved from the midsection to the terminal section. The lower 
density and more porous structure with total porosity of up to 15.33 % 
(Fig. 5) caused by terminal microfoaming suggests that more air is 
successfully introduced compared to midsection microfoaming. On the 
one hand, this elevated air incorporation can promote compression of 
the protein matrix, slightly increasing hardness and chewiness. On the 
other hand, the formation of more air pores within the extrudates tends 
to reduce these textural parameters. This dual effect aligns with the 
observed decrease in hardness and chewiness as gas flow rate increases 
at constant injection position. However, despite further gas incorpora
tion in the terminal section, which was indicated by increased surface 
lightness and porosity, the chewiness and hardness remained higher 
than for midsection microfoaming. This indicates that the position of 
microfoaming plays a dominant role in melt compression and texture, 
outweighing the softening effect of slightly increased air incorporation. 
Lastly, only small changes were observed in springiness and cohesive
ness values upon gas incorporation with springiness increasing from 
79.91 %–84.16 % for midsection microfoaming and from 81.68 %– 
84.59 % for terminal microfoaming (Table 2).

When compression was carried out in oscillation mode, a similar 
pattern was observed as shown in Fig. 9. All the extrudates were 

Fig. 5. Volume-based pore size distribution, volume-based mean diameter, porosity, and number-based pore size distribution of high moisture extrudates micro
foamed using different gas injection positions (midsection and terminal microfoaming) and gas flow rates.
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predominantly elastic with G′ being greater than G″. Both G′ and G″ 
increased gradually as the frequency increased. This trend was observed 
in another study as well and was likely caused by the failure of extru
dates to alleviate internal stresses at high frequencies, leading to ma
terial hardening (Liu et al., 2024). As the gas flow rate increased from 
0 to 40 ml/min, both G′ and G″ of the extrudates decreased, which aligns 
with the observed decrease in hardness and similar findings were 
observed when normal force was applied during cutting tests (Fig. 10). A 
decreasing trend in the shear force for cutting both perpendicular and 
parallel to the fiber direction was seen with increasing gas flow rate. As 
the gas flow rate increased from 5 to 40 ml/min, the cutting shear force 
in the parallel direction decreased from 19.56 ± 0.85 to 11.92 ± 0.36 N 
for midsection foaming and from 20.30 ± 0.28 to 12.29 ± 0.65 N for 
terminal foaming. A similar trend was observed in perpendicular di
rection for both microfoaming positions in the extruder barrel. The 

reduction in cutting shear force was likely due to air pockets, which 
created less resistance to the cutting motion and led to extrudates with 
lower cutting strength (Li, Janssen, et al., 2024). Additionally, there was 
no significant difference (p < 0.05) in the cutting shear force of gas- 
injected extrudates in either direction between the midsection and ter
minal microfoaming. A similar trend was also found in the study of 
Ghanghas et al. (2024), where the cutting force in both directions of soy- 
based extrudates decreased at a gas injection pressure of 1 bar compared 
to the soy-based extrudates without gas injection.

Interestingly, the opposite trend was observed in tensile tests 
(Fig. 11). There was an increasing trend in Young’s modulus both par
allel and perpendicular to the flow direction as the gas flow rate 
increased, which is different from the results obtained in the cutting tests 
that showed a decreasing trend (Fig. 10). This can be attributed to the 
direction of the applied force and the varying modes of tension and 

Fig. 6. Three-dimensional visualization of pore distribution of high moisture extrudates microfoamed using different gas injection positions (midsection and terminal 
microfoaming) and gas flow rates.

Fig. 7. Color parameters of high moisture extrudates microfoamed using different gas injection positions (midsection and terminal microfoaming) and gas flow rates. 
Bars with different lowercase letters show significant differences between gas flow rates at the same injection position, while ** indicate differences between injection 
positions at the same flow rate (p < 0.05).
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compression, as discussed in the next section 3.5. The increased Young’s 
modulus is caused by the formation of a more interlocked structure, 
leading to higher resistance to extension (Taghian Dinani et al., 2023). 
An increase in gas flow, increases the gas incorporation into the melt 
that leads to a more uniform gas distribution throughout the protein 
matrix. This not only improves barrel filling but also promotes separa
tion of the protein melt into distinct layers, which increases resistance in 
the parallel direction and in the perpendicular direction at higher flow 
rates due to melt compression. The Young’s modulus in parallel direc
tion increased significantly when the gas flow rate increased to 10 ml/ 
min for midsection and terminal microfoaming compared to the extru
dates at flow rates of 0 and 5 ml/min. In contrast, microfoaming initially 
resulted in a decrease in the Young’s Modulus in perpendicular direction 
at a flow rate of 5 ml/min compared to the non-foamed extrudate. At low 
gas flow rates, the incorporated gas likely causes separation of the 

protein melt with only minimal melt compression. This initially drives 
the formation of parallel layers in the protein melt, reducing resistance 
to perpendicular extension. However, as the flow rate increased to 20 
ml/min, the Young’s Modulus in the perpendicular direction became 
higher than that of the non-foamed extrudate.

The resulting forces and moduli were used to calculate the respective 
anisotropy indices (Eqs. (2) and (3)), which are presented in Figs. 10 and 
11, respectively. The anisotropy index based on the cutting shear force 
increased from 1.53 to 1.65 for the midsection and from 1.59 to 1.62 for 
the terminal microfoaming as the flow rate increased from 0 to 5 ml/min 
(Fig. 10). At a flow rate of 40 ml/min, terminal microfoaming exhibited 
a lower anisotropy index compared to the extrudates without micro
foaming. In contrast, midsection foaming showed a higher anisotropy 
index than terminal microfoaming at the same flow rate of 40 ml/min. A 
slight decrease in fibrosity is probably due to increased cross-linking of 

Fig. 8. The surfaces (a), sectioned cross-section surfaces parallel and perpendicular to the flow direction (b & c), and the internal fibrous structure (d) of high 
moisture extrudates microfoamed using different gas injection positions (midsection (top) and terminal microfoaming (bottom)) and gas flow rates.
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fibers in the perpendicular direction (Sun et al., 2023). A similar trend 
was observed for the anisotropy index obtained through tensile tests 
(Fig. 11). The anisotropy index for all the extrudates was greater than 1, 
indicating a fibrous structure that necessitates a higher force for defor
mation in the parallel direction compared to the perpendicular direction 
(Ghanghas et al., 2024). The anisotropy index of extrudates without gas 
injection was 1.35 for the midsection injection screw design and 1.07 for 
the terminal section screw design (Fig. 1), which indicates that modi
fying the screw design had a considerable influence on the anisotropy 
even without microfoaming. The highest anisotropy indices of 1.70 and 
1.65 were observed at a flow rate of 5 ml/min for midsection and ter
minal microfoaming, respectively. Especially midsection foaming 
resulted in a higher anisotropy index, which might be related to a lower 
interlocking network as discussed in the next paragraph. However, as 
the gas flow rate continued to rise from 5 to 40 ml/min, the anisotropy 

index showed a decrease compared to the extrudates at a gas flow rate of 
5 ml/min.

The decrease in the anisotropy index does not align with the 
observed increase in visual fibrosity, as discussed in Section 3.3 and 
shown in Fig. 8 (Stehle et al., 2024). This is mainly related to a pro
portionally higher increase in the perpendicular tensile stress that was 
observed as the gas flow rate increased. This correlates with the higher 
degree of crosslinking between individual protein fibers in the perpen
dicular direction, creating a more interlocking network within the 
extrudates and leading to greater visible fibrosity and an increase in 
resistance towards perpendicular tensile deformation (Fig. 11) (Oppen 
et al., 2024). This lowers the ratio between the parallel and perpendic
ular stress, which consequently decreases the measured elastic anisot
ropy index.

Overall, microfoaming considerably modifies the textural attributes 
of extrudates obtained by high moisture extrusion with a more tender 
and anisotropic structure in normal force direction and an increase in 
tensile stress that yields maximum anisotropy at a flow rate of 5 ml/min.

3.5. Process-structure relationship

Based on the presented results, the following mechanism is proposed 
on how microfoaming influences the textural and anisotropic properties 
of high moisture extruded plant proteins. The potential mechanism of 
process-structure relation is shown in Fig. 12. Successful gas incorpo
ration into the protein matrix is initially indicated by a significant in
crease in die pressure following gas injection. This rise in die pressure 
reflects a higher filling degree during extrusion because of expanded 
protein melt, which could also be caused by slower conveying of the 
melt through the barrel. It is proposed that gas injection enhances 
fibrosity by generating oriented micropores aligned with the longitudi
nal direction of the fibers. The presence of gas bubbles contributes to a 
more anisotropic structure within the protein phase (Wang et al., 2019). 
This would promote fiber alignment and entanglement of protein 
molecule chains. As the gas flow rate increases, more gas is incorporated 
along the flow direction, promoting the formation of fibrous structures 
aligned in parallel. The increased gas content becomes more evenly 
distributed throughout the protein melt, enhancing the development of 
an interlocked fibrous network. While encouraging visual fibrosity, gas 
injection also affected the textural attributes, increasing the Young’s 
modulus and decreasing the hardness, chewiness, and shear force. The 
reverse phenomena observed in Young’s modulus (increase) and shear 
force (decrease) can be attributed to the direction of the applied force 
and the different modes of tension and compression. As the gas flow rate 
increased, the fibers in both directions became more well-structured and 
formed a more interlocked network, resulting in an increased force 

Table 2 
Texture profile analysis results (hardness, chewiness, springiness, and cohe
siveness) of high moisture extrudates microfoamed using different gas injection 
positions (midsection and terminal microfoaming) and gas flow rates.

Flow 
rate 
(ml/ 
min)

Hardness 
(N)

Chewiness 
(N)

Springiness 
(%)

Cohesiveness

Midsection 
(B3)

0 17.06 ±
0.46a*

12.32 ±
0.43a*

84.16 ±
1.65a

0.85 ± 0.00b

5 14.56 ±
0.31b*

10.68 ±
0.34b*

82.20 ±
1.14ab

0.89 ± 0.00a

10 13.76 ±
0.26b

9.75 ±
0.51b

83.30 ±
0.69a

0.87 ± 0.01b

20 11.71 ±
0.18c*

8.14 ±
0.20c*

79.91 ±
0.81b

0.86 ± 0.01b

40 10.81 ±
0.30d*

7.83 ±
0.16c*

83.02 ±
0.71a

0.87 ± 0.00b

Terminal 
section 
(B4)

0 19.49 ±
0.84a

14.05 ±
0.75a

82.82 ±
1.37ab

0.87 ± 0.00a

5 16.83 ±
0.23b

12.37 ±
0.22b

84.59 ±
1.07a

0.87 ±
0.00a*

10 13.84 ±
0.36b

10.12 ±
1.06c

83.64 ±
0.25ab

0.88 ± 0.00a

20 12.41 ±
0.01d

8.90 ±
0.030c

81.68 ±
0.14b

0.88 ± 0.00a

40 14.32 ±
0.12c

10.31 ±
0.10c

82.56 ±
0.10ab

0.87 ± 0.00a

Bars with different lowercase letters indicate significant differences between 
different gas flow rates at the same injection position, while bars with * indicate 
significant differences between different gas injection positions at the same 
corresponding gas flow rate.

Fig. 9. Frequency sweep obtained from dynamic mechanical analysis (γ = 0.1 %) showing the extensional storage and loss modulus of high-moisture extrudates 
microfoamed at different gas injection positions (midsection and terminal) and gas flow rates given in ml/min.
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Fig. 10. Warner Brazler shear force (WBSF) measured in parallel and perpendicular direction to the fiber orientation as well as the calculated anisotropy index of 
high moisture extrudates microfoamed using different gas injection positions (midsection and terminal microfoaming) and gas flow rates. Bars with different 
lowercase letters show significant differences between gas flow rates at the same injection position, while * indicates differences between injection positions at the 
same flow rate (p < 0.05).

Fig. 11. Young’s modulus calculated from the stress-strain correlation of extrudates tested in parallel and perpendicular direction to the fiber orientation as well as 
the calculated anisotropy index of high moisture extrudates microfoamed using different gas injection positions (midsection and terminal microfoaming) and gas flow 
rates. Bars with different lowercase letters show significant differences between gas flow rates at the same injection position, while * indicates differences between 
injection positions at the same flow rate (p < 0.05).

Fig. 12. Schematic mechanisms of fibrous structure formation and mechanical characteristics of microfoamed high moisture extrudates at different gas flow rates.
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required to pull the extrudates, especially in the perpendicular direction. 
Conversely, the porous structure formed by gas injection reduces cutting 
and compression resistance due to the voids within the extrudates, 
which create weak points and facilitate easier force penetration during 
cutting operations.

4. Conclusion

This study revealed that microfoaming during high-moisture extru
sion modifies appearance, structure, and fibrosity. Among the parame
ters studied, gas flow rate has a more pronounced impact on porosity 
and textural characteristics than the gas injection position. As the gas 
injection flow rate increased, extrudate density decreased, porosity 
increased, and the pore structure changed with increasing fraction of 
larger pores and decreasing proportion of smaller pores. Higher porosity 
and average pore size were observed in the terminal section micro
foaming. Higher gas flow rates lead to higher lightness and lower 
chewiness, hardness, and Warner Bratzler shear force, thereby 
improving appearance and tenderness. Young’s modulus exhibited an 
increasing trend in both the parallel and perpendicular directions rela
tive to the flow as the gas injection rate rose. Gas injection enhances the 
fibrous structure of the extrudates, increasing the anisotropy index and 
creating interlocked complex network-like fibers. When comparing the 
microfoaming site, terminal microfoaming appeared to result in a more 
visual fibrous structure at higher gas flow rate. The optimal gas injection 
rates for achieving a tender structure were observed at a gas-to- 
throughput ratio of 0.79 % when microfoaming occurred in the mid- 
section of the barrel, while the highest anisotropy was achieved at a 
ratio of 0.098 % when microfoaming took place in the midsection. 
Modulating the gas flow rate and injection position presents a promising 
approach to replicating the textural characteristics of different meat 
types, particularly those distinguished by their fibrous structure and 
tenderness. Moreover, it allows for the customization of the structural 
properties and porosity of the high-moisture extrudate, creating prom
ising opportunities for subsequent post-processing.
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