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Abstract: In hamburger manufacturing, meat is subjected to four main processing steps (pre-grinding,
mixing, grinding, and forming), whereby muscle fibers are disintegrated. In this study, the influence of
these process steps was characterized by structural (amount of non-intact cells (ANIC), CLS-Microscopy),
functional (drip loss) and qualitative (soluble protein content, lactate dehydrogenase (LDH) activity,
myoglobin content (Mb)) parameters of the meat. Therefore, meat samples were analyzed after each
process step. Histological analyses revealed an increased ANIC with progressive processing. Thereby,
the first and second grinding steps caused the strongest increases (factors 2.43 and 2.69). Compara-
ble results were found in the relative LDH activity (factor 2.20 and 1.62) and the Mb concentration
(factor 2.24 and 1.33) of the extracted meat solution. The findings suggest that the disintegration of
the meat structure increases with progressive processing, causing more vulnerable structures which
result in increased leakage of intramuscular substances. Further, the type of stress acting on the meat
determines the extent of the changes. The presented findings enable manufacturers to precisely adjust
their process towards more gentle production parameters and thus, to meet the legal regulations.

Keywords: meat processing; quality characterization; techno-functional properties of beef hamburgers;
structural modification; process characterization

1. Introduction

The disintegration of muscle fibers during beef hamburger manufacturing affects their
physicochemical properties. The term hamburger is protected by the guidelines of the
German Food Code and must be prepared from 100% beef [1], thereby not exceeding the
legal limit of 20% Vol. disintegrated muscle fibers [2]. Production of beef hamburgers
usually involves four processing steps, namely pre-cutting during the first grinding, mixing,
main grinding in the second grinding, and forming of the hamburgers [3].

Grinding is a mechanical way of comminution [4] and is widely used for size reduction
of meat [5]. During grinding, the meat is continuously conveyed towards the cutting set [6],
extruded through the hole plates, and cut by the rotating knife [5], whereby the pressures
of 6–8 bars act on lean meat. Due to increased grinder efficiency and material homogeneity
and better ground meat quality, the size reduction is done gradually [4,7]. In the pre-
cutting (first grinding), meat is ground to 13–19 mm particle size [5], which is important to
guarantee optimal conveying and comminution [4]. Mixing is performed to obtain an even
distribution of meat and fat particles, often using paddle mixers with low energy input to
ensure gentle handling [5]. In the main grinding step (second grinding), the meat is ground
to the final particle size of approximately 3 mm [5]. Following, hamburgers are formed by
filling the ground meat in a defined mold and applying pressure [8].
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Meat is considered a plastic–elastic material that is able to store force acting on it to
a certain degree [9,10]. During hamburger manufacturing, meat is exposed to three main
mechanical forces. First, wall friction forces are acting on the meat during grinding and
mixing [6]. Second, pressure acts on the meat during forming and as it is forced through
the hole blades. This pressure is higher, the smaller the hole plate diameter is [4], whereby
the structure of the meat is disintegrated. It was found that the pressure within the hole
plate is higher in beef meat than in pork meat and is higher when the fat content of the
meat is higher [4]. Third, the meat is exposed to shear force due to conveying and due to
cutting of the meat strands by the rotating knife at the end of the hole plate [6]. In this stage,
the structural and mechanical properties of the meat are altered due to size reduction [4],
and muscle fiber structures are degraded [11].

A mechanical rupture of the muscle fiber opens its internal structure, thus making
proteins and intramuscular substances available for extraction [12]. Thereby, the degree of
muscle fiber disintegration depends on the applied force and stress, the type of raw material,
and the used technology. Hence, mechanical treatments, such as mixing or forming under
pressure, are key parameters in muscle fiber disintegration [2] and significantly change
the meat structure. During grinding, the ordered fibrillar structures and connective tissue
are disrupted by mechanical force [13], thus leading to an increased amount of non-intact
muscle fibers (ANIC). The ANIC is evaluated by histological techniques [2], influences
quality, functionality, and sensorial perception of beef hamburgers and is, thus, legally
limited to 20 Vol.% in Germany [2,11]. Histological approaches are used to quantify muscle
fiber disintegration in muscle tissue to identify, characterize, and evaluate changes in the
muscle fiber structure and enable the assessment of the meat in terms of legal rules [2].

As muscle fiber structures are disintegrated during grinding, resulting in leakage of
meat juice, the meats drip loss will increase and meat quality is reduced [6]. The ability of
meat to retain water is described as water-holding capacity [14], which is closely linked to
the meat quality and the sensorial perceptions of the consumer, as it depends on muscle
fibrillar changes during processing [14]. Thus, the amount of released water depends on
the extent of muscle fiber disintegration during processing.

Enzymatic methods are also based on the release of intramuscular fibrillar enzymes,
which increases lactate dehydrogenase (LDH) activity [15]. Additionally, the determina-
tion of soluble protein and myoglobin content is based on the fragmentation of muscle
fibers during grinding, thereby creating more open ends [13] where intramuscular fibrillar
substances, such as proteins, leak out.

By now, it has not been determined which processing step in beef hamburger man-
ufacturing influences the characteristics and properties of the meat the strongest. The
aim of this study was, therefore, to identify the influence of the single process steps on
structural, functional, and qualitative parameters of the meat. With the gained knowledge,
hamburger manufacturers can identify the most influencing parameter and are, therefore,
able to carefully design their processing steps and adjust the parameters to ensure a gentler
production. It was hypothesized, that the process steps, including size reduction (such as
grinding), might alter the properties of the meat the strongest as they accompany a stronger
mechanical load [10].

2. Materials and Methods
2.1. Material and Beef Hamburger Manufacturing

Hamburgers were produced, and samples were taken according to the production
scheme (Figure 1); details on all used equipment are summarized in Table 1.

Cuts from flank of heifers, purchased at a local meat trading company (MEGA—Das
Fachzentrum für die Metzgerei und Gastronomie eG, Stuttgart, Germany), were visually
standardized four days after slaughtering and cut into cubes of 5 × 5 × 5 cm. Thereby,
visible tendons were removed, and the fat content was adjusted to approximately 20%.
Approximately 25% of the meat was stored overnight to a core temperature of T = −12 ◦C
and 75% of the meat to a core temperature of T = 1 ◦C. The meat was mixed in a horizontal
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mixer for 30 s in a clockwise direction and 30 s in a counterclockwise direction at 32 rpm.
The meat cubes were ground with a meat grinder equipped with a 3-part cutting system
(precutting device, 4-wing knife, 13 mm inclined end-hole plate). The feeding screw rotated
with a speed of 20 rpm and the grinder screw at 187 rpm. The meat was mixed again
at 32 rpm for 15 s in a clockwise direction and 15 s in a counterclockwise direction and
ground to a final particle size of 2.4 mm using a 3-part grinding system (plastic spacer,
5-bladed sickle knife, 2.4 mm inclined perforated end-hole plate) with a speed of 20 rpm at
the feeding screw and 187 rpm at the grinder screw. The ground meat was then formed
into hamburgers of m = 90 g weight, h = 0.9 cm height, and d = 10 cm diameter by applying
p = 5 bar forming pressure with a modified hamburger press. Samples were taken after
each processing step, namely, raw material, first grinding step, mixing, second grinding
step, and forming (Figure 1), and were then stored airtight at 1 ◦C until further analysis.
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Figure 1. Flow chart of the hamburger manufacturing with different points of sampling, cutting
set composition of (A) first grinding step (3-part cutting system: pre-cutter, 4-bladed knife, 13 mm
inclined perforated disc) and (B) second grinding step (3-part cutting set: spacer, 5-bladed sickle
knife, 2.4 mm inclined perforated disc) and photographs of the samples (C), n = 3.
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Table 1. Details on equipment used for hamburger manufacturing.

Description Model Manufacturer

Horizontal mixer Vacuum Paddle Mixer Type MVZ150 Asgo, Ermesinde, Portugal

Meat Grinder Forschungsautomatenwolf Typ AE 130 Maschinenfabrik Seydelmann KG,
Stuttgart, Germany

Precutting device 2031809T Maschinenfabrik Seydelmann KG,
Aalen, Germany

4-wing knife TC93094 turbocut Joop GmbH, Bad Neustadt an der
Sale, Germany

13 mm inclined end-hole plate TC3090278.1 turbocut Joop GmbH, Bad Neustadt an der
Sale, Germany

Plastic spacer for meat grinder - Maschinenfabrik Seydelmann KG,
Stuttgart, Germany

5-bladed sickle knife 2067986W Maschinenfabrik Seydelmann KG,
Stuttgart, Germany

2.4 mm inclined perforated
end-hole plate TC3093457.1 turbocut Joop GmbH, Bad Neustadt an der

Sale, Germany

Hamburger press MH-100 (modified) Equipamientos Cárnicos, S.L. (Mainca),
Barcelona, Spain

2.2. Methods
2.2.1. Chemical Composition of Beef Hamburgers

First, one hamburger was homogenized in a blender (Blixer® 2, M 02, robot-coupe®,
Montceau-en-Bourgogne, France) for 30 s and analyzed for each repetition in triplicate.

The sea–sand method was used to determine the water content (§64 LFGB L 06.00-3 [16]).
The fat content was determined by Soxhlet extraction (Büchi 810, Büchi Laboratoriums-
Technik AG, Flawil, Switzerland), utilizing the leftovers of the water determination (§64
LFGB L 06.00-6). Dumas’ combustion method (Dumatherm N Pro, C. Gerhardt GmbH &
Co. KG, Königswinter, Germany) was used to assess the protein content (§64 LFGB method
L 06.00-20) by applying a nitrogen to protein conversion factor of 6.25 [17].

2.2.2. Histochemical Analyses

To assess the amount of non-intact muscle fibers (ANIC) in the meat samples, histo-
chemical analyses were performed, according to §64 LFGB method L 06.00-13 [16]. Cryo-
cuts (h = 5 µm) were prepared, dyed with picro-indigo carmine (CALLEJA) staining, and
transferred to high-resolution images of 27,881 dpi (Labor Kneissler, Burglengenfeld, Ger-
many). The number of non-intact muscle fibers in the cryo-cut scans were detected by
point-counting at 20-fold magnification (NDP.view 2.7.52, Hamamatsu Photonics K.K.,
Shizuoka, Japan), and the ANIC was calculated according to Equation (1) [16]:

p̂u ∼= p̂ −
[

1
2n

− 2.3263·
√

p̂·q̂
n

]

p̂o ∼= p̂ +

[
1

2n
+ 2.3263·

√
p̂·q̂
n

] (1)

with p̂u = lower limit, p̂o = upper limit, p̂ = x
n , q̂ = n−x

n , n = number of non-intact
muscle fibers counted, x = number of total muscle fibers counted. Per sample at least six
cross-sections were analyzed, whereby two cross-sections each were averaged. The mean
and the standard deviation of the three repetitions were calculated.
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2.2.3. Drip Loss (DL)

The drip loss of the meat samples was determined in triplicate by the centrifugation
method [14]. In short, 10 g of meat were weighed in tubes (Nalgene 50 mL PP tubes,
Nalgene Nunc International Corporation, Rochester, NY, USA) and centrifuged (20 min,
5 ◦C, 16,000 rpm) (Z32HK, Hermle Labortechnik GmbH, Wehingen, Germany). The excess
meat juice was removed by placing the pellet on a paper tissue for 1 min. The percentage
weight loss (drip loss) of the meat sample was calculated, as shown in Equation (2):

Drip loss (%) =
mbe f ore centri f ugation − ma f ter centri f ugation

mbe f ore centri f ugation
·100% (2)

with mbe f ore centri f ugation = weight of meat sample before centrifugation (g) and
ma f ter centri f ugation = weight of meat sample after centrifugation (g).

2.2.4. Confocal Laser Scanning Microscopy (CLSM)

A Nikon CLSM (Nikon D Eclipse C1, Nikon GmbH, Düsseldorf, Germany) equipped
with a “Cobolt 06-MLD” laser was used to study the microstructure of the raw meat
samples in the style of Irmscher [18]. A total of 20 µL of Calcofluor White solution (Sigma-
Aldrich Chemie GmbH, Munich, Germany) for protein staining was applied onto a CLSM
tray equipped with a cover glass. Round-shaped samples, taken from the raw samples
with a special circular cutter, were placed in the tray and excited at 638 nm. Images
of the representative areas were taken at 10-fold magnification (Plan-Apochromat Plan
Fluor 4/0.13, Plan Fluor 10/0.30; Nikon GmbH, Düsseldorf, Germany) with the help of E-
CZ1 software (NIS-Elements Confocal, Version 4.50, Nikon GmbH, Düsseldorf, Germany).

2.2.5. Preparation of Extracted Meat Solution (EMS)

As necessary for further analyses, the extracted meat solutions (EMSs) of the samples
were prepared by diluting meat in the ratio of 1:10 with 10 mM potassium phosphate
buffer pH 7 at 2 ◦C. The mixture was incubated (20 min, 7 ◦C, 85 rpm) (innova® 42R, New
Brunswick Scientific/Eppendorf AG, Hamburg, Germany) and stored for 1 h at 7 ◦C for
further extraction. The meat was separated by using folded filters (Rotilabo®-folded filters,
type 113P, Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Until further analyses, the
EMSs were stored at 7 ◦C in brown glass bottles.

2.2.6. Soluble Protein Content (SPC)

Rapid nitrogen analysis, according to Dumas’ combustion method (Dumatherm N
Pro, C. Gerhardt GmbH & Co. KG, Königswinter, Germany), with a nitrogen to protein
conversion factor of 6.25 [17] was applied to quantify the amount of soluble protein in
the EMS.

2.2.7. Lactate Dehydrogenase Activity (LDH)

The LDH activity of the EMS was determined by an enzyme detection kit (lactate de-
hydrogenase activity assay kit MAK066, Sigma-Aldrich Chemie GmbH, Munich, Germany)
based on an NADH-dependent indicator reaction. A colored compound is formed that is
photometrically quantifiable at 450 nm [19]. The EMS was first diluted 1:400 using 10 mM
of a potassium–phosphate buffer adjusted to pH 7 and then 1:40,000 using the LDH sample
buffer (part of the enzyme kit). Triplicates of each sample were carried out. The enzyme
activity was calculated according to the manufacturer’s instructions, the relative LDH
activity was then calculated by dividing the respective enzyme activities by the activity of
the meat piece.

2.2.8. Myoglobin Content (Mb)

The myoglobin content of the EMS was photometrically detected following the method
of Trout [20]. In short, 100 µL of the previously prepared EMSs were transferred into a



Appl. Sci. 2022, 12, 7377 6 of 13

96-well transparent plate (Nunclon Delta Surface, Thermo Fisher Scientific, Roskilde,
Denmark) in triplicate for each sample. The absorption spectra of the EMSs were recorded
from 300 nm–800 nm in 1 nm steps at 25 ◦C (Biotek Synergy HT, Agilent Technologies, Inc.,
Santa Clara, CA, USA). The myoglobin content was then calculated according to Trout [20].

2.2.9. Statistical Analyses

Three independent experiments (biological replicates) with at least two to three
analytical replicates (technical replicates) were performed. All results are shown as
mean ± standard deviation or mean ± standard error (pressure profiles), calculated by
MS Excel (Microsoft, Redmond, WA, USA) and plotted by OriginPro 2020 (OriginLab
Corporation, North Hampton, MA, USA). Statistical analyses were done with SPSS (IBM
SPSS Statistics 25, IBM Deutschland GmbH, Ehningen, Germany). The Shapiro–Wilk and
Levene tests were used to test the normal distribution of data and variance homogeneity,
respectively. All data were normally distributed. A significance analysis by univariant
ANOVA (analysis of variance) was performed if the data showed variance homogeneity,
applying the Tukey post hoc test (confidence interval of 95% (α = 0.05)). The Welch-ANOVA
(analysis of variance) was conducted for data without variance homogeneity using the
Games-Howell post hoc (confidence interval of 95% (α = 0.05)). Small letters attached to
the mean values of the samples indicate statistical significance.

3. Results and Discussion
3.1. Chemical Composition

The hamburgers of this study were produced following the German guidelines for
meat and meat products [1], where hamburgers typically contain beef meat only. Incorpo-
ration of salt and spices into the hamburger patties are uncommon and not of industrial
relevance. Usage of salt in the hamburger formulation would facilitate the solubilization
of myofibrillar proteins and thus, influence product parameters, such as drip loss. The
raw material used for the experiments was composed of 62.6 ± 0.4% water, 19.0 ± 0.6%
fat, 18.765 ± 1.1719% protein, and 0.87 ± 0.05% ash, resulting in a sum parameter [21]
of 101.25%. The slightly increased sum parameter might be caused by the protein deter-
mination by Dumas’ method, which is based on the determination of the total nitrogen
content of the sample. According to Berry and Abraham [22], a fat content of ca. 20% is
usually used for hamburger production. Keeton and Eddy [23] report that the protein and
ash content of skeletal muscle tissue decreases with increased fat content, typically having
approximately 18% protein and 64% water in meat with 20% fat. Thus, the determined
values are within the expected range.

3.2. Structural and Functional Properties

To check the influence of each process step on the ANIC, the meat samples were
histologically analyzed for their degree of non-intact muscle fibers. During the first grinding
step, the ANIC was approximately doubled (factor 2.4) from 3.79 ± 2.61 Vol.% in raw
material to 9.21 ± 4.81 Vol.% after the first grinding, thereby reducing the volume of the
particle by a factor of ca. 100 (Figure 2A).

During the second grinding step, the volume of the particles was further reduced by a
factor ca. 81, and the ANIC significantly increased about threefold (factor 2.7, Figure 2A)
from 8.87 ± 3.91 Vol.% after mixing to 23.86 ± 14.16 Vol.% after the second grinding. Both
the mixing and the forming steps did not significantly change the ANIC (p > 0.05). Hence,
the grinding steps have the biggest influence on muscle fiber disintegration, whereby
the increase is higher in the second grinding compared to the first grinding. The higher
standard deviations in Figure 2A might be caused by variations in the raw material meat, as
the displayed mean value is composed out of three biological replicates made from different
meat cut at different days. It is known that parameters, such as physiological parameters
of the animal [23], sex, age, or slaughtering conditions [24] influence the meat quality,
wherefore changes between different batches are reasonable. Additionally, the histological
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determination of ANIC is based on a subjective, visual evaluation of the histological cryo-
cut, thus making the determination suspectable to greater variations. The histological
images (Figure 3) depict the previously described changes in the meat structure, which are
underlined by the CLSM images (Figure 3). Naturally organized muscle fibers are present
in the raw material after the first grinding and mixing, whereas the ordered structure is
reduced after the second grinding and forming.
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This outcome was expected, as grinding decreases the particle size through cutting
and shearing the meat through end-hole plates, which disintegrates muscle structures [2].
The findings of Beneke [2] that mechanical treatment, such as mixing or forming, under
pressure are key parameters in muscle fiber disintegration could not be verified in this
study. This might be explained by quite gentle mixing and forming conditions in the
present study. Increasing mixing time, speed, or higher formation pressure might cause
stronger disintegration of meat muscle fibers [25,26].

To check the influence of each process step on the water-holding capacity, the samples
were analyzed for their drip loss (DL). As muscle fiber disintegration is associated with
increased DL [6], it is considered as a quality determining product parameter in this
study. The centrifugation method was chosen over the sedimentation method, i.e., without
applying an external force other than gravity (e.g., 24 h, 1 g) [14], as preliminary experiments
revealed no DL on hamburgers over several days (data not shown). Hamm [27] described
that all methods determining the free-water content can be used to determine the water-
holding capacity of meat. Both traditional sedimentation, as well as accelerated methods
applying centrifugal forces, are applicable. It is assumed that the sedimentation method
might be more suitable for meat samples releasing free water easily, e.g., due to meat
defects [21]. The DL increased slightly but not significantly from 6.61 ± 2.83% in the meat
piece to 10.50 ± 3.45% after the first grinding (Figure 2B). For all other process steps, the DL
remains nearly constant at 10.38 to 11.15%. As the volume reduction of the meat particles
in the first grinding is stronger compared to the reduction in the second grinding, more
muscle fibers are cut, and more intramuscular fibrillar substances might leak out. Thus, it
is reasonable that the DL slightly increased during the first grinding step. In contrast to
the present study, Tyszkiewicz et al. [12] found a more pronounced positive correlation
between muscle fiber disintegration caused by rupture of myofibrils and water release
from mechanically stressed pork meat. Additionally, they found that meat treated with
a meat grinder lost more water compared to meat treated gentler with a meat activator
or tenderizer. This underlines the hypothesis of a higher DL with increasing ANIC [12]
but could not be fully confirmed in this study. Following the idea of Hughes et al. [28],
that loss of moisture reduces the muscles’ rigidity and structure, it is reasonable that the
histologically determined ANIC increases (Figure 2A) due to the grinding steps.

3.3. Changes in Chemical and Quality Properties

To check changes in the chemical and quality properties, EMS were analyzed for their
relative LDH activity, their SPC, and Mb. As the aim of the study was to detect changes in
the structural, functional, and chemical properties of samples with different mechanical
treatment, the EMS were produced by a gentle extraction process without homogenization.
A homogenization would mechanically disrupt the muscle fiber structure completely; this
structural damage would superpose the process related changes and would, thus, rule out
the differentiation between the samples.

LDH doubled (factor 2.20) during the first grinding step and further increased during
the second grinding (Figure 4A). Only slight changes were caused by mixing, whereas
forming caused a comparable increase to the second grinding (factor 1.70, Figure 4B). This
might be attributed to a stronger LDH release from the muscle fibers due to the applied
pressure. Considering the statics, the statistically significant increases in LDH were caused
by the first and second grinding steps and forming. This result is partly comparable to the
histologically determined ANIC (Figure 2A). Moreover, this shows that LDH might serve
as a chemical indicator for muscle fiber disintegration when the raw material is known
and analyzed as a reference. An LDH increase was expected, as a disruption of muscle
fibers by grinding and a subsequent release of muscle fiber content leading to an increase
in LDH activity was reported earlier [12,15]. Similarly, LDH activity determination is a
common measure to distinguish between chilled and frozen meat caused by increased
enzyme release upon freezing [15].
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Figure 4. Characterization of the chemical and quality properties: (A) relative lactate dehydrogenase
activity (LDH), (B) myoglobin content (Mb), and (C) soluble protein content (SPC) of the extracted
meat solutions at different processing stages. Data points with different letters are significantly
different (p < 0.05), n = 3.

A slight increase in the amount of SPC during processing could be found (Figure 4B).
However, statistically significant differences were only analyzed between the second grind-
ing step and forming and the meat piece. Moreover, SPC did not change in the same manner
as the histologically determined ANIC. An increase in the soluble protein content was ex-
pected, as Tyszkiewicz et al. [12] stated, that a mechanical rupture of the meat muscle fibers
opens the internal structure of meat tissue, thus making the (myofibrillar) proteins available
for extraction. They found a significantly higher proportion of extracted water-soluble
(sarcoplasmic) protein in the ground sample compared with the sample treated with the
tenderizer or activator. However, this trend was only slightly pronounced in the study.
This might be traced back to the use of different analytical methods. Tyszkiewicz et al. [12]
used the Helander procedure [29] which is used to detect the protein availability, whereas
in this study the total amount of nitrogen compounds was determined. It is possible that
other soluble nitrogen compounds, such as non-protein nitrogen compounds, dipeptides,
or amino acids remain in the extract upon filtration and overlay the effect of the processing
steps on the SPC.

During the first grinding step, Mb approximately doubled from 0.15 ± 0.05 mg/mL in
raw material to 0.33 ± 0.04 mg/mL after the first grinding (Figure 4C). The mixing and
second grinding step further increased Mb (0.62 ± 0.08 mg/mL after second grinding). The
subsequent forming step slightly reduced Mb. It can be concluded that the first and second
grinding steps increase Mb the strongest. The Mb analysis is based on specific absorbance
spectra of myoglobin derivates [30]. As myoglobin is present in cardiac and skeletal muscles
and is released upon muscle fiber damage during acute myocardial infarctions, it serves
as a biochemical indicator [31,32]. Meat grinding also disintegrates muscle structures,
thus an increase of Mb with increasing ANIC is assumed. The strongest increase in the
myoglobin content in the first and second grinding steps is in accordance with the findings
of the histologically determined ANIC (Figure 2A) and SPC (Figure 4B). This proves the
hypothesis that a higher ANIC leads to an enhanced release of intramuscular fibrillar
compounds, such as myoglobin, and that the myoglobin content can serve as a chemical
indicator for estimation of muscle fiber disintegration in this study.

The outcomes suggest that the grinding steps are key points for muscle fiber disinte-
gration. When it comes to optimization toward a gentler beef hamburger manufacturing
process, those should be taken under close investigation. Based on the present findings, it
is assumed that adjustments in the grinding steps might lead to optimizations of the beef
hamburger manufacturing process, thus optimizing the burger’s quality.
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3.4. Mechanical Considerations

Figure 5 illustrates changes in the meat structure as well as the mechanical stress acting
on the meat during the different processing steps.
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Figure 5. Changes in material conditions and main mechanical forces in meat upon
hamburger manufacturing.

As previously discussed, the first and second grinding steps account for the strongest
structural, functional, and chemical changes. During grinding, particle sizes are reduced by
cutting and shearing the meat through end-hole plates. Muscle fibers are fragmented into
smaller pieces, muscle structures are disintegrated, and more open ends are created [2,10,13].
This can be underlined by the mechanical forces acting on the meat in comparison to
the mixing and forming steps where mainly wall friction and pressure applied to the
meat; shear force, wall friction, and pressure stresses the meat during grinding, therefore,
applying a higher mechanical load. This leads to stronger disintegration of the material [10].

In the first grinding step, meat is cut from a cube into cylindrical-cone-shaped particles
of 13 mm diameter, thereby reducing the surface area and volume per particle but increasing
the total number of particles and the total surface area. This leads to an increased number
of cut muscle fibers. During the second grinding, the particles are ground to a final particle
size of 2.4 mm diameter, which further decreases the surface area (factor 18, Figure 5)
and volume per particle and the increasing total number of particles and total surface
area. A stronger increase during grinding is in accordance with the findings of Beneke [2]
who reported a cumulative increase in muscle fiber disintegration if several mechanical
methods are combined. Another reason for the stronger increase in ANIC after the second
grinding is the higher grinding screw pressure of 3.63 ± 0.68 bar in the second grinding
step (Figure 6) compared to a strongly variating and lower pressure in the first grinding
step of 0.72 ± 0.29 bar (Figure 6).

This might be attributed to the higher cutting resistance in already ground meat, which
has more viscoelastic properties compared to the intact meat part in which elastoplastic
properties dominate [10]. Higher pressure is, according to Wild et al. [33], associated with
increased friction and destruction of the meat. Fluctuations in cutting set pressure might
be caused by fluctuating raw material quality, as the processability of the meat strongly
depends on the meat’s properties and thus, determine the cutting set pressures.
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4. Conclusions

It was shown in this study, that meat muscle fiber structure changes upon production
of beef hamburgers, thus altering those attributes. Each process step contributes to a
different extent to the material changes, as different forces act on the meat. The first and
the second grinding were found to have the strongest impact as they caused a pronounced
increase in the analyzed attributes, ANIC, LDH, Mb, and SPC. Those findings allow for
an improvement of hamburger production by adjusting the grinding parameters, now
known as the most influential processing step, and thus, to meet product quality and
legal requirements.
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