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Abstract
Gluten-free breads often show a reduced specific bread volume, in comparison to gluten-containing products, caused by 
non-adapted processing technologies of gluten-free dough. In this investigation, different mixing speeds and durations 
(600–3000 rpm for 3 min, 5 min or 8 min, respectively) as well as variations in the pressure (prel – 50 to prel + 130 kPa) in the 
headspace atmosphere during mixing (Stephan mixer) and pressure ratios of overpressure/negative pressure of 8 min mixing 
(20/80, 50/50, 80/20) were studied to determine their impact on the gas volume fraction of dough and specific volume of 
breads. A pressure rise of prel 50 kPa, prel 100 kPa or prel 130 kPa increased the gas volume fraction in dough of 60%, 100% 
or 120%, respectively, and led to a significant higher specific bread volume (7%) and the reduction of crumb hardness (35%) 
at prel 130 kPa. A linear correlation (R2 = 0.843) between the pressure and specific volume of breads was found. An extended 
first mixing phase at overpressure resulted in the formation of a very fine pore structure, whereby a short overpressure phase 
caused the formation of big pores. Thus, the control of the headspace atmosphere during mixing is a suitable parameter to 
adjust the density of dough and consequently, the pore size distribution for a specific texture design.
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Introduction

The finale volume of baked goods depends on the gas pro-
duction or gas entrapment of dough, as well as the gas sta-
bilization during dough preparation and baking process [1, 
2]. Long time, scientific focus was on the optimization of 
gas stabilization in gluten-free (gf) dough, for instance by 
the addition of hydrocolloids or other functional polymers to 
the bulk phase, as well as the improvement of the hydration 
properties of dough [3–7]. In recent approaches, the finale 
gas volume ratio of gf breads is optimized by focusing on 
the gas introduction in gf dough by the adaption of the mix-
ing process [8] or extrusion processes [9]. Since gf dough 
resembles cake batters in its functional properties [10], 
the finale gas volume of baked goods (37–73%) strongly 
depends on the mixing process [8, 11]. Even if the stabiliza-
tion of gas bubbles differs tremendously between cake and 

dough systems, an early incorporation of a high proportion 
of gas into the liquid dough could be advantageous. This 
applies especially for the mentioned liquid dough types, 
since these have no intermediate forming and shaping step, 
in which the incorporated gas from the mixing process 
would be re-distributed. Studies on these gf dough types 
showed an increased finale volume of gf bread by 12–21% 
[12] by varying process parameters, as mixing speed and 
time, or the geometry of mixers, or introduction of novel 
heating methods, as Ohmic heating [13]. However, a further 
crucial factor—the headspace atmosphere (HSA)—was, to 
the best of our knowledge, not studied so far.

In wheat-based dough and baked goods, the application 
of a modified HSA (for instance in Chorleywood-kneaders) 
already showed positive changes in the number and distri-
bution of gas nuclei and later bubbles in dough [14, 15], 
resulting in significant alterations of the pore structure [16] 
and consequently the bread volume:

 − Kneading above atmospheric pressure generated gas 
bubbles, which did expand at atmospheric pressure.
 − Kneading below atmospheric pressure caused the 
expansion of gas bubbles, which could easily be dis-
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persed during kneading and which contracted at subse-
quent atmospheric pressure [17].

Beside the amount of gas bubbles in dough or pores in 
bread, the gas bubble distribution/size and pore structure 
(open cell/closed cell) in crumbs significantly affect the 
sensory of the product [18] and a homogenous distribution 
of bubbles is a requirement for most high-quality baked 
goods.

In wheat-based dough, a modified HSA can cause fur-
ther changes of gluten proteins and its network formation 
by altering its chemical structure. This complicates the 
precise elucidation of the impact of the mechanical gas 
entrapment in dough and its influence on the finale bread 
sensory, especially since the effects of the modified HSA 
strongly depend on the used flour quality [19].

The usage of starch-based dough, among these gluten-
free (gf) dough, overcomes the challenges of a possible 
chemical gluten modification caused by a modified HSA 
and enables new findings on the impact of modified HSA 
on the crumb texture. The knowledge of underlying mech-
anisms allows a better control of the bread crumb structure 
and finally quality of gf breads.

In the present study, the impact of extrinsic mixing 
parameters on the amount, size and distribution of gas 
bubbles in rice-based gluten-free (gf) dough and bread 
were determined. First, the impact of mixing time and 
speed was studied on the gas distribution, the final gas 
volume fraction in breads and its crumb hardness. Second, 
changes of dough density and bread volume at a modified 
headspace atmosphere (HSA) during mixing were inves-
tigated by means of an µ-CT-analysis of the crumb and a 
crumb density measurement. The purpose of the study was 
to investigate the effects of a controlled headspace atmos-
phere on the mechanical entrapping of gas in gluten-free 
dough and their mechanical distribution for a property-
driven texture design of gluten-free food.

Materials and methods

Preparation of dough and bread

Dough were made in the UMSK 24 mixer of Stephan 
Machinery GmbH (Hameln, Germany). The mixing 
speed was set in a range of 300–3000 rpm and the rela-
tive pressure prel was adapted between 130 (overpressure) 
and − 80 kPa (negative pressure) (absolute pressure range 
20–230 kPa).

The following experimental setups were performed and 
analyzed to enhance the gas volume fraction in gluten-free 
dough and bread:

– Mixing speed and time during dough preparation: mixing 
speed was varied between 600 and 3000 rpm for 3 min, 
5 min or 8 min, respectively.

– Pressure of headspace atmosphere (HSA): relative pres-
sure (difference between actual pressure during mixing 
and atmospheric pressure) of HSA ranged between − 50 
and + 130 kPa (maximum pressure range for the used 
mixer) at mixing speeds of 1800 rpm, 2400 rpm and 
3000 rpm for 5 min or 8 min, respectively.

– Combinations of the pressure of the headspace atmos-
phere (HSA): combination of first and second mixing 
phase: 20/80 (96 s/384 s), 50/50 (240 s/240 s), 80/20 
(384 s/96 s). First mixing phase was always performed 
with an overpressure (prel 130 kPa) at 3000 rpm. Nega-
tive pressure of the second mixing phase was − 80 kPa, 
− 50 kPa or − 20 kPa, respectively.

Dough were prepared in triplicates using rice flour (mois-
ture determined by a moisture analyzer DAB or MLB 50-3, 
Kern & Sohn GmbH, Balingen, Germany) from Müller’s 
Mühle GmbH (Gelsenkirchen, Germany), with the addition 
of demineralized water (120 g 100  g−1 flour), margarine (3 g 
100  g−1 flour, CSM Deutschland GmbH, Bingen am Rhein, 
Germany), sodium chloride (2 g 100  g−1 flour, purity 99.9%, 
Südsalz GmbH, Heilbronn, Germany), D(+)-glucose (2 g 
100   g−1 flour, ApliChem GmbH, Darmstadt, Germany), 
Methocel™ (Hydroxypropylmethylcellulose (HPMC) (2 g 
100   g−1 flour, Dow Wolff Cellulosics GmbH, Bomlitz, 
Germany) and dry yeast Fermipan red (2 g 100  g−1 flour, 
Casteggio Lieviti srl, Casteggio, Italy). The final water con-
tent was adjusted to the flour moisture content (14 g 100  g−1 
flour) according to ICC 110/1. The temperature of added 
water is calculated using the following formula (modified to 
Cauvain et al. [20]), so that a final temperature of the dough 
of 26 ± 1 °C was achieved:

The ingredients were mixed for 60 s at 300 rpm, prior 
starting the testing experiments. The mixing speed, mixing 
time, headspace pressure and pressure combinations were 
varied. The mixing vessel was cooled through a double shell 
during the whole mixing process and the initial temperature 
of dough was varied to ensure a constant final temperature of 
dough under 26 ± 1 °C (compare Table 1). The temperature 
rise for each experiment is shown in the supplementary data 
(Fig. 1), which was the prerequisite to calculate the initial 
temperature. 

After mixing, the density of the dough was measured 
(compare 2.3). Simultaneously, the dough was separated 
into eight pieces of 220 g. 4 pieces were placed in greased 
baking pans before resting in a proofing chamber CDS Sun 
Riser (KOMA GmbH (Roermond, Netherlands) at 30 °C 

(1)Twater = 1.35 ∗ Tdough start − Tflour.
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with 80% relative humidity for 45 min (standard proofing). 
Afterward, the pieces were baked in a Matador 12.8 oven 
(Werner & Pfleiderer Lebensmitteltechnik GmbH, Dinkels-
bühl, Germany) for 35 min at 220 °C upper heat, 230 °C 
bottom heat with 0.69 L initial steam and a 100% setting of 
the humidity draught. After cooling at 20 ± 2 °C for 150 min, 
the specific bread volume  (cm3  g−1) was analyzed (compare 
settings in chapter 2.2).

Analysis of dough and breads

Gas volume fraction

The determination of the gas volume fraction requires the 
knowledge of the gas free dough density. Thus, the yeast-
leavened dough was centrifuged at 4000 rpm for 20 min at 

room temperature, to degas the dough, and to determine the 
volume of the gas free dough (Vdough gas free). The density of 
the gas free dough is calculated using the following formula:

where mdough gas free. is the weight of the dough, Vdough gas free is 
the volume of the gas free dough and pgas free is the density 
of gas free dough.

The volume of the gas containing dough was determined 
by filling a defined dough volume into a beaker (100 ml 
CSM Deutschland GmbH, Bingen am Rhein, Germany) and 
determining the weight (the following formula):

where mdough with gas is the weight of the gas containing dough, 
Vdough with gas is the volume of the containing dough and 
pwith gas is the density of gas containing dough.

The percentage of the gas volume fraction φ is calculated 
with the following formula:

Specific bread volume

The specific bread volume was determined after 2.5 h of 
standardized cooling, using TexVol BVM-L370 (Perten 
Instruments, Sweden). Weighed breads (precision weight 
PCB, Kern & Sohn GmbH, Balingen, Germany) were 
clamped on a rotating bracket. The bread surface was 

(2)�gas free =

mdough gas free

Vdough gas free

,

(3)�with gas =

mdough

Vdough with gas

,

(4)� =

[

1 −

(

�dough gas free

�dough with gas

)]

∗ 100.

Table 1  Initial temperature of ingredient blends in the mixer for each 
experiment to reach a final dough temperature of 26 ± 1 °C after mix-
ing

Mixing speed (rpm) Mixing time (min) Initial 
temperature 
(°C)

600 5 23.1 ± 1.4
600 8 23.1 ± 0.8
1200 5 21.7 ± 1.2
1200 8 19.5 ± 0.9
1800 5 20.7 ± 1.5
1800 8 18.6 ± 0.2
2400 5 20.4 ± 1.6
2400 8 17.5 ± 1.5
3000 5 18.8 ± 1.9
3000 8 15.1 ± 0.4

Fig. 1  Diagram for the calcula-
tion of the initial temperature
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scanned by a laser to evaluate the bread volume. Based on 
these results, the specific bread volume (volume/weight) was 
determined.

Crumb hardness

The crumb hardness was analyzed after 2.5 h of cooling 
using the texture analyzer TexVol Instrument f 300× (Perten 
Instruments, Sweden)). At first, two round discs of 15 mm 
were cut out the crumb with a sharp, jagged drilling head 
(Ritterwerk, Gröbenzell, Germany) without squeezing the 
crumb and rejected. The following bread slices were used 
for the analysis. Therefore, two discs (25 mm height, each 
12.5 mm) were placed for compression (diameter: of stamp 
20 mm). The crumb discs were compressed by 40% with a 
test speed of 1.7 mm  s−1, a post-test speed of 1.0 mm  s−1, 
and a trigger force of 0.049 N. The crumb hardness cor-
responds to the peak force of the first compression cycle.

Distribution of pores in crumb

A 12.5 mm crumb slice was photographed at standardized 
light conditions using a self-constructed photo box and the 
program Pylon Viewer (× 64).

µCT measurement

The non-destructive µCT measurement enables the analy-
sis of the gas bubble distribution in dough and breads, as 
well as the determination of the dough density without 
gas. The 3D µCT measurement was performed of dough 
(without yeast) and breads, prepared with yeast using a port-
able CT system (CTportable 160.90) with the dimension 
(0.770 m × 0.375 m × 0.550 m (L × W × H). The resolution 
area was between 2 and 40 μm. Small portions of dough 
were taken carefully with a specifically manufactured cen-
trifuge tube, whereby shearing of the dough was tried to 

keep minimal. To analyze the breads, the end of the bread 
(15 mm) was removed. Afterwards, a 20 mm thick bread 
slice was cut. A piece of crumb was punched with a cylinder 
(Ø 30 mm), which was analyzed, after performing a white 
balance. Samples were analyzed at the Fraunhofer Institute 
for Integrated Circuits IIS using the method of Eggert [21].

Statistical analysis

Statistical analysis was performed using JMP Pro (Version 
JMP Pro 12.2., JMP Software, SAS Institute Inc., Cary, 
NC, USA). Significant differences were determined using 
Tukey’s pairwise comparison (confidence level of 95%) with 
ANOVA.

Results and discussion

Impact of mixing speed and time

Gas entrapment in dough

The impact of mixing speed and time on the gas entrapment 
in dough was analyzed to determine suitable mixing param-
eters prior varying the headspace atmosphere (HSA). The 
results of three different mixing durations (3 min, 5 min and 
8 min), as well as five mixing speeds (600 rpm, 1200 rpm, 
1800 rpm, 2400 rpm and 3000 rpm) are shown in Fig. 2.

A prolonged mixing duration from 3 to 8 min led to a 
significant decrease in gas volume fraction. Furthermore, 
the increase in mixing speed from 600 to 1200 rpm caused 
a significant reduction in gas volume fraction of the dough 
for all three mixing durations (3 min, 5 min and 8 min). 
This result was unexpected, since the authors anticipated 
a rise in gas volume fraction of the dough with increase in 
mixing speed, as noticed by the authors Gómez et al. [22]. 
The incomplete homogenization of the dough at such low 

Fig. 2  Impact of mixing speed on gas volume fraction of gluten-free 
dough at a mixing time of 3 (left), 5 (middle) or 8 (right) min, respec-
tively. Final dough temperature was set to 26 ± 1  °C. Mean ± std., 

n = 3. Different letters demonstrate significant differences in gas 
volume fraction of dough (p values < 0.05), identified by one-way 
ANOVA Tukey Test
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mixing speeds could explain the unexpected gas volume 
development, since massive sediments were visible on mix-
ing elements. These sediments could affect the density of 
the dough, provoking variations in the gas volume fraction. 
A further increase in mixing speed up to 2400 rpm resulted 
in a significant rise in a gas volume fraction of the dough of 
8.8%, 8.2% and 8.8% for a 3 min, 5 min and 8 min mixing 
process, respectively, in comparison to a mixing at 600 rpm. 
A final gas volume fraction (at 2400 rpm) of 12.0 ± 0.1%, 
11.3 ± 0.1% and 10.9 ± 0.2% was achieved for 3 min, 5 min 
and 8 min mixing, respectively. For all mixing durations, the 
measured gas volume was above the known rise in gas vol-
ume fraction for gluten-free (gf) yeast-free dough (4–8%), as 
summarized by Campbell and Mougeot [11]. Consequently, 
the used mixer and the recipe was suitable to produce low 
density gf dough and could used for further experiments 
with altered headspace atmosphere (HAS).

A further rise in mixing speed up to 3000 rpm resulted 
in a reduction in gas volume fraction of the dough (statisti-
cally significant for 3 min mixing). On the one hand, the 
high mixing speed—thus mixing forces—at 3000 rpm, could 
evoke the destruction of gas-stabilizing dough structures, 
which were built by a HPMC network and/ or swollen starch 
granules. This is already known from cake batters or gluten-
containing dough, where covalent bonds of gluten were frag-
mented at a high mixing speed [23]. On the other hand, high 
rotation speeds during mixing could cause an increase in 
dough temperature altering the gas cell stability. The nega-
tive effects on the gas volume fraction caused by a higher 
shear stress was also shown, when dough mixing dura-
tions are compared: the gas volume fraction of the dough 
decreased significantly by 9.5% with increase in mixing time 
from 3 to 8 min (at 600 rpm). This effect arises especially for 

higher mixing speeds (2400 rpm and 3000 rpm), which is in 
accordance to findings in cake batters [24]. Consequently, 
destroyed gas-stabilizing dough structure and altered tem-
peratures during mixing can affect the gas entrapment in 
gluten-free dough at higher mixing speeds. Profound stud-
ies using time domain (TD) NMR and scanning electron 
microscopy (SEM) would contributed to a detailed elucida-
tion of the cell structure and water distribution of gf cake 
batters and bread [25].

Baking performance based on varied mixing parameters

The final density of breads is determined by the mechanical 
gas entrapment during dough preparation, the gas produc-
tion by the chemical or biological leavening of dough and 
the bulk-dependent gas stabilization during dough prepara-
tion and thermal transition of the biopolymers during baking 
[26]. For a mixing time of 3 min, the mean specific bread 
volume varied between 2.01 ml/g (600 rpm) and 2.15 ml/g 
(2400 rpm) for mixing speed between 600 and 3000 rpm 
(not significant, p values < 0.05) (compare Fig. 3, top). In 
general, alterations of the crumb hardness are accompanied 
inversely proportional to the rise in specific volume and 
decrease with increase in specific volume [27]. Although 
no statistically significant rise in specific bread volume was 
noticed, a significant reduction in crumb hardness occurred 
from 636.4 ± 45.6 N (600 rpm, 3 min mixing duration) to 
397.2 ± 13.1 N (3000 rpm, 3 min mixing duration) (Fig. 3, 
bottom). Thus, a low mixing duration in combination with 
a high rotation speed caused the development of softer and 
more elastic crumbs. Since no significant alterations of the 
specific loaf volume occurred, the reduced crumb hardness 
can be lead back to a modified dough structure formation 

Fig. 3  Impact of mixing speed on the specific gluten-free bread vol-
ume and crumb hardness at a mixing time of 3 (left) or 8 (right) min, 
respectively. Mean ± std., n = 3. Different letters demonstrate signifi-

cant differences in specific bread volume or crumb hardness (p val-
ues < 0.05), identified by one-way ANOVA Tukey Test
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during mixing, and consequently, crumb structure formation 
during baking, evoking desired quality characteristics for 
gluten-free and gluten-containing breads.

For a mixing duration of 8 min, however, no statistically 
significant (p values < 0.05) alterations of the specific bread 
volume (Fig. 3, top) and crumb hardness (Fig. 3, bottom) 
were noticed within the mixing speed of 600–3000 rpm. 
The specific bread volume ranged between 2.07 ± 0.05 ml/g 
(600 rpm) and 1.94 ± 0.05 ml/g (3000 rpm). A tendency to 
decrease with increase in mixing speed was also noticed by 
Gómez et al. [22] for the specific loaf volume of gf bread 
(hydration level 110%). Tan et al. [28] noted a steadily 
increase in crumb hardness with increase in mixing speed 
for cake batters, which is in accordance to our results, and an 
optimum for a mediate mixing time of 9 min. However, due 
to differences in the batter formulation and mixing geom-
etry, results of Gómez et al. [22] and Tan et al. [28] are not 
directly transferable to our study.

Despite the possibility to improve the specific volume of 
gf breads by altering the mixing time and speed, the specific 
volume of gf breads was still lower in comparison to gluten-
containing wheat bread (3.3–3.7 ml/g) [29]. Thus, further 
changes in process parameters were necessary to improve 
the quality (especially the specific volume) of gluten-free 
bread.

Beside the specific bread volume and the crumb hardness, 
the pore size and pore distribution are important quality 
parameters for gluten-free dough, whereby a uniform dis-
tribution of pores is preferred. Crumb pores got finer (with 

sporadic bigger pores) for a 3 min mixing, when the mixing 
speed was increased from 600 to 1200 rpm (Fig. 4). This was 
in accordance with the results of the gas volume fraction in 
dough, where a decrease in gas volume was noticed with the 
rise in mixing speed from 600 to 1200 rpm. The further rise 
in mixing speed up to 2400 rpm caused the formation of uni-
form, bigger pores. Thus, the higher mixing speed enabled a 
homogeneous pore size distribution. Furthermore, the bigger 
pores led to a lowered crumb hardness at high mixing speeds 
of 2400 and 3000 rpm. The combination of a high mixing 
speed and mixing time (8 min) resulted in the formation of 
very small pores, most likely since the increase in mixing 
time caused the dispersion of gas bubbles in the dough. Con-
sequently, the partial pressure of each gas bubble increased, 
impeding the presence of  CO2 (produced in yeast-leavened 
dough) in the gas state. In addition, the higher shear stress 
could destroy a gas-stabilizing network in dough causing an 
impaired gas stabilization in dough, as mentioned before.

Despite good results for the specific bread volume at a 
mixing time of 3 min, the authors decided not to use this low 
mixing duration for further experiments. A homogeneous 
distribution of components could not be ensured during mix-
ing and massive sediments were visible on mixing elements. 
The same applied for low mixing speeds of 600 rpm and 
1200 rpm, which were also excluded for further experiments. 
Experiments at varying headspace atmospheres (two-phase 
mixing) were, therefore, performed at 3000 rpm.

Although the adaption of mixing parameters, as speed and 
duration, could improve the gas volume fraction in dough, 

Fig. 4  Distribution of pores in gluten-free crumb at mixing speeds of 600, 1200, 1800, 2400, 3000  rpm and mixing durations of 3 (up) or 8 
(down) min, respectively



2339European Food Research and Technology (2021) 247:2333–2343 

1 3

these parameters were not adequate to achieve a satisfying 
specific bread volume, comparable with gluten-containing 
wheat bread. Thus, further focus was on the impact of the 
headspace atmosphere and their effects on the gas volume 
fraction in dough and the specific bread volume.

Impact of headspace atmosphere pressure 
during mixing—1 phase mixing

The effects of a pressure increase or pressure decline in the 
headspace atmosphere (HSA) during mixing was analyzed 
in the following chapter (results are displayed in Fig. 5). All 
pressure values are described as relative pressure in com-
parison to the atmospheric pressure, which is the normal 
pressure during mixing. Thus, the relative pressure is the 
difference between the pressure, which was present dur-
ing mixing, and the atmospheric pressure (prel 0 kPa), with 
an overpressure of prel > 0 kPa and a negative pressure of 
prel < 0 kPa.

The mixing speed showed only little effects (no signifi-
cant effects between mixing speed 2400 rpm and 3000 rpm) 
on the gas volume fraction of gluten-free dough, in com-
parison to pressure changes in the HAS: the pressure rise 
of 50 kPa (prel 50 kPa), 100 kPa (prel 100 kPa) or 130 kPa 
(prel 130 kPa) enabled a significant, relative increase in 
gas volume fraction of 52%, 100% or 120% (at 2400 rpm), 
respectively. As a result, the specific volume increased by 
9%, leading to a reduction of crumb hardness by 45% (at 
prel 130 kPa, 2400 rpm). This behavior was also demon-
strated for a mixing speed of 600 rpm and 3000 rpm. Oth-
erwise, the reduction of pressure (prel < 0 kPa) in compari-
son to a mixing process at atmospheric pressure caused a 
degassing of the dough (significant reduction in gas volume 
fraction) and consequently a lowering of the specific bread 
volume and the rise in crumb hardness. Thus, overpressure 
or negative pressure modifies the gas entrapment in dough 

and additionally the dough rheology resulting in a modified 
crumb characteristic [14].

The µ-CT-analysis confirmed these findings of the gas 
volume fraction measurement and the analysis of the bread 
crumb (Fig. 6): with the increase in overpressure the volume 
of gas bubbles in dough increased, whereby the increase in 
gas fraction in dough could be transferred over the whole 
process into the crumb structure. The expansion of gas 
bubbles caused the formation of a finer lamellar structure, 
which, in turn, possibly stabilized the gas bubbles.

Figure 7 clarifies the relation of the pressure of the HSA 
(prel − 80 to prel 130 kPa), the dough density and its impact 
on the specific volume of gluten-free breads:

– The dough density increased with decrease in pressure 
from prel + 130 kPa → prel − 80 kPa.

– The bread volume decreased with increase in dough den-
sity.

To achieve highly inflated gluten-free breads, the mixing 
pressure should be kept high (to prevent a degassing of the 
dough) and to increase the volume of the product.

Impact of headspace atmosphere pressure 
variations during mixing—2 phase mixing

Based on the significant impact of the pressure of the 
headspace atmosphere (HSA) on the dough density and 
bread quality from the previous chapter, the effects of a 
two-phase mixing process, including a overpressure and 
negative pressure mixing step, were analyzed. The aim 
of the two-phase mixing process was to increase the gas 
entrapment in the dough during the first phase of mixing 
(overpressure) and to stretch the gas bubbles by applying 
negative pressure in the second mixing phase, so that they 
can easily be dispersed by the shear forces during mixing 

Fig. 5  Impact of mixing speed and headspace atmosphere pressure 
(relative pressure compared to atmospheric pressure) for a 8 min mix-
ing process on gas volume fraction (left), specific bread volume (mid-
dle) and crumb hardness (right) (  prel − 80 kPa,   prel − 50 kPa, 

  prel -20  kPa,  prel 0  kPa,  prel 50  kPa,  prel 100  kPa, 
and  prel 130 kPa). Mean ± std., n = 3. Different letters demonstrate 
significant differences in gas volume fraction (p values < 0.05), identi-
fied by one-way ANOVA Tukey Test
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[30]. Consequently, finer gas bubbles should be present in 
the dough, which can expand during thermal processing 
and grow through biological gas entrapment by yeast cells. 
The 8 min mixing process was divided into a 1st phase 
(overpressure)/2nd phase (negative pressure) mixing at 
different durations: 20/80 (384 s/96 s), 50/50 (240 s/240 s) 
and 80/20 (96 s/384 s) at a mixing speed of 3000 rpm for 
both phases and a overpressure of prel 130 kPa at the 1st 
phase.

The results of this experiment showed a gas entrapment 
after the first mixing phase (prel 130 kPa) of 20%, however, 
the application of a negative pressure afterwards led to a 
degassing of the dough. This effect was heightened, when 
a negative pressure of − 80 kPa was used or the duration of 
the second phase was extended from 80/20 to 20/80 (Fig. 8). 
This is in accordance with findings of Sadot et al. [30], who 
noticed a dependency of the gas volume fraction exclusively 
with the final pressure of the mixing process.

Despite the partial degassing of the dough (left part of 
Fig. 8), an extended second mixing phase (20/80) at differ-
ent negative pressure levels (prel − 20 kPa to prel − 80 kPa) 
showed no negative effects on the specific volume of breads 
(middle) or a negative effect on the crumb hardness (right) in 
comparison to an equal first or second mixing phase (50/50) 
or elongated second mixing phase (80/20) (no significant 
differences between an elongated long first or second mixing 
phase, respectively). The poor correlation between dough 
stability and bread volume was already noticed by Correa, 
Pérez, and Ferrero on pectin supplemented dough and breads 
[31]. The longer first overpressure phase (80/20) does possi-
bly slightly increase the dough temperature and consequently 
reduce the dough viscosity, so that the higher gas entrapment 
in the dough fraction during mixing cannot be transferred 
into the sponge matrix of the gluten-free bread [32]. In addi-
tion, the authors presume that just a partial degassing of gas 
bubbles occur during the second phase at elongated negative 
pressure, so that gas alveoli remained in the dough, which 
can expand by biological leavening processes and ther-
mal steps, contributing to the final crumb structure [33]. 

Fig. 6  µ-CT-analysis of gluten-free dough and crumbs prepared at overpressure of headspace atmosphere at prel 50 kPa, prel 100 kPa and prel 
130 kPa (3000 rpm, 8 min). Detected gas bubbles are shown in red

Fig. 7  Significant (p < 0.05) linear dependency between the specific 
bread volume and the gluten-free dough density after mixing with 
different headspace atmosphere pressures (prel − 80 to prel 130 kPa) at 
3000 rpm for 8 min. R2 = 0.876
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Both mechanisms would minimize the effects between an 
elongated first (overpressure) mixing phase (80/20) and an 
elongated second (negative pressure) mixing phase (20/80). 
Thus, ratio of the duration of first to second mixing phase 
showed only limited effects.

However, the pressure of the second mixing phase was 
highly relevant: negative pressure during mixing should be 
avoided since higher bread volumes were gained without 
the application of negative pressure. Already the decrease 
in pressure from prel − 20 kPa to prel − 80 kPa caused a 
reduction in gas volume fraction in dough (for instance 
from 9.2 ± 0.3% to 3.8 ± 0.4% (20/80 first to second mixing 
phase)). The comparison with the one phase mixing continu-
ously at prel 130 kPa demonstrated the enormous (negative) 
effects of the application of a negative pressure in the second 
mixing phase: the gas volume fraction in dough decreased 
from 23 to 1%, the specific bread volume decreased from 2.2 
to 1.6 ml/g and the crumb hardness increased from 4.2 to 
7.8 N, when mixing at overpressure (prel 130 kPa) was par-
tially substituted by negative pressure of prel − 80 kPa (80/20 
ratio) (compare Fig. 8 and Fig. 5).

The image analysis demonstrated the effects of the ratio 
of first to second mixing phase on the pore structure of the 
crumbs. Especially an extended first mixing phase (80/20) 
resulted in the formation of a very fine crumb structure 
containing small, homogenous distributed pores, whereby 
a short first mixing phase (20/80) caused the formation of 
bigger pores, which, however, were still homogenous dis-
tributed (Fig. 9). These results were unexpected, since it is 
known from the one phase ‘Chorleywood bread process’ 
that mixing below atmospheric pressure gives a fine pore 
structure and mixing above atmospheric pressure leads to 
an open cell structure [34]. Thus, the authors expected a 

finer pore structure with extended second (negative pressure) 
mixing phase. Since the data were achieved for only apply-
ing overpressure OR negative pressure from the ‘Chorley-
wood bread process’, they are not directly transferable to a 
two-phase mixing process. In addition, ‘Chorleywood bread 
process’ was developed and adapted for gluten-containing 
dough matrices, containing a gluten network to stabilize gas 
at negative pressure mixing of dough. This network is miss-
ing for gf dough, leading to an easier degassing of dough 
at negative pressure during mixing, why negative pressure 
come along with a lower specific bread volume. Further-
more, variations in the headspace atmosphere pressure 
reveal in gluten-containing matrices a physical (inflation/
deflation) AND a chemical (supported/impeded oxidation 
of thiol groups) effect, whereas only physical effects are 
mainly present in gluten-free dough. Nonetheless, if the 
crumb structure is the principle focus, negative pressure 
of the headspace atmosphere can be used to create desired 
finer crumb structures of gluten-free breads at lower specific 
bread volumes.

Further research is indispensable to elucidate gas bubble 
stabilization and crumb structure formation in a two-phase 
mixing process and a subsequent thermal processing step, 
to highlight differences between exclusively overpressure/
negative pressure and a combination of pressure steps dur-
ing mixing.

Conclusions

The understanding of processing technologies and 
mechanical methods to entrap gas into gluten-free matri-
ces is elementary to improve the bread volume and pore 

Fig. 8  Impact of mixing time in 2 phase mixing (1st phase/2nd phase: 
20/80, 50/50, 80/20 time, based on a 8 min mixing process) and rela-
tive negative mixing pressure in second mixing phase of − 20  kPa, 
− 50 kPa and − 80 kPa on gas volume fraction, spec. bread volume 
and crumb hardness at a mixing speed of 3000 rpm for both phases 
and a overpressure during 1st mixing of prel 130  kPa and varied 

negative pressure levels in the 2nd mixing phase: prel− 80  kPa, 
prel − 50  kPa and prel − 20  kPa. Mean ± std., n = 3. Different let-

ters demonstrate significant differences in gas volume fraction, spec. 
bread volume or crumb hardness (p values < 0.05), identified by one-
way ANOVA Tukey Test
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size distribution of gluten-free (baked) products. This 
study demonstrated that capturing gas into a gluten-free 
dough matrix can be enhanced by an excess pressure (com-
pressed air) in the headspace atmosphere during mixing in 
a Stephans mixer, then the adaption of mixing parameters, 
as mixing speed or duration. Thereby, the gas volume frac-
tion of the dough showed a significant relation to the spe-
cific volume of the gluten-free breads (R2 = 0.876), result-
ing in the reduction of the crumb hardness. The application 
of negative pressure in the headspace atmosphere during 
mixing was an adequate tool to create a finer pore size 
distribution (finer/bigger pores) in gluten-free (gf) crumbs, 
but simultaneously lower specific bread volume caused 
the degassing of gf dough. Further studies are necessary 
to assign alterations in the crumb structure to rheological 
changes of the dough and to evaluate the impact of the 
gas composition of the headspace atmosphere on the gas 
entrapping in dough and breads. The current results show 
the extensive potential of the quality control and improve-
ment of gluten-free products without the addition of food 
additives using a modified headspace atmosphere during 
mixing.

Supplementary Information The online version contains supplemen-
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