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Abstract: An ultrasonic wave mode-based method for density measurement in highly foamed batters
was developed. Therefore, a non-contact ultrasonic sensor system was designed to generate signals
for batch-wise processes. An ultrasonic sensor, containing a piezoelectric ceramic at the fundamental
longitudinal frequency of 2 MHz, was used to take impedance measurements in pulse-echo mode. The
ultrasonic signals were processed and analysed wave-mode wise, using a feature-driven approach.
The measurements were carried out for different mixing times within a container, with the attached
ultrasonic sensor. Within the biscuit batter, the change to the ultrasonic signals caused by density
changes during the batter-mixing process was monitored (R? = 0.96). The density range detected
by the sensor ranges between 500 g/L and 1000 g/L. The ultrasonic sensor system developed also
shows a reasonable level of accuracy for the measurements of biscuit batter variations (R? > 0.94).
The main benefit of this novel technique, which comprises multiple wave modes for signal features
and combines these features with the relevant process parameters, leads to a more robust system as
regards to multiple interference factors.

Keywords: ultrasonic measurement; density measurement; batter structure; aerated batter; continuous

process; mode conversion

1. Introduction

The quality of baked products depends on many factors. To ensure consistently high
quality, the production process must be capable of adapting to the fluctuating qualities of
the raw materials [1]. Even the short-term storage of flour causes changes to its baking
characteristics [2]. Quality-related attributes, such as the specific volume of cake or the
porous structure of crumbs, depend on both the cake batter recipe and the general baking
conditions [3-5].

For highly foamed baked goods, such as biscuits, the air content in the batter affects
the texture and quality of the final product significantly. The structure of the final product,
however, depends heavily on the process used to mix the cake batter, whereby this consti-
tutes one of the major processes in any bakery system. During mixing, air is introduced
during a liquid phase, which consists of egg, sugar, wheat flour and other ingredients, to
form the batter. As there is no additional raising agent, the final structure of sponge-cake
depends on the air trapped within the continuous phase [6,7] and is, therefore, related to its
density [8]. During mixing, the density changes from 1000 g/L (poorly aerated) to under
600 g/L (highly aerated). The mixing time thus depends on the density. This is because
of the amount of air bubbles introduced into the batter during the process increases and,
ultimately, ends up affecting the cake volume. Therefore, the density of the batter must be
measured [9]. To monitor critical process steps such as mixing, real-time data are required:
such data afford a deeper insight into the current state of the process. Thus, online sensors,
which are able to take measurements directly within the process as well as inline sensors
measuring bypass or required samples, are suitable for this purpose [10].
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Within the food industry, there is a high interest in online systems measuring the
density and the textural properties of food products. Currently, the usual procedure for
density measurement uses a gravimetric offline measurement of the batter. It does this
by analysing samples of fixed volumes. Because of this analogue, time-consuming step,
there is a need to develop a non-invasive, online method for determining the density in
baking processes.

Another common method used to study the mixing process is based on measuring
work input and torque, using a strain gauge. The mixing process is stopped at a prede-
fined total energy input, which is calculated beforehand by integrating the power over
time [11,12]. Using this method, however, only non-specific physical modifications can be
analysed, while the method itself depends heavily on the type of vessel and the mixture
employed. Other direct rheological measurements were performed for different dough
systems, such as yeasted bread doughs [13], sour doughs and cake batters. The mixing
process can also be investigated by means of X-ray CT (computed tomography) measure-
ments. The detection of bubble size and oxygen dispersion within a dough mix has already
been shown [14]. This method has a high level of accuracy but is not suitable for inline
measurement, due to the complex evaluation process it necessitates.

Ultrasonic-based sensors are perfectly suited to measurement systems operated during
food processing, due to their hygienic, non-invasive and non-destructive behaviour [15-17].
The use of ultrasonic-based measurements for solid dough compounds is already well-
established [18]. It is already possible to measure wheat quality [19] and the precise
composition of wheat-flour-water doughs [20] using ultrasonic methods. The influence of
the properties of bread dough during mixing [20-22] and fermentation [23,24] as detected
by ultrasonic signals has been shown. Recently, it was also shown that it is possible to
monitor the mixing process for liquid model systems using ultrasound [25]. It is even
possible to detect air bubbles in dough with ultrasonic methods [26,27]. The impact of air
within a more liquid-like product seems to be more challenging, however. There are only
a few reports of ultrasonic-based investigations of batters [28]. Because of the higher air
content in batters compared to dough systems, ultrasonic signals are dampened almost
completely within the medium and are therefore not suitable for transmission. Hence, only
ultrasonic measurement methods that do not depend on acoustic transparency can be used.

Ultrasonic waves for measurement systems are generated mostly by piezo-ceramic
transducers, which convert electrical energy into mechanical energy and vice versa. The
measurement method can be divided up into three basic components: reflection, transmis-
sion and emission.

Reflection measurements, using either one (pulse-echo mode) or multiple transducers
(pitch-catch mode), send and receive the reflected wave at a given interface. Transmission
measurements are realized with a sending and receiving transducer, where the ultrasonic
signal is transmitted through the material, whereas for emission measurements, the sound
signals recorded are emitted by the process itself. Ultrasonic waves for measurement
applications are mostly low power and high frequency, in order to prevent changes to the
media they are transmitted through [15]. In the reflection mode, impedance, as measured
at the surface of the batter [9], correlates with density.

Other studies have also shown the feasibility of ultrasonic techniques for density
measurement in batter [9,29-31] but only for poorly aerated batters (~1000 g/L). For highly
aerated batters, however, the high reflection and distortion rates of ultrasonic waves in
gas bubbles do not allow transmission measurements. Therefore, only reflected, scattered
waves can be used for analysis purposes. Furthermore, the ultrasonic waves can be influ-
enced by reflection and scattering at each interface used. The resulting ultrasonic signals
interact at all of the interfaces individually and are then subjected to mode conversion [32].
Mode conversion occurs when an ultrasonic wave faces an interface between materials
of different impedances and the incident angle to the interface is abnormal. Some of the
sound energy introduced is therefore reflected at the interface between the buffer rod and
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the surface of the batter, due to the acoustic impedance. The acoustic impedance Z can be
described with Formula (1).

p
Z = e oc @)
p: sound pressure, p: sound particle velocity, p: density, c¢: ultrasonic velocity,
Z: impedance.
Due to the different impedances of the two different media (buffer rod—batter),
reflections occur at their mutual interface. The reflection coefficient R can be described with
Formula (2).

R=Pi_L=h @)
pe Zo+Zy

Z1: acoustic impedance of medium 1, Z,: acoustic impedance of medium 2, p,: emitted
sound energy, p;: detected sound energy, R: reflection coefficient.

The ratio between the emitted sound energy p. and detected sound energy p4 depends
on the acoustic properties of both interfaces, as represented by the acoustic impedance
Z1 of the medium M; and Z; of the medium M. Due to the differing impedances of the
phases (solid /liquid /air), a mode conversion also occurs between longitudinal, shear and
surface—acoustic waves [33,34]. At the changing interfaces between the batter structure
and the air bubbles within the batter, the original ultrasonic waves scatter and meet the
air bubbles at different angles. Due to the characteristic of batter being a non-Newtonian
fluid (i.e., neither solid nor liquid), the ultrasonic waves are also mode converted within
the batter (longitudinal to shear waves) [35].

As regards the interpretation of ultrasonic signals, the use of special analytical strate-
gies plays a decisive role. There are two main kinds of approaches to predicting the
desired process parameters by means of ultrasonic signal data: model-based approaches
and machine-learning approaches.

Model-based approaches rely on expert knowledge of the processes and the underlying
physical relations. Gaining expert knowledge of the whole system is a very complicated
undertaking, while, ultimately, due to their inherent complexity, both the process and the
production elements here are affected by a large number of factors [36].

On the other hand, the machine-learning approaches do not require expert knowledge
but rather, a considerable amount of sensor data, in order to create a decent model. For
modelling complex processes, using only expert knowledge-based approaches is very
difficult and, therefore, not possible for many process steps. The downside of the machine-
learning approach using deep learning algorithms is that a large amount of data is required
in order to come up with a proper prediction. The ultrasonic features of the approach
used in this study are based on the physical behaviour of the biscuit masses. Thus, expert
knowledge can be integrated into the machine-learning approach via ultrasonic features.

This work shows an ultrasonic-based, non-invasive low-cost method for determining
the density of highly aerated batter during a batch process. The method therefore uses a
feature analysis, which is based on impedance measurement regarding mode conversion,
to correlate ultrasonic signals with batter density. This also applies to different recipes
(e.g., standard, gluten free).

2. Materials and Methods
2.1. Materials

Wheat flour (Type 550) was supplied by Rosenmehl, Rosenmiihle GmbH (Ergolding,
Germany). Pasteurized whole egg, white sugar and wheat starch were purchased from
the local market. The emulsifier (Colco) was supplied by Aromatic (Aromatic Marketing
GmbH—Berlin, Germany).

2.2. Batter Formulation

A standard procedure based on industrial production was used for the batter for-
mulation. A set of four batters was prepared with different sugar, flour, wheat starch
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and emulator contents (see Table 1). The standard mixture was varied (with/without
starch/emulsifier) in order to obtain both different batter properties (standard and gluten
free) and thermally fixed cakes with varied physical characteristics as a result of varying
aeration. All of the ingredients, which were tempered to room temperature, were pre-mixed
at a low speed for 120 s. The foaming process was started afterwards by high-speed mixing
for various durations, using a KitchenAid Professional mixer 5KPMS5 (KitchenAid, Benton
Harbor, MI, USA). The temperature measured after the completion of the foaming process
was 22 £2°C.

Table 1. The composition of the different sponge cake batter variants.

Ingredient Consumption g/5 kg

Ingredient

Standard I Standard II Gluten-FreeI  Gluten-Free II
Whole egg 1417 1417 1417 1417
Wheat flour (Type 550) 750 750 0 0
Wheat starch 925 975 1675 1725
White sugar 1858 1858 1858 1858
Emulsifier 50 0 50 0

2.3. Density Measurement

The batter was characterized after the completion of the foaming process. The mea-
surements were performed at a weight of 1 L (CSM Deutschland GmbH, Bingen, Germany),
with 100 cm? at a temperature of 22 + 2 °C. The cup was filled with batter and levelled.
The weight was determined using a laboratory balance (Kern, accuracy to 0.5 mg). To
determine the density, the average of three samples was taken and calculated, using the
ratio of the mass of batter and the volume of the litre weight. The density can be described
using Formula (3).

_ Miiter weight-+batter — Mliter weight "
100 cm3

Miiter weight: Mass of empty litre weight [g]; Miitre weight+ batter filled litre weight with
batter [g]; p: density of batter [g/L]

10 3)

2.4. Ultrasonic Measurement System

The ultrasonic-based measuring system developed consists of a microcontroller for
signal generation, as well as a signal recording element. The data obtained from the
ultrasonic transducer was stored and evaluated, using Virtual Expert 4.0 software (Gimbio
GmbH, Freising, Germany). The self-developed round-shaped ultrasonic transducers with
a diameter of 12 mm, which are based on a piezoceramic (PIC 255, PI Ceramic GmbH,
Lederhose, Germany), used a median frequency of 2 MHz and were encapsulated in
resin and tungsten-based backing material. This was to avoid ringing and to guarantee
an adequate signal resolution. The piezo transducer was excited by a rectangular 100 V
excitation of 250 ns, with three consecutive pulses, in order to obtain stable signals.

Because of the heavily whipped batters, it was difficult to obtain the transmission
measurements. Therefore, the measurement principle was based on the pulse—echo method.
Thus, with the pulse-echo measurement method used, the exiting transducer and the
receiving transducer were the same. Directly after sending the electrical impulse to the
transducer, the set-up switched from send to record. The ultrasonic signals returning were
recorded for 60 ps. To avoid the product contact and to guarantee measurements in the far
field, the ultrasonic signals were introduced into the medium by an ultrasonic transducer
via a polymethyl methacrylate (PMMA) buffer rod (see Figure 1A). Because the pressure
wave originated from several points along the piezo transducer disc, the waves interfered
in the region directly in front of the sensor (near field). Therefore, the pressure field was
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not constant up to a certain distance (far field). The natural focus (transition between the
near field and far field) can be calculated using Formula (4) [37].

D> A

N~ 5=

)

N: natural focus length (mm), D: ultrasonic transducer diameter (mm), A: sensor area
(mm?), A: wavelength of ultrasonic wave propagation in the medium (mm).

Measuring volume ' :

Buffer Rod -~ ,

2 MHz Sensor

Buffer Rod Biscuit batter

Figure 1. Schematic representation of the ultrasonic-based measuring system. (A) The ultrasonic
waves are propagating through the buffer rod and are reflected at the surface between buffer-
rod /batter and batter/bubbles. (B) Sectional view of the measurement set-up.

The wavelength can be calculated using Formula (5) [37].

A 7 ®)

c: wave velocity of ultrasonic wave propagation in the medium (m/s), f: ultrasonic
frequency (Hz).

For PMMA at room temperature, the ultrasonic wave velocity for 2 MHz is approxi-
mately 2740 m/s [38]. The far field calculated for a 12 mm piezo disc sensor for PMMA
was thus 26.28 mm. The buffer rod therefore had a length of 30 mm, in order to ensure
a measurement in the ultrasonic far-field. The 2 MHz ultrasonic sensor was attached at
the bottom of the measurement chamber, which could be filled easily from above (see
Figure 1B).

The acoustic properties of batter are subject to change. This is due to batter whipping
whenever air is introduced and to the consequent effect on the reflection coefficient R (see
Formula (2)). The signal energy, which penetrates the batter, is reflected and scattered
at gas bubbles and other surfaces of the batter, as well as mode converted. Therefore,
considering the reflection coefficient alone is not enough to determine the density of highly
aerated batters.

2.5. Signal Pre-Processing

To eliminate noise interference, e.g., due to pumps or motors, the ultrasonic signals
were analysed and filtered by an 8th order Butterworth band pass filter with band threshes
at 1.75 and 2.25 MHz (see Figure 2A,B). The signals were collected using Virtual Expert 4.0
software at a sampling rate of 50 MHz for 60 us. For analysis, the signal-processing toolbox
within MATLAB (Version 2018a) was used. Due to the pulse-echo measurement, the signal
could be divided into four sections in the time domain (see Figure 2B):
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Sensor ringing (0-10 ps)

Echo of impedance signal (PMMA /batter) (10-30 us)

First echo of reflections and scattering effects in batter (30-50 ps)
Second echo of reflections and scattering effects in batter (50-60 ps)
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Figure 2. Schematic representation of the ultrasonic signal for evaluation by means of feature analysis.
(A) Ultrasonic raw signal, (B) filtered ultrasonic signal divided into the features areas, (C) rank of
importance of the features and selection of highest importance weighting features (above red line).

The sensor ringing in the first section was independent from the actual measurement
and thus was not considered. The remaining time sections (Sections 1-3) were analysed
subsequently via ultrasonic features. Since frequency shifts can occur in ultrasonic-based
mode conversion, as well as with scattering and reflection, the ultrasonic signal was also
analysed in the frequency domain. Therefore, the signal was converted by means of a
discrete Fourier transformation [39] (Formula (6)).

- N-—1 2711 in o
Xk—znzoxe ,k=0,..., N—1 6)

The Fourier transformation was calculated for the combined sections of the time

domain signal and used subsequently for the frequency domain features.

2.6. Ultrasonic Feature Creation

Suitable signal parameters describing the density change were generated from the pre-
processed signal data. Physically related parameters, such as acoustic impedance or signal
energy, as well as non-specific parameters from the time and frequency domains, were
considered to predict the density changes. Because of the major temperature dependencies
of ultrasonic propagation, the process temperature was monitored and included in the
analysis. The stirring time as a physically based variable was also included as a feature.
The following features were adapted from the field “speech, music and environmental
sounds” [40] and used for the analysis.

2.6.1. Time Domain Features

MaxAmp shows the highest amplitude value of the signal (Formula (7)).
maxAmp:
maxAmp = max(|x(n)|) (7)
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The temporal crest factor (tcf) describes the ratio between the maximum amplitude
and the average amplitude and represents the singularity of the signal (Formula (8)).
tcf (Temporal crest factor):
max(|x(n)|)
N Ensalx(n)]
Temporal centroid is the time at which half the energy of the signal is reached. It is not
necessary for this time to be at the zero point (Formula (9)).
tempCentroid:

tef = ®)

N 2
¢ - Bl BT ©)
2;1:1 (X (1’1) )
Temporal energy shows the energy of the whole signal, described by the area under
the signal curve by summing up the absolute values of the signal (Formula (10)).
tempEnergy:

N
tE = Zl(x(n»2 (10)

Temporal skewness is a measure of the asymmetry of signal amplitudes, based on the
normal distribution (Formula (11)).

tempSkew:
N
- —c)3 ]
" ngl (7’1 Ct) aiqlx(n)]
r2
— 2, [x(n)] (11)
tsp = - 0]
=k GO e
Ts_ts;;lg/Z

Temporal smoothness shows the variation of the signal amplitude related to the direct
neighbours of a signal point (Formula (12)).
tempSmooth:

tmpSm _ ZO-Nil 10g|x(n)\ . log\x(nfl)\+log|93c(n)\+log\x(n+l)\ (12)
n=2

The zero crossing rate is the number of points at which the amplitude crosses the zero
point (Formula (13)).
zeroCrossing:

zCros = 54 g‘, |sign(x(n)) — sign(x(n —1))|
n=2

s;gn =1x(n) >0 (13)
sign = 0;x(n) =0
sigh = —1;x(n) <0

2.6.2. Spectral Domain Features

Spectral attenuation shows the energy of the entire frequency spectrum, as described
by the area under the spectrum curve by summing the values of the signals and the
subsequent logarithmic conversion (Formula (14)).

attenuation:

att = 10-10g102::1 | X (m)[? (14)

The bandwidth shows the bandwidth around the main frequency that is above a
certain threshold value (Formula (15)).
bandwidth:

bw=Af=for—f1 (15)
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The spectral centroid is the frequency at which half the energy of the signal is reached
(Formula (16)).

centroid:

_ Dacano(x(m)” 6)
Lol (x(n))®

The spectral crest factor describes the ratio between the maximum frequency and the
average frequency and represents the singularity of the frequencies (Formula (17)).

crestFactor:

e max(x(m)
TS =TTV x(m) (17

The spectral energy shows the energy of the whole frequencies, as described by the
area under the frequency curve by summing up the values of the Fourier-transformed
signal (Formula (18)).

energy:

Energy = Zrll\lzl(x(n))2 (18)

The spectral entropy shows the total loss of frequency energy and calculates the loss
by summing the energy of the frequencies point by point (Formula (19)).

entropy:
§ Entropy = — 3" ('x("” )21 ('x( l )2 (19)
P B\ T )] ) T\ 2 )]

The spectral kurtosis is a measure of the flatness (slope) and the singular variation of
the frequency spectrum around the frequency maximum (Formula (20)).

kurtosis:
2
YN (m—Cp* (%) < 3 flatter distribution
Kurt = mel = 3 normal distribution (20)
> 3 peaker distribution

22
N o2 Jxm)
L=y (m = Ci) <Z%1|x<m>>

The rollOff shows the frequency at which 90% of the energy of the frequencies has
already been received (Formula (21)).

rollOff:
. 1024
rollOff =Y " |X(m)| =09-Y_ ™ |X(m (21)
The spectral skewness is a measure of the asymmetry of the frequency pattern, based

on the normal distribution (Formula (22)).
Skewness (T5):

N B Jx(n)]
my = B (=G e n
_ 2 2 [x(n) (22)
tsp= L (0= C)" e L
Ts = ts;’f/z

The spectral slope shows the decrease in the frequency energy over the frequencies by
linear regression (Formula (23)).
slope:

N-Lppy (| X(m) ) =Yy 1Ly | X ()|

N X ) (2N = ()

The spectral smoothness shows the variation of the frequency power with respect to
the direct neighbours of the main frequency (Formula (24)).

(23)

Slope =
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smooth:

N-1
smt = 20- log|x(n)]
n=2

_ log|x(n — 1)| + log|x(n)| +log|x(n +1)]
3

(24)

The spectral spread shows the variance of the main frequency energy around the mean
value of the total frequency energy (Formula (25)).

spread:
N
= —Cs Z.M 25
= b G e ) =)

The spectral summFS shows the energy of a frequency band defined by two bound-
aries, described by the area under the signal curve by summing its values (Formula (26)).

summFS:
summFs = Z:fj:l(x(n))2 (26)

2.7. Feature Selection and Regression Method

In a first step, all ultrasonic features presented previously were generated for each
ultrasonic signal (see Figure 2A). To enhance the informative value of each signal, the
features were taken for different time-areas (impedance, Echo I, Echo II). The time-areas
therefore can be divided into echo parts and an impedance part (see Figure 2B). The spectral
features were computed for the whole ultrasonic signal. Additionally, the stirring time and
the temperature measured were used as features too. To avoid overfitting, the importance
ranking of the predictors was applied using the nearest-neighbour method [41] based on
the ten nearest neighbours. For further analysis, only the ten features (above the red line)
with the highest importance weighting were kept (see Figure 2C).

To regress the features generated to the density of the batter, a Gaussian process
regression (GPR) was performed [42]. The Gaussian process regression is a non-parametric
kernel-based probabilistic model, which permits modelling data with varying multiple
scales. The rational GPR model used can be described with Formula (27).

k(xi,xj|0) = (TJ% (1 + 2;;)
where : (27)

r=y/(i-x)" (- x)

6: maximum of posteriori estimates, 0y: signal standard deviation, o: non-negative
parameter of the covariance.

To select and train the GPR model, 70% of the measured data were used; 30% of the
data were used for validation.

3. Results and Discussion
3.1. Density Measurement for Standard Batter without Variation

A first experiment was performed, in order to test the ultrasonic sensor with differently
aerated standard biscuit batter. All tests were performed in three-fold determination. The
time profile of density, as a function of whipping time for standard biscuit batter (see
Table 1), is shown in Figure 3A. During mixing at high speed, the density of the standard
batter drops quickly and remains steady after about 100 s. Longer aeration (more than
180 s) showed a negligible change on the extended aeration and density loss. Due to
the foam-stabilizing effect of emulsifiers, only the foam structure changes [43] after 180 s
of whipping time, whereas the density remains constant. The changes in the ultrasonic
signal between 0 s and 180 s is shown in Figure 3B. The signal deflection in the signal
from the ultrasonic sensor in the range between 0 and 10 ps is due to ringing of the
sensor; and it is, therefore, it is not conducive to the measurement of material properties.
Changes in the signal can mainly be detected because of the impedance signal (reflection



Foods 2023, 12, 1927

10 of 15

PMMA /batter, 10-30 ps), although barely for the first echo (30-50 us). The second echo
(>50 ps) can only be detected with poorly aerated batters. Due to the strong attenuation
and scattering effects of aerated batter for ultrasonic waves, the sound waves probably
penetrate the biscuit batter only marginally and, ideally, are reflected back in such a way
that these signals reach the ultrasonic receiver again (see Figure 1A). Therefore, the features
generated from the echo areas play a minor role (see Figure 2C). At low densities, due
to the increase in air bubbles in the batter, the ultrasonic signal is more scattered and
therefore dampened. The prevailing longitudinal waves of the ultrasonic transducer are
thus reflected at each interface (batter/air) and converted into other waveforms (surface
waves, shear waves, etc.). By filtering the ultrasonic signals at the longitudinal frequency
(1.80-2.25 MHz), the signal areas of the ultrasonic signals converted disappear from the
signals shown. This is due to other frequency ranges and so they can only be detected
within a certain frequency range. Therefore, the frequency-based features are also accorded
greater importance (see Figure 2C). Utilizing the resulting features for the GPR model
(see Formula (27)), a correlation of the density can be realized (see Figure 4). Since the
measurement mainly takes place at the boundary surface of the buffer rod via the ultrasonic
sensor, sticking batter residues or unfavourable bubble adhesion onto this surface can cause
measurement outliers (see Figure 4). Except for these rare erroneous measurements, the
density of standard biscuit batter can be measured in total up to a NRMSE (Normalized
Root Mean Squared Error) of 6.32% (see Table 2).

A B 4000
1000
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900 4 —
o Q O]
- . 0 1000
=) QO o s
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= 3 o
2 (o) E
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Figure 3. (A) Time profile of density as a function of whipping time for the batch process of standard
biscuit batter from 0 s (red) to 180 s (blue). (B) Ultrasonic signal change between 0 s (red) and 180 s
(blue) whipping time.

1100
1000 O
900

800

[ooXe}
O

700

‘@ model
O validation

predicted density (g/L)

600

500

T T T T T T 1
500 600 700 800 900 1000 1100
measured density (g/L)
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R? = 0.91, RMSE = 54.69).
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Table 2. Summary of the RZ, RMSE (Root Mean Squared Error) and NRMSE (Normalized Root Mean
Squared Error) of the model for standard batter.

R? RMSE NRMSE [%]
Model 0.99 0.03 0.006
Validation 0.91 54.69 11.41
Total 0.96 30.31 6.32

3.2. Density Measurement for Batter Variations

A second experiment was performed in order to test the ultrasonic sensor with differ-
ently aerated standard and gluten-free biscuit batter. Furthermore, variations without an
emulsifier were tested, as this has a major impact on the ability of biscuit batters to retain
air bubbles. The time profile of density as a function of whipping time for all of the batter
variations tested (see Table 1) is shown in Figure 5. The experiment series without an emul-
sifier could hardly be foamed within the period examined of 180 s. Only with significantly
longer whipping times (>10 min), was it possible for the densities of the samples containing
an emulsifier to be achieved approximately. The experiments also showed that the required
density of approximately 600 g/L for highly aerated batters can be achieved, for both the
standard batter and the gluten-free batter, by foaming with emulsifier. The whipping time
required to reach this density hardly differs between the standard and gluten-free batter. It
turns out that the gluten-free variant can produce lower overall densities. However, this
only applies with the use of emulsifiers. Without emulsifiers, the standard biscuit batter
whips up faster and can reach lower densities in the same time. This is because gluten itself
can serve as an emulsifier, which would stabilize the structure in a standard biscuit. With
regard to the features used, this means that the external feature of “whipping time” plays a
less significant role when viewed overall. Due to the mode conversion of the ultrasonic
signal at every boundary phase, the frequency spectrum of the ultrasonic signal showed
changes in the density of the batter. Therefore, seven out of the ten features selected are
spectral features (see Figure 2C). When using the same features from the previous exper-
iment for modelling purposes, better results can be achieved overall with the extended
dataset (see Figure 6). Outliers can also occur in these series of measurements, due to
sticking batter residues or unfavourable bubble adhesion. However, these outliers occur
preferentially in gluten-free samples for highly aerated batters due to the lack of stabiliza-
tion by the gluten networks. The density prediction of the model for standard batter with
emulsifier (R? = 0.99, NRMSE = 1.31%) and without emulsifier (R? = 0.99, NRMSE = 1.55%)
is therefore slightly better than for gluten-free batter with (R? = 0.96, NRMSE = 8.88%) and
without (R? = 0.94, NRMSE = 3.89%). A summary is presented in Table 3. In this work,
only two varying biscuit masses (gluten containing, gluten free) without oil and fats were
investigated. It was shown that the method also works for this type of variation in the
foam system. However, for the determination of the density of other masses (oil containing,
etc.) with varying rheological properties, the ultrasonic-based measurement system must
be further adapted, since the surface properties change considerably. While in earlier
publications the ultrasound-based measurement of density in grain-based foams was only
presented as a potential (R? < 0.7) [9,31], the method developed here can be used to make a
significantly better prediction (R? > 0.9) of the density, even for highly foamed batters.
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Figure 5. Time profile of density as a function of whipping time for (A) standard I batter (black
square) and standard II (square) without an emulsifier and (B) gluten-free I batter (black dot) and
gluten-free II (dot) without an emulsifier.
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Figure 6. Relationship between density predicted by ultrasonic signals and the reference (gravimetric
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R? = 0.99, RMSE = 7.46; diamond: gluten-free I, R?> = 0.96, RMSE = 42, triangle: gluten-free II,
R? = 0.94, RMSE = 18.66).

Table 3. Summary of the RZ, RMSE (Root Mean Squared Error) and NRMSE (Normalized Root Mean
Squared Error) of the models for batter variations.

R? RMSE NRMSE [%]
Standard I 0.99 6.32 1.31
Standard II 0.99 7.46 1.55
Gluten-free I 0.96 42 .53 8.88
Gluten-free II 0.94 18.66 3.89
Total 0.98 19.92 4.15

4. Conclusions

In this paper, the design of an ultrasonic sensor for the mode-conversion measurement
via ultrasonic features of highly aerated batters has been described. The ultrasonic sensor
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system developed was realized as a non-invasive system and, therefore, does not affect the
process. The variation of bubbles in the batter due to alternating mixing times changes the
density of the batter. In this way, by measuring the mode conversion with respect to the
acoustic features of the batter, its density can be measured down to >500 g/L. Although the
results already yield a reasonably prediction for highly aerated batters, (NRMSE = 6.32%),
including for variated batter formulations (NRMSE = 4.15%), the method can still be
extended and optimized.

Future research will extend the pulse—echo approach with multiple sensors for surface
acoustic wave measurements in pitch—catch mode. This is in order to improve the accuracy
and robustness and to increase the data from the signals due to the ultrasonic mode
conversion. In this study, the final ultrasonic model was adjusted to the entire measurement
range, as well as to the batter variations. To enhance this model, a restriction to one variation
and a specific density range would be beneficial. In addition, for the machine-learning
approach used, the rational GPR model was selected, by way of example, in order to
provide the proof of concept. By comparing different machine-learning models (support
vector regression (SVR), partial least-square regression (PLSR), neural network etc.) and
by optimizing them [44], the approach shown in this study could be improved further.
Another research direction would be to use the methodology developed in this study to
measure further structural parameters (e.g., void fraction) of cereal-based foams [43] or to
extend the method for further dough matrices. This would offer [43] a deeper insight into
inline measurement systems.
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