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Relation between ultrasonic properties,
rheology and baking quality for bread doughs
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Abstract

BACKGROUND: The objective was to evaluate whether an ultrasonic reflectance technique has predictive capacity for bread-
making performance of doughs made under a wide range of formulation conditions. Two flours of contrasting dough strength
augmented with different levels of ingredients (inulin, oil, emulsifier or salt) were used to produce different bread doughs with a
wide range of properties. Breadmaking performance was evaluated by conventional large-strain rheological tests on the dough
and by assessment of loaf quality. The ultrasound tests were performed with a broadband reflectance technique in the frequency
range of 0.3–6 MHz.

RESULTS: Principal component analysis showed that ultrasonic attenuation and phase velocity at frequencies between 0.3 and
3 MHz are good predictors for rheological and bread scoring characteristics.

CONCLUSIONS: Ultrasonic parameters had predictive capacity for breadmaking performance for a wide range of dough
formulations. Lower frequency attenuation coefficients correlated well with conventional quality indices of both the dough and
the bread.
© 2016 Society of Chemical Industry
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INTRODUCTION
Reliable prediction of the functionality of wheat flours, and how
this functionality is affected by other ingredients, is a key objective
in the baking industry.1 Several techniques are available to accom-
plish this objective, including chemical or spectroscopic tests on
flour to assess the quality and quantity of gluten proteins,2,3

mechanical tests that measure the rheological properties of the
dough made from wheat flour4,5 or how the flour is affected by
bakery ingredients6,7 and direct assessments of the quality of the
resulting end-product.8,9

In terms of mechanical tests conducted on dough, a distinction
is often made between large strain tests, where mechanical prop-
erties are evaluated under conditions relevant to the process con-
ditions that the dough undergoes in a bakery,5,10 and small strain
tests, where insights into relations between dough structure and
mechanical properties are sought.11 – 13 Many workers have found
that extensional tests have shown the best discrimination of bak-
ing performance between different wheat cultivars.5,14,15 Kokelaar
et al.16 argued that the bread dough should meet three bulk rheo-
logical requirements for good breadmaking performance: optimal
resistance to deformation, high extensibility (large fracture strain)
and high strain hardening. It is generally accepted that strain hard-
ening of dough is important for preventing premature rupture
of the dough film between two gas cells during their expansion,
which translates to a bread loaf with a large specific volume and a
fine and regular crumb structure.10,14

One small strain technique that has been used for the
non-destructive characterization of the physical properties and
structure of dough is low-intensity ultrasound.17 As a result, there
has been interest in using ultrasound in recent years to inves-
tigate the properties of wheat flour doughs.18 – 24 A number of
useful technological parameters can be obtained from ultrasonic
measurements. For example, Garcia-Alvarez et al.21 showed that
dough consistency, an important criterion in the handling of
breadmaking doughs, could be determined from ultrasonic mea-
surements conducted on doughs prepared from a wide range of
flour qualities.
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Factors that influence the breadmaking performance of flour
of a given quality have also been the focus of ultrasonic stud-
ies of dough properties. Bubbles, which are known to critically
influence the properties of breadmaking doughs,25 have been
studied ultrasonically;26 the technique is particularly sensitive to
bubbles in dough because of large differences in the compress-
ibility and density of the dough matrix compared to the gas
in the bubbles.17,20,26 The addition of shortening alters dough
properties27 and this has been studied ultrasonically,28 as has
the addition of water,29 another important factor in breadmaking
performance.1

The aim of this paper was to evaluate whether an ultrasonic
reflectance technique that uses longitudinally polarized ultrasonic
pulses has predictive capacity for the breadmaking performance
of doughs made from a wide range of formulation conditions. For
this purpose, two flours of contrasting dough strength and dif-
ferent levels of ingredients (such as inulin, oil, emulsifier and salt)
were used. Breadmaking performance was evaluated by conven-
tional large-strain rheological tests on the dough and by assess-
ment of loaf quality so that a comprehensive evaluation of func-
tionality was conducted.

MATERIALS AND METHODS
Materials
Two commercial common wheat flours – flour S (strong, alveo-
graph W= 325, P/L = 0.56 and 360 g kg−1 wet gluten) and flour
MS (moderately strong, W = 210, P/L = 0.48 and 320 g kg−1

wet gluten) were used (Grandi Molini Italiani, Porto Marghera, VE,

Italy). Frutafit® TEX inulin (number average degree of polymeriza-
tion = 22) and distilled monoglycerides (DMG) (Myvatex Mighty
Soft LT) were kindly donated by Sensus (Roosendal, Netherlands)
and Kerry Ingredients and Flavours (Mozzo, BG, Italy), respectively.
Commercial extra-virgin olive oil was purchased from Monini (Spo-
leto, PG, Italy). Sodium chloride was analytical grade. Tap water was
used for making doughs.

Dough preparation
Six dough treatments were analysed, prepared using wheat flour
and four ingredients in different amounts (inulin, oil, salt and DMG)
(Table 1). Mixtures of wheat flour (50 g on a 14% moisture basis)
and inulin, salt or DMG were premixed in a 50 g farinograph bowl
for 5 min. Water was added to the wheat flour and its associated
formulation to give a consistency of 500 BU in the farinograph
(Table 1). Dough was mixed at 30 ∘C until it was optimally devel-
oped (Table 1). The preparation of doughs containing oil required
a two-step procedure:7 first, the mixing of the dry ingredients and
water was performed for the time (twater, min) required to develop
the gluten network by bringing the farinograph curve to a max-
imum, and then the oil was added and the dough mixed until it
reached a consistency of 500 BU (toil, min). After mixing, the dough
was kept in a sealed container for density, rheological and ultra-
sound measurements. At least three replicate doughs were pre-
pared for each formulation on different days.

Dough density measurements
Dough density was measured to ascertain the amount of air incor-
porated into the dough during mixing using 25 mL gravimetric
bottles (Kimble Glass Inc., Vineland, NJ, USA) and 5 g subsamples
of dough.28

Determination of dough rheological properties
Large deformation rheological properties of doughs at 25 ∘C
were evaluated. A texture analyser (TA.XT2, Stable Micro Systems,
Godalming, UK) equipped with a 5 kgf load cell and a Kieffer
dough and gluten extensibility rig was used to perform a uniaxial
extension test on the processed dough according to Peressini
et al.12 The fracture stress (𝜎max), Hencky strain (𝜀H) at fracture stress
and the integrated area under the stress–strain curve were taken
as measures of resistance to extension, extensibility and energy
required for extension, respectively. An apparent strain hardening
index (dln 𝜎max/d𝜀H, USH) was computed in the strain interval of
20–95% of the dough sample’s fracture strain.

Biaxial extensional properties were determined by performing
a lubricated uniaxial compression test with a Zwick mechanical
testing apparatus (Zwick/Roell, Zwick USA, Kennesaw, GA, USA)
equipped with a 5 kN load cell and parallel circular platens. The
dough from the farinograph was rested for 45 min at room tem-
perature to allow relaxation of stresses from dough preparation.30

The cylindrical test piece (37 mm diameter and 6 mm height) was
placed on the lower platen and compressed to a final height of
0.5 mm at 0.03 mm s−1. To achieve maximum slip the two paral-
lel platens (136 mm diameter) were lubricated with paraffin oil. An
apparent strain hardening index (BSH) was computed in the strain
interval of 0.5–1.5 (true strain), approximately nominal strains of
40–80%.

Ultrasound measurements
A Panametrics broadband transducer was used, with a central
frequency of 3.5 MHz (Olympus NDT Canada Ltd, Alberta, Canada),
which was embedded in an acrylic block (similar to the shear wave
reflectance method of Leroy et al.31). The transducer was used in
a normal incidence wave reflection set-up. Doughs were placed
on the acrylic delay block after a light film of ultrasound gel was
applied. Good contact between the dough and the block was
established by placing an approximately 2 kg metal weight on top
of the dough.

The transducer emitted an ultrasonic pulse that travelled
through the acrylic delay block and was reflected back and
detected by the same transducer. The reflected signal was aver-
aged 250 times to improve the signal-to-noise ratio before being
displayed on a digitizing oscilloscope (Tektronix model TDS 544A,
Tektronix Canada Inc., Toronto, Canada). Reference signals were
acquired prior to measurement of each sample by measuring the
reflectance from air.

The longitudinal velocity and attenuation coefficient at a range
of frequencies, covering the bandwidth of the transducer, were
determined by comparing the phases and magnitudes of the
Fourier transforms of the signal transmitted through the sample
relative to those of the reference signal, using Matlab 7.0 software
for data elaboration.32

Breadmaking
The Canadian Short Process (CSP) method was used to evaluate
baking potential.33 Dough ingredients included wheat flour (100 g
on 14% moisture basis) and four ingredients in different amounts
(inulin, oil, salt and DMG) (Table 1), fresh compressed yeast (3 g),
sugar (4 g), ascorbic acid (150 ppm solution), ammonium phos-
phate (0.1 g) and optimum water as assessed by farinograph anal-
ysis (variable, see Table 1). Ingredients were mixed in a GRL-200
mixer at 30 ∘C and 165 rpm to 10% past peak consistency. The
dough was rested 15 min at 30 ∘C, punched and rounded by hand,
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Table 1. Ingredients and mixing times used to prepare different doughs

Sample Flour S (g)a Flour MS (g)a DMGd(g) NaCl (g) Oil (g) Inulin (g) Water content (g kg−1)b Mixing time (min)c

A 0 50 0 1.2 0 4 410 11.5
B 50 0 0.5 0 0 4 431 14
C 0 50 0.5 1.2 3 4 389 13 + 4
D 50 0 0 0 0 0 447 4
E 0 50 0.5 0 3 0 401 3 + 2.5
F 50 0 0.5 0 3 0 410 3 + 2

a On 14% moisture basis.
b g water in 1 kg dough.
c The double values indicate twater + toil.
d Distilled monoglycerides.

and given a proof of 15 min (30 ∘C). Dough was then sheeted,
moulded, panned, proven at 37.5 ∘C (85% relative humidity) for 70
min and baked for 30 min at 205 ∘C. After cooling, all loaves were
stored at room temperature in plastic bags. Bread quality was eval-
uated 24 h after baking.

Determination of loaf volume
Loaf volume (mL) was determined by rapeseed displacement
according to AACC Method 10-05.34

Measurement of crumb firmness
Crumb firmness was measured using AACC Method 74-0934 with
slight modifications. A bread crumb indentation test was per-
formed using a texture analyser (TA.XT2, Stable Micro Systems,
Godalming, UK) equipped with a 500 gf load cell and an alu-
minium plunger (18 mm diameter). A force–displacement curve
was recorded and the indentation stress at 25% compression was
calculated (firmness, Pa). Data are reported as the average of nine
measurements from three loaves.

Crumb image analysis
Visual crumb structure was evaluated by image analysis with the
Analyse Score Scan (ASE) software package (American Institute
of Baking, Manhattan, KS, USA). Bread slices were individually
scanned. The information provided by the software was cell den-
sity (number mm−2), mean cell area (mm2, MCA), cell elongation
(–, CE) and cell wall thickness (mm).

Statistical analysis
Data are reported as the mean of three measurements, which were
performed on three doughs and loaves from different experiments
unless otherwise mentioned.

Statistical differences in dough rheological properties and bread
characteristics were determined by one-way analysis of variance
(ANOVA) and Tukey’s comparison test (P < 0.05) using Statistica 7.1
for Windows software package (StatSoft, Inc., Tulsa, OK, USA, 2008).

The internal degree of correlation separately for the two sets
of variables (rheological and bread scoring the first, ultrasonic
velocities and attenuation coefficients at different frequencies the
second) was investigated applying principal component analysis
(PCA). Six different frequencies across the acoustic spectrum were
chosen (0.3, 0.5, 1, 2 and 3 MHz) to represent the whole of the
signal for a given sample. The correlation structure of the variables,
as well as the scores of the observations on the new components,
were reported using biplots.

Partial least squares (PLS) regression was used to analyse the
relationships between the rheological and bread scoring parame-
ters and the ultrasonic parameters at the different frequencies. We
assumed rheological and bread scoring parameters to be the set
of dependent variables (matrix Y) of a multivariate linear regres-
sion model where the ultrasonic parameters at the five frequencies
acted as a set of covariates (matrix X), i.e.

Y = X𝜷

where 𝜷 is a matrix of coefficients linking the two sets. The two
sets of variables were centred and scaled so that the results do not
depend on the adopted measurement units.

PLS operates by constructing a reduced set of predictors from
X and a reduced set of response variables from Y, so that the
correlation between the two new sets of variables is maximized.
The number of components was determined by minimizing the
cross-validated root mean square error of prediction (RMSEP), i.e.
the mean distance between the observed value of the response
variables and the predicted ones, computed by leaving out in turn
a single observation from the estimation set.

The overall goodness of fit of the PLS model was evaluated
on the basis of the overall fraction of the explained variation
(R2) and its cross-validated counterpart, the fraction of predicted
variation, Q2. Values of the fraction of expected variation specific
for each Y parameter were also inspected to detect potential
quality problems limited to any one specific variable. The effect
of the predictors was expressed in terms of coefficients and using
the variable importance in projection (VIP) index. Care should be
taken, however, in interpreting the contribution of the single X
variables, because the regressors are correlated owing to their
values not being experimentally controlled.

All statistical analyses were conducted using the packages stats
and pls of R, version 3.0.1.35,36

RESULTS AND DISCUSSION
In order to relate ultrasonic properties to the rheological and bak-
ing quality of the doughs, experiments were conducted with two
different wheat flours (strong and moderately strong) and various
ingredients. The dough formulations were selected from a pre-
liminary study regarding the influence of different ingredients on
dough and breadmaking properties. The particular formulations
were chosen with the intention of studying doughs that had a wide
range of technological potential.
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Dough rheological properties
In selecting mixing times that were technologically appropriate,
we evaluated the variation in optimal mixing time of various
formulations by farinograph analysis. Farinograph curves of the
different formulations are shown in Fig. 1. Moisture content and
time to produce dough with optimal consistency were 389–447
g kg-1 and 4–17 min, respectively (Table 1). The addition of inulin
resulted in a decrease in optimum moisture content of the dough,
probably due to a lubricating effect of sugars and oligosaccharides
according to evidence from other studies.6,37 Time required for
dough development, or to reach a dough consistency equivalent
to 500 BU, greatly increased as a consequence of fibre addition.6

This effect can be mainly related to the intrinsic water absorption
ability of inulin, leading to competition with the gluten proteins
for available water to form a gel. Optimal mixing conditions
were also influenced by oil addition (Table 1). Regarding the
doughs containing oil, a two-step process was necessary in dough
preparation: (i) the dry ingredients were mixed with water for the
time required to develop the gluten; (ii) oil was added to the dough
and mixing continued until optimal consistency was reached.7,38 In
fact, several previous trials demonstrated that it was not possible
to develop the dough if the oil was added directly with the other
ingredients, as it had a suppressive effect on gluten development.
The addition of oil decreased the optimum moisture content of
the dough; the lowest value was obtained when oil was used in
combination with inulin (389 g kg-1 for formulation C).

It was expected that decreasing values of dough density would
be found with respect to increased mixing time, as more air
would be entrained.28 Dough density at optimum mixing time
ranged from 1182 to 1223 kg m−3 (Table 2). However, the highest
value was observed for formulation A, which was characterized
by a relatively high mixing time of 11.5 min, and no significant
differences in dough density were observed between B and D (P
= 0.05). Other factors such as varying the dough formulation are
expected to influence the density values. Ingredients could either
affect the amount of air entrained into the dough (by altering its
viscosity), regardless of the mixing time employed, or the amount
of air entrained remains constant, but the density of the other
ingredients influences the final density value of the dough.39,40

A combination of different large deformation tests, such as uni-
axial and biaxial elongation, were performed to evaluate dough
rheological properties, which are widely recognized as important
determinants of bread quality.5,10 Large differences in the elonga-
tion parameters of doughs were observed (Table 2). Strain harden-
ing (dln 𝜎max /d𝜀H) varied in the range 1.05–1.57 and 1.97–2.69 for
uniaxial and biaxial elongation, respectively. With the exclusion of
the lean formula dough, D, due to high variability in its biaxial elon-
gation test, a strong linear correlation between uniaxial and biaxial
strain hardening was found (r = 0.80). For both elongation tests,
formulations E and F exhibited the highest, and A and B the lowest,
strain hardening among the formulations. This rheological param-
eter seems to be reduced and increased by fibre and oil addition,
respectively.41 According to Watanabe et al.,38 it seems that oil is
absorbed into the gluten structure, causing protein aggregation.
Kokelaar et al.16 did not observe an effect of sodium chloride and
emulsifiers on strain hardening. Differences in strain hardening
between wheat doughs of different baking quality were found to
relate to baking quality, with good breadmaking varieties showing
greater strain hardening.10,14 The strain hardening phenomenon,
which is thought to arise mainly from coupling of entanglements
of the larger glutenin molecules,42 limits the growth of large gas
cells by locally increasing resistance to elongation, and appears to

provide the cells with greater stability against coalescence so that
they better retain gas.10,43 – 45

Large differences in fracture stress (𝜎max) and Hencky strain
(𝜀H) at fracture stress were observed between doughs, with the
𝜎max/𝜀H ratio being from 13.9 to 32.3. Formulations A, B and
C, containing inulin, gave the highest 𝜎max/𝜀H ratio due to a
substantial decrease in extensibility. It is expected that doughs
with good strain hardening, high resistance to elongation and high
extensibility before break (large fracture strain) should result in a
fine and regular crumb texture and large loaf volume.16

Baking quality
Breadmaking performance of different formulations was estab-
lished on the basis of loaf volume, crumb mechanical proper-
ties and structure. The highest loaf volume was observed for F
containing oil and DMG, whose dough exhibited high resistance,
good extensibility and strong strain hardening. Watanabe et al.38

observed a decrease in loaf volume when oil was added to the
dough, but their formulation did not contain an emulsifier.

It seems that dough should meet all the three bulk rheological
requirements in order to attain a high loaf volume (Table 3).16 For-
mulation E gave a lower loaf volume than F because of its lower
fracture strain. According to Peressini and Sensidoni,6 low expan-
sion of dough into bread was observed for fibre-enriched formu-
lations (A, B and C), as expected from rheological characterization,
which showed low dough extensibility and/or poor strain harden-
ing for these formulations. Using this criterion, the order of baking
quality (high to low) is: F > D = E > B = C > A.

Crumb density (or specific volume) has an enormous effect
on the mechanical behaviour of bread crumb.46 Table 2 shows
changes in crumb firmness and Young’s modulus for different
breads. The observations regarding the mechanical properties of
these breads, assessed by the indentation test with a wide range in
formulation, were in line with the previously described findings.46

Fibre-enriched loaves were firmer and had a larger elastic modulus
due to low bread volume.6 Strong linear correlations between
crumb mechanical properties and loaf volume were found (r =
−0.93 for firmness vs. volume and r = −0.95 for Young’s modulus
vs. volume).46

The impact of different formulations on the cellular structure
of the crumb was investigated by image analysis. The computed
crumb grain features were cell density, mean cell area, cell elonga-
tion and cell wall thickness (Table 2).

Cell density was higher for inulin-enriched breads (A, B and C),
indicating potentially good incorporation of air within the dough
during the long mixing times required for these formulations.
Nevertheless, they exhibited the lowest loaf volumes, probably
because the expansion of these air cell nuclei was restricted by low
extensibility of the dough. In addition, mean cell area was lower for
fibre-enriched breads. No significant differences in mean cell area
were observed for D, E and F.

Cell elongation refers to irregularity in the crumb texture. Formu-
lations E and F containing oil exhibited the lowest cell elongation
values and, therefore, a more isotropic texture. The inulin-enriched
breads presented high cell elongation values and in particular B,
with its high standard deviation, seems to have a particularly irreg-
ular crumb grain. In terms of cell wall thickness, the inulin-enriched
formulations gave lower values than E and F. Comparing these
results to those of mean cell area, it can be observed that smaller
cells tend to have smaller walls.
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Figure 1. Farinograph curves of doughs of the different formulations. A (a), B (b), C (c), D (d), E (e) and F (f ). The arrow indicates oil addition.

Table 2. Density and rheological properties of dough and quality characteristics of bread

Parametera A B C D E F

Dough
Density (kg m−3) 1223a 1196b 1186cd 1199b 1182d 1190c
Uniaxial elongation
𝜎max (kPa) 53.5a 33.9cd 37.8bc 39.0bd 27.2c 45.7ab
𝜀H (–) 1.67b 1.20c 1.17c 2.08a 1.96ab 2.14a
𝜎max/𝜀H (–) 32.0 28.3 32.3 18.8 13.9 21.4
Area (kPa) 45.0a 27.5b 27.2bc 30.3b 19.1c 29.4b
dln 𝜎max/d𝜀H (–) 1.25c 1.05d 1.39abc 1.32bc 1.48ab 1.57a
Biaxial elongation
dln 𝜎max/d𝜀H (–) 1.97cd 2.03d 2.04d 2.69a 2.34bc 2.52ab

Bread
Loaf volume (cm3) 410d 575c 558c 690b 698b 843a
Firmness (kPa) 31.47a 15.94b 14.41b 7.15c 5.66c 4.22c
Young’s modulus (kPa) 103.3a 54.2bc 59.1b 24.5bd 20.7cd 14.7d
Crumb grain
Cell density (number mm−2) 92.7a 89.8a 89.2a 74.4c 81.3b 79.3bc
Mean cell area (mm2) 0.472d 0.667c 0.634bc 0.877a 0.832a 0.800ab
Cell elongation (–) 1.85d 1.80c 1.83bc 1.76a 1.71a 1.69ab
Cell wall thickness (mm) 0.235d 0.270bc 0.269b 0.279ac 0.286a 0.289a

a Values within a row followed by the same letter are not significantly different (P > 0.05).
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Table 3. Comparison of different dough samples on the basis of rheological properties and baking performance

Sample 𝜎max 𝜀H 𝜎max/𝜀H Strain hardening Loaf volumea Baking performance

A +++ + Poor +/− ↓↓ Very poor
B ++ − Poor +/− ↓ Poor
C ++ − Poor + ↓ Poor
D ++ ++ Good + ↑ Good
E + ++ Good ++ ↑ Good
F ++ ++ Good ++ ↑↑ Very good

Mentioned property is: +++ present to a large extent; ++ present to a moderately large extent; + present; +/− more or less present.
a ↑↑ very high; ↑ high; ↓ low; ↓↓ very low.
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Figure 2. Mean values of ultrasonic phase velocity (a) and attenuation coefficient (b) of doughs of different formulations as a function of frequency. Vertical
bar indicates standard deviation.

Ultrasound testing
The mean ultrasonic phase velocity (PV) and the mean attenuation
coefficient (At) for each dough formulation are shown in Fig. 2. The
variability shown in these figures is associated with the ultrasonic
parameter for three replicates of each different dough formula-
tion. It can be seen that variability depends on frequency, being
more pronounced at the peak and at the higher frequencies. Fur-
thermore, these high frequencies are closer to the bandwidth limit
of the transducer; thus a higher degree of variability is expected,
especially for the inulin-containing doughs where higher attenua-
tion contributes to uncertainty in the signal.

The frequency-dependent changes in both phase velocity and
attenuation coefficient are very similar to those reported for strong
breadmaking flours analysed by transmission experiments.26,47

The peak in attenuation coefficient, which occurs between 1
and 2 MHz for D, E and F, is indicative of a low-frequency reso-
nance arising from the bubbles entrained into the dough during
mixing.17,26 On the low-frequency side of the peak, velocity and
attenuation are lower, indicative of the long-wavelength probing
of an effective medium of matrix and bubbles that constitute the
dough.20,26 Ultrasonic velocity at frequencies greater than those
of resonance, where dough matrix properties are accessed, is
somewhat higher than the velocity of sound in water (1500 m
s−1). Formulations A, B and C, all containing inulin and character-
ized by very long mixing times, show phase velocity values that
continue to rise at the higher frequencies and a peak attenuation
at higher frequencies (3–3.5 MHz). These features point to one
or both of two factors. Bubbles in the inulin-containing doughs
could be of smaller average size.26 Longer mixing times and the
altered rheology of these doughs would affect the entrainment

and disentrainment dynamics of bubbles in these doughs,39

thereby potentially forming smaller bubble sizes. Alternatively,
the distinct rheological behaviour of the inulin-containing doughs
(most noticeably manifest in the large areas under the uniaxial
extension stress–strain curves) could also push the resonance
peak to higher frequencies.26

The differences in large strain properties of the doughs described
in previous sections are also evident in small strain ultrasonic
measurements. In Fig. 2, attenuation coefficients are substantially
different at bubble resonance and at high frequencies for the
fibre-enriched doughs. Since dough densities are not very differ-
ent, and thus the gas content is similar, the increase in attenuation
coefficient in the fibre-enriched doughs is likely due to the effect
of the fibre on the properties of the dough matrix.

The results for formulations A, B, C, and D show that the
reflectance technique is a repeatable means of measuring the
ultrasonic properties of wheat flour doughs at frequencies (near
resonance) where it is difficult for ultrasound to propagate through
the samples in transmission experiments. A possible explanation
for the poorer repeatability for formulations E and F might be that
the test outcome was affected by external factors, such as labo-
ratory conditions. It is known that the velocity of acoustic waves
may be strongly influenced by temperature gradients. It is pos-
sible that on the days when the three replicates of formulations
E and F were tested there were uncontrolled laboratory condi-
tions – specifically less-regulated temperature control.

PCA and PLS analysis
Results of PCA analysis on the rheological and bread scoring
variables are reported in Fig. 3. Observations corresponding to the
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Figure 3. Biplot for dough rheological properties and bread characteristics.
Fracture stress (stress), Hencky strain at fracture stress (strain), energy
required for uniaxial extension (area), uniaxial (USH) and biaxial strain
hardening (BSH), cell elongation (CE) and mean cell area (MCA).

Figure 4. Biplot for dough ultrasonic parameters. Attenuation coefficient
at frequencies of 0.3 (At-0.3), 0.5 (At-0.5), 1 (At-1), 2 (At-2) and 3 (At-3) MHz;
phase velocity at frequencies of 0.3 (PV-0.3), 0.5 (PV-0.5), 1 (PV-1), 2 (PV-2)
and 3 (PV-3) MHz.

three replicates of the same dough formulation are indicated with
the same code. The first two components account for 84.2% of
the total variation. The first two components are able to clearly
identify the different characteristics of the dough formulations,
which in most cases are well separated. The first component is
positively correlated with mean cell area, loaf volume and biaxial
strain hardening, and negatively correlated with crumb firmness,

Table 4. Percentage of variance explained by the PLS regression
model with three components for each rheological and bread scoring
variable

Variable % explained variance

Dough
𝜎max 40.98
𝜀H 66.15
𝜎max/𝜀H 78.74
Area 58.19
Uniaxial strain hardening (USH) 35.57
Biaxial strain hardening (BSH) 71.77

Bread
Loaf volume 74.26
Crumb firmness 75.47
Mean cell area (MCA) 77.06
Cell elongation (CE) 74.51
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Figure 5. Variable importance in projection (VIP) index. Attenuation coeffi-
cient at frequencies of 0.3 (At-0.3), 0.5 (At-0.5), 1 (At-1), 2 (At-2) and 3 (At-3)
MHz; phase velocity at frequencies of 0.3 (PV-0.3), 0.5 (PV-0.5), 1 (PV-1), 2
(PV-2) and 3 (PV-3) MHz.

𝜎max/𝜀H and cell elongation, which, considered together, form a
group of correlated variables. A second group is identified by the
second component, which is more correlated with 𝜎max, area and
fracture strain (𝜀H).

Results of PCA analysis of ultrasonic velocity and attenuation at
different frequencies are reported in Fig. 4. The first two compo-
nents account for 91% of the total variation. As with conventional
quality analyses, the first two components are able to describe
the characteristics of dough formulations, though the groups are
less characterized than in the previous biplot. All the PV indicators
are negatively correlated with the first component, while three of
the attenuation parameters – At-1 MHz, At-2 MHz and At-3 MHz,
which are at or past the resonance peak – are positively correlated
with it.

The second component describes the lower frequency attenua-
tion response of At-0.5 MHz and, to a lesser extent, of At-0.3 MHz.
Indeed, while the variables correlated with the first component are
highly correlated between them (r > 0.7), At-0.3 MHz and At-0.5
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Figure 6. Correlation between dough rheological properties, bread scoring parameters and dough ultrasonic parameters. Phase velocity (a) and
attenuation coefficient (b) at frequencies of 0.3 (a), 0.5 (b), 1 (c), 2 (d) and 3 MHz (e). Fracture stress (stress), Hencky strain at fracture stress (strain), energy
required for uniaxial extension (area), uniaxial (USH) and biaxial strain hardening (BSH), cell elongation (CE) and mean cell area (MCA).

MHz have correlations with the other variables that are much lower
and sometimes negligible.

As regards PLS regression between the two sets of variables,
we first identified the number of components while minimizing
the cross-validated RMSEP. The best model resulted in one with
three components that was able to explain 65.3% of the total
variability of the rheological and bread scoring variables (R2) and to
explain 53.9% of the total predicted variability from the ultrasonic
parameters (Q2). The percentage of explained variance of each
single Y variable for the selected model is reported in Table 4.
The percentage of explained variance is satisfactory (>50%) for all
the variables except for uniaxial strain hardening and the dough
strength parameter 𝜎max.

Figure 5 reports the VIP for each regressor. The attenuation
coefficient at 0.5 MHz (At-0.5) appears to be the most relevant
ultrasound frequency, followed by the attenuation at 0.3 MHz
and, to a lesser extent, the phase velocity at 3 MHz. Even if the
variables are highly correlated, the PCA analysis on ultrasound
frequencies shows that the correlation of At-0.5 and At-0.3 with
the other frequencies is very low. Then, even if it is very difficult
to separate the effect of one single variable from the effects of
the others and to assign each variable its own importance, we can
say that the two attenuation frequencies 0.3 and 0.5 MHz jointly
considered are the most relevant to predict rheological and bread
scoring variables. The role of the two attenuation frequencies is
also evident in Fig. 6, where the regression coefficients relating
the Y and the X variables are reported.

Indeed, At-0.5 is characterized by the highest values of the
coefficient, followed by At-0.3. The At-0.5 frequency is negatively
related to stress, stress/strain, area, CE and firmness, whereas it is
positively related to USH, volume and MCA. Generally, formula-
tions with lower attenuation coefficient values exhibit improved
conventional dough quality indices, although interesting strong
opposite correlations are apparent for the attenuation coeffi-
cient at 0.3 and 0.5 MHz to both uniaxial fracture stress and
energy to fracture. Since both these frequencies reside in the
bubble resonance region, these pairs of correlations may point
to interesting (although as yet undefined) dough matrix–bubble
interactions that influence the fracture behaviour of the
dough.

Overall, the analysis suggests that ultrasonic parameters
acquired from a broadband transducer (where dough proper-
ties are interrogated over a broad frequency range) are good

predictors of rheological and bread scoring characteristics for a
wide range of dough formulations.

CONCLUSIONS
The ultrasonic bubble resonance peak differed consider-
ably depending on dough formulation, with the frequency
dependence of the velocity and attenuation coefficient of the
inulin-containing doughs being rather distinct from other formu-
lations. Lower frequency attenuation coefficients (0.3–0.5 MHz)
had the greatest predictive capacity for dough rheology and
bread scoring variables for this wide range of formulations.
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