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ABSTRACT 
Two ultrasonic parameters that give information 
about the structural properties of materials are 
the longitudinal ultrasonic velocity, vL, and the 
attenuation coefficient, α.  The sensitivity of these 
parameters to gas bubbles means that 
ultrasound is ideal for investigating the properties 
of baked foods where cell structure is a vital 
component of product quality.  Results of 
experiments performed at 54 kHz show how 
ultrasound can be used to investigate the role of 
gas bubbles and the surrounding matrix in 
determining the mechanical properties of dough 
during mixing and during fermentation. These 
experiments showed that these ultrasonic 
parameters are sensitive to both gas bubbles and 
matrix properties of the dough.  In particular, α 
was found to increase as the amount of air 
entrained in the dough increased. On the other 
hand, vL, was found to decrease as the bubbles 
increased in size and/or in number. The results 
reported in this paper demonstrate that ultrasonic 
techniques can be used to measure those 
changes in the physical, chemical and biological 
properties of dough which relate to baking 
quality.   

1. INTRODUCTION 
Fundamental characterizations of structure 
and rheology are basic prerequisites for 
developing robust models that will 
accurately predict the effect of processing 
operations on those properties that govern 
consumer acceptance of the food product 
[1].  One technique that has been used to 
measure both the rheology and the structure 
of food materials is low-intensity ultrasound 
[2].  Like light scattering, a range of 
frequencies can be employed so that 
structural features at a number of length 
scales can be probed [3], but ultrasound can 
also be used to investigate the properties of 
foods that are optically opaque.  Therefore, 
the structure and mechanical properties of 
various opaque foods such as vegetables 
[4], cheese [5] and dough [5,6] have been 
studied by measuring ultrasonic parameters 
such as the velocity and the attenuation 
coefficient. The velocity of propagation, the 

phase velocity (vL), in a solid material is 
related to the longitudinal modulus, β, of the 
material and its density, ∆, by 

  vL = [ β / ρ ]1/2  (1) 

The longitudinal modulus is a function of the 
bulk and shear moduli. Thus, independent 
measurements of density and velocity 
enable a value of this combined elastic 
modulus to be determined.  The attenuation 
coefficient depends on other material 
properties; for a heterogeneous system such 
as dough, the two mechanisms that 
contribute to the attenuation coefficient are 
absorption and scattering [7].  By judicious 
selection of the ultrasonic frequency, the 
contributions of specific structural features to 
changes in the originally transmitted 
ultrasonic pulse can be enhanced, and their 
effect measured. 
 
One structural feature which interacts 
strongly with ultrasound [4], and which is 
present in many solid and liquid foods, is the 
gas bubble (or any other low-density 
inclusion).  Such inclusions within wheat 
flour dough are considered to be absolutely 
critical to the manufacture of baked goods of 
acceptable appearance and textural quality 
[8].  The purpose of this paper is to show 
how ultrasound can be used to measure the 
effect of gas bubbles on the rheology of 
dough, and in particular to demonstrate how 
ultrasound can readily monitor two of the 
processing operations that are performed on 
this optically opaque food material. 

2. MATERIALS AND METHODS 
Dough samples were prepared using a short 
breadmaking process that is used in 
Canadian plant bakeries [9]. Canadian 
Western Red Spring (CWRS) flour (100 g) 
was mixed with 63 ml of water and 2.4 g of 
salt. For investigations of the effect of gas 
cell expansion during fermentation, 3.2 g of 
yeast was added. The ingredients were 
mixed using a GRL-200 high-speed mixer to 



10% past peak consistency (about 7 min).  
The mixing bowl could be made airtight and 
was connected to a vacuum pump, allowing 
manipulation of mixer headspace pressure. 

A pulsed ultrasonic system operating in 
transmission mode at 54 kHz (Fig. 1) was 
used for all experiments. The transducers 
were held in place using a custom-made 
sample holder, which allowed the gap 
between the transducers and hence the 
sample thickness to be set precisely. Sub-
samples of dough (approx. 4 g) were cut 
from the dough piece immediately after 
mixing, and were placed either directly 
between the two transducers (mixing 
experiments) or between two acrylic plates. 
For the fermentation experiments, the 
sample holder and the dough density 
measurement system were placed in a 
proving cabinet to control the temperature 
and the humidity (37 0C and 83% R.H.). 

 
Figure 1: Ultrasonic and dough density deter-
minations (fermentation experiments) 

For the mixing experiments, the longitudinal 
ultrasonic velocity was determined by 
measuring the pulse transit time for sub-
samples of different thicknesses (1 to 9 
mm), but taken from the same batch of 
dough. The velocity was determined from 
the inverse slope of the transit time versus 
sample thickness.  This was performed for 
mixer headspace pressures ranging from 13 
to 101 kPa. 

For the fermentation experiments, the 
thickness of the dough samples was fixed at 
1.97 mm. One sub-sample was used for the 
ultrasonic measurements, and another one 
was clamped (at a thickness of 1.97 mm) 

between similar acrylic plates and placed 
directly under a digital camera to record the 
radial expansion of the dough. The 
ultrasonic velocity was determined by 
measuring the time taken for the signal to 
propagate through the dough, with 
measurements being taken every few 
minutes of fermentation time.      

For both mixing and fermentation 
experiments, the amplitude of the ultrasonic 
signal was measured directly from the peak 
signal height.  This was converted to an 
attenuation coefficient (see below) for the 
mixing experiments, or expressed as a 
change in amplitude as a function of 
fermentation time. 
 

3. RESULTS AND DISCUSSION 
3.1 Bubble entrainment during mixing  
Air bubbles are introduced into the dough 
during mixing. Early research showed that 
the number of bubbles per unit volume was 
much less when doughs were mixed under 
reduced pressure than when the doughs 
were mixed at atmospheric pressure [10]. 
More recently it was shown [11] that mixing 
under reduced pressure produced fewer 
bubbles per unit volume in the dough, but 
that the size distribution of the bubbles 
stayed the same. Therefore, by mixing the 
dough under various mixer headspace 
pressures, doughs with different numbers of 
air bubbles could be produced and the 
extent to which the bubbles influenced the 
mechanical properties of the dough could be 
investigated by ultrasound. 
The velocity as a function of headspace 
mixer pressure (P) is shown in Fig. 2.  It can 
be seen that the velocity decreases 
dramatically in the range 13 kPa < P < 33 
kPa, dropping from a velocity near to that of 
water to values somewhat below the velocity 
of sound in air.  At higher P values, the 
velocity decrease is less rapid.  The rapid 
increase in the velocity at low P values 
suggests that there are other mechanisms in 
addition to the effect of gas content which 
contribute to the change in velocity as the 
number of bubbles decreases.  Based on an 
analysis using an effective medium model 
[12], it was postulated that in addition to the 
effect of bubbles on ultrasonic propagation, 
dough matrix properties were altered due to 
air entrainment.  
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Figure 2: Phase velocity as a function of mixer 
headspace pressure  

The amplitudes of the transmitted signal for 
samples mixed at a given pressure but of 
various thicknesses are shown in Fig. 3. It 
can be seen from these exponentially 
decaying curves that as the mixing pressure 
decreased the decay rate of the amplitude 
also decreased, implying less attenuation.  
Thus, the amplitude of the signals 
decreased as the mixing pressure was 
increased, an effect attributable to the 
presence of more air bubbles within the 
sample, resulting in very low signals.  This 
suggests that as the pressure in the mixer is 
lowered, the sample becomes less 
absorbent, and/or that there is less 
scattering of the ultrasonic signal.  The 
attenuation coefficients were calculated from 
these curves by fitting the data to a single 
exponential decay curve plus a background 
(Tab. 1).  It can be seen that the attenuation 
coefficient increased in proportion to the 
amount of air entrapped in the sample and 
that the gas bubbles make a significant 
contribution to α.    

3.2 Effect of bubble expansion during 
fermentation  

The addition of yeast to the dough formula 
results in fermentation of the sugars in the 
dough leading to the production of CO2. The 
CO2 then diffuses through the dough matrix 
to the air nuclei [13]. Since there are no new 
bubbles generated during fermentation [10], 
the nuclei entrained during mixing act as 
sites for collection of CO2 and growth of the 
gas bubbles.  The net effect is that the 

density of the dough decreases as the 
dough ferments [14].     
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Figure 3: The amplitudes of the ultrasonic signal 
for dough samples mixed under various head-
space pressures 

The change in dough density as a function 
of fermentation time is shown in Fig. 4 for 
dough mixed under the two extreme 
headspace pressures (13 and 101 kPa). 
These extrema were selected because of 
the drastic differences in ultrasonic 
properties shown in Figs. 1 and 2. 
Table1: Attenuation coefficient for unyeasted 
dough mixed under various headspace pressures 
Headspace pressure 

(kPa) 
Attenuation 

coefficient (mm-1) 
101 0.980 ± 0.035  
84 0.860 ± 0.042 
67 0.705 ± 0.065 
51 0.647± 0.095 
34 0.463  ± 0.066 
20 0.490  ± 0.051 
17 0.420  ± 0.066 
13 0.347  ± 0.023 

 
Four observations are apparent from Fig. 4. 
First, the dough mixed under high vacuum 
starts at a higher density than the dough 
mixed at one atmosphere. This is expected 
because the dough mixed under high 
vacuum contains fewer air nuclei per unit 
volume [11,14]. The second observation is 
that the dough density falls as fermentation 
proceeds [14,15]. This is a direct result of 
the expansion of the air nuclei by CO2, 
thereby decreasing the density. In fact, the 
densities fall by approximately the same 
amount, an indication that the same amount 



of CO2 is produced and retained in both 
doughs. The third observation is that there is 
a lag in the density drop in the first few 
minutes of fermentation, and this persists for 
the dough mixed under high vacuum. This 
lag represents the time taken for CO2 to 
reach the expansion sites (air nuclei). Since 
there are fewer air bubbles per unit volume 
in the dough mixed under high vacuum, the 
diffusion path is expected to be longer. 
Hence the density will remain constant for 
longer time.  The last observation is that the 
differences between the dough densities for 
the two doughs lessened as fermentation 
proceeds. 
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Figure 4: Dough density changes with fermenta-
tion time for high vacuum ( ) and atmospheric  
( ) mixing conditions (replotted from [16], 
courtesy AACC). 

The change in the velocity as a function of 
fermentation time is shown in Fig. 5, and it 
can be seen that the early time velocities are 
similar to the velocity measurements on 
unyeasted doughs (Fig. 2): there are large 
differences in velocity depending on mixer 
headspace pressure.  As fermentation 
proceeds, ultrasonic velocity decreases for 
both doughs.  At later fermentation times, 
the velocities for the extremes in mixing 
conditions converge to the same value.  
Similar results were obtained for signal 
amplitude [16]. 

A comparison with the density results of Fig. 
4 shows that this decrease in velocity is not 
entirely due to the bubble expansion as had 
been expected. In fact, dough density was 
changing little during the time interval in 
which both the signal amplitude and the 
velocity decreased sharply.   Therefore, in 
the case of doughs containing yeast, 
ultrasonic properties appear to be probing 
the two mechanisms that occur during 

fermentation. At later fermentation times, the 
air nuclei expand resulting in an increase in 
the volume of the gaseous phase. Large 
differences in the density between the 
gaseous phase and the dough matrix phase 
will result in the absorption and/or scattering 
of sound. Consequently, the velocity and 
amplitude of the ultrasonic signal will 
decrease [12]. However, the effect of the 
expansion of the gas bubbles cannot entirely 
explain the observed drop in the velocity and 
amplitude in the early stages of 
fermentation, particularly for the dough 
mixed at high vacuum. By changing the 
amount of CO2 entering the dough matrix 
with time, it was shown [16] that these 
ultrasonic parameters were sensitive to the 
properties of the matrix, independent of the 
effect of gas bubble expansion. The rapid 
drop in velocity and amplitude was attributed 
to the drop in the pH of the dough arising 
from the generation of CO2 by the yeast 
[17].  As a consequence, the intermolecular 
interactions between the sidechains of the 
gluten polymers were thought to be altered  
[16]. Thus, ultrasound is probing molecular 
interactions within the dough matrix, as well 
as changes in gas bubble expansion. 
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Figure 5: Ultrasonic velocity changes with 
fermentation time for high vacuum ( ) and 
atmospheric ( ) mixing conditions (replotted 
from [16], courtesy AACC). 

 

4. CONCLUSIONS 
Ultrasound is not only sensitive to the 
presence of gas bubbles in dough, but also 
to the changes in the dough matrix that arise 
from changes in processing conditions.  



Further work is required to quantify the 
separate effects of gas cells and matrix on 
ultrasonic velocity and attenuation in the 
various breadmaking unit operations. 

ACKNOWLEDGMENTS  
We are grateful to NSERC for research 
funding, and the American Association of 
Cereal Chemists for permission to 
reproduce Figs. 4 and 5. 
 
REFERENCES  
 
[1] Narine S, Marangoni, AR: Fractal nature 
of fat crystal networks, Phys Rev E 59 
(1999) 1908-1920. 
[2] Povey MJW: Ultrasonic Techniques for 
Fluid Characterization, Academic Press, 
San Diego (1997). 
[3] Nicholson PHF, Strelitzki R: Ultrasonic 
slow waves in air-saturated cancellous 
bone, Ultrasonics 37 (1999) 445-449. 
[4] Self GK, Povey MJW, Wainwright H: 
What do ultrasound measurements in fruit 
and vegetables tell you? Developments in 
Acoustics and Ultrasonics, IOP, London 
(1992) pp. 129-164. 
[5] Lee HO, Luan H, Daut DG Use of an 
ultrasonic technique to evaluate the 
rheological properties of cheese and dough, 
J. Food Eng. 16 (1992) 127-150. 
[6] Letang C, Piau M, Verdier C, Lefebvre L: 
Characterization of wheat-flour-water 
doughs: a new method using ultrasound, 
Ultrasonics 39 (2001) 133-141. 
[7] Kinsler LE, Coppens AB, Sanders JV: 
Fundamentals of Acoustics, 3rd Ed. John 
Wiley, New York (1982). 
[8] Campbell GM, Rielly CD, Fryer PJ, Sadd 
PA: The measurement of bubble size 
distributions in an opaque food fluid, Trans. 
Inst. Chem. Eng. C69 (1991) 67-76. 
[9] Preston KR, Kilborn RH, Black HC: The 
GRL Pilot mill. II. Physical dough and baking 
properties of flour streams milled from 
canadian red spring wheats, Can. Inst. Food 
Sci. Technol. J. 15 (1982) 29-36. 
[10] Baker JC, Mize MD: The origin of the 
gas cell in bread dough, Cereal Chem. 18 
(1941) 19-34. 
[11] Campbell GM, Rielly CD, Fryer PJ, 
Sadd PA: Aeration of bread dough during 
mixing: effect of mixing dough at reduced 
pressure, Cereal Foods World 43 (1998) 
163-167. 

[12] Elmehdi HM: An ultrasonic investigation 
of the effect of voids on the mechanical 
properties of bread dough and the role of 
gas cells in determining the cellular structure 
of freeze-dried breadcrumb. Ph.D. Thesis, 
University of Manitoba, Winnipeg (2001).  
[13] Shah P, Campbell GM, McKee SL, 
Rielly CD: Proving of bread dough: modeling 
the growth of individual bubbles, Trans. Inst. 
Chem. Eng. C76 (1998)  73-79. 
[14] Campbell GM, Herrero-Sanchez R, 
Payo-Rodriguez R, Merchan ML: 
Measurements of dynamic dough density 
and effect of surfactants and flour type on 
aeration during mixing and gas retention 
during proofing, Cereal Chem. 78 (2001)  
272-277.  
[15] Marek CJ, Bushuk W: Study of gas 
production and retention in doughs with a 
modified Brabender oven-rise recorder, 
Cereal Chem. 44 (1967) 300-307.  
[16] Scanlon MG, Elmehdi HM, Page JH: 
Probing gluten interactions with low-intensity 
ultrasound. Wheat Quality Elucidation, the 
Bushuk Legacy, Eagan Press, St. Paul 
(2002) pp. 170-182. 
[17] Eliasson A-C, Larsson K: Cereals in 
Breadmaking, Marcel Dekker, Inc., New 
York (1993) pp. 267-268. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 


