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Abstract 18 

Proper control of the texture properties of aerated foods demands accurate measurement tools.  19 

Aerated sugar gels with identical composition but different microstructures were produced by 20 
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applying different mixing times of 2, 4 and 8 minutes. Compression test and acoustic emission 21 

measurements were carried out to characterize the mechanical properties of these foams. Significant 22 

differences in deformation properties and number of acoustic events were found depending on the 23 

foaming time, indicating differences in texture. Microstructural attributes such as bubble size and 24 

bubble number distributions of the different foams were measured based on micro- and nano-CT 25 

and were found to differ between the foams. Additionally, time and spatially resolved diffuse 26 

spectroscopy were used to evaluate their optical properties. While, as expected for foams with the 27 

same chemical composition, the absorption properties were not significantly different, a relationship 28 

between scattering and microstructural properties was found. The results show that microstructural 29 

properties affect the texture of aerated foams. Moreover, the latter can be measured 30 

nondestructively using time and spatially resolved diffuse spectroscopy. 31 
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Highlights 36 

 For the first time, acoustic emission, micro- and nano-CT, time and spatially resolved diffuse 37 

spectroscopy were combined to investigate the structure-property relationships of sugar 38 

foams with different mixing times. Nano-CT of foams was feasible for the first time down to a 39 

resolution of 0.5 micrometer.  40 

 The number of acoustic events and the scattering coefficients obtained from the 41 

spectroscopic techniques both increased with mixing time. Micro- and nano-CT indicated 42 

changes in microstructure that could be related to these observations. 43 



 The results show that microstructural properties affect the texture of aerated foams; 44 

moreover, the latter can be measured nondestructively using time and spatially resolved 45 

diffuse spectroscopy. 46 

Introduction 47 

Food aeration is one of the fastest growing unit operations in the food industry (Zúñiga &  Aguilera 48 

2008, 2009). The presence of bubbles in gel-based food products provides the gaseous additional 49 

phase within the material that may create a unique texture while reducing density (Campbell & 50 

Mougeot, 1999; Zúñiga & Aguilera, 2008; Groves, 1995; Tan & Lim, 2008), and also changes the 51 

appearance, color and mouth-feel (Campbell & Mougeot, 1999). Textural properties are an 52 

important component of food quality perception and acceptability (Foegeding, 2006). Reducing the 53 

density of a foamed gel (higher incorporation of air) resulted in softer texture (Jakubczyk & 54 

Kamińska, 2007). Large deformation mechanical tests revealed a high correlation between 55 

mechanical and sensory properties of gelled systems that was believed to be due to the fact that 56 

foods are subjected to large deformations in the mouth during mastication (Barrangou, Drake, 57 

Dubert, & Foegeding, 2006; Borwankar, 1992). Texture properties of confectionary gels and foams 58 

are characterized by the typical force-deformation response of aerated materials in tension (Decker 59 

& Ziegler, 2003) or compression (Zúñiga & Aguilera, 2009). From these studies it was observed that 60 

microstructural properties of aerated gels, such as the spatial distribution of pores measured by 61 

conventional microscopy, were in good correlation with mechanical parameters.  62 

While there is evidence of relationships between microstructural features and texture of aerated 63 

foods, techniques and protocols to measure online or at line (non)destructively microstructural 64 

properties of foamed foods are lacking. Further, there is a real need for quantitative methods that 65 

can be used to characterize the microstructure of these materials to understand and control the 66 

structure-properties relationships. Acoustic emission measurements can be used to predict the 67 

texture attributes of materials. In acoustic emission (AE) the sound wave produced during 68 



mechanical deformation of an object such as a food is captured using a sensor. This sound wave 69 

contains information about the microstructure and micromechanical properties of the product. A 70 

contact sensor can be used to measure the accelerations evoked in the investigated product and is 71 

an innovative way of registering the AE signals. The sensor is mounted between the lower end of the 72 

moving cross-head and the probe of a universal testing machine. AE has found wide application in 73 

testing of mechanical properties, phase transitions and identification of physical and chemical 74 

processes in different materials (Lewicki, Marzec, & Ranachowski, 2009). Acoustic emission was 75 

successfully used to measure the crispness of dry cereals products (Gondek, Lewicki & Ranachowski, 76 

2006) as well as the firmness of products with high moisture content  such as apples (Zdunek, 77 

Konopacka, & Jesionkowska, 2010). 78 

A reference method is required to visualize and quantify accurately the microstructure of foamed 79 

foods. While light and electron microscopy can produce high resolution images of aerated foods, 80 

shape, size and connectivity of gas-filled spaces are difficult to quantify by these, essentially 2-D, 81 

microscopic techniques (Nicolaï et al., 2012). To this end, a 3-D imaging method is required that can 82 

distinguish clearly the gas-filled spaces from the matrix material. Computed tomography (CT) uses X-83 

ray radiation, which can penetrate most food materials with sufficient penetration depth to visualize 84 

internal structures. The level of transmission of these rays depends mainly on the mass density and 85 

mass absorption coefficient of the material. Because absorption is considerably different in gas and 86 

water, gas-filled spaces can be visualized by CT on samples taken directly from the material without 87 

significant preparation (Verboven et al., 2008). Micro-CT has now been established as an accurate 88 

method to visualize the 3-D microstructure of foods with pixel sizes close to, and below, 1 µm 89 

(Frisullo, Laverse, Barnabà, Navarini, & Del Nobile, 2012; Herremans et al., 2012; Laverse, 90 

Mastromatteo, Frisullo, & Del Nobile, 2012; Mendoza et al., 2007; Mousavi, Miri, & Fryer, 2007; van 91 

Dalen, Nootenboom, Van Vliet, Voortman, & Esveld, 2007; Verboven et al., 2008).  92 



Time-resolved Reflectance Spectroscopy (TRS) and Space-resolved Reflectance Spectroscopy (SRS) 93 

have long been employed in biomedical research and gradually got acceptance as potentially 94 

noninvasive techniques for medical diagnosis in practice (Tuchin, 2007). The basic idea for applying 95 

SRS and TRS in medical diagnosis is to characterize or detect changes in optical properties 96 

(absorption, scattering or reduced scattering coefficients) of the analyzed samples (human 97 

tissues/organs) in vivo. Since absorption gives information about sample composition (hemoglobin, 98 

melanin…) and scattering provides information about sample microstructure, medical diagnosis 99 

conclusions could be formulated according to these changes. Despite the large number of 100 

applications of TRS and SRS in the biomedical field, their use in food processing and agriculture are 101 

still limited. TRS has been applied to quantify specific chemical components in apples and cherries 102 

(Vanoli, Zerbini, Spinelli, Torricelli, & Rizzolo, 2009; Zude, Pflanz, Spinelli, Dosche, & Torricelli, 2011), 103 

to classify apple quality attributes (Rizzolo, Vanoli, Spinelli, & Torricelli, 2010), detect internal 104 

disorders of pears and nectarines (Lurie et al., 2011: Zerbini, Grassi, Cubeddu, Pifferi, & Torricelli, 105 

2002;), and predict fruit quality attributes such as firmness and soluble solids content (Nicolaï et al., 106 

2008; Rizzolo et al., 2009; Zerbini et al., 2006). Cubeddu et al. (2001) were the first to attempt to 107 

predict microstructural attributes (average sizes of scattering centers) and chemical composition 108 

(chlorophyll a and water content) of various fruits based on scattering and absorption information 109 

from TRS measurements. However, a reference method for microstructural characterization would 110 

be essential in this work to give more insight in fruit microstructure together with the information 111 

from light scattering. SRS has been utilized for noncontact measurements by means of a camera to 112 

collect diffusively reflected light at many distances from the illumination point to construct 113 

calibration models for prediction of apple quality attributes (firmness and soluble solids content) or 114 

to classify ripeness stages of tomatoes  from the acquired optical properties (reduced scattering and 115 

absorption coefficients) (Qin & Lu 2008; Qin, Lu, & Peng, 2009). In another approach of noncontact 116 

SRS, a moving optical fiber was used to replace the camera to acquire spatially resolved diffuse 117 



reflectance profiles and to relate reduced scattering coefficients with tenderness of beef muscles 118 

(Xia, Weaver, Gerrard, & Yao, 2008). 119 

The objectives of this research were (i) to characterize the texture, microstructural and optical 120 

properties of aerated sugar gels by a series of destructive and non-destructive techniques, and (ii) to 121 

explore the (micro)structure-property relationships of these gels. The sub-objectives were: 122 

- To measure the texture of the foams with conventional techniques and AE; 123 

- To measure the 3-D microstructure of the foams with micro- and nano-CT; 124 

- To acquire the optical properties (absorption and reduced scattering coefficients) of the 125 

foams with TRS and SRS; 126 

- To relate the destructive texture measurements to the non-destructive optical properties to 127 

3-D microstructural properties. 128 

To our knowledge, this is the first time that AE, TRS and SRS based on a fiber optic probe are used as 129 

techniques to render information on food microstructure. 130 

Experimental 131 

Sugar foams 132 

The sugar foam model system was produced as an aerated agar-fructose gel. Samples were prepared 133 

with agar-agar powder (Hortimex Sp. Z o.o. Poland) at a concentration of 0.86% (w/w), fructose 134 

(Gadot Biochemical Industries Ltd, Israel ) and albumin from chicken egg contents (Sigma-Aldrich Inc., 135 

USA) at 55.5% and 0.43% (w/w), respectively.  136 

The agar-agar powder was heated in distilled water under agitation (IKA stirrer, 100 rpm) to maintain 137 

a solution temperature of 90oC. The fructose powder was dispersed in the hot agar-agar solution, 138 

stirred, and the mixture was brought to boil to completely dissolve the sugar. The agar-fructose 139 

solution was cooled in a water bath to 50oC and the albumin was added. The sample was whipped 140 



using a kitchen mixer (Severin, Germany) at maximum speed for 2, 4 or 8 minutes. The foamed 141 

mixture was poured into Petri dishes and materials were allowed to set and cooled in ambient 142 

conditions. The samples were kept at 25oC for at least 24 hours in covered glass dishes (to avoid 143 

moisture evaporation) and then further studies were performed within the next day. 144 

Density measurement 145 

The apparent density of the foams was calculated based on the mass of the aerated gel divided by 146 

it’s occupied volume (20 ml).  147 

Texture analysis 148 

Samples diced into 13 mm cubes were subjected to uniaxial compression between two parallel flat 149 

plate fixtures fitted to a texture analyser (TAHD, Stable Microsystems, Surrey, UK). The compression 150 

tests were carried out at a constant deformation speed of 0.83 mm/s and up to a compression strain 151 

of 60%. Maximum force (measured with precision ± 0.1 N) and distance at failure was recorded. 152 

Work for compression was calculated as area under the force–deformation curve. 20 individual 153 

samples were tested for texture measurement of the same aerated gel.  154 

Acoustic Emission (AE) measurements 155 

The acoustic emission (AE) was measured while compressing prepared samples with a speed of 0,83 156 

mm/s. The acoustic emission sensor (Brüel & Kjaer, Nærum, Denmark) mounted on the crosshead of 157 

the universal testing machine (ZWICK 1445, Ulm, Germany) was used to register the acoustic signal 158 

generated during deformation of the samples in the frequency range from 0.1 to 16 kHz. The sensor 159 

did not record vibrations conducted by air. The acoustic emission signal was amplified in the external 160 

low noise amplifier, converted into a digital signal and recorded in the computer’s memory using an 161 

Adlink 9112 ADC card (Adlink Technology Inc., Taipei, Taiwan). The amplitude-time records of 162 

vibrations generated during compression were analyzed and the number of acoustic events during a 163 

force-deformation test were estimated. Twenty replications of each treatment (foaming time) were 164 

performed. 165 



Micro-CT  166 

Image acquisition and reconstruction 167 

Cylindrical samples were excised from the center of the containers using a cork bore of 6 mm 168 

diameter. A subsample of 6 mm height was cut with a scalpel and wrapped in parafilm to prevent 169 

dehydration. X-ray micro-CT measurements were performed on a SkyScan 1172 system (Bruker 170 

microCT, Kontich, Belgium), operated at 49 keV source voltage and 201 µA current and with an image 171 

pixel resolution of 4.0 µm. The samples were rotated over 0.4° steps over a total of 180°, each time 172 

averaging 4 frames to acquire a radiographic image of 1048 by 2000 pixels. The scan duration for 173 

each sample was 30 minutes. For every foaming time, 3 individual samples were scanned. 174 

Additional measurements were performed using X-ray micro and nano-CT to establish the influence 175 

of scan settings, in particular the magnification, on the image-based characterization of 176 

microstructure. Additional foams that were whipped during 5 minutes were scanned at pixel sizes 3.3 177 

µm using the SkyScan micro-CT system and at 1.3 µm, 0.7 µm and 0.5 µm pixel sizes using the 178 

SkyScan 2011 nano-CT set-up. Samples scanned in the micro-CT system ranged from 28 cm3 to 85 179 

mm3 in size, whereas sample volumes for nano-CT scans were limited to a mere 0,14 mm3. A lower 180 

source voltage of 40 keV and a source current of 200 µA were used to image these submillimeter-181 

sized samples in the nano-CT. Total scan times ranged from 32 minutes to 1 hour 25 minutes at the 182 

highest resolution.  183 

The projection images were loaded in specialized software (NRecon1.6.3.2, Bruker microCT, Kontich, 184 

Belgium) to reconstruct virtual cross-sections of the sample. This resulted in a 3-D data stack, 185 

typically digitized to 900 slices of 2000 by 2000 pixels. The images were smoothed by a Gaussian 186 

smoothing kernel, and corrected for rings and beam hardening, common artifacts in X-ray CT images. 187 

Image analysis and bubble size distribution 188 

For image analysis purposes, all datasets were cropped to  a cube with sides of  2.5 mm in order to 189 

exclude possible deformations on the image edges caused by sample preparation. Grayscale CT-190 



images were median filtered and binarized by Otsu thresholding (Figure 1). Voxels with a gray value 191 

higher or lower than that threshold value are considered to be background (in this case: foam matrix) 192 

or object (bubbles), respectively. Otsu’s algorithm is one of the most popular techniques for optimal 193 

thresholding, and has been previously applied in food and microstructural research (Pareyt et al., 194 

2009; Musse et al., 2010). It is based on discriminant analysis and maximises the ‘between-class 195 

variance’ of the gray level histogram to give the best separation of background and object classes 196 

(Gonzales-Barron & Butler, 2006). Next, noise was removed by excluding all binarized volumes 197 

smaller than 27 voxels.  198 

Quantification of individual bubbles was realized by applying watershed segmentation in Avizo 7.0 199 

(VSG, Bordeaux, France) to separate the touching, convex features (Russ, 2005; Esveld et al., 2012). 200 

The algorithm (Figure 1) works by calculating the Euclidean distance map (EDM) of the binary image, 201 

in which grayscales represent the distance from that pixel to the nearest black (background) pixel, 202 

regardless of direction. The EDM can be seen as a height chart, producing a mountain peak for each 203 

of the particles. Upon flooding of the terrain, water will shed down the peaks and run downhill until 204 

it reaches the background. Locations in the local valleys are reached by water running down from  205 

different peaks. Removing those points separates the peaks, and correspondingly separates the 206 

various particles in the binary images. After identifying individual bubbles, 3-D morphological 207 

operations (dilation and erosion) were performed to correct for separation lines. The bubbles in a 208 

0.512 mm3 volume were counted for each mixing time, volumes were measured and equivalent 209 

diameters calculated to construct a pore size distribution graph. An advantage of the method is that 210 

individual bubbles are counted. Finally, 3-D geometrical models were also constructed using Avizo 211 

7.0 (VSG, Bordeaux, France).  212 

Time-resolved Reflectance Spectroscopy (TRS) 213 

A multiwavelength TRS system developed at Politecnico di Milano (Italy) was used. The light source 214 

was a fibre laser (SC450-6W, Fianium, UK) providing white-light pulses shorter than 10 ps at a 215 



repetition rate of 40 MHz in the 450-2400 nm wavelength rangewith a total power of 6 W. The super-216 

continuum was spectrally filtered by a short-pass dichroic mirror/beam-splitter with 50% 217 

transmission/reflection at 1000 nm (DMLP900, Thorlabs, Germany) to reject the light at wavelengths 218 

longer than 1000 nm. The power could be adjusted by means of a stack of two motorized circularly 219 

variable neutral-density filters (NT43-770, Edmund Optics, UK), providing a maximum attenuation of 220 

8.0 OD. A set of 8 position filter wheels loaded with hard coated band-pass interference filters (NT-65 221 

series, Edmund Optics, UK) was used to sequentially select light at 14 discrete wavelengths in the 222 

540-900 nm spectral range: 540, 580, 632, 650, 671, 690, 730, 780, 800, 830, 852, 880, and 900 nm. A 223 

10x microscope objective (10X Olympus Plan Achromat Objective, 0.25 NA, RMS10X Thorlabs, 224 

Germany) was used to couple light in a 100 m core multimode graded-index fiber. The fiber was 225 

mounted on a 3-axis tilt on a 3-dimensional translational stage (Fiber Launch with FC-Connectorized 226 

Fiber Holder, MBT613/M Thorlabs, Germany) for precise alignment. Light diffusely remitted through 227 

the sample was detected using 1 mm plastic-glass fibers (APCS1000, Fiberguide, USA), placed at 2 cm 228 

distance from the injection fiber, and coupled to a hybrid photomultiplier (HPM-100-50, 229 

Becker&Hickl GmbH, Germany).  Another attenuation and wavelength selection stage identical to the 230 

previous ones was used to optimise light collection. A motorized shutter (NT59-253, Edmund Optics, 231 

UK) was placed in front of the detector to prevent damages. The signal from the detector was driven 232 

to a time-correlated single-photon counting board (SPC-130, Becker & Hickl, Germany); 233 

synchronization was provided directly from the laser. The acquisition of the time-resolved curves and 234 

the synchronous movement of the interference filter wheels and the variable neutral density filters 235 

are automatically controlled by a PC. The temporal resolution of the overall system was about 250 ps 236 

(full width at half maximum of the instrumental response function), limited by the modal dispersion 237 

in the optical fibers and the time transit spread in the detector.  238 

The reduced scattering (s’) and absorption (a) values at the different wavelengths were estimated 239 

by fitting a standard solution of the diffusion approximation to the transport equation for a semi-240 

infinite homogeneous medium (Contini, Martelli & Zaccanti, 1997), to the experimental data. The 241 



theoretical curve was convoluted with the instrumental response function and normalized to the 242 

area of the experimental curve. The fitting range included all points with a number of counts higher 243 

than 10% of the peak value on the rising edge of the curve and 1% on the tail.  244 

The performance of the system has been quantified on calibrated tissue phantoms with optical 245 

properties mimicking biological tissue (Pifferi et al. 2005).  In the range of measured values of the 246 

optical coefficients, with our set-up and the theoretical model we used, the accuracy of the absolute 247 

estimate of both s’ and a was usually better than 10%. However, the relative error made in the 248 

assessment of the repetitive measurements is smaller (coefficient of variation <2% for both s’ and 249 

a). 250 

Microstructure information could be obtained from the reduced scattering spectra. For a 251 

homogeneous sphere of radius r, Mie theory predicts the wavelength dependence of the scattering 252 

and the relation between scattering and sphere size (Bohren & Hoffman, 1983). Under the 253 

hypothesis that the scattering centres are homogeneous spheres behaving individually, the 254 

relationship between s’ and wavelength () can be empirically described as s’() = a(/0)
-b, where 255 

the 0 is a reference wavelength (e.g. 600 nm), and a and b are free parameters. In particular, a is 256 

proportional to the equivalent density of the scattering centres, and b depends on their equivalent 257 

size (Mourant et al., 1997). 258 

Spatially resolved  Reflectance spectroscopy (SRS) 259 

Setup 260 

A setup for SRS measurements in the 400-1100 nm range was built. This setup consisted of a contact 261 

probe consisting of 7 accurately positioned optical fibers, which was linked to a spectrograph for 262 

simultaneous measurement of the diffuse reflectance at different source-detector distances by a CCD 263 

camera. The fibers used were Thorlabs multimode silica fibers (FVP-200 PF) with a numerical 264 

aperture of 0.22 and a core diameter of 200 m. The 6 detection fibers were placed at various 265 



distances from the illumination fiber, ranging approximately from 0.3 to 1.2 mm with a step of about 266 

0.15 mm. The illumination fiber of the probe was connected to an AvaLight-DHc (Avantes, Eerbeek, 267 

The Netherlands) halogen lamp through an optical switch. The detection fibers from the SRS probe 268 

and a reference fiber from the optical switch of the light source were aligned in the entrance slit of a 269 

CP200 133 g/mm spectrograph (Horiba Jobin-Yvon, New Jersey, USA) which splitted the light from 270 

each of these fibers into its spectral components and projected these onto a Hamamatsu C7041 CCD 271 

camera with a S7041-1008 detector (Hamamatsu, Louvain-La-Neuve, Belgium). The signal from this 272 

camera was transferred to a computer by means of a PCI MIO-16E-4 data acquisition card (National 273 

instruments, TX, USA). Control of the light source, optical switch and camera was performed in 274 

LabView software (National instruments, TX, USA). This setup for SRS is schematically illustrated in 275 

Figure 2. 276 

Calibration 277 

Wavelength calibration was implemented for the SRS setup to link each pixel on the spectral 278 

dimension of the CCD sensors to the corresponding wavelength band by means of a calibration light 279 

source AvaLight-CAL-2000 (Avantes, Eerbeek, The Netherlands). The acquired wavelength versus 280 

pixel number plot showed a very good linear relation (R2 = 0.9998) (data not shown). Different 281 

efficiencies of the detection fibers were compensated by placing the probe inside a 50 mm diameter 282 

integrating sphere (Avantes, Eerbeek, The Netherlands) illuminated from its side port and reflecting 283 

more than 98% of the light in the range of 400 to 1100 nm to collect the homogeneously diffuse 284 

reflected light from the sphere wall. 285 

The relative diffuse reflectance spectra of the detection fibers from a measured sample were 286 

computed as the ratios of the dark-corrected intensities acquired for that sample by the dark-287 

corrected intensities collected in the integrating sphere. In this way, the measured signals were 288 

compensated for dark noises, variations in light source intensity, differences in efficiencies of 289 

different pixels of the camera and differences in efficiencies of the detection fibers. 290 



Measurements 291 

For each prepared sugar foam, 45 SRS measurements were performed at different locations to 292 

access the variation in optical properties within a sugar foam and to compare this to the differences 293 

among different sugar foams. At each measured location, 4 replicate measurements were acquired 294 

and the average signals were used for further analysis to reduce noise effects.  295 

Estimation of optical properties 296 

A typical solution of the radiative transport equation for steady state light propagation in turbid 297 

media based on the diffusion approximation presented by Farrell et al. (1992) was used to fit the 298 

spatially resolved reflectance profiles of a sample acquired at the different wavelengths by the SRS 299 

setup by means of a trust-region non-linear least squares fitting algorithm for estimation of the 300 

optical properties: absorption (a) and reduced scattering (s’). The fitting procedure for optical 301 

properties estimation of the sugar foams here is the same as the one presented in Nguyen Do Trong 302 

et al. (2011). 303 

Statistical analysis 304 

The effect of foaming time on each texture parameter was estimated using Statgraphics® Plus 4.1 305 

(Statistical Graphics Corp., Herndon, VA, USA) and morphological analysis was done in SAS Enterprise 306 

Guide (SAS Institute, Cary, NC, USA). One-way analysis of variance (ANOVA)  and Tukey’s test were 307 

used to establish the significance of differences among samples at 95% significance level.  308 



Results and discussion 309 

Texture of sugar foams 310 

The aeration of sugar-agar solution affected the density and mechanical and acoustic properties of 311 

the gelled material. The increase of foaming time from 2 to 4 minutes caused a significant decrease 312 

of sample density (Table 1). Evidently, the density of foams decreased with whipping time, but the 313 

difference between the density of samples after 4 and 8 minutes of foaming was hardly noticeable. It 314 

can be seen from table 1 that the mechanical resistance to compression decreased with increasing 315 

foaming time. The highest value of failure force was observed for material aerated for 2 minutes. No 316 

effect of foaming time on the deformation at failure was observed.  The changes of compression 317 

work with whipping time showed a similar trend as observed for density and force at failure. The 318 

average number of acoustic events for samples aerated for 8 minutes was significantly higher than 319 

for those aerated for 4 minutes. Although longer aeration created softer foams, the increase in 320 

acoustic events could be related to a higher number of smaller pores in the foams.  321 

Sugar foam microstructure quantification by means of micro- and nano-CT 322 

X-ray micro-CT is a non-destructive technique. By applying it to the foam samples, its unaffected 323 

microstructures could be measured at a high resolution. A comparison of the CT slices of the foams 324 

shows different microstructures for the different foaming times (. 325 

Figure 3). Figure 4 shows the corresponding 3-D renderings of the bubble structure that were further 326 

used on the analysis. After 2 minutes of whipping, large as well as small bubbles can be noticed in the 327 

foam. Whipping for a longer time, results in more homogeneous bubble sizes. Also the foam matrix 328 

material between the bubbles is thinner compared to the foam after 2 minutes whipping time. 329 

The results of the image analysis with the first method based on sphere fitting confirms these 330 

observations (Table 2). The global porosity of the foam is 43.98 % after 2 minutes of whipping, but 331 

rises significantly to 54.75% after 4 minutes of whipping. Overall porosity remains constant upon 332 



further mixing. These values confirm the density measurements in Table 1. Initial bubble diameters 333 

are on average 91.7 µm. After 4 and 8 minutes, finer bubbles of 66.1 and 74.3 µm on average are 334 

found, but this difference was not significant. The thickness of the foam matrix decreases from 50.1 335 

µm after 2 minutes to 37.4 µm and 36.4 µm after 4 and 8 minutes of foaming, again without 336 

significant differences at longer mixing. Counting individual bubbles in the 0,512 mm3 sized samples 337 

resulted in 1950 ± 233, 2351 ± 218 and 2844 ± 463 pores for mixing times of 2, 4 and 8 minutes, 338 

respectively, but again without significant differences.  339 

A more comprehensive description of the bubbles is presented in the volumetric bubble size 340 

distribution of the three different model foams (Figure 5). It was observed that, with an increase in 341 

mixing time from 2 to 4 min, smaller bubbles are formed and the largest bubbles disappear (. 342 

Figure 3 and Figure 4). With a further increase in mixing time, the small sized pores seem to merge to 343 

form medium-sized bubbles (Figure 5a and b).  Furthermore, bubbles that are smaller than 20 µm in 344 

diameter attached to larger ones are separated by the watershed algorithm, which appears as a peak 345 

in count distribution of the 8 minutes mixing foams (Figure 5c). As these smaller bubbles represent 346 

only a small volume fraction, their effect does not show in the volumetric distributions or general 347 

characteristics such as porosity. 348 

As there was an increase in the number of small bubbles with increasing whipping time, limitations in 349 

scan resolution need to be considered. Scans at higher resolution were performed to assess the 350 

constraints of X-ray micro-CT when it comes to resolving structural details (Figure 6).  351 

By increasing the imaging resolution more pronounced bubbles are detected and, smaller bubbles 352 

can now also be clearly resolved. Calculating porosity by means of Otsu thresholding illustrates the 353 

dependency of the image processing results on the imaging resolution and contrast. Porosity of the 354 

foam scanned at 3.3 µm pixelsize equals 73.78 %, whereas analysis of the foam imaged at 1.3 µm 355 

pixelsize results in a lower porosity of 64.45 %. The calculated porosity even decreases further when 356 

scanning at submicrometer pixelsizes to 43.41 % and 44.44 % for 0.7 and 0.5 µm pixelsize 357 



respectively. The bubble size distribution estimated from the images is also strongly influenced by 358 

the image resolution (Figure 7). Basically, by changing the resolution, a new window of bubble sizes 359 

can be detected.  However, scans at high resolution suffer from similar problems as those at low 360 

resolution. To image structures at submicron resolution, smaller samples are required and therefore 361 

the fraction of larger bubbles may not be properly represented in the scan volume. New 362 

developments in X-ray CT towards improving both resolution and the field of view are required to 363 

resolve the issue. With the present analysis, bubbles with diameters ranging from several millimeters 364 

to a few micrometers were found to be present in the foam. 365 

Non-destructive microstructure evaluation by means of TRS and SRS 366 

Absorption and reduced scattering spectra of foams as obtained by TRS are shown in Figure 8 and 367 

Figure 9, respectively. The absorption coefficient is quite low, ranging from 0.006 cm-1 at 670 nm to 368 

0.05 cm-1 at 900 nm. This could have been expected as water is the major chromophore contributing 369 

to light absorption in this spectral range. The slight decrease from 540 to 650 nm cannot be 370 

explained by water absorption only, but is probably related to absorption by albumin. No significant 371 

absorption differences are observed for the three different mixing times. Again, this could have been 372 

expected as the mixing time affects only the food microstructure (i.e. light scattering) and not the 373 

chromophore content. 374 

The reduced scattering coefficient spectra are rather flat, in agreement with a large (as compared to 375 

wavelength) equivalent size of scatterers (bubbles). There is a significant increase in the reduced 376 

scattering as a function of mixing time. To better quantify this behavior, the fits with the power law 377 

approximation of the Mie theory are also shown for the different spectra yielding the following 378 

values: for 2 min, a = 65.7±0.2 cm-1, b = 0.04±0.003; for 4 min, a = 70.1±0.3 cm-1; b = 0.06±0.004; for 379 

8min, a = 89.0±0.2 cm-1; b = 0.07±0.002. The mean values of a and b of the 3 foaming times are of 380 

significant difference under the considered confidence intervals (p<<0.01). The increase in a-value 381 

may indicate that the number of bubbles increases from 2 to 4 to 8 minutes of mixing, as also seen in 382 



the acoustic events, but not significantly obvious from the micro-CT analysis. The increase in b-value 383 

with mixing time does not agree with the average size reduction that is observed with micro-CT. 384 

An example of a spatially resolved diffuse reflectance profile in the range 500-1000nm  acquired at a 385 

location on the sugar foam with 8 minute foaming time is illustrated in Figure 10. In Figure 10, fiber 1 386 

is the closest detection fiber and fiber 6 is the furthest one from the illuminating fiber. A clear 387 

decrease of the relative reflectance with increasing fiber number can be observed at each 388 

wavelength. This can be explained by the fact that light exiting the sample at a larger distance from 389 

the incident light beam has traveled a longer path through the sample and thus had more chance to 390 

be absorbed or scattered. This is actually the spatially resolved diffuse reflectance profile of the sugar 391 

foam at that wavelength. A quite flat spectrum before 900 nm observed at each fiber position is a 392 

good indication that the sugar foam absorbs more or less evenly and quite little at all wavelengths in 393 

this region. A small ‘valley’ appears at the wavelength region close to 970 nm at each fiber position, 394 

indicating the presence of water in the sugar foam. 395 

The reduced scattering coefficient µs’ spectra estimated for the three sugar foams from SRS 396 

measurements in the  wavelength range 500-1000nm are shown in Figure 11. It can be clearly 397 

observed in Figure 11 that the mean values of the reduced scattering coefficients  µs’ of the sugar 398 

foams increase when the foaming time increases from 2 to 8 minutes. The mean values of µs’ of the 3 399 

foaming times are of significant difference under the considered confidence intervals; which 400 

indicates that the average bubble sizes in the three sugar foams become more or less significantly 401 

smaller with longer whipping times, while their number may increase. This is also in good agreement 402 

with our expectation that the mechanical energy supplied by the mixer or stirrer during the foaming 403 

process was being transferred to the sugar foam medium to break down larger air bubbles into 404 

smaller ones and to keep these newly created bubbles stable. The three average reduced scattering 405 

profiles are quite flat, which implies according to the Mie theory for light scattering that there are 406 



actually large ranges of the air bubble sizes in the range 500-1000 nm rather than a homogeneous 407 

bubble size of a specific or narrow diameter range. 408 

The same trend can be observed in the mean reduced scattering coefficient µs’ values measured with 409 

SRS and TRS. However, it is also noted that the variation of µs’ at each foaming time is larger for SRS 410 

than for TRS. This could be explained by the fact that the volume probed by the SRS probe is much 411 

smaller than that probed by TRS, due to the smaller size of the SRS probe compared to the source-412 

detection fiber distance in TRS. This makes that each SRS result represents the ‘local’ scattering 413 

properties while that of TRS indicates more ‘global’ or ‘bulk’ scattering properties at one measured 414 

location of the sugar foam with the same foaming time. 415 

Figure 12 shows the μa values estimated for the three sugar foams from SRS measurements in the  416 

wavelength range 500-1000 nm. As can be seen from Figure 12, the three sugar foams had quite low 417 

absorption values in the range 500-750 nm, which could be expected from the low absorption of the 418 

ingredients in this wavelength range. Beyond 800 nm the absorption values start to increase. This can 419 

be attributed to the presence of water in the foams, which has an absorption peak around 970 nm. 420 

The mean values of the measured absorption coefficient µa are almost the same for the three foams, 421 

which is in agreement with the fact that the foams were made from the same mixtures of 422 

ingredients. The larger variation in the µa values in the region with high water absorption can be 423 

attributed to the lower signal-to-noise ratios of the acquired signals in this region due to a 424 

combination of a low sensitivity of the camera sensor, lower reflected intensities and violation of the 425 

assumption for modeling light propagation in turbid media as a diffuse process (µs’ >>  µa). 426 

The setups for TRS and SRS used in this research are not suitable for on-line use in a real food factory 427 

as they make use of contact probes. However, recently setups for contactless TRS and SRS 428 

measurements have been elaborated which would allow to perform these measurements without 429 

any risk for cross-contamination of the measured samples. In the case of TRS, the application 430 

potential is currently still limited to on-line measurements on stationary samples as the optical 431 



properties at the different wavelengths are measured sequentially. For SRS, in-line measurements on 432 

moving samples are also possible as the spatially resolved profiles at all wavelengths in the 433 

investigated range are acquired simultaneously with a hyperspectral camera. 434 

Conclusions 435 

Foams were shown to have a complex 3-D microstructure using micro-CT as well as novel nano-CT. A 436 

voxel resolution smaller than 1 micrometer was achieved to measure and quantify micrometer-437 

diameter bubbles in foams with nano-CT, but this required relatively small samples. Micro-CT with a 438 

resolution of a few micrometers  –  and consequent larger sample sizes – allowed measuring the 439 

larger bubbles in the matrix. The volumetric bubble size distribution was demonstrated to be 440 

dependent on mixing time at short mixing times, while the number distribution of the bubbles may 441 

progressively change at longer mixing time. The latter observation explained significant changes in 442 

the acoustic texture properties of foams with increasing mixing time.  443 

The novel optical methods of TRS and SRS both showed differences in the scattering parameters that 444 

reflected the observed changes in the microstructure of sugar foams from different mixing times in 445 

relation to the texture properties. These non-destructive methods, therefore, hold large promise for 446 

application as process analysis and control tools of aerated sugar gels, and most probably aerated 447 

foods in general. 448 
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List of figures 584 

Figure 1. Watershed segmentation of touching bubbles: (a) original X-ray CT cross section; (b) Otsu 585 

thresholded: Pixels belonging to different bubbles are connected and thus considered to be part of a 586 

single object; (c) Euclidean distance map. The intensity of each pixel corresponds to the 3-D distance 587 

to the nearest background pixel; (d) EDM rendered as a surface to show peaks, valleys, background 588 

and watershed lines; (e) Separated bubbles after dilation and erosion. 589 

Figure 2. Schematic for the SRS setup. 590 

Figure 3. Typical reconstructed X-ray micro-CT cross-sections of sugar foams after 2 (a), 4 (b) and 8 (c) 591 

minutes of foaming. X-ray CT clearly resolves the air in the bubbles (black) versus the foam matrix 592 

material (gray). The scale bars measure 500 µm. 593 

Figure 4. 3-D bubble structure of sugar foams obtained from micro-CT: (a) 2 min mixing, (b) 4 min 594 

mixing and (c) 8 min mixing (sample size: 0,51 mm³, voxel resolution: 4.0 µm). 595 

Figure 5. Watershed bubble size distributions of sugar foams determined from X-ray micro-CT images 596 

(voxel resolution = 4.0 µm). Bars are representing standard error on 3 repetitions. (mixing times: ― 2 597 

min; • • 4 min; - -8 min).  598 

Figure 6. Cross-section of X-ray micro- and nano-CT images of foam material imaged at  3.3 (a), 1.3 599 

(b) 0.7 (c) and 0.5 (d) µm pixel sizes. All images measure 250 µm x 250 µm, illustrating the effect of 600 

imaging pixel size on the resolved microstructural information. 601 

Figure 7. Bubble size distributions of sugar foams on X-ray micro- and nano-CT images. Voxel 602 

resolutions vary from 0.5 to 3.3 µm  603 

Figure 8. Absorption spectra of sugar foams obtained by TRS for the different mixing times. The error 604 

bars are the standard deviations over 9 replicates. 605 



Figure 9. Reduced scattering spectra of sugar foams obtained by TRS for the different mixing times. 606 

The error bars are the standard deviations over 9 replicates. Continuous lines are fits with the power 607 

law approximation of the Mie theory. 608 

Figure 10. Spatially resolved diffuse reflectance profile at a measured location of the sugar foam with 609 

8 minute foaming time 610 

Figure 11. Estimated reduced scattering coefficients µs’ of the three sugar foams (2 min: triangles; 4 611 

min: squares; 8 min: circles) by SRS measurements in the range 500-1000nm. Dotted lines with 612 

shapes represent the mean values and smaller shapes without dotted lines indicate the mean +/- 613 

standard deviation. 614 

Figure 12. Absorption coefficients µa in the 500-1000 nm range measured for the three sugar foams 615 

(2 min: triangles; 4 min: squares; 8 min: circles) by SRS . Dotted lines with shapes represent the mean 616 

values and smaller shapes without dotted lines indicate the mean + standard deviation (lower limits 617 

are restricted to zero). 618 
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(a) (b) (c) 

 

(d) (e) 

Figure 13. Watershed segmentation of touching bubbles: (a) original X-ray CT cross section; (b) Otsu 620 

thresholded: Pixels belonging to different bubbles are connected and thus considered to be part of a 621 

single object; (c) Euclidean distance map. The intensity of each pixel corresponds to the 3-D distance 622 

to the nearest background pixel; (d) EDM rendered as a surface to show peaks, valleys, background 623 

and watershed lines; (e) Separated bubbles after dilation and erosion. 624 
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 626 

Figure 14. Schematic for the SRS setup 627 
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629 
 (a) (b) (c) 630 

Figure 15. Typical reconstructed X-ray micro-CT cross-sections of sugar foams after 2 (a), 4 (b) and 8 631 

(c) minutes of foaming. X-ray CT clearly resolves the air in the bubbles (black) versus the foam matrix 632 

material (gray). The scale bars measure 500 µm. 633 

 634 

(a)    (b)    (c) 635 

Figure 16. 3-D bubble structure of sugar foams obtained from micro-CT: (a) 2 min mixing, (b) 4 min 636 

mixing and (c) 8 min mixing (sample size: 0,51 mm³, voxel resolution: 4.0 µm) 637 
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Figure 17. Watershed bubble size distributions of sugar foams determined from X-ray micro-CT 639 

images (voxel resolution = 4.0 µm). Bars are representing standard error on 3 repetitions. (mixing 640 

times: ― 2 min; • • 4 min; - -8 min). 641 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 18. Cross-section of X-ray micro- and nano-CT images of foam material imaged at  3.3 (a), 1.3 643 

(b) 0.7 (c) and 0.5 (d) µm pixel sizes. All images measure 250 µm x 250 µm, illustrating the effect of 644 

imaging pixel size on the resolved microstructural information. 645 
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 647 

Figure 19. Bubble size distributions of sugar foams on X-ray micro- and nano-CT images. Voxel 648 

resolutions vary from 0.5 to 3.3 µm  649 
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 651 

Figure 20. Absorption spectra of sugar foams obtained by TRS for the different mixing times. The 652 

error bars are the standard deviations over 9 replicates. 653 
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 656 

Figure 21. Reduced scattering spectra of sugar foams obtained by TRS for the different mixing times. 657 

The error bars are the standard deviations over 9 replicates. Continuous lines are fits with the power 658 

law approximation of the Mie theory. 659 
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 661 

Figure 22. Spatially resolved diffuse reflectance profile at a measured location of the sugar foam with 662 

8 minute foaming time 663 
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 665 

Figure 23. Estimated reduced scattering coefficients µs’ of the three sugar foams (2 min: triangles; 4 666 

min: squares; 8 min: circles) by SRS measurements in the range 500-1000nm. Dotted lines with 667 

shapes represent the mean values and smaller shapes without dotted lines indicate the mean +/- 668 

standard deviation. 669 
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 671 

Figure 24. Absorption coefficients µa in the 500-1000 nm range measured for the three sugar foams 672 

(2 min: triangles; 4 min: squares; 8 min: circles) by SRS . Dotted lines with shapes represent the mean 673 

values and smaller shapes without dotted lines indicate the mean + standard deviation (lower limits 674 

are restricted to zero). 675 

 676 

 677 
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Table 1. Texture characteristics of the model foams. Values are mean ± standard deviation. Different 679 

letters in the same column indicate significant differences (p≤0.05). 680 

Foaming time  

(min) 

Apparent 

density of foam 

(kg m-3) 

Force at 

failure 

(N) 

Deformation 

at failure 

(mm) 

Compression 

work  

(mJ) 

Number of 

acoustic 

events 

2 634±14a 8.6±1.0a 6.0±0.3a 18.2±1.8a 75 ±35a 

4 501±26b 6.7±0.9b 6.3±0.7a 16.1±3.7b 120 ±59a 

8 490±9b 6.5±0.7b 6.3±0.7a 15.1±2.7b 202 ±112b 

 681 

Table 2.  3-D morphometric parameters for samples after 2, 4 and 8 minutes foaming time. Values 682 

are mean ± standard error (3 repetitions). Different letters in the same column indicate significant 683 

differences (p≤0.05). 684 

Foaming 

time 

[min] 

Porosity 

[%] 

Average bubble 

diameter 

[µm] 

Average foam 

matrix thickness 

[µm] 

Number of bubbles 

[-] 

2 43.98 ± 0.60b 91.7 ± 1.7a 50.1± 1.7a 1949.7 ± 233.2a  

4 54.75 ± 0.49a 66.1 ± 3.2b 37.4± 0.6b 2351.3 ± 218.2a 

8 55.74 ± 0.63a 74.3 ± 0.8b 36.4± 2.1b 2844.5 ± 462.5a 
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