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Executive Summary

Deformation is a phenomenon that is common during drying. Generally,
deformation is evaluated and reported in terms of volumetric shrinkage. However,
volumetric shrinkage cannot be used to describe non-uniform deformation, which
commonly takes place during drying of shrinkable materials such as biopolymers, fruits
and vegetables. In this study, algorithms and software were developed to first
reconstruct 3D images from 2D images, and then to monitor and characterize non-
uniform deformation of such images. Agar gel with different sugar contents were used
as the test materials and were allowed to undergo drying at different rates.

The developed image reconstruction algorithms were successfully validated with
standard geometrical shapes. Various image-based parameters, both in two dimensions,
l.e., projected area, perimeter, major axis length, minor axis length, equivalent diameter,
aspect ratio, extents, fractal dimension and various shape parameters; and in three
dimensions, i.e., volume, surface area, various sphericities, Wadell's roundness, radius
ratio and Hoffmann shape entropy, were then calculated. The results showed that extent
and fractal dimension could be used to identify the onset and to monitor non-uniform
deformation in two dimensions, while sphericity could be used for such tasks in three
dimensions.

However, choosing appropriate parameters is very important if non-uniform
deformation is to be monitored; widely used parameters cannot always be used for such
a purpose. For example, extent, fractal dimension and sphericity could be used to
identify the onset and to monitor non-uniform deformation for a cube but these
parameters could not be used to monitor a real food deforms non-uniformly in three
dimensions with rugged surface such as puffed banana slices. This is most probably
because 2D top-view images are not adequate for the evaluation of a sample with
rugged surface. In this case, for the 2D-based parameters, aspect ratio and the other
extent (calculated from the ratio of projected area to Feret's diameters) could be used to
indicate the start of the non-uniform deformation period; Wadell’s sphericity represented
the 3D-based parameters that could be used to perform the similar task. These
parameters, however, could not be used to monitor the volume change of the samples.
3D-based volume and surface area along with the Wadell’s sphericity should instead be

used to monitor the puffing of banana slices.



The relationship between the drying conditions as well as composition and non-
uniform deformation behavior and its subsequent influence on physical and
physicochemical properties of the model food materials based on the developed image-
based parameters was investigated. The obtained information should be useful for
future development of a real-time and/or in situ monitoring and control system for a
drying process of high-value foods and soft biomaterials via the use of a computer

vision system (CVS).
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Abstract

Project Code: TRG5880109

Project Title: Use of Image Analysis as a Tool to Understand Non-Uniform

Deformation Behavior of Food Materials during Drying

Investigator: Dr. Maturada Jinorose

E-mail Address: maturada.ji@kmitl.ac.th

Project Period: 2 years

Deformation is a phenomenon that is common during drying. Generally,
deformation is evaluated and reported in terms of volumetric shrinkage; however,
volumetric shrinkage cannot be used to describe non-uniform deformation, which
commonly takes place during drying of various food materials, including fruits and soft
confectionary such as soft candy, gel, gelatin and jelly products. Although attempts have
recently been made to describe non-uniform deformation via the use of different image-
based indicators, most of these indicators can only describe deformation in only one or
two dimensions; the results are also mostly qualitative in nature. In this study,
algorithms and software were developed to characterize the three-dimensional changes
of shape, size and appearances of model food materials, agar gel with different sugar
contents, undergoing drying at different rates. Appropriate parameters, that can be used
to monitor non-uniform deformation of the materials were calculated and tested. The
developed image reconstruction algorithms, which reconstruct 3D images from 2D
images, were successfully validated with standard geometrical shapes. Various image-
based parameters, both in two dimensions, i.e., projected area, perimeter, major axis
length, minor axis length, equivalent diameter, Feret's diameter, extents, aspect ratio,
form factor, fractal dimension and various shape parameters; and in three dimensions,
i.e., image-based volume, surface area, various sphericities, Wadell’s roundness, radius
ratio and Hoffmann shape entropy, were then calculated and tested for their suitability to
monitor such a deformation. The results showed that choosing appropriate parameters
is very important if non-uniform deformation is to be monitored; widely used parameters

iv



cannot always be used for such a purpose. For example, extent and fractal dimension
could be used to identify the onset and to monitor non-uniform deformation in two
dimensions, while sphericity could be used for such tasks in three dimensions for a
cube but these parameters could not be used to monitor a slice deforms non-uniformly
in three dimensions with rugged surface. Relationships between composition and
physical as well as physicochemical properties of foods and their deformation were
investigated to understand how non-uniform deformation behavior (and its subsequent
influence on physical and physicochemical properties) was affected by the combined
effect of composition and drying rate. The obtained information should be useful for
future development of a real-time and/or in situ monitoring and control system for a
drying process of high-value foods and soft biomaterials via the use of a computer

vision system (CVS).

Keywords: Apparent Characteristics; Shape; Deformation; Image Analysis; Quality

Evaluation; Drying
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1. Introduction

During drying of foods and soft biomaterials, moisture migrates from inner
structure through the porous structure to the environment. Moisture gradients, which
result from the differences in the moisture level at different positions within the structure,
lead to non-uniform deformation of the materials, especially those composed of soluble
protein and/or polysaccharides such as fruits and soft confectionary, e.g., soft candy,
gel, gelatin and jelly products. It is well recognized that foods with different compositions
and structures behave differently during drying and that important physical
transformations, e.g., casehardening, distortion and changes of shape, are affected by
the combined effect of drying conditions and food composition. However, without
detailed quantitative information on the deformation behavior, this combined effect
cannot be effectively established. Unfortunately, deformation, which is in most cases
non-uniform in nature, is very difficult to evaluate.

Normally, deformation is reported in terms of volumetric shrinkage, which is
calculated from the volume of a product at any instant and its initial volume. However,
volumetric shrinkage cannot be used to describe non-uniform deformation as this
parameter only considers the change of the overall volume of a material. It was indeed
reported that while the shape of a material might have significantly changed, the
volumetric shrinkage might not. This deficiency deserves significant attention as drying
does not cause only the change of volume but also the change of the shape of a
material. This change of shape significantly affects heat/mass transfer area and hence
the drying behavior, which in turn results in altered time-temperature history of the
material. Since physical, physicochemical and nutritional properties of a dried product
are expectedly affected by its time-temperature history, it is of great importance that
deformation be described and expressed adequately. Very limited studies are
nevertheless available on describing food deformation behavior, especially when non-
uniform deformation is involved. This is because it is not easy to quantify (and not only
qualify) the change of shape. Although deformation is clearly non-uniform, it is difficult to
assign any value to quantify the degree of non-uniformity, especially when describing
the non-uniformity in three dimensions is of interest.

Based on the aforementioned arguments, it is interesting to investigate the use
of image analysis as a tool to understand the non-uniform deformation behavior of foods
during drying as affected by both the drying conditions and food composition. In this

study, agar gel with different solids contents and compositions were used as a model



material. This model material is selected as it should allow the determination of the
effect of food composition, in combination with the drying conditions, in a controllable
manner. Sugar is known to significantly affect deformation since it might cause
casehardening, leading to surface rigidity and other forms of distortion and shape
changes, which are of interest as well.

Algorithms and software were developed to characterize the changes of the
model foods during drying at different rates. Various dimension, shape and deformation
parameters were investigated; appropriate parameters that can quantitatively represent
the non-uniform deformation characteristics of the model foods were calculated and
tested; validation of such parameters was also made on real food materials (i.e., carrot
cubes and banana slices).

The developed image reconstruction algorithms were successfully validated with
standard geometrical shapes. The results showed that choosing appropriate parameters
is very important if non-uniform deformation is to be monitored; widely used parameters
cannot always be used for such a purpose. The extent, fractal dimension and sphericity
could be used to identify the onset and to monitor non-uniform deformation of model
food materials. However, in case of a real food deforms non-uniformly in three
dimensions with rugged surface such as puffed banana slices, aspect ratio and the
other extent (calculated from the ratio of projected area to Feret's diameter) could be
used to indicate the start of the non-uniform deformation period; Wadell's sphericity
represented the 3D-based parameters that could be used to perform the similar task.
These parameters, however, could not be used to monitor the volume change of the
samples. 3D-based volume and surface area along with the Wadell's sphericity should
instead be used to monitor the materials deforms non-uniformly in three dimensions with
rugged surface.

The relationship between the drying conditions as well as composition and non-
uniform deformation behavior and its subsequent influence on physical and
physicochemical properties of the model food materials based on the developed image-
based parameters were also investigated. The obtained information should be useful for
future development of a real-time and/or in situ monitoring and control system for a
drying process of high-value foods and soft biomaterials via the use of a computer

vision system (CVS).



2. Materials and Methods

Please refer to the Appendix for detailed Materials and Methods used in the

study.

3. Results and Discussion

Please refer to the Appendix for detailed Results and Discussion of the study.

4. Conclusions

Please refer to the Appendix for detailed Conclusions of the study.
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Deformation is a phenomenon that is common during drying. Generally, deformation is evaluated and reported in terms
of volumetric shrinkage. However, volumetric shrinkage cannot be used to describe non-uniform deformation, which
commonly takes place during drying of shrinkable materials such as biopolymers, fruits and vegetables. In the present
study, algorithms and software were developed to first reconstruct 3D images from 2D images, and then to monitor non-
uniform deformation of such images. Agar gel with different sugar contents were used as the test materials and were
allowed to underge drying at different rates. The developed image reconstruction algorithms were successfully validated
with standard geometrical shapes. Various image-based parameters, both in two dimensions, i.e. projected area, perim-
eter, major axis length, miner axis length, equivalent diameter, extent and fractal dimension; and in three dimensions,
i.e. volume, sphericity, Wadell’s sphericity, Wadell’s roundness, radius ratio and Hoffmann shape entropy, were then
calculated. The results showed that extent and fractal dimension could be used to identify the onsetand to monitor non-
uniform deformation in two dimensions, while sphericity could be used for such tasksin three dimensions.

Introduction

Drying is a process that removes volatile substances
{mostly water) from a material and turns it into a solid
product (Mujumdar, 2015). During drying, changes, in-
cluding physical, chemical and microstructural changes,
occur. Among these changes, deformation (i.e. change of
shape and/or size) is one of the most common (Niamnuy
ef al., 2008). Generally, deformation is quantified by direct
measurement using such instruments as a Vernier caliper
{Raghavan and Silveira, 2001} or evaluated and reported in
terms of the volumetric shrinkage, which can be calculated
from the ratio of the material volume at any instant to the
initial volume; such simple methods as the solid or liquid
displacement method can be employed to determine the
volumetric shrinkage (Sansiribhan ef al, 2010).

Despite its simplicity and widespread use in drying-re-
lated studies, volumetric shrinkage cannot be used to de-
scribe non-uniform deformation, which commonly takes
place during drying of highly shrinkable materials such as

Received on January 27, 2017; accepted on June 16, 2017

DOL 10.1252/jcej 1 Twe035

Presented at the 20th International Drying Symposium (IDS 2016),
Gifu, August 2016

Correspondence concerning this article should be addressed to M.
Jinorose {E-mail address: maturada.ji@kmitlac.th).

biopolymers and even fruits and vegetables (Panyawong and
Devahastin, 2007). In fact, it has been reported that, while
two pieces of a material undergoing two different drying
methods may suffer much different patterns of deforma-
tion (or in other words, different changes of shape and/or
size), their volumetric shrinkage values may still be similar
(Devahastin ef al., 2004; Devahastin and Niamnuy, 2010).
Since the change of shape significantly affects heat and mass
transfer, which in turn affects physical, physicochemical, mi-
crostructural and nutritional properties of a dried product,
it is important that non-uniform deformation be adequately
described and monitored.

To achieve the aforementioned objective, image analysis
has been applied to describe deformation. Various shape
factors have been proposed for such a purpose. Neverthe-
less, most of the reported works were performed using
shape factors that can only describe deformation in only one
or two dimensions, although deformation usually occurs in
all three directions; the results are also mostly qualitative
in nature (Niamnuy et al., 2014). This is due to the fact that
acquisition of two-dimensional (2I)) images is much easier
than that of three-dimensional (31) images. It is important
to note, however, that 2D image-based analysis can never
accurately represent non-uniform deformation.

Recently, limited attempts have been made to describe
shape using indicators derived from 3D image-based infor-
mation. For example, Bullard and Garboczi (2013) reported

Copyright © 2017 The Society of Chemical Engineers, Japan
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that any properties such as volume, dimension and spheric-
ity of 3D-shaped particles (star-shape) could be calculated
from a mathematical model developed from macroscopic
parameters and surface integrals. Various sphericity-based
shape factors, i.e. true roundness, sphericity, radius ratio of
bounding spheres, Hofmann shape entropy, Wadell’s round-
ness and Wadell's sphericity, were indeed calculated from
the particle surface integrals. It was found that the round-
ness could capture the particle shape better than the other
tested shape factors. Radvilaite ef al. (2016) who attempted
to characterize various grain shapes, i.e. chickpea, maize
and bean, also found that a mathematical model developed
from spherical harmonics (SH) could be used to classify
the shape rather well. It must be noted nevertheless that the
shape identification or characterization has usually been
done only on standard or drawn-shapes; real materials with
complex shapes have not been tested due to the limitation of
an image acquisition algorithms.

Although there currently exists several options for soft-
ware such as Autodesk Recap 360 (Autodesk Inc.), Agisoft
Photoscan (Agisoft, LLC) or Visual SFM (http://ccwu.me/
vsfm/) that can be used to construct 3D images from 2D im-
ages, ready-made reconstructed 3D images are in most cases
incomplete and must be further adjusted and calibrated if
accurate information including shape, volume and surface
are to be obtained and, in particular, quantified. Since de-
formation occurs in all dimensions, using 3D image-based
analysis should accurately represent non-uniform deforma-
tion better than a simpler 2D image-based method.

In the present study, algorithms and software were de-
veloped to first reconstruct 3D images from 2D images;
standard geometrical shapes were used for the validation
and calibration purposes. Various parameters, both in two
dimensions, i.e. projected area, perimeter, major axis length,
minor axis length, equivalent diameter, fractal dimension
and extent; and in three dimensions, i.e. volume, spheric-
ity, Wadells sphericity, Wadell’s roundness, radius ratio and
Hoffmann shape entropy, were then calculated and com-
pared to determine if they have the capability of monitoring
non-uniform deformation. Agar gel with different sugar
contents were used as the test materials and allowed to un-
dergo drying at different rates.

1. Experimental

1.1 Agar gel preparation

Two percent (w/w) granulated purified agar (Product
no. 1016141000, Merck Millipore Corp.) was mixed with
sugar (at 0, 10 or 20% w/w) and added to distilled water. The
mixture was stirred at room temperature at 100 rpm for 1h,
and then heated to 95°C; stirring continued at 150 rpm for
10 min. The mixture was then allowed to cool for 10 min,
after which it was poured into a silicone mold to form agar
cubes with the dimensions of 1.9X1.9X1.9 cm. The cubes
were taken out of the mold after 1h setting at room temper-
ature (25%2°C). The initial moisture content of agar gel with
0% sugar was 45.1°0.5% (d.b.), while those of the gels with

786

10% and 20% sugar were 5.5+0.2% (d.b.) and 2.7+0.1%
(d.b.), respectively.

1.2 Drying experiments

Drying experiments were conducted in a convective hot
air dryer (UM500, Memmert GmbH+Co. KG) at two dif-
ferent drying temperatures (60 and 80°C). The drying air
velocity was maintain at =~0.1 m/s. Three cubes were taken
at each predetermined drying time (every 1h until mois-
ture content was lower than 0.1% (d.b.)). The cubes were
weighed and their images taken. The volume of the cubes
was also determined.

1.3 Moisture content determination

Sample was weighed using a 4-digit digital balance with
an accuracy of +0.0002g (BSA224S-CW, Sartorius Lab In-
struments GmbH & Co. KG), and then dried in a hot air
oven (UM500, Memmert GmbH+Co. KG) at 105+2°C
until constant mass was obtained as per the AOAC method
984.25 (2000). The moisture content (M.C.) of the sample
was then calculated as Eq. (1):
i — Mipg

M.C. (% d.b.) = X100 1)

Mg
Here, m; and my, are the mass of the sample at any instant
and bone-dry mass of the sample, respectively.

1.4 Volume determination

Volume of a sample was determined using a liquid dis-
placement method with 25mlL Hubbard-Carmick specific
gravity bottle (1620-25, Corning Inc.) and 95% n-heptane
(AR 1078, RCI Labscan Ltd.) (density =~0.680 gcm ™) as the
working liquid (Sansiribhan et al., 2010). The volume of the
sample was calculated as Eq. (2).

Vi= (2)

Here, m, m and p are the mass of the sample in the air, mass
of the sample in the solvent and density of the solvent, re-
spectively.

Fig. 1 Image acquisition positions
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1.5 Image acquisition

2D images of a sample were first captured by a CMOS-
sensor digital camera (G16, Canon Inc.) within a light
box with the dimensions of 404040 cm. The employed
lighting system consists of 4 fluorescent lamps (Daylight
FL8WTS5, Lamptan Lighting Technology Co., 1td.) placed
around the top of the box. Images were taken from five an-
gles as shown in Figure 1. The sample was placed on a 360°
rotating platform, which rotated at 3rpm (185 per round).
Images were taken at 1 s intervals (or at every 20° rotation).

3D images were reconstructed from the 2D images using
Autodesk Recap 360 software (Autodesk Inc.). A post-
processing step was performed to reduce unwanted ob-
jects using MeshLab (ISTI-CNR, Visual computing Lab.,
http://www.meshlab.net).

1.6 Image analysis

In the case of 2I) image analysis, the first analysis step
involved foreign object elimination from the acquired
image, which was done via MATLAB Release 2016b (The
MathWorks, Tnc.). Each image was cropped to 512512 pix-
els (without distortion of shape). Image segmentation was
then performed by converting an RGB image into a binary
image using Otsus thresholding method (Jinorose ef al.,
2014). Edge detection and hole filling were subsequently
performed to extract an area of interest. Various parameters,
i.e. projected area, perimeter, major axis length, minor axis
length, equivalent diameter, extent (a ratio of project area to
bounding box area) and fractal dimension, which was cal-
culated using the box counting method, were then extracted
from the area of interest. All parameters were calculated
using algorithms written in MATLAB® and equations of
Neal and Russ {2012).

In the case of 3D image analysis, after a 3D image was
reconstructed, the image was converted into an STL file
and imported into COMSOL Multiphysics® version 3.5
{(COMSOL, Inc.) to calculate the volume and various shape
factors, i.e. sphericity, Wadell’s sphericity, Wadell’s round-
ness, radius ratio and Hoffmann shape entropy, using Eqs.
(3) to (7). These parameters were selected due to their sim-
plicity. It was also reported that sphericity could be used
to well describe the shape of an object in three dimensions
{(Bullard and Garboczi, 2013). Fine mesh setting was adopt-
ed when assigning meshes to the image prior to the volume
determination.

N 367 S VY
Sphericity = % (3)
Wadell's sphericity = Sﬁf 4
N
2R
Wadell's roundness = 5}3 (5)
R
Radius ratio = —"0 (6)

max
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Hoffmann shape entrop = + Z pilnp, (7)
ln{?j =L

1.7 Validation of reconstructed images

The accuracy of the image reconstruction algorithms was
verified by applying such algorithms to selected standard
shapes, i.e. cube, cylinder, cone and sphere (with dimensions
varied from 1 to 2.5cm as shown in Table 1).

Comparison of the obtained image-based results was
made with the results obtained from the conventional meth-
ods, i.e. use of Egs. (8) to (11) to calculate the volume and
liquid displacement method. Various dimensions that were
needed for Egs. (8) to (11) were obtained via direct mea-
surement using a Venier caliper (Mitutoyo, Japan) with an
accuracy of =0.002mm. Information pertaining to a 3D
image (i.e. volume), which was reconstructed from the de-
veloped algorithms, was also compared with that obtained
from conventional 3D measurement techniques, i.e., laser
scanning via a commercial scanner (Artec 3D, Artec Eva,
Luxembourg).

Cube V.=D, %D, XD, (8)
2
Cylinder  V, =JT[%] h (9)
2

7D

Cone V. _?[TJ h {10
4 (DY

Sphere V. :?ﬂ‘ {TJ (11)

Here, V. is the volume and D is the average diameter. D,, D,
and Dy are the diameters in x-axis, y-axis and z-axis, respec-
tively, and I is the average height.

All experiments and analyses were performed at least in
duplicate.

Table 1 Size and dimensions of standard shapes as measured using a
Vernier calliper

Shape Dimension [mm]

Cube 10.30+0.05
15.32+0.04
20.06+0.20
25.21+0.07
30.21£0.08
D=10.20%+0.00, H=1023%+0.02
D=1528%+0.03, H=1526%0.03
D=20.2520.03, H=2040%0.02
Cone D=1011+002, H=1019+0.01
D=15.08+0,02, H=15.00%0.00
D=20.25%0.08, H=20.33%0.03
Sphere D=955+0.03
D=1631%0.06
D=1974+0.03

Cylinder

Note: D= diameter and H = height
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2. Results and Discussion

2.1 Validation of reconstructed 3D images

3D images were reconstructed from 2D images as exem-
plified in Figure 2. It was found that the developed algo-
rithms yielded satisfactory results in terms of volume (Table
2). The differences between the results obtained from the
image reconstruction algorithms and those from the calcu-
lation and measurements were usually lower than 10%, ex-
cept in the case of very small samples (smaller than 1.5cm).
This is because of the capture limit of the developed algo-
rithms; the algorithms could best be used to determine the
size of an object that is larger than 1.5cm and smaller than
2cm in any dimension. It is important to note that the tested
commercial laser scanner could not be accurately used to
determine the size of an object that is smaller than 1.0 cm in
any dimension as well.

As shown in Table 2, liquid displacement and calculation
methods exhibited standard deviations among replicates of
each sample of less than 5% regardless of the size or di-
mension of the sample. On the other hand, the developed
algorithms exhibited deviations of less than 10% in most
cases, except when a sample was too small (i.e. in the cases
of 1X1X1-cm cube and 1-cm height cone) or pointed-shape
cone. No standard deviations are reported in the case of

-8R0 BA
B

Fig. 2 Sample reconstructed 3D images

laser scanning measurement as only one replicate was made.

Resulted obtained from the laser scanner, calculation and
developed algorithms compared with liquid displacement
(which considered the traditional or standard method) usu-
ally had less than 5% difference except for small samples
(smaller than 1.5cm) regardless of the shapes. Therefore, it
could be concluded the deviation between method of mea-
surement was related with size (not too small, especially
smaller than 1 cm).

2.2 Effect of drying temperature

Drying experiments were conducted at two different dry-
ing temperatures, i.e. 60°C (slow drying) and 80°C (mod-
erate drying), at an air velocity around 0.1m/s to study
the effect of drying rate on the test material deformation;
selected images of the samples at different drying time are
shown in Figure 3. Only agar gel with 0% sugar was tested
in this case. Initially, the sample deformed rather uniformly.
However, upon prolonged drying, the sample started to de-
form non-uniformly. The point (time) where non-uniform
deformation started to take place depended on the rate of
drying; higher drying air temperature resulted in earlier
non-uniform deformation. Nevertheless, if the results were
considered based on the moisture content, the rate of dry-

-

6h &h
Fig. 3 Deformation of agar gel (0% sugar) during drying at 80°C

Table 2 Comparison between the volume obtained from image reconstruction, calculation and measurement

Volume [mm?]

Shape Liquid displacement Laser scanner Calculation Developed algorithms

Value Value %Diff Value %Dift Value %Dift
Cube 1060.855+3.926 (0.370%) 998.50 5.878 1091.293+6.457 (0.592%) 2.869 1373.726+214.154 (15.589%) 29.492
3523.325+23.662 (0.672%) 3550.00 0.757 3595.639+16.264 (0.452%)  2.052 3684.058+191.206 (5.190%)  4.562
8227.685+335.320* (4.076%) 8096.00 1.601 8069.858+50.530 (0.626%)  1.918 8330.946+143.877 (1.727%)  1.255
15506.783+297.389* (1.918%) 15530.00 0.150  16015.294+55.319 (0.345%)  3.281 15398.571+203.819 (1.324%)  0.698

25837.384+401.700%* (1.555%) 27110.00  4.925 27561.607+54.813 (0.199%) 6.673 N/A N/A
Cylinder 809.613£15.009 (1.854%) 787.20 2.768 835.650+1.887 (0.226%) 3.216 781.156+34.675 (4.439%) 3515
2744.375+22.322 (0.813%) 2560.00 6.718 2798.299+16.780 (0.600%)  1.965 2523.203+230.335(9.129%)  8.059
6441.789+77.726 (1.207%) 6075.00 5.694 6572.247+£18.725 (0.285%)  2.025 6400.149+141.118 (2.161%)  0.646
Cone 287.346+18.312 (6.373%) 32210 12.095 272.766+1.124 (0.412%) 5.074 238.815+12.174 (5.098%) 16.889
965.897+7.710 (0.798%) 978.50 1.305 893.024+2.369 (0.265%) 7.545 969.849+64.733 (6.675%) 0.409
2291.348+13.786 (0.602%) 2270.00 0932 2182.90.6+19.575 (0.897%)  4.733 2367.782+192.138 (8.115%)  3.336
Sphere 425.826+8.261 (1.940%) 454.90 6.828 456.533+4.375 (0.958%) 7.211 327.866+£103.092 (31.443%) 23.005
2240.407%29.785 (1.329%) 2234.00 0.286 2273.200%+24.184 (1.064%)  1.464 2041.038+224.519 (11.000%) 8.899
3958.053+88.282 (2.230%) 3988.00 0.757 4027.567+£21.225 (0.527%)  1.756 4029.170+445.117 (11.047%)  1.797

Note: Percent differences were calculated in comparison with the liquid displacement values. Laser scanning analysis was performed only in single

replication.
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Fig. 4 Drying curves of agar gel (0% sugar) at different drying tem-
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Fig. 5 Volume ratio as a function of moisture ratio of agar gel (0%
sugar). 0= initial value

ing did not have any significant effect on the point (moisture
content) where non-uniform deformation started to take
place.

Higher drying air temperature expectedly led to a higher
drying rate as shown in Figure 4. Volume changes of the
samples undergoing drying at both temperatures were not
different if considered at the same moisture ratios as shown
in Figure 5. At a moisture ratio of lower than 0.4, non-
uniform deformation started to take place; the results agreed
well with those observed visually.

2.3 Image-based information

Before the effect of sugar content was assessed, it is inter-
esting to first determine if and which image-based parame-
ters can be used to describe non-uniform deformation. Both
2D and 3D parameters were calculated.

Figure 6 shows the 2D image-based parameter evolutions
as a function of the moisture ratio. When considering which
parameters could be used to describe non-uniform defor-
mation (or in other words, change of shape), only the fractal
dimension and extent could be used. It is seen that these
two parameters did not significantly vary until the moisture
ratio was around 0.4, beyond which their values started to
decline. Fractal dimension and extent decreased by less than
10% from their initial values as the moisture ratio decreased
from unity to the value of around 0.4. This is in contrast to
the significant drop in the values of other parameters; pro-
jected area, for example, decreased by around 50%.

This corresponded to the point where non-uniform de-
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Fig. 6 2D parameter evolutions as a function of moisture ratio of agar
gel (0% sugar) during drying at 80°C; P = parameter of inter-
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Fig. 7 3D parameter evolutions as a function of moisture ratio of agar
gel (0% sugar) during drying at 80°C; P = parameter of inter-
est; 0 =initial value
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Fig. 8 Sphericity evolutions as a function of moisture ratio of agar gel
(0% sugar) during drying at 80°C

formation was visually observed to start. Other parameters,
on the other hand, decreased right from the start of the dry-
ing process. For this reason, if the non-uniform deformation
is to be monitored, only fractal dimension or extent should
be used. On the other hand, if only volumetric shrinkage is
to be monitored, any other parameters could also be used.
Figure 7 shows the 3D image-based parameter evolutions
as a function of the moisture ratio. The volume values were
those of the reconstructed 3D images. Only sphericity ex-
hibited a similar trend to those of the fractal dimension and
extent, and hence should be used to monitor the non-uni-
form deformation. Nevertheless, if the volumetric shrinkage
is to be monitored, volume could also be used. Note that the
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volume of the reconstructed 3D images was in all cases no
more than 10% different from the values obtained via the
liquid displacement method. Therefore, the reconstruction
process could be said to be quite successful.

Since sphericity was noted to be capable of monitoring
non-uniform deformation, various sphericity factors were
further studied, i.e. Wadell’s sphericity, Wadell’s roundness,
Hoffmann shape entropy and radius ratio; the results are
shown in Figure 8. It is seen that the general trends of the
results belonging to the different sphericity factors were
similar. The simple sphericity value should then be regarded
as the most suitable parameter for non-deformation evalua-
tion due to its simplicity.

45 e ©0% m10% 420%

0 100 200 300 400 500 600
Time [min]

Fig. 9 Drying curves of agar gel with different sugar contents during
drying at 80°C
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Fig. 10 Volume ratio as a function of moisture ratio of agar gel with
different sugar contents during drying at 80°C
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Fig. 11 Deformation parameter evolutions as a function of moisture
ratio of agar gel with different sugar contents during drying at
80°C
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2.4 Effect of sugar content

After determining suitable image-based parameters for
the description of non-uniform deformation, selected pa-
rameters including fractal dimension, extent and sphericity
were applied to study the effect of sugar (solid) content on
the deformation characteristics of agar gel.

Drying of the gel with a higher sugar content was slower,
as expected. Figure 9 shows the drying curves of agar gel
containing different sugar contents at 80°C. Although the
initial moisture contents of agar gel with 10% and 20% sugar
were greatly different from that of the gel with 0% sugar, the
evolutions of the volumetric shrinkage of the gel with differ-
ent sugar contents as a function of the moisture ratio were
similar (Figure 10). For this reason, volumetric shrinkage
can be used to monitor the degree of shrinkage, but cannot
used to indicate the onset of non-uniform deformation.

Similar observations (as mentioned earlier) were noted
when considering the results of other image-based param-
eters (Figure 11). The results showed that at moisture ratios
lower than 0.4, non-uniform deformation started to take
place. Extent and fractal dimension could be used to iden-
tify the onset and to monitor non-uniform deformation in
two dimensions, while sphericity could be used for such
tasks in three dimensions, regardless of the sugar content.

In the case of the gel sample with a sugar content of 20%
(or an initial moisture content of 2.7%), non-uniform defor-
mation was not observed from the data presented in Figure
11. This is probably because the solids content of such a
sample was high, resulting in a more dense structure that
could resist deformation. Drying also took place much more
slowly, and hence led to the lower level of moisture gradients
that could in turn result in the non-uniform deformation.
This combined effect most probably led to the absence of the
non-uniform deformation in this case.

Conclusions

Algorithms were developed to characterize and quantify
non-uniform deformation of model food materials. Various
parameters, both in two dimensions and three dimensions,
were calculated. Sugar content and drying temperature did
not pose any significant effect on the deformation if the
samples were assessed at the same moisture ratios. Extent
and fractal dimension could describe the deformation char-
acteristics in two dimensions, while sphericity could be used
to describe deformation in three dimensions. The developed
algorithms should be useful for future development of a
monitoring and control system for a drying process of high-
value foods and soft biomaterials.

Acknowledgements

The authors express their sincere appreciation to the Thailand Re-
search Fund (TRF) for supporting the study financially through its
New Researcher Grant awarded to Author Jinorose (Grant No. TRG
5880109) and Senior Research Scholar Grant awarded to Author Deva-
hastin (Grant No. RTA 5880009).

Journal of Chemical Engineering of Japan



Nomendature
D = diameter of the circle or sphere [mm]
D, D, D, = length of each side of sample [mm]
h = height from base to crown point [mm)]
m = mass of sample in air lg]
My = bone-dry mass of the sample lg]
m, = mass of sample at any instant [g]
1, = mass of sample in liquid lg]
N = number of radius of 3D image
i = ratio between length of each dimension to sum of

length of all dimension in 3D image
R = radius from the center to surface of 3D image sample [voxel]
Ry: = radius of the smallest circumscribe sphere in 3D

image [voxel]
Ry = radius of the biggest inscribe sphere in 3D image [voxel]
SA = surfacearea of sample from 3D image [mm?]
SAy = swfacearea of sphere that have same volume from

3D image [mm?]
v = volume of sample from 3D image [mm?)
W = volume of sample from liquid displacement method [mm?]
P = Density of solvent [gem™?]
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Abstract: Deformation is a phenomenon that is common during drying. Generally,
deformation is evaluated and reported in terms of volumetric shrinkage. However,
volumetric shrinkage cannot be used to describe non-uniform deformation, which
commonly takes place during drying of shrinkable materials such as biopolymers, fruits and
vegetables. In this study, algorithms and software were developed to characterize the
deformation of model food materials (i.e., agar gel with different sugar contents)
undergoing drying at different rates. Various parameters, both in two dimensions, ie,,
projected area, perimeter, major axis length, minor axis length, equivalent diameter, extent
and fractal dimension; and in three dimensions, i.e., volume and surface area as well as
sphericity, were calculated. Appropriate parameters that can quantitatively represent the
non-uniform deformation of the materials were extent, fractal dimension and sphericity;
sphericity could be used to describe deformation in three dimensions, while extent and
fractal dimension could describe the deformation characteristics in two dimensions.

Keywords: fractal dimension, image reconstruction, shape factor, sugar content, volumetric
shrinkage

INTRODUCTION

Drying is a process that removes volatile substances
(mostly water) from a material and turns it into a solid
product (Mujumdar, 2006). During drying changes
including physical, chemical and microstructural
changes occur. Among these changes, deformation
(i.e., change of shape and/or size) is one of the most
common. Generally, deformation is evaluated and
reported in terms of the volumetric shrinkage, which
can be calculated from the ratio of the material volume
at any instant to the initial volume; such simple
methods as liquid displacement method can be
employed to determine the volumetric shrinkage.
However, volumetric shrinkage cannot be used to
describe non-uniform deformation, which commonly
takes place during drying of highly shrinkable
materials such as biopolymers and even fruits and
vegetables (Panyawong and Devahastin, 2007). In
fact, it has been reported that while two pieces of a
material undergoing two different drying methods

might suffer much different patterns of deformation
(or, in other words, different changes of shape and/or
size), their volumetric shrinkage values might still be
similar (Devahastin. et al., 2004; Devahastin and
Niamnuy, 2010). Since the change of shape
significantly affects heat and mass transfer, which in
turn affects physical and physicochemical properties
of a dried product, it is important that deformation
must be adequately described and expressed.

Recently, attempts have been made to describe
deformation using indicators derived from image-
based information. For example, Igathinathane et al.
(2008) reported that other than rectangularity, extent
(ratio of projected area to size of a rectangular
bounding box) could also be used as an indicator to
describe the change of a rectangular shape. Jinorose et
al. (2014) also found that fractal dimension of a
captured image could be used as an indicator of shape
change for rice kernels. Nevertheless, most of these
indicators can only describe deformation in only one




or two dimensions; the results are also mostly
qualitative in nature.

Nowadays, three-dimensional image acquisition is no
longer limited only to a large-scale production
environment. Reconstruction techniques have been
developed that allow user to reproduce a 3-
dimensional model from two-dimensional images
using such software as Autodesk Recap 360
(Autodesk Inc., San Rafael, CA), Agisoft Photoscan
(Agisoft, LLC, St. Petersburg, Russia) or Visual SFM
(http://ccwu.me/vsfm/). It should be noted that these
reconstruction techniques can also be used to acquire
3D parameters, including volume, overall surface area
and various shape parameters, which can then be used
as deformation descriptors of the reconstructed model.
Nevertheless, ready-made reconstructed 3D model is
in most cases incomplete and must be further adjusted
and calibrated if accurate information is to be obtained
and, in particular, quantified.

In this study, algorithms and software were developed
to quantify the deformation of model food materials
(agar gel with different sugar contents). Various
parameters, both in two dimensions, i.e., projected
area, perimeter, major axis length, minor axis length,
equivalent diameter, fractal dimension and extent; and
in three dimensions, i.e., volume and surface area as
well as sphericity, were calculated.

MATERIALS AND METHODS
Agar gel preparation

In this study, granulated purified agar (Product no.
1016141000, Merck Millipore, Germany) was used.
Agar at 2% (w/w) was mixed with sugar (at 0 or 20%
w/w) and added to distilled water. The mixture was
stirred at 100 rpm for 1 h and then heated to 95 °C and
stirred at 150 rpm for 10 min. The mixture was
allowed to cool for 10 min. The mixture was then
poured into a silicone mold to form agar cubes with
the dimensions of 1.9 X1.9 X1.9 cm; the cubes were
taken out of the mold after 1 h setting at 25 °C.

Drying experiments

Drying experiments were conducted in a convective
hot air dryer (Memmert, UM55, Germany) at two
different drying temperatures (60 and 80 °C).

Image acquisition

Two-dimensional images of a sample were captured
by CMOS-sensor digital camera (Canon, G16, Japan)
within a light box with the dimensions of 40x40x40
cm. The employed lighting system consists of 4
fluorescent lamps (Lamptan, F7, Thailand) placed
around the top of the box. Images were taken from five
angles as shown in Fig. 1. The sample was placed on
a platform, which rotated at 4 rpm (15 s per round).
Images were taken at every 1-s interval.

Fig. 1 Image acquisition positions

Three cubes were taken at each predetermined drying
time to capture the images. Three-dimensional images
were then reconstructed from the 2D images using
Autodesk Recap 360 software.

Image analysis

For each 2D image, image pre-processing step was
performed to reduce unwanted objects via MATLAB®
(version R2014b, MathWork Inc., MA). Image
segmentation was then performed by converting an
RGB image into a binary image using Otsu’s
thresholding method. Edge detection and holgs filling
were then performed to extract area of interest.
Various parameters were then extracted from the area
of interest, i.e., projected area, perimeter, major axis
length, minor axis length, equivalent diameter, extent
and fractal dimension, which was calculated using the
box counting method.

In the case of 3D image analysis, after a 3D model was
generated by the software, the model image was
converted into an STL file and imported into
COMSOL Multiphysics® version 3.5 (COMSOL AB,
Sweden) to calculate the sphericity (Neal and Russ,
2012), volume and surface area of the reconstructed
object. ‘fine mesh’ setting was adopted when
assigning meshes to the object prior to the calculation.

Moisture content determination

Fifteen g of a sample was weighed using a 4-digit
digital balance (Yamato Electronic Balance, HB-120,
Japan) and then dried in a hot air oven (Memmert,
UMS500, Germany) at 10542 °C until constant mass
was obtained as per AOAC method 984.25 (2000).
The moisture content of the sample was then
calculated as:

) m; — Mpq
Moisture content (% d.b.) = —x 100
) Mpq

where m;, myq are the mass of the sample at any instant
and bone-dry mass of the sample, respectively.




Volume determination

Volume of a sample was determined using a liquid
displacement method with 99% n-heptane (density =
0.6728 g cm™) as the working liquid.

RESULTS AND DISCUSSION
Effect of drying temperature

Drying experiments were conducted at two different
drying temperatures, i.e., 60 °C (slow drying) and
80 °C (moderate drying), at an air velocity < 0.1 m/s
to study the effect of the drying rate on the test
material deformation; selected images of the sample at
different drying time are shown in Fig. 2. Only the
agar gel with 0% sugar was first tested. Initially, the
sample deformed rather uniformly. However, upon
prolonged drying, the sample started to deform non-
uniformly. The point (time) where non-uniform
deformation started to take place depended on the rate
of drying; higher drying air temperature resulted in
earlier non-uniform deformation. Nevertheless, if the
results are considered based on the moisture content,
the rate of drying did not have any significant effect
on the point (moisture content) where non-uniform
deformation started to take place.

Fig. 2 Deformation of agar gel (0% sugar) during
drying at 80 °C

Fig. 3 shows an example of a deformed reconstructed
model of agar gel from 2D images.

Fig. 3 Reconstructed image of agar gel

Higher drying air temperature expectedly led to a
higher drying rate (Fig. 4). Volume changes (as
assessed by liquid displacement method) of the
samples undergoing drying at both temperatures were
not different if considered at the same moisture ratios
as shown in Fig. 5. At the moisture ratio of lower than
0.4, non-uniform deformation started to take place.
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Fig. 5. Volume ratio as a function of moisture ratio of
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Image-based information

Fig. 6 shows the 2D image-based parameter
evolutions as a function of the moisture ratio. When
considering which parameters could be used to
describe the non-uniform deformation (or, in other
words, change of shape), only the fractal dimension
and extent could be used. It is seen that these two
parameters did not significantly vary until the
moisture ratio was around 0.4, beyond which their
values started to decline. This corresponded to the
point where non-uniform deformation was observed to
start. Other parameters, on the other hand, decreased
right from the start of the drying process. For this
reason, if the non-uniform deformation is to be
monitored, only fractal dimension or extent should be
used. On the other hand, if only volumetric shrinkage
is to be monitored, any other parameters should be
used. '




Fig. 7 shows the 3D image-based parameter
evolutions as a function of the moisture ratio. The
volume and surface area values were those of the
reconstructed 3D models. Only the sphericity
exhibited the similar trend to those of the fractal
dimension and extent and hence should be used to
monitor the non-uniform deformation. Again, if the
volumetric shrinkage is to be monitored, volume and
surface area should be used. Note that the calculated
volume of the reconstructed 3D models was in any
cases not more than 10% different from the values
obtained via the liquid displacement method.
Therefore, the reconstruction process could be said to
be quite successful.
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Fig. 6. 2D parameter ratio evolutions as a function of
moisture ratio of agar gel (0% sugar) during drying at
80 °C. P = Parameter of interest; 0 = initial value

1
0.9 xx T X x Xk
0.8 X
: '
0.7 s
06 P
So0s . .
0.4 N
0.3 A ® 4 ® Volume (model)
0.2 ® & Surface Area (model)
0.1 x Sphericity
0
0 0.2 i} ) 0.
feanch® i :
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Effect of sugar content

Fig. 8 shows the drying curves of agar gels containing
different solids (sugar) contents during drying at
80 °C. Drying of the gel with higher sugar content was
very slow, as expected. The evolution of the
volumetric shrinkage of the gels with different sugar
contents as a function of the moisture ratio was
nevertheless similar. Similar observations were noted
for other image-based parameters.
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Fig. 8. Drying curves of agar gel with different sugar
contents during drying at 80 °C

CONCLUSIONS

Algorithms were developed to characterize and
quantify the non-uniform deformation of model food
materials with different sugar contents undergoing
drying at different rates. Various parameters, both in
two dimensions and three dimensions were
calculated. Sugar content and drying temperature in
did not pose any significant effect on the deformation
if the samples were assessed at the same moisture
ratios. Extent and fractal dimension could describe
the deformation characteristics in two dithensions,
while sphericity could be used to describe
deformation in three dimensions. The developed
algorithms should be useful for future development of
a monitoring and control system for a drying process
of high-value foods and soft biomaterials.
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Abstract

Deformation is among the most important changes a solid food experiences during drying. This change
usually results from the loss of moisture from the food matrix. As the rates of moisture loss at different locations
within a sample are not equal, uniform deformation rarely takes place; a more extensive deformation indeed
occurs at a position that experiences more rapid drying. To reduce non-uniform deformation, moisture gradient-
induced stress must somehow be relaxed. Flipping or rotating a food sample during drying to allow all surfaces
to experience similar time-averaged drying condition was proposed to help relax the stress and hence the non-
uniform deformation. The capability of such techniques were investigated and the resulting deformation behavior
was monitored through the use of selected image-based parameters, namely, normalized changes of the
projected area and fractal dimension of the sample images as well as the rectangularity. Agar cubes were used
as a test material and allowed to undergo hot air drying at 50°C. The results showed that flipping the cubes led
to less non-uniform deformation. Normalized change of the fractal dimension was noted to be the most suitable

parameter to describe non-uniform deformation of the agar cubes.

Keywords: Image analysis, Moisture gradients, Non-static drying, Agar, Shrinkage, Stress

1 Introduction

It is well recognized that food suffers both physical
and chemical changes during drying, due mainly to the
applied heat and moisture removal (Sokhansanj and
Jayas, 2006). These changes are most of the time
undesirable and may adversely affect the consumer
acceptance of the products, especially when the changes
involve such apparent characteristics of food as color,
shape and size (Jinorose et al, 2009).

Deformation is among the most important changes a
solid food experiences during drying. The change usually
results from the loss of moisture from the food matrix.
Deformation may be uniform if the rates of moisture loss
at different locations within the matrix are equal.
Unfortunately, uniform deformation rarely takes place as

such rates are usually not equal (Aguilera and Stanley,

1999). A more extensive deformation occurs at a position

that experiences more rapid drying. To reduce non-
uniform  deformation, moisture gradients and indeed
moisture gradient-induced stress must somehow be
relaxed. Flipping or rotating a food sample during drying
to allow all surfaces to experience similar time-averaged
drying condition may be an alternative to help relax the
moisture gradients and thus reduce the non-uniform
deformation. This reduction could be possible as a
particular surface experiencing higher level of heat and
hence higher rate of moisture removal is being refreshed
after a drying interval has elapsed.

Since traditional methods that have been used to
monitor deformation, including liquid displacement
method, which results in the volumetric shrinkage data,
cannot be effectively used to monitor non-uniform

deformation, which does not involve only the change of

/
volume but also c%ﬁ Ep%(?,wéhastln et al,
bhﬂi E
\
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2004; Panyawong and Devahastin, 2007), an alternative
evaluation or at least a monitoring method is required.
Image analysis is a potential method for tackling such a
limitation of the traditional evaluation and/or monitoring
methods. It is necessary, however, to first determine
which
capability to undertake the required task.

image-based parameters have an adequate

In this study, investigation of the capability of
selected non-static drying procedures, namely, flipping
and rotating a solid food sample, on moisture gradient
(or moisture gradient-induced  stress) relaxation and
subsequent reduction of non-uniform deformation was
performed. Selected image-based indicators were also
tested to determine whether they can be used to
monitor the non-uniform deformation behavior of a solid

food sample undergoing different drying procedures.

2 Materials and Methods
2.1 Agar gel preparation

Agar (3 % w/w) was soaked in distilled water at room
temperature (25°C + 2°C) for 1 h. The mixture was heated
using a water-bath at 95°C. After stirring the mixture in the
water bath for 1 h, the mixture was poured into a
silicone mold to form the cubes (1.9x 1.9x1.9 cm). The
cubes were removed from the mold after 40 min; the
cubes were kept at 4+1°C for 12 h prior to being used.
2.2 Drying experiments

A convective hot air tray dryer (Kluay Nam Thai
Trading Group Co., Ltd., Bangkok, Thailand) was used for
the drying experiments. Drying was conduced at a drying
air temperature of 50°C and an air velocity of 1+0.1 m/s
until the moisture content of a sample was lower than
20 % (d.b.).

Different modes of drying were assessed, namely,
static drying as well as non-static drying where a sample
was flipped or rotated during drying. In the case of non-
static drying, flipping and rotation of a sample was made
at every 30-min interval. In the case of flipping, a sample
was flipped at every 30 min in the directions shown in
Figure 1(a). In the case of rotation, a sample was rotated

.
E\:‘-’ clockwise, as show in Figure 1(b), at every 30 min.

Sampling was made at every 1 h to measure the

moisture content as well as for image acquisition.
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Figure 1  Flipping and rotation directions of a sample

during non-static drying.

2.3 Image acquisition
Images were captured in a self-made image
acquisition set-up (Figure 2) consisting of a 31x31x28-cm
light box, 6500-K light source (Fluorescent lamp, Philips,
TL-E Super 80, Thailand) and CCD digital camera
(Samsung Digimax NV3, Korea), which was placed at the
top of the box. A sample was placed on a platform,
which is located 15 cm from the base of the box on a
black background. Acquired images were transferred to a
PC for further analysis by our own image acquisition

algorithms.
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24 Image analysis

All image analysis algorithms were developed on
I\/\ATLAB® 2012b (Mathworks, Inc., Natick, MA). Each image
was first cropped to 700x700 pixel (without any change
of the dimension and color depth). Segmentation was
performed using Otsu’s thresholding algorithm (Otsu,
1979) in combination with the ‘greythresh’ function of
MATLAB to convert an RGB image to a binary image.

Projected area, perimeter, major axis, minor axis
and equivalent diameter of a sample were extracted
using ‘regionprops’ function. Fractal dimension of a
sample image was calculated using the box counting
method (Jinorose et al,, 2014). Rectangularity (RTY) was
calculated as described by lgathinathane et al. (2008)
using the following equation:

Aef

RTY = ;
Hb XWb’

Aef = %ab (1)

where Ay is the area of the smallest ellipse that can
cover the rectangular object of interest (pixels), a is the
major axis of the ellipse (pixels), b is the minor axis of the
ellipse (pixels), H, is the height of the bounding rectangle
(pixels) and W, is the width of the bounding rectangle
(pixels).
2.5 Moisture content determination

A sample was dried in a hot air oven (Memmert,
UM500, Germany) at 105+2°C until its mass was constant
according to AOAC Method 984.25 (AOAC, 2000). Before
and after drying, the sample was weighed using a 4-digit
digital balance (Yamato Electronic Balance, HB-120,
Japan). The moisture content of the sample was
calculated from:

. m; — Mpg
Moisture content (% d.b.) = x 100 (2)

Mpd
where m; and myy are the masses of the sample before
drying and after drying (bone-dry mass of the sample),
respectively.

2.6 Volume determination

Volume of the sample was calculated using liquid
displacement method with petroleum ether as the
working liquid as per the method described by Sahin and

Sumnu (2006). A beaker with petroleum ether was

W
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placed on a balance (Shimadzu, UX3200G, Japan). A
sample was then submerged into the liquid. The sample

volume was calculated as:

s F 3)

p
where V is the volume of the sample (cm3), F is the
buoyancy force (shown as weight change in g), p is

density of working liquid.

3 Results and Discussion
3.1 Deformation description feasibility of image-
based parameters

Prior to drying agar cubes suffered no deformation as
shown in Figure 3(a). Upon drying, as expected, the cubes
started to deform. After 8 h of drying at 50°C, the cubes
suffered extensive deformation as can be seen in Figure
3(b), deformation was obviously non uniform and the

cubes became very distorted.

Figure 3 Deformation of agar cubes after drying for 8 h.
(a) Before drying; (b) after drying

To determine which image-based parameters would
be capable of monitoring non-uniform deformation, only
the results of the static drying experiments were first
assessed. The evolutions of the image-based parameters,
namely, projected area, perimeter, major axis, minor axis,
equivalent diameter, Feret’s diameter, fractal dimension
and rectangularity are shown in Figure 4. In the present
case, agar cubes first suffered uniform deformation
before it started to deform non-uniformly. This implies
that if any image-based parameters are to be capable of
monitoring the change of shape (which is more relevant
to the non-uniform deformation) and not the change of:

size (which is more relevant to the uniform defom‘Euon)
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such parameters should remain more or less unchanged
during the initial non-uniform deformation period.

As can be seen in Figure 4, the normalized changes of
all image-based parameters, except for fractal dimension
and rectangularity, during the static drying experiments
decreased until the X/X, had reached around 0.05 (which
corresponds to the drying time of around 5 h as depicted
in the drying curve (static drying case) shown in Figure 5.
This means that only fractal dimension and rectangularity
exhibit potential for monitoring the non-uniform
deformation of agar cubes in our subsequent work. Note
that the projected area, major and minor axes, perimeter
and Feret’s diameter are all the parameters that mainly
describe the dimension and size; on the other hand,
fractal dimension and rectangularity are the parameters
that have been widely used to describe the shape
(Igathinathane et al, 2008, 2014;
Kerdpiboon et al., 2007; Stienkijumpai et al. 2016).

When the changes of the image-based parameters

Jinorose et al.

are plotted against the volumetric shrinkage as shown in
Figure. 6, it is seen that the size-related parameters
changed almost linearly with the shrinkage during the
uniform deformation period, while the shape-related
parameters remained almost unchanged. The shape-
related parameters started to experience some changes
only after the sample started to deform non-uniformly,
which took place after drying for 5 h (corresponded to
the AV/V, value above 0.9 as seen in Figure 6
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Figure 6

3.2 Effect of non-static drying on deformation
behavior of agar gel

During drying it was observed that the apparent
characteristics of a sample as viewed from different sides
were different. This is most probably because different
sides of the sample were differently exposed to the
drying air and hence exhibited different rates of moisture
loss (and moisture gradient-induced stress), leading as a
consequence to different patterns of deformation as can
be seen in Figure 7. The effects of flipping and rotating a
sample were determined and the results were compared
with that obtained by static drying (i.e., drying with no

sample flipping or rotation).

Figure 5 shows the drying curves of a sample

undergoing drying of vanoxm D ng the first
%‘ L¥9 bdﬂ’i i
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5 h the moisture content rapidly decreased; afterwards,
the moisture content decreased more slowly towards
the equilibrium values. Flipping or rotating did not
When

considering the deformation of the sample, on the other

significantly  result in  accelerated  drying.

hand, flipping resulted in the least deformation. The

drying
deformation, as expected (see Figure. 7a and 7b). This is

sample undergoing  static suffered  more
because flipping helped exposing all faces of the sample
to heat in a more uniform fashion. Initially, a particular
surface of the sample might have exposed to a higher
level of heat; moisture removal from that sample surface
would then be higher, leading to higher moisture
gradient-induced stress. By flipping the sample, a surface
with extensive exposure to the heat would be switched.
The generated moisture gradient-induced stress would
then be relaxed. As the stress was continuously relaxed
throughout the whole drying process, less stress was
accumulated and hence the lower level of deformation.
It is surprising to note, however, that rotating the sample
led to a higher level of deformation than static drying.
This is because static drying involved no movement of
the sample, leading to the sample adhering to the drying
tray. Such an adherence resulted in the sample being
able to withstand the change of shape as the bottom
part of the sample stuck to the tray and retarded the

change of the sample shape (Figure 7).

Figure 7 Deformation of agar cubes after drying at 50°C
for 8 h. (a) Static drying; (b) drying with flipping
and (c) drying with rotation.

When considering the normalized changes of the
fractal dimension (Figure 8), it is seen that the changes of
the fractal dimension of the different samples undergoing
different drying schemes were quite dissimilar, especially

during the latter part of the drying process. During an
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initial period of drying (moisture ratio of higher than
around 0.5),

changes were not

the differences in the fractal dimension
significant among the different
samples; the rates of change were almost linear with the
change of the moisture ratio. Beyond this initial period,
however, the changes of the fractal dimension of the
different samples started to be different. The sample
undergoing flipping experienced a rather constant rate of
change of the fractal dimension, while the samples
undergoing static drying as well as rotation experienced
non-constant rate of changes of the fractal dimension.
The samples undergoing rotation suffered the most
obvious change of the fractal dimension, which implies
that such a sample suffered the most extensive non-
uniform deformation. This illustrates that the normalized
change of the fractal dimension could be used to

monitor non-uniform deformation.
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Figure 8 Normalized changes of fractal dimension as a
function of moisture ratio of agar cubes
undergoing different drying schemes at 50°C.
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Figure 9 Normalized changes of rectangularity as a
function of moisture ratio of agar cubes
undergoing different drying schemes at 50°C.
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used to monitor the non-uniform deformation but only
when such a deformation was extensive, i.e., toward the
end of the drying process. In addition, the changes of this
parameter could not be used to well distinguish the
different deformation patterns.

Just for comparison, the normalized changes of the
projected area of the different samples are depicted in
Fig. 10. It is seen that such a change could not be used
to distinguish the different samples undergoing different
drying schemes. This is because the different drying
schemes did not differently affect the sample perimeter,
which is the determining factor influencing the projected
area. This phenomenon was noted despite the fact that
the deformation patterns as observed visually were quite
different. This implies that the projected area is not an
adequate parameter to describe non-uniform deformat-

ion, which took place in the present case.

I @ Static A Flipping m Rotation

00 ot 0.2 03 04 05 06 o7 0.8 09 10
X%,

Figure 10 Normalized changes of projected area as a
function of moisture ratio of agar cubes
undergoing different drying schemes at 50°C.

4 Conclusions

In this study, attempts were made to identify
appropriate image-based parameters that can be used to
monitor non-unform deformation of a solid food (agar
cubes). Three modes of drying, including static drying as
well as drying with flipping and with rotation of a sample
during the whole course of drying, were also assessed as
a means to reduce non-uniform deformation. Normalized
changes of fractal dimension of the sample images were
noted to be able to monitor non-uniform deformation of
the agar cubes. Flipping the cubes throughout the course
“of drying led to the samples with less non-uniform
Jeformatlon
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Abstract

Puffing is an attractive alternative for the production of healthy crisp snacks
without frying. Although image analysis has been used in some prior studies
to evaluate puffing, such an evaluation was made only in one or two
dimensions, which is inadequate when a sample deforms in three dimensions.
In this study, use of combined hot-air and microwave drying to dry and puff
banana slices was first evaluated. Algorithms were then developed to
characterize the changes in the appearance of puffed banana slices. Various
image-based parameters, both in two and three dimensions were assessed
and used to monitor the puffing.

Keywords: Deformation; Puffing; Imge analysis; Physical properties;
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1. Introduction

Snacks, especially those made from fruits and vegetables, have recently received increasing
attention and are widely consumed by health-conscious consumers. Such an increased
consumption is due to the fact that modern consumers are paying more attention to their
health and trying to switch from traditional to non-sugary and low-fat or even fat-free
snacks. Low-fat or fat-free snacks, which are produced by hot air drying, however, suffer
important drawbacks; these snacks generally exhibit inferior texture to those obtained via
the process of frying. An alternative drying technology is clearly needed to alleviate the
drawbacks. Combined hot-air and microwave drying has indeed been suggested and applied
to produce dried fruit snacks with more desirable texture.[1] The superior texture is due to
puffing, which occurs due to rapid expansion of the fruit microstructure as a result of rapid
internal evaporation of water into vapor that cannot escape from such a microstructure at an
adequate rate.

Puffing is generally evaluated and reported in terms of volumetric deformation, which is
calculated as the ratio of the volume of a sample after drying to that before drying.[2]
However, volumetric deformation cannot be used to describe non-uniform or irregular
puffing, which normally takes place and can significantly affect the appearance and hence
the consumer’s acceptance of a final product.[3] It has in fact been reported that two pieces
of a material may exhibit similar volumetric shrinkage (or deformation) despite the fact that
they had gone through different methods of drying and clearly possess different forms
(shape and size) of deformation.[4]

Although image analysis has been used in some earlier studies to evaluate deformation
during drying, attempts were usually made only to evaluate deformation in one or two
dimensions, which is not adequate when a sample deforms non-uniformly[3] or exhibits
irregularly rugged surface in three dimensions such as in the case of puffing. This is simply
because one and two dimensional imagings are much easier than three-dimensional
imaging, eventhough they cannot accurately well represent deformation.[3] In addition,
despite some recent attempts to describe deformation using indicators derived from image-
based information, most studies only focused on uniform deformation of simple shapes,
e.g., spherical, cylindrical and cubical shape.[3] The ability to precisely identify the shape
and its changes of an irregularly shaped materials remains a challenge.

In this study, the use of combined hot-air and microwave drying to dry and puff banana
slices was first evaluated. Algorithms and software were developed to characterize the
changes in the appearance of puffed banana slices. Various image-based parameters, both
in two dimensions (i.e., projected area, major and minor axes, equivalent diameter,
perimeter, fractal dimension, extents, form factor and aspect ratio) and three dimensions
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(i.e., image-based volume, surface area, sphericities, Wadell’s roundness, radius ratio and
Hoffmann shape entropy), were assessed and used to monitor the puffing.

2. Materials and Methods
2.1. Banana slices preparation

Banana of the Namwa variety (Musa sapientum L. (ABB group)) was used in this study.
Banana was purchased from a local supermarket and kept at room temperature (28° + 3° C)
until its total soluble solids (TSS) reached 28.5° + 0.5° Brix. Banana was peeled and sliced
to the dimensions of 5 £ 0.5 mm in thickness and 30.0 + 2.0 mm in diameter; the
dimensions were measured by a Vernier caliper (Winston, Japan).

2.2. Drying and puffing experiments

Drying experiments were conducted in a convective hot-air dryer (Memmert, UF30,
Germany) at 70° = 5° C until the banana moisture content reached either 10, 20, 30 or 40%
dry basis (d.b.). Puffing was then conducted in a domestic microwave oven (Samsung,
MS23K3513AW, Malaysia) at an input powder of 800 W for either 0, 20, 40 or 60 s.

2.3. Image acquisition

Two-dimensional images of banana slices were first taken via the use of a scanner (Epson,
V30, Indonesia) at 300 dpi with black background to reduce the shadow. Three-
dimensional images were produced from the two-dimensional images as per the procedures
developed by Jinorose et al.[3] Two-dimensional images were preprocessed by MeshLab
(ISTO-CNR, Visual computing Laboratory) to reduce unwanted objects and then
reconstructed using Autodesk Recap 360 software (Autodesk Inc., San Rafael, CA) into
three-dimensional images.

2.4. Image aanalysis

Each 2D image was preprocessed and analyzed using MATLAB® (version R2015b,
MathWorks Inc., MA). Image segmentation was conducted by converting RGB image into
binary image using Otsu’s thresholding method. Edge detection and holes filling were
performed to segment the area of interest (AOI). All the basic image parameters including
projected area, major axis length, minor axis length, equivalent diameter, perimeter and
extent were calculated using the functions of MATLAB® image processing tools box. Other
parameters were also calculated as per the following equations.[5]

A
Extent2 = ——— 1
fmafomin ( )
4mA
Form factor = T 2
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Dfmax

Aspect ratio = —— (3)
fmin
In the case of 3D analysis, after a 3D image was reconstructed, the image was converted
into an STL file and imported into COMSOL Multiphysics® version 3.5 (COMSOL, Inc.,
Sweden) to calculate the image-based volume, surface area, sphericity, Wadell’s sphericity,
Wadell’s roundness, radius ratio and Hoffmann shape entropy.[5,6] ‘fine mesh’ setting was
adopted when assigning meshes to the object prior to the calculation.

11
_ (36m)sv3

Sphericity = ———— 4)

S5Az

- Sdy
Wadell's sphericity = <A (5)
4A
Wadell's roundness = = (6)
Tlfmax

. . Rmin
Radius Ratio = —— @)

max

L e
Hoffmann shape entropy = 1 Z pilnp; (8)
ln(g) i=1

2.5. Moisture content determination
The moisture content of a sample was determined as per AOAC method 984.25 (2000).
2.6. Volume determination

The volume of a sample was determined as per the methods of Yan et al.[7] The sample
was suspended in 125 mL of 95% n-heptane, which was filled in a 250-mL beaker placed
on a 3-digit balance (Want, WT3203N, China).

All experiments were performed in triplicate and the results, where appropriate, are
reported as mean values and standard deviations.

3. Results and discussion
3.1. Drying of banana slices

Preliminary experiments revealed that banana slices suffered phase transition and stuck to
the tray when drying was conducted at 90° C. Drying was therefore conducted at 50 and
70° C; the degrees of puffing (or deformation) and visual appearance were noted to be
almost the same at the same moisture content either when drying was conducted at 50 or
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70° C. As a result, drying at 70° C was finally selected in the interest of time and energy
conservation.

3.2. Puffing of banana slices

After drying to the predetermined moisture content, puffing was conducted. Selected
images of the samples at different puffing time are shown in Fig. 1. Deformation occurred
rather uniformly until about 40 s, after which the sample started to deformed non-
uniformly. This visually observed critical point corresponded to the moisture ratio of
around 0.4-0.5 (Fig. 2a).

% Moisture Puffing Time
Content
(d.b.) 20s 40s

The evolution of the degree of puffing (volumetric deformation) as a function of the
moisture ratio with moisture content prior to puffing as a parameter is shown in Fig. 2b.
Degree of puffing increased linearly even when the moisture ratio reached around 0.2 (or
the puffing time of around 60 s as seen in Fig. 2a). It is important to note that the degree of
puffing, which was obtained from liquid displacement measurement, could not identify the
start of the non-uniform deformation period, which took place at around 40 s as mentioned
earlier.

Fig. 1 2D images of banana slices during puffing.
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Fig. 2 (a) Moisture ratio as a function of puffing time of banana slices.
(b) Degree of puffing of banana slices as a function of moisture ratio.

3.3. Image-based information

Fig. 3a shows the evolutions of the 2D image-based parameters as a function of the
moisture ratio of banana slices undergoing puffing. When considering which parameters
could be used to describe the non-uniform deformation (or, in other words, change of
shape), only the aspect ratio and extent 2 could be used. It is seen that while other
parameters stayed unchanged, these two parameters started to vary significantly when the
moisture ratio was around 0.5, beyond which their values started to increase. This
corresponded to the critical point where non-uniform deformation was observed to start
(see Fig. 1). Nevertheless, these two parameters could only identify the onset of the non-
uniform deformation but not the deformation itself. These 2D parameters could also not be
used to monitor the volume change of the samples, as expected. Since puffing naturally
involves the change of volume, inability to monitor such a change is clearly inadequate.

» O
2 2
L3

(a) 2D image-based parameters (b) 3D image-based parameters

Fig. 3 (a) Evolutions of image-based parameters as a function of moisture ratio of banana slices
undergoing puffing. P = parameter of interest; 0 = initial value.
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Interestingly, form factor and fractal dimension, which are widely used to indicate
circularity and shape changes, remained unchanged over the whole puffing period. This
incorrectly implies that banana slices retained their shape throughout the process, which
contradicted to the visual observation results. This is most probably because 2D top-view
images are not adequate for the evaluation of a sample with rugged surface (as in our case
of puffed banana slices). For this reason, choosing appropriate parameters is very important
if non-uniform deformation is to be monitored; widely used parameters cannot always be
used for such a purpose.

Fig. 3b shows the evolutions of the 3D image-based parameters as a function of the
moisture ratio of banana slices undergoing puffing. The volume and surface area values
were those of the reconstructed 3D images; the values increased with decreasing moisture
ratio. Only the Wadell’s sphericity exhibited a similar trend to the aspect ratio and extent 2
(started to decrease after the moisture ratio was lower than 0.5) and might be able to be
used to monitor the non-uniform deformation.

Based on the aforementioned observations, volume and surface area along with the
Wadell’s sphericity should be used to monitor the puffing of banana slices. Fig. 4 indeed
illustrates that the volume as obtained from image analysis agreed well with the values
obtained from the liquid displacement experiments.

2.0 L
»
L5 L
& 3
<
§ § ;
g
® Volume O Surface Area
0.5 || mSphericity OWadell's Sphericity
A Radius Ratio AHoffmann shape entropy
© Wadell's Roundness
0.0
1.0 12 14 16 1.8 2.0

W
Fig. 4 Evolutions of 3D image-based parameters as a function of volume ratio of banana slices
undergoing puffing. P = Parameter of interest; 0 = initial value.

4. Conclusions

Image analysis algorithms were developed to characterize puffing, which is a non-uniform
deformation phenomenon, of banana slices in three dimensions. Various image-based
parameters, both in 2D and 3D, were calculated and tested for their suitability to monitor
such a deformation. As for the 2D-based parameters, aspect ratio and extent 2 could be used
to indicate the start of the non-uniform deformation period; Wadell’s sphericity represented
the 3D-based parameters that could be used to perform the similar task. These parameters,
however, could not be used to monitor the volume change of the samples. 3D-based volume
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and surface area along with the Wadell’s sphericity should instead be used to monitor the
puffing of banana slices.
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6. Nomenclature

A Projected area cm?
Dfmax ; Dfmin Maximum and minimum ferret diameter m
Major, Minor Major and minor axis length cm
P Perimeter cm
pi Ratio between length of each dimension to sum

of length of all dimension in 3D image
Rmax Radius of the smallest circumscribe in 3D image voxel
Rmin Radius of the biggest inscribe sphere in 3D image
SA Surface area of sample from 3D image cm?
SA Surface area of sphere that have same volume cm?

from 3D image
\ Volume of sample from 3D image cm?
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