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Abstract

Quality and sustainability of product depend on the cumulative impacts of each
processing step in the food chain and their interplay. Various research studies
evidenced that many drying systems operate inefficiently in terms of drying time,
energy demand (e.g. fossil fuels), raw material utilization and resulting product quality.
Moreover, not all conventional drying processes are allowed in the organic sector. In
recent years, non-invasive monitoring and control systems have shown a great
potential for improvement of the quality of the resulting products. Therefore,
intelligent processes enabling simultaneous multifactorial control are needed to
ensure high value end products, improve energy and resource efficiency by using
microcontrollers, innovative and reliable sensors and embracing various areas of
research and development (e.g. computer vision, deep learning, etc.). The objective of
this study was to evaluate the feasibility of computer vision (CV) as a tool in
development of smart drying technologies to non-destructively forecast changes in
moisture content of apple slices during drying. Samples were subjected to various anti-
browning treatments at sub- and atmospheric pressures, and dried at 60°C up to a
moisture content on dry basis (MCq) of 0.18 g g'1. CV-based prediction models of
changes in moisture content on wet basis (MCw,) were developed and promising results
were obtained (R2P>0.99, RMSEP=0.011-0.058 and BIASP<0.06 in absolute value),
regardless of the anti-browning treatment. The proposed methodology lays the
foundations for a scale-up smart-drying system based on CV and automation.

Keywords: in-line measurement; image analysis; vacuum impregnation; smart drying

Abbreviations: CV: Computer vision, TR: Dipping in a trehalose 4% w/v water solution,
TR+AA-Dipping in a trehalose 4% w/v and ascorbic acid 1% w/v water
solution, CNT: Dipping in water (control), VI: Vacuum impregnation, MCgp:
Moisture content dry basis, MCw,: Moisture content water basis, DW: Dry
weight, FW: Fresh weight, Sb: Relative area shrinkage, St: Surface area the
drying time ‘t, SO: Initial surface area, RSME: Root Mean Squared Error, R%:
Coefficient of determination, Cal: Calibration, Pred: Prediction

INTRODUCTION

Consumers in developed countries are becoming more critical and demanding in their
food choices (Grunert, 2005); they expect high-quality foods produced sustainably and
preferably regionally. In addition, European policy pushes toward the sustainable
development of the food sector through mid- and long-term goals. Up to the year 2050, food
industry will face three important challenges: (i) to meet the global food demand generated
by a growing population (ii) to increase the sustainability of the food sector and (iii) to meet
consumer expectations of quality and safety.

Processing methods that enhance food stability and retain food quality have an
enormous impact on globalized market through the reduction of food losses and processing,
storage, transportation and distribution costs (Moscetti et al., 2017). In general, food drying
plays a major role because it is successfully used to reduce storage and shipping costs by
enabling storage at room temperature, reducing weight and packaging volume (Moscetti et
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al, 2017). However, drying is one of the most energy-consuming processes in the food
industry (Moscetti et al., 2018a); in fact, it potentially contributes to climate change as most
dryers use fossil fuels (Moscetti et al., 2018a). Moreover, drying usually requires long process
cycle times and may negatively affect physicochemical and sensorial characteristics of the
final product (Raponi et al., 2017; Ratti, 2001). In order to alleviate drying drawbacks, several
studies were carried out over the years with the aim of increasing the process efficiency
through development and optimization of (i) heat recovery systems (Barbosa de Lima et al,,
2015; Kemp, 2005), (ii) pre-processing methods of raw material to be dried (Lukinac et al,,
2013) and (iii) real-time monitoring and control systems of process parameters affecting
quality of the end-product (Sturm et al., 2014; Winiczenko et al., 2018).

Among emerging drying technologies, smart drying is one of the recent and most
promising techniques (Moscetti et al, 2018a). It enables to proactively monitor quality
changes in product as well as dryer operating conditions, through an interdisciplinary
approach which involves various scientific sectors, such as chemometrics (Pomerantsev and
Rodionova, 2012), artificial intelligence (Sun et al., 2018), biomimetics (e.g. electronic nose,
tongue and mucosa) and computer vision (Sturm et al, 2014) as well as single-point
spectroscopy and hyper/multi-spectral imaging (Moscetti et al., 2018a).

Apple is the fourth most consumed commercial fruit worldwide (Aghilinategh et al,,
2015) and due to the modern lifestyle, dried apple exhibits a growing trend in consumption
as snacks, chips or integral breakfasts (Vega-Galvez et al., 2012). However, hot-air drying of
apple may result in discoloration due to browning reactions (Sturm et al., 2012). Thus, pre-
treatment of raw material is strictly recommended in order to produce a high-quality end-
product (Shrestha et al, 2020). However, pre-treatment may affect drying kinetics and
subsequently impact the modeling of thin-layer behavior of product, which is fundamental in
deciding the ideal drying conditions (i.e. equipment design, optimization and product quality
improvement).

The objective of this study was to evaluate both feasibility and robustness of computer
vision as process analytical technology tool for modeling the drying kinetics of apple slices
subjected to various anti-browning treatments.

MATERIAL AND METHODS

Sound apples (Malus domestica Borkh var. Gala) at the same ripening stage were
washed, peeled, decored and cut into slices of about 5-mm thick and approx. 23-mm diameter.
Samples were (i) dipped in trehalose 4% w/v (TR); trehalose 4% w/v + ascorbic acid 1% w/v
(TR+AA); and water as control (CNT) at atmospheric and subatmospheric pressure (i.e.
vacuum impregnation, VI); and then (ii) dried at 60°C up to a final moisture content dry basis
(MCab) of 0.18 g gt DW. Ascorbic acid was selected due to its well-known inhibition effect
toward polyphenol oxidase (Albanese et al, 2007; EI-Shimi, 1993). Treatments were
replicated two times. Trehalose is a natural disaccharide, generally recognized as safe
(Megarry et al.,, 2011), used as a food ingredient and pharmaceutical excipient. It acts as an
edible coating with ability to preserve color and aroma of the dried fruits as well as reduce
non-enzymatic browning occurrence (Aktas et al., 2007; Albanese et al., 2007). Finally,
subatmospheric pressure (i.e. VI) was tested because of its potential in stabilizing functional
properties of food and its higher capability of embedding fruit and vegetable tissues with
solutes when compared with conventional dipping (Neri et al., 2016).

The relative humidity of the drying process was not controlled but measured.
Treatments were carried out at 20°C for a dipping time of 5.25 min, with a sample/solution
ratio of 1:5 (w/w); specifically VI treatment consisted of a 0.25 min vacuum time and a 5 min
post-vacuum time, and was achieved using a 5-L vacuum chamber connected to a vacuum
pump mod. N 840.3 FT.18 (KNF, USA). Drying was performed using a hot-air dryer mod. Biosec
(Tauro Essicatori, Italy) which was ad-hoc modified to embed a digital balance mod. HT1500
(NHU, Germany), a camera mod. EOS 400D (CANON, Japan) and a 4200K illuminant source.
The drying setup was controlled using a single-board computer mod. Raspberry Pi B+
(Raspberry Foundation, UK) in combination with a self-made Jupyter Notebook (Project
Jupyter, USA), which allowed (i) to collect data at constant time intervals (i.e. image and weight
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of samples every 5 min and 4 s, respectively) and (ii) to extract morphological feature of
samples from each raw image (i.e. surface area of samples). The ‘relative area shrinkage’ was
calculated according to Equation 1:

S (1)

where S corresponds to the ‘relative area shrinkage’, S; represents the ‘surface area’ in pixels
at the drying time ‘t’, and Sy corresponds to the ‘surface area’ in pixels of the fresh sample. The
R software v3.4.1 was used to develop linear prediction models able to relate the changes in
moisture content wet basis (MCub) of apple slices to the changes in relative area shrinkage
during drying. Model performances were evaluated in terms of Root Mean Squared Error
(RMSE), BIAS and coefficient of determination (R?) of calibration (Cal.) and prediction (Pred.).

RESULTS AND DISCUSSION

Changes in quality attributes of horticultural products during drying are successfully
measurable based on their variations in spatial distribution data (i.e. size and shape
information), which can be analyzed through a computer vision system (Moscetti et al,
2018b). Consequently, we explored the possibilities offered by image analysis for quantifying
the moisture content of apple slices as a function of change in the relative area shrinkage (Sy)
of product during drying. As found in literature (Aghbashlo et al, 2015), the wet-basis
moisture content (MCys) was successfully predicted using spatial information only. Thus, the
additional value of the present work lays in the fact that these results underline the possibility
of developing a forecast model for prediction of the drying time required by the product to
reach a specific moisture content based on the past and present spatial data.

Table 1 shows linear regression model parameters and model performances in terms of
prediction capability, regardless of the anti-browning pre-treatments used. Results are
excellent and show a RMSEP ranging from 0.011 to 0.058 g g-1 FW, a BIASP lower than 0.06 in
absolute value, and a R?P always higher than 0.99. In addition, considering that the relative
humidity (R.H.) of process was not controlled, it is possible to assert that all models were
insensitive to the R.H. of the drying chamber.

Table 1. Summary of parameters and performance metrics of the linear regression models.

Dipping . RMSEP BIAS® R

solution o Slope  Intarcapt Cal. Pred. Cal. Pred. Cal. Pred.
CNTe No  20.39 -0.06 0.009 0.019 -2.9810" -0.008 0.998 0.993
TR No  19.61 -12.13 0.014 0.017 -1.1510" 0.007 0.997 0.996
TR+AA¢ No 1793 -10.89 0.008 0.022 1.59 10-17 0.004 0.999 0.997
CNT Yes 17.37 -8.38 0.008 0.058 -1.7910"7 -0.055 0.999 0.999
TR Yes 17.13 -8.89 0.010 0.051 -2.64 107 -0.049 0.998 0.999

TR+AA Yes  16.58 -8.40 0.005 0.011 1.33 10" -0.041 1.000 0.999

a\/|: vacuum impregnation (Yes and No stay for sub-atmospheric and atmospheric pressure, respectively).
bRMSE: root mean squared error of calibration (Cal.) and prediction (Pred.).

°BIAS: difference between the moisture content's expected value and the true value of the moisture content.
4RZ: coefficient of determination of calibration (Cal.) and prediction (Pred.).

eCNT: control (i.e. water dipping solution).

fTR: trehalose 4% wiv aqueous dipping solution.

9TR+AA: trehalose 4% wiv + ascorbic acid 1% wiv aqueous dipping solution.

Specifically, it is important to highlight that models computed using spatial data from
samples subjected to VI had lower predicting performances and, were less robust. This is
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probably because apple is a highly porous product and VI alters both porosity and texture in
a non-systematic way. However, further research would be necessary for verification.

Figure 1 shows results from the regression model for the TR+AA dipping treatment (no
VI), which was selected as example treatment. For all models, a BIAS issue was evident during
the second falling rate drying period, i.e. when MCuy, dropped below 0.1 g g1 FW.
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Figure 1. Example of linear regression plot (a) and first-order plot (b) which compares the
measured MC,;, versus the predicted MCyy as output of the TR+AA (no VI) model.

CONCLUSIONS

In this study the feasibility of using computer vision technology as smart-drying
technology, to proactively and non-destructively detect and monitor physicochemical changes
(i.e. moisture content) in organic apple slices (Malus domestica Borkh var. Gala) during hot-
air drying at 60°C was investigated. The work represents a preliminary study for the
development of large-scale CV-based smart drying systems.

On the basis of the results obtained, it is possible to assert that an in-line CV system
embedded into a hot-air-drying unit allows to precisely measure the area of shrinkage of apple
slices, and then to predict changes in MCwp, of product through the linear relationship between
the two parameters. No impact of the anti-browning treatment on the performance of the
prediction models was noted. The practical implication of this study is that modeling the data
acquired during drying through computer vision can provide useful information concerning
the physicochemical changes of product. Thus, the proposed approach lays the foundations
for a more efficient smart dryer that can be designed, and its process optimized for drying of
apple slices, reducing the human error, production cycle time, analytical time and costs.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge 1) CORE Organic Plus consortium (ERA-NET
action) and MIPAAF (Ministero delle politiche agricole alimentari e forestali - Italy) for
financial support through the SusOrgPlus project (D.M. 20/12/2017, n. 92350) and 2) the
‘Departments of excellence 2018’ program (i.e. ‘Dipartimenti di eccellenza’) of the Italian
Ministry of Education, University and Research (MIUR) for the financial support through the
‘Landscape 4.0 food, wellbeing and environment’ (DIBAF department of University of Tuscia)
Moreover, our sincere thanks to Gianpaolo Moscetti and Swathi Sirisha Nallan Chakravatula
for the English language revision of the manuscript.

Literature cited

Aghbashlo, M., Hosseinpour, S., and Mujumdar, A.S. (2015). Application of artificial neural networks (ANNs) in
drying technology: a comprehensive review. Dry. Technol. 33 (12), 1397-1462 https://doi.org/10.1080/

436


https://doi.org/10.1080/%2007373937.2015.1036288

07373937.2015.1036288.

Aghilinategh, N., Rafiee, S., Gholikhani, A., Hosseinpur, S., Omid, M., Mohtasebi, S.S., and Maleki, N. (2015). A
comparative study of dried apple using hot air, intermittent and continuous microwave: evaluation of kinetic
parameters and  physicochemical quality  attributes. Food Sci Nutr 3 (6), 519-526
https://doi.org/10.1002/fsn3.241. PubMed

Aktas, T, Fujii, S., Kawano, Y., and Yamamoto, S. (2007). Effects of pretreatments of sliced vegetables with trehalose
on drying characteristics and quality of dried products. Food Bioprod. Process. 85 (3), 178-183
https://doi.org/10.1205/fbp07037.

Albanese, D., Cinquanta, L., and Di Matteo, M. (2007). Effects of an innovative dipping treatment on the cold storage
of minimally processed Annurca apples. Food Chem. 105 (3), 1054-1060 https://doi.org/10.1016/
j-foodchem.2007.05.009.

Barbosa de Lima, A.G., Da Silva, .V, Pereira, E.M.A,, Dos Santos, I.B., and Barbosa de Lima, WM.P. (2015). Drying of
bioproducts: Quality and energy aspects. In Drying and Energy Technologies (Springer).

el-Shimi, N.M. (1993). Control of enzymatic browning in apple slices by using ascorbic acid under different
conditions. Plant Foods Hum Nutr 43 (1), 71-76 https://doi.org/10.1007/BF01088098. PubMed

Grunert, K.G. (2005). Food quality and safety: consumer perception and demand. Eur. Rev. Agric. Econ. 32 (3), 369-
391 https://doi.org/10.1093 /eurrag/jbi011.

Kemp, I.C. (2005). Reducing dryer energy use by process integration and pinch analysis. Dry. Technol. 23 (9-11),
2089-2104 https://doi.org/10.1080/07373930500210572.

Lukinac, J., Veli¢, D., Magdié¢, D., Muji¢, L., Bili¢, M., and Joki¢, S. (2013). Antibrowning Effects of Various Pretreatment
Methods on Dried Apple Samples. Acta Hortic. 989, 261-270 https://doi.org/10.17660/ActaHortic.2013.989.34.

Megarry, AJ.,, Booth, ]., and Burley, J. (2011). Amorphous trehalose dihydrate by cryogenic milling. Carbohydr Res
346 (8), 1061-1064 https://doi.org/10.1016/j.carres.2011.03.011. PubMed

Moscetti, R., Haff, R.P, Ferri, S., Raponi, F, Monarca, D., Liang, P, and Massantini, R. (2017). Real-time monitoring of
organic carrot (var. Romance) During Hot-Air Drying Using Near-Infrared Spectroscopy. Food Bioprocess Technol.
10 (11), 2046-2059 https://doi.org/10.1007/s11947-017-1975-3.

Moscetti, R., Raponi, F, Ferri, S., Colantoni, A., Monarca, D., and Massantini, R. (2018a). Real-time monitoring of
organic apple (var. Gala) during hot-air drying using near-infrared spectroscopy. J. Food Eng. 222, 139-150
https://doi.org/10.1016/j.jfoodeng.2017.11.023.

Moscetti, R., Sturm, B., Crichton, S.0., Amjad, W, and Massantini, R. (2018b). Postharvest monitoring of organic
potato (cv. Anuschka) during hot-air drying using visible-NIR hyperspectral imaging. ] Sci Food Agric 98 (7), 2507~
2517 https://doi.org/10.1002 /jsfa.8737. PubMed

Neri, L., Di Biase, L., Sacchetti, G., Di Mattia, C., Santarelli, V., Mastrocola, D., and Pittia, P. (2016). Use of vacuum
impregnation for the production of high quality fresh-like apple products. J. Food Eng 179, 98.108.

Pomerantsev, A.L, and Rodionova, O.Y. (2012). Process analytical technology: A critical view of the
chemometricians. J. Chemometr. 26 (6), 299-310 https://doi.org/10.1002/cem.2445.

Raponi, F, Moscetti, R., Monarca, D., Colantoni, A.,, and Massantini, R. (2017). Monitoring and optimization of the
process of drying fruits and vegetables using computer vision: a review. Sustainability 9 (11), 1-27
https://doi.org/10.3390/su91120009.

Ratti, C. (2001). Hot air and freeze-drying of high-value foods: A review. ]. Food Eng. 49 (4), 311-319
https://doi.org/10.1016/S0260-8774(00)00228-4.

Shrestha, L., Kulig, B., Moscetti, R., Massantini, R., Pawelzik, E., Hensel, O., and Sturm, B. (2020). Optimisation of
physical and chemical treatments to control browning development and enzymatic activity on fresh-cut apple
slices. Foods 9 (1), E76 https://doi.org/10.3390/foods9010076. PubMed

Sturm, B., Hofacker, W.C,, and Hensel, O. (2012). Optimizing the drying parameters for hot-air-dried apples. Dry.
Technol. 30 (14), 1570-1582 https://doi.org/10.1080/07373937.2012.698439.

Sturm, B., Vega, N., and Hofacker, W. (2014). Influence of process control strategies on drying kinetics, colour and
shrinkage of air dried apples. Appl. Therm. Eng. 62 2), 455-460
https://doi.org/10.1016/j.applthermaleng.2013.09.056.

Sun, Q.,, Zhang, M., and Mujumdar, A.S. (2019). Recent developments of artificial intelligence in drying of fresh food:
A review. Crit Rev Food Sci Nutr 59 (14), 2258-2275 https://doi.org/10.1080/10408398.2018.1446900. PubMed

Vega-Géalvez, A., Ah-Hen, K., Chacana, M., Vergara, ., Martinez-Monzo, ], Garcia-Segovia, P, Lemus-Mondaca, R., and
Di Scala, K. (2012). Effect of temperature and air velocity on drying kinetics, antioxidant capacity, total phenolic
content, colour, texture and microstructure of apple (var. Granny Smith) slices. Food Chem 132 (1), 51-59

& 437


https://doi.org/10.1080/%2007373937.2015.1036288
https://doi.org/10.1002/fsn3.241
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26788293&dopt=Abstract
https://doi.org/10.1205/fbp07037
https://doi.org/10.1016/%20j.foodchem.2007.05.009
https://doi.org/10.1016/%20j.foodchem.2007.05.009
https://doi.org/10.1007/BF01088098
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8464847&dopt=Abstract
https://doi.org/10.1093/eurrag/jbi011
https://doi.org/10.1080/07373930500210572
https://doi.org/10.17660/ActaHortic.2013.989.34
https://doi.org/10.1016/j.carres.2011.03.011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21492830&dopt=Abstract
https://doi.org/10.1007/s11947-017-1975-3
https://doi.org/10.1016/j.jfoodeng.2017.11.023
https://doi.org/10.1002/jsfa.8737
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29023753&dopt=Abstract
https://doi.org/10.1002/cem.2445
https://doi.org/10.3390/su9112009
https://doi.org/10.1016/S0260-8774(00)00228-4
https://doi.org/10.3390/foods9010076
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31936660&dopt=Abstract
https://doi.org/10.1080/07373937.2012.698439
https://doi.org/10.1016/j.applthermaleng.2013.09.056
https://doi.org/10.1080/10408398.2018.1446900
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29493285&dopt=Abstract

https://doi.org/10.1016/j.foodchem.2011.10.029. PubMed

Winiczenko, R., Gérnicki, K., Kaleta, A., Martynenko, A., Janaszek-Mankowska, M., and Trajer, ]. (2018). Multi-
objective optimization of convective drying of apple cubes. Comput. Electron. Agric. 145, 341-348
https://doi.org/10.1016/j.compag.2018.01.006.

438


https://doi.org/10.1016/j.foodchem.2011.10.029
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26434262&dopt=Abstract
https://doi.org/10.1016/j.compag.2018.01.006

	Feasibility of computer vision as Process Analytical Technology tool for the drying of organic apple slices
	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	Literature cited

