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A B S T R A C T

Postharvest losses in the mango global market may be as high as 30%, affecting the cost of production, which is
passed on to the consumer. Lack of homogeneous air temperature in refrigerated containers, packages, pallets
and difficulty of inserting temperature sensors in fruit are issues in addressing losses during transport. This study
aimed to develop an artificial fruit with skin and flesh thermal behavior equivalent to those of ‘Tommy Atkins’
mangoes at different maturity stages, which could be used to monitor fruit temperature during storage, trans-
portation and marketing. The materials used to simulate mango skin were white acrylonitrile butadiene styrene
(ABS), crystal ABS, and poly lactic acid with wood powder (PLA Wood). Mango flesh was simulated using three
agar concentrations, 5, 10 and 15%. A temperature sensor was inserted in the middle of each artificial fruit
(42.5 mm deep into the agar-gel flesh) and another was inserted under the skin (1mm deep), both in the center
and equatorial region to monitor the fruit thermal behavior. Skin and flesh temperature changes were monitored
during refrigerated storage with or without hydrothermal treatment. The thermal behaviors of White ABS and
Crystal ABS skins were different from those of the mangoes, and it was not possible to simultaneously obtain
high correlation with fruit at different maturity stages. Artificial fruit with PLA Wood skin and flesh containing
15% agar showed skin and flesh thermal behavior similar to that of mangoes at different maturity stages defined
through the quality attributes skin and flesh color, soluble solids, citric acid, pH and firmness, with R²= 97%,
coefficient of variation between 7 and 17% and P > F at 99% confidence level. Artificial fruit with PLA Wood
skin and flesh containing 15% agar can be used for real-time monitoring of skin and flesh temperatures of
‘Tommy Atkins’ mangoes at different maturity stages after harvest.

1. Introduction

The world mango production surpasses 26 million tons (FAO,
2017). European and African consumer markets have losses of 13–18
%, whereas in Brazil loses in packing houses reach about 3.9% per day
(Gustavsson et al., 2011; Ribeiro et al., 2014).

Among environmental variables, temperature is the most important
to determine fruit postharvest life. To maintain fruit quality and reduce
losses, especially during transportation, environmental temperatures
must be tight monitored and controlled to ensure proper fruit tissue
temperatures during the postharvest supply chain. From the beginning
of the cold chain, operations to maintain low fruit temperature include

forced-air precooling followed by transportation in refrigerated con-
tainers and trucks, and storage in cold rooms prior to commercializa-
tion (Teruel, 2008; Do Nascimento Nunes et al., 2014; Olatunji et al.,
2017; Defraeye et al., 2017).

Fruit cooling strategies can vary from more efficient, less efficient
and inefficient approaches such as forced-air cooling, storage in cold
chambers and refrigerated containers, respectively (Thompson, 2004;
Ferrua and Singh, 2009; Lukasse et al., 2011; Defraeye et al., 2015b;
Ambaw et al., 2016). In all cases, fruit cooling aims to minimize losses,
but temperature measurements are taken in the air or on fruit surface
and not in fruit tissues (Jedermann et al., 2014; Defraeye et al., 2015a;
O’Sullivan et al., 2016; Defraeye et al., 2017; Wu et al., 2018).
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Temperature sensors send data by radio frequency (RFID) and are used
to record the thermal history along the cold chain. Air or fruit surface
temperatures exhibit instantaneous variations under ambient cooling
conditions. However, fruit flesh temperature shows a thermal lag due to
its inertia and fruit physiology does not react as fast as changes in air
temperature. In addition, for climacteric fruit, maturity stage can also
affect cooling time due to the effect of physico-chemical quality para-
meters on flesh thermal behavior (Defraeye et al., 2017; Vasconcelos
et al., 2019). Our previous study has shown that mango cooling time is
strongly affected by physico-chemical quality (Vasconcelos et al.,
2019). The cooling time of mango flesh ranged from 110 to 720min,
which could be modeled and predicted by fruit physico-chemical
quality. Quality attributes presenting the highest to the lowest influence
on fruit cooling time were fruit weight, flesh and skin color, soluble
solids, dry matter, fruit diameter, fruit length, flesh thickness and seed
thickness (Vasconcelos et al., 2019).

Monitoring fruit skin and flesh temperatures along the cold chain is
very difficult because it requires inserting temperature sensors into the
fruit, which affects fruit physiology and losses. In addition, data loggers
are required to store skin and flesh temperature data. However, skin
and flesh temperatures precisely describe fruit thermal behavior, al-
lowing a better control of the ideal temperature conditions along the
cold chain. Therefore fruit rather than air temperatures are being
measured in several operations by the North American government and
organizations that decide on the compliance with any phytosanitary
procedure, such as cold protocol during overseas transportation, and
commercial forced-air cooling (Hoang et al., 2012; Zou et al., 2014;
PPECB, 2016a,b; Berry et al., 2017).

Alterations in fruit physiological behavior due to the insertion and
fixation of temperature sensors, as well as due to the use of hydro-
thermal treatment that is required for pest control by the markets of
Europe, USA and Oceania are important problems to consider when
monitoring fruit temperature. Indeed, studies have shown that hot-
water treatment increases fruit respiration rate, accelerating ripening,
senescence, reduction of weight and reduction of flesh firmness.
However, these responses depend on maturity stage and genotype
(Ponce de León et al., 1997; Yahia and Pedro-Campos, 1999; Jiménez
et al., 2009; Osuna-Garcia et al., 2015).

Previous studies have attempted to develop artificial oranges and
apples prototypes to monitor fruit tissue temperatures (De Castro et al.,
2004, 2005; Vigneault et al., 2006; Tanaka et al., 2012; Soto-Reyes
et al., 2015; Defraeye et al., 2017). However, these studies did not
consider the effect of fruit physico-chemical quality on fruit thermal
behavior. Indeed, variability in mango physico-chemical quality can
result in 42.0% to 73.6% differences for fruit cooling times
(Vasconcelos et al., 2019), suggesting that an ideal artificial fruit for
monitoring fruit skin and flesh temperatures along the cold chain
should take into account changes in these quality parameters during
ripening, as well as the effect of hydrothermal treatment on physic-
chemical changes that could affect skin and flesh thermal behaviors.

This study aimed to develop an artificial fruit with skin and flesh
thermal behavior equivalent to those of ‘Tommy Atkins’ mangoes at

different maturity stages, which could be used to monitor fruit tem-
perature during storage, transportation and marketing.

2. Material and methods

This study was carried out at the Postharvest Physiology and
Technology Laboratory at Embrapa, Petrolina, PE, Federal University of
Piauí, Bom Jesus, PI, and University of Campinas, Campinas, SP, Brazil.

2.1. Materials for thermal simulation of mango skin

The materials used to simulate mango skin were printed using a 3D
Pro GTMax3D Core A1 printer (GTMax, Americana, Brazil). Each skin
was printed in triplicate with average geometry of 122mm length,
80mm diameter and 1mm thickness. Date were obtained from 150
‘Tommy Atkins’ mangoes. The dimensions were configurated in the
program Solidworks 14.0 (DassaultSystemes, USA). The filaments used
for mango skin simulation were acrylonitrile butadiene styrene (ABS) in
two colors (Crystal ABS and White ABS) (GTMax, Americana, Brazil)
and poly lactic acid (PLA) with 5% wood powder commercially called
PLA Wood (3DLab, Betim, Brazil).

2.2. Software to print the materials

The materials were printed using SIMPLIFY 3D software (GTMax,
Americana, Brazil). Crystal ABS and White ABS were printed using 0.4-
mm-diameter brass extrusion nozzles, whereas PLA Wood was printed
using 0.5-mm-diameter brass extrusion nozzles. Software tools were
used to manipulate ABS printing, informing table temperature of 110 °C
and nozzle temperatures of 240 °C for the first printing layer and 233 °C
for the subsequent ones. The thickness of each printing layer was
0.15mm (Table 1). For PLA Wood printing, table temperature was 60 °C
and extrusion nozzle temperature was 215 °C for all printing layers. The
thickness of the printing layer was 0.20mm (Table 1). Printing speed
was equal to 80mms−1 for Crystal ABS and White ABS and to 60
mms−1 for PLA Wood, with average printing time of 4 h. The filament
was lubricated only for PLA Wood with addition of synthetic oil (Singer,
Cardeal, Brazil) (Table 1).

2.3. Artificial flesh

The artificial flesh was introduced into the skins made of the three
types of materials. To simulate the flesh, agar concentrations of 5, 10
and 15% were used with each artificial skin. Previous studies have
shown that these agar concentrations have similar thermal behavior to
those of fruit flesh (De Castro et al., 2004, 2005; Soto-Reyes et al., 2015;
Defraeye et al., 2017). However, studies attempting to simulate mango
flesh have never been accomplished before. Therefore, each artificial
mango skin was evaluated with three agar concentrations (5, 10 and
15%) to simulate the mango flesh.

For the construction of the artificial fruit, the size was defined based
on our previous study with ‘Tommy Atkins’ fruit with average weight of

Table 1
Technical configuration of 3D printer used to print artificial mango skin.

Filament Nozzle (mm) Layer thickness (mm) Top layers Bottom layers Outline Shellsa

Crystal ABS 0.4 0.15 5 4 3
White ABS 0.4 0.15 5 4 3
PLA Wood 0.5 0.2 5 4 3

Filament Table temp. (°C) Nozzle temp. (°C) Fan (Nozzle) Speed (mm/s) Lubrication

Crystal ABS 110 233 off 80 None
White ABS 110 233 off 80 None
PLA Wood 60 215 50 % 60 Synthetic oil

a Number of printed shells.
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513 g, length of 122mm, and diameter of 80mm (Vasconcelos et al.,
2019). During the experiment, the artificial fruit were placed in a
cardboard box with dimensions of 38, 27, 14, and 0.12 cm for length,
width, height and thickness, respectively (Fig. 1).

2.4. Temperature sensors

After printing the skin, two type T copper-constantan thermo-
couples, TMC 6HD model (Onset, Bourne, USA) were inserted into the
artificial fruit (Fig. 1). The surface thermocouple (T Surface) was fixed
under the skin (1mm) with silicon at half the length of the surface wall
at 57mm, whereas the central thermocouple (T Center) was inserted at
the same equatorial distance (57mm) and into half the thickness of the
agar-gel flesh (42.5mm) contained by the skins made of White ABS,
Crystal and PLA Wood. Temperature data were collected every minute
using both thermocouples in the surface and center of the artificial fruit
and then sent to a H12 Hoboware data logger (Onset, Bourne, USA).

2.5. Thermal behavior of artificial and natural fruit

The artificial fruit were made of three types of materials to simulate
the skin and three agar concentrations to simulate the flesh, and ther-
mocouples were inserted to collect temperature in the center and im-
mediately below the skin. Then, the artificial fruit were subjected to
two storage conditions, as described below.

In the first condition, the artificial fruit were initially at room
temperature of 25 °C and then packed in cardboard boxes and subjected
to storage at 13 °C. In the second condition, the artificial fruit were
subjected to hydrothermal treatment for 80min at 46.5 °C and then
packed in cardboard boxes and subjected to storage at 13 °C. All tem-
perature data of the artificial fruit, both in the center (T Center) and
surface (T Surface), for both conditions, were collected at 1min inter-
vals and sent to the external data logger (Fig. 1). All thermocouples
inserted in the artificial fruit, with or without the hydrothermal treat-
ment, were fixed with silicone to prevent water infiltration under the
skin, which could compromise the temperature measurements. In the
natural ‘Tommy Atkins’ fruit, the thermal data collection, hydrothermal
treatment and refrigerated storage followed exactly the same protocol
used with the artificial fruit (Vasconcelos et al., 2019).

To assess the thermal behavior of the artificial fruit, their thermal
data of flesh and skin were compared with thermal data of flesh and
skin obtained from a total of 150 ‘Tommy Atkins’ mangoes analyzed at
the maturity stages 2, 3 and 4 subjected or not to hydrothermal

treatment followed by refrigerated storage. The determination of fruit
maturity stage was accomplished at harvest through measurements of
soluble solids, citric acid, skin and flesh color, pH, and flesh firmness
(Table 2) (Vasconcelos et al., 2019). Measurements below maturity
stage 2 or above maturity stage 4 were considered as fruit at maturity
stages 1 or 5, respectively (Santos et al., 2008; Cocozza, 2003).

2.6. Data analysis

After skin and flesh temperature data were collected, the cooling
times to reached the storage temperature of 13 °C were compared be-
tween artificial fruit and mangoes at different maturity stages. The
treatments were arranged in a completely randomized design (CRD) in
factorial scheme (3×3x2), corresponding to 3 skins (White ABS,
Crystal ABS and PLA Wood), 3 agar concentrations (5, 10 and 15%) and
2 conditions of initial fruit temperature (with or without hydrothermal
treatment). Cooling time data were then used for the statistical ana-
lyses.

The program Sigma Plot 12.5 was initially used to compare the
cooling times. Normality was assessed by Kolmogorov-Smirnov test.
The data were then subjected to analysis of variance and means were
compared by Tukey test at 5%. When the data did not meet the nor-
mality assumption, one-way analysis of variance on ranks was carried
out using the Kruskal-Wallis test. If significant difference was found in
this test, a multiple means comparison test (Dunn's Method) was con-
ducted to identify the difference between treatments.

2.7. Statistical comparison of cooling profile

After comparison between the cooling times, the cooling profiles
were compared between artificial fruit and mangoes at different ma-
turity stages. This comparison aimed to identify the artificial fruit that
has thermal behavior of skin and flesh most similar to those of mangoes.
To accomplish this comparison, a correlation analysis was carried out
between the temperatures of artificial fruit and mangoes. The correla-
tion analysis was conducted using the procedure PROC CORR
OUTP=PS (procedure of correlation with output of Pearson). The ar-
tificial fruit that showed cooling patterns similar to those of mangoes
(P < 0.05) were then subjected to linear regression analysis to confirm
the similarity by comparing the values of the variance comparison test
(F), probability of significance (P) and determination coefficient (R2).
Regression analysis was conducted using the procedure called PROC
REG Model artificial fruit= natural fruit/ NOINT (procedure of re-
gression comparing artificial and natural fruit). Then, the linear re-
gression between the curves of the artificial fruit and natural fruit, both
subjected or not to thermal treatment, was calculated.

3. Results

The three types of skin (White ABS, Crystal ABS and PLA Wood)
showed different thermal behavior for each material. The behaviors of

Fig. 1. Artificial fruit with skin of acrylonitrile butadiene styrene (ABS) in two
colors (White ABS or Crystal ABS) (bottom or middle rows, respectively) or skin
of poly lactic acid (PLA) with 5% wood powder commercially called PLA Wood
(top row) with flesh containing 5, 10 or 15% of agar (right to left) placed in a
cardboard box with dimensions of 38, 27, 14, and 0.12 cm for length, width,
height and thickness, respectively.

Table 2
Physico-chemical quality parameters of 'Tommy Atkins' mangos at different
maturity stages.

Quality parameter Maturity 2 Matutity 3 Maturity 4

Soluble solids (%) 7.0 – 12.00 12.01 – 17.00 17.01 – 22.0
Citric acid (%) 1.55 – 1.04 1.03 – 0.52 0.51 – 0.01
Skin Lightness 52.79 – 38.64 38.63 – 24.49 24.48 – 10.33
Skin chroma 62.85 – 52.00 51.99 – 41.13 41.12 – 30.26
Skin hue angle 116.82 – 84.17 84.16 – 51.51 51.50 – 18.83
Flesh Lightness 76.10 – 62.35 62.34 – 47.87 47.96 – 33.58
Flesh chroma 85.91 – 75.63 75.62 – 65.34 65.33 – 55.04
Flesh hue angle 115.86 – 104.28 104.27 – 92.69 92.68 – 81.1

pH 4.8 – 4.07 4.06 – 3.34 3.33 – 2.6
Flesh firmness (N) 13.58 – 9.26 9.25 – 4.95 4.94 – 0.61
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White ABS and Crystal ABS skins were very different from those of the
mangoes, and correlations with fruit at maturity stages 2, 3 and 4 si-
multaneously were not satisfactory (Tables 3 and 4).

3.1. WHITE ABS skin

The White ABS skin in the artificial fruit was not accurate to si-
mulate the skin of mangoes at the maturity stages 2, 3 and 4.
Differences were found in the cooling time at maturity stage 3 with
hydrothermal treatment and maturity stage 2 without hydrothermal
treatment, compared to the cooling time observed in mangoes
(Table 3).

For the thermal behavior of the artificial flesh, agar concentrations
of 10 and 15% were accurate to represent the cooling time observed in
mangoes at maturity stages 3 and 4, respectively. In tests with maturity
stage 2, cooling times were not equivalent between the thermal con-
ditions imposed (P < 0.05). Artificial fruit with White ABS skin and
flesh containing 5 and 15% agar concentrations, not subjected to hy-
drothermal treatment, were accurate to thermally represent mangoes at
maturity stages 3 and 4, respectively (Table 3).

Skin made of White ABS and flesh with 5, 10 and 15% agar

concentrations have similar thermal behavior compared to mangoes at
specific maturity stages. However, low accuracy was observed in the
thermal representation of the cooling time of mangoes at maturity stage
2 with all agar concentrations studied. Agar concentration of 15% was
accurate to represent mangoes at maturity stage 4 subjected or not to
hydrothermal treatment at P < 0.05.

Due to the differences observed in the thermal behavior of the White
ABS skin with different agar concentrations to simulate mango skin and
flesh, this skin is not appropriate to simulate mangoes at different
maturity stages. With White ABS skin, each agar concentration can be
used to simulate mango flesh thermal behavior at one maturity stage,
but cannot be used to simulate them at the different maturity stages
after harvest.

The artificial skin made of Crystal ABS was evaluated under the
same conditions imposed to the artificial skin made of White ABS
(Table 4).

3.2. Crystal ABS skin

Crystal ABS skin was accurate to represent the thermal behavior of

Table 3
Correlations between the cooling times for the White ABS skin or flesh of ar-
tificial fruit and the cooling time of skin or flesh of ‘Tommy Atkins’ mangoes at
different maturity stages (MAT 2, MAT3, MAT4) subjected or not to hydro-
thermal treatment.

Skin cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
White ABS X MAT 2 2.91 116.5 7.0 Similar
White ABS X MAT 3 2.93 44.4 23.1 Different
White ABS X MAT 4 2.56 38.4 23.1 Similar

No hydrothermal treatment
White ABS X MAT 2 4.45 31.0 23.2 Different
White ABS X MAT 3 2.47 29.8 23.2 Similar
White ABS X MAT 4 2.79 18.6 23.2 Similar

Flesh cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
Agar 5 % X MAT 2 1.10 16.9 23.0 Different
Agar 5 % X MAT 3 2.68 41.0 23.0 Different
Agar 5 % X MAT 4 1.36 20.6 23.0 Different
Agar 10 % X MAT 2 1.13 17.4 23.0 Different
Agar 10 % X MAT 3 2.71 41.5 23.0 Similar
Agar 10 % X MAT 4 1.39 21.1 23.0 Different
Agar 15 % X MAT 2 1.39 21.4 23.0 Different
Agar 15 % X MAT 3 2.98 45.5 23.0 Different
Agar 15 % X MAT 4 25.1 1.6 23.0 Similar

No hydrothermal treatment
Agar 5 % X MAT 2 0.02 0.03 39.6 Different
Agar 5 % X MAT 3 2.69 36.3 39.6 Similar
Agar 5 % X MAT 4 1.68 22.4 39.6 Different
Agar 10 % X MAT 2 0.41 4.95 39.6 Different
Agar 10 % X MAT 3 3.45 41.2 39.6 Different
Agar 10 % X MAT 4 2.32 27.3 39.6 Different
Agar 15 % X MAT 2 0.46 5.57 39.6 Different
Agar 15 % X MAT 3 3.51 41.9 39.6 Different
Agar 15 % X MAT 4 2.37 28.0 39.6 Similar

Q=Quartiles | Difference between means=Difference between means of the
cooling times of mangoes at different maturity stages and the artificial fruit. | H
values by Dunn's Method test (5%) | F values by Tukey test (5%) |
P=Probability of significance | Similar= similar thermal behavior between
artificial and mango fruit at P < 0.05 | Different= different thermal behavior
between artificial and mango fruit at P < 0.05.

Table 4
Correlations between the cooling times for the Crystal ABS skin or flesh of ar-
tificial fruit and the cooling time of skin or flesh of ‘Tommy Atkins’ mangoes at
different maturity stages (MAT 2, MAT3, MAT4) subjected or not to hydro-
thermal treatment.

Skin cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
Crystal ABS X MAT 2 1.74 26.50 22.77 Different
Crystal ABS X MAT 3 2.69 40.70 22.77 Similar
Crystal ABS X MAT 4 2.65 39.67 22.77 Similar

Without hydrothermal treatment
Crystal ABS X MAT 2 0.64 8.65 26.69 Different
Crystal ABS X MAT 3 2.42 28.90 26.69 Similar
Crystal ABS X MAT 4 2.06 27.50 26.69 Similar

Flesh cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
Agar 5 % X MAT 2 1.38 21.2 23.0 Different
Agar 5 % X MAT 3 2.97 45.4 23.0 Different
Agar 5 % X MAT 4 1.64 24.9 23.0 Similar
Agar 10 % X MAT 2 1.10 16.9 23.0 Different
Agar 10 % X MAT 3 2.68 41.0 23.0 Different
Agar 10 % X MAT 4 1.36 20.6 23.0 Different
Agar 15 % X MAT 2 1.14 17.5 23.0 Different
Agar 15 % X MAT 3 2.73 41.7 23.0 Similar
Agar 15 % X MAT 4 1.40 21.2 23.0 Different

Without hydrothermal treatment
Agar 5 % X MAT 2 0.25 3.02 39.8 Different
Agar 5 % X MAT 3 3.28 39.1 39.8 Different
Agar 5 % X MAT 4 2.15 25.3 39.8 Different
Agar 10 % X MAT 2 0.46 6.23 39.8 Different
Agar 10 % X MAT 3 3.13 42.3 39.8 Different
Agar 10 % X MAT 4 2.13 28.5 39.8 Similar
Agar 15 % X MAT 2 0.40 4.77 39.8 Different
Agar 15 % X MAT 3 3.42 40.9 39.8 Different
Agar 15 % X MAT 4 2.29 27.0 39.8 Different

Q=Quartiles | Difference between means=Difference between means for the
cooling times of mangoes at different maturity stages and the artificial fruit.| H
values by Dunn's Method test (5%) | F values by Tukey test (5%) |
P= Probability of significance. | Similar= similar thermal behavior between
artificial and mango fruit at P < 0.05 | Different= different thermal behavior
between artificial and mango fruit at P < 0.05.
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skin of mangoes at maturity stages 3 and 4, subjected or not to hy-
drothermal treatment. However, differences were observed for the
maturity stage 2, with and without hydrothermal treatment (Table 4).

Artificial fruit with Crystal ABS skin and flesh containing 5 and 15%
agar concentrations, subjected to hydrothermal treatment, showed
thermal behavior similar to those of mangoes at maturity stages 4 and
3, respectively (Table 4). Without hydrothermal treatment, the flesh
containing 10% agar was accurate to represent the flesh of mangoes at
the maturity stage 4 (P < 0.05). Artificial fruit with Crystal ABS skin
and flesh containing 5, 10 and 15% agar were not accurate in the
thermal simulation of mangoes at maturity stage 2 (P < 0.05)
(Table 4).

In general, White ABS or Crystal ABS skins and the different agar
concentrations were representative to simulate mangoes at maturity
stages 3 and 4. The heterogeneity of agar concentrations to thermally
represent the flesh of mango fruit at maturity stages 2, 3 and 4 makes it
difficult to make a single artificial fruit with these combinations of skin
and flesh to represent mangoes at different maturity stages.

3.3. PLA Wood skin

The use of PLA Wood to simulate the thermal behavior of the mango
skin and flesh with three agar concentrations were precise to represent
the fruit in the two, three and four maturity stages submitted or not to
the hydrothermal treatment (Table 5).

PLA Wood skin containing different agar concentrations showed the
most similar thermal behavior to mangoes. Therefore, linear regression
was performed for skin and flesh temperatures between artificial fruit
made of PLA Wood skin with 15% agar flesh and mangoes at maturity
stages 2, 3 and 4, subjected or not to thermal treatment (Table 6 and
Fig. 2).

PLA Wood skin had similar thermal behavior compared with mango
skin at maturity stages 2, 3 and 4 simultaneously. Linear regressions
were carried out for the different agar concentrations, correlating them
with mango flesh at different maturity stages, subjected or not to hy-
drothermal treatment (Table 6).

The skin made of PLA Wood and flesh containing 5, 10 and 15%
agar were accurate to represent the thermal behavior of the skin and
flesh of mangoes at maturity stages 2, 3 and 4, subjected or not to
hydrothermal treatment. These combinations of skin and flesh were
highly correlated (97%, P < 0.001) with the skin and flesh of mangoes
(Table 6).

Artificial fruit with PLA Wood skin and flesh containing different
agar concentrations were accurate to simulate the thermal behavior of
the skin and flesh of mangoes at all maturity stages evaluated. The
subsequent evaluations were carried out using only the artificial flesh
containing 15% agar, because it represents the average dry matter
content observed in mangoes (Vasconcelos, 2019).

RMSE values from 1.33 to 3.93 were obtained in the analysis of PLA
Wood skin and flesh containing 15% agar to thermally represent
‘Tommy Atkins’ mangoes. Adjusted R-squared ranged from 0.97 to
0.99. The coefficients of variation varied from 7.81 to 16.53 and
Pr > F for ratios lower than 0.001 (Table 6).

In the linear regression analysis, it was possible to represent fruit
with a single skin material and flesh containing 15% agar, which were
highly correlated with the skin and flesh of mangoes at maturity stages
2, 3 and 4 subjected or not to hydrothermal treatment (Fig. 2).

R² values from 99.12 to 97.37% and P < 0.001 were obtained in
the regression analysis between mangoes at maturity stages 2, 3 and 4
and the artificial fruit with PLA Wood skin and flesh containing 15% of
agar, subjected to hydrothermal treatment, in the evaluation of surface
and internal temperatures. For the skin and flesh temperatures, in fruit
not subjected to hydrothermal treatment, the coefficients ranged from
98.84 to 99.42% with P < 0.001 (Fig. 2).

For the artificial fruit to represent the thermal behavior of mango
skin and flesh, both artificial and mango fruit must have the same

temperature profiles during environmental temperature changes. In
addition, skin and flesh temperatures changes in the artificial fruit must
also represent temperature changes in mango fruit at different maturity
stages, which can be used to monitor mango fruit skin and flesh tem-
peratures during fruit ripening after harvest (Fig. 3).

For fruit subjected to hydrothermal treatment, those at maturity
stage 2 required longer time to reach the ideal storage temperature of
13 °C in the center (flesh) and surface (skin). Fruit at maturity stage 3
required 480min for the center (flesh) and 200min for the surface
(skin). The longest time for cooling was observed in mangoes subjected
to hydrothermal treatment. Artificial fruit with PLA Wood skin and
flesh containing 15% agar reached coefficients of variation (CV) be-
tween 10 and 17% (Table 6).

For fruit not subjected to hydrothermal treatment, those at maturity
stage 2 required a longer time to reach 13 °C in the center (flesh) and
surface (skin). Fruit at maturity stage 3 required 260min to reach the
storage temperature in the center (flesh) and 180min in the surface
(skin), and those at maturity stage 4 required 160 to reach the storage
temperature in the center (flesh) and 110min in the surface (skin)
(Fig. 3). The shortest time for cooling occurred in mangoes not

Table 5
Correlations between the cooling times for the PLA Wood skin or flesh of ar-
tificial fruit and the cooling time of skin or flesh of ‘Tommy Atkins’ mangoes at
different maturity stages (MAT 2, MAT3, MAT4) subjected or not to hydro-
thermal treatment.

Skin cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
PLA Wood X MAT 2 2.935 116.522 6.72 Similar
PLA Wood X MAT 3 4.045 160.208 6.72 Similar
PLA Wood X MAT 4 3.868 151.724 6.72 Similar

Without hydrothermal treatment
PLA Wood X MAT 2 4.65 0.384 26.9 Similar
PLA Wood X MAT 3 2.503 30.275 26.9 Similar
PLA Wood X MAT 4 1.991 23.75 26.9 Similar

Flesh cooling time (minutes)

Q Difference between
means

H/F P < 0.05

Hydrothermal treatment
Agar 5 % X MAT 2 1.259 19.3 22.6 Similar
Agar 5 % X MAT 3 2.85 43.5 22.6 Similar
Agar 5 % X MAT 4 1.517 22.9 22.6 Similar
Agar 10 % X MAT 2 1.325 20.3 22.6 Similar
Agar 10 % X MAT 3 2.916 44.5 22.6 Similar
Agar 10 % X MAT 4 1.583 23.9 22.6 Similar
Agar 15 % X MAT 2 0.868 13.3 22.6 Similar
Agar 15 % X MAT 3 2.458 37.5 22.6 Similar
Agar 15 % X MAT 4 1.12 16.9 22.6 Similar

Without hydrothermal treatment
Agar 5 % X MAT 2 0.00827 0.1 39.4 Similar
Agar 5 % X MAT 3 1.747 19.8 39.4 Similar
Agar 5 % X MAT 4 1.895 22.6 39.4 Similar
Agar 10 % X MAT 2 0.384 4.6 39.4 Similar
Agar 10 % X MAT 3 2.164 24.6 39.4 Similar
Agar 10 % X MAT 4 2.294 27.3 39.4 Similar
Agar 15 % X MAT 2 0.374 4.5 39.4 Similar
Agar 15 % X MAT 3 2.153 24.508 39.4 Similar
Agar 15 % X MAT 4 2.283 27.229 39.4 Similar

Q=Quartiles | Difference between means=Difference between means for the
cooling times of mangoes at different maturity stages and the artificial fruit.| H
values by Dunn's Method test (5%) | F values by Tukey test (5%) |
P= Probability of significance. | Similar= similar thermal behavior between
artificial and mango fruit at P < 0.05 | Different= different thermal behavior
between artificial and mango fruit at P < 0.05.
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subjected to hydrothermal treatment, with coefficients of variation (CV)
between 7 and 13% (Table 6).

4. Discussion

4.1. Thermal simulations of fruit with synthetic materials

The present study used 5, 10 and 15% agar concentrations to si-
mulate the dry matter contents previously found in ‘Tommy Atkins’
mangoes produced in the São Francisco Valley, Petrolina, PE, Brazil
(Vasconcelos et al., 2019), as an attempt to simulate the thermal be-
havior of fruit flesh.

Although previous studies have aimed to simulate fruit thermal
behaviors, the approach used were not accurate. These studies have
developed polyethylene spheres to simulate the skin and flesh con-
taining plastic ball filled with water, polymer sphere filled with cellu-
lose gel, polymer sphere mixed with 3 and 5% agar, plastic ball filled
with water, and aluminum sphere filled with cellulose gel. However, in
these studies the simulations were not able to represent with high ac-
curacy the thermal behavior of the skin and flesh of fruit such as apple
and orange (Chuntranuluck et al., 1998; De Castro et al., 2005; Allais
et al., 2006; Vigneault et al., 2006; Dehghannya et al., 2012; Delele
et al., 2013).

Studies to develop artificial flesh demonstrate that the concentra-
tion of specific solutes can affect the thermal behavior of the final
product. This information can be used to develop artificial fruit with
thermal behavior similar to real fruit. These studies have shown that
agar concentrations from 1 to 5%, saccharose up to 5%, CaCl2 of 0.2%,
citric acid from 0 to 10% and pH from 0 to 4 affect the thermal behavior
of the artificial flesh (De Castro et al., 2004; Birla et al., 2008; Soto-
Reyes et al., 2015). Other simulations have been accomplished using a
3% agar solution for the flesh and polychlorinated vinyl (PVC) for skin
of orange fruit. In these studies, conducted in refrigerated containers, a
coefficient of determination of 55.8% was found for the thermal si-
mulation between artificial fruit and non-climacteric fruit (De Castro
et al., 2004, 2005).

Recent studies have accurately conducted fruit thermal simulations.
A thermal simulator made for apples had skin composed of a fine plastic
layer which simulates the geometry of size, shape and surface texture
(Defraeye et al., 2017). Its flesh consisted of water-carbohydrate-air
(WCA) compound mixed with gel (Defraeye et al., 2017). Prototype
skin and flesh temperatures were measured and the coefficient of de-
termination (R²) to evaluate the artificial apple fruit reached 95% sig-
nificance (Defraeye et al., 2017).

Few studies have been conducted to simulate climacteric fruit due
to the wide variations in skin and flesh physical and chemical quality
parameters that take place during ripening. The variation of thermal
behavior due to fruit physiological alterations makes it difficult to de-
velop a single material for the simulations. For mangoes, the cooling
times are different at each maturity stage. In addition, the use of hy-
drothermal treatment for the export market further hinders the thermal
simulation of skin and flesh, due to the physical and chemical altera-
tions in fruit during their ripening (Vasconcelos et al., 2019).

The present study tested several materials to simulate the skin and
different agar concentrations to simulate the flesh of ‘Tommy Atkins’
mangoes. Due to the heterogeneity in the simulations with White ABS
and Crystal ABS (Tables 3 and 4), PLA Wood with 15% agar con-
centration was chosen because this combination represented with high
accuracy the different maturity stages of mangoes subjected or not to
thermal treatment, showing high coefficients of determination and low
coefficients of variation at P < 0.001 (Table 6).

Using a single agar concentration for the flesh and one material for
the skin is interesting in terms of feasibility for the large-scale pro-
duction of artificial fruit, which can be used in packing houses, re-
frigerated containers and along the entire cold chain. The artificial fruit
is a tool to precisely monitor skin and flesh tissue temperatures, which
can be used to precisely regulate the temperature in the whole cold
chain, reducing mango postharvest losses, as occurs with other fruit
(Defraeye et al., 2017).

4.2. Mango thermal behavior

Mango fruit at maturity stages two, three and four present distinct
cooling times, which may be related to physico-chemical changes
during the ripening process after harvest. According to data obtained at
the maturity stage 2, a particular behavior occurs in the central tem-
perature of fruit subjected to hydrothermal treatment. Although diffi-
cult to explain, an increase of temperature between 200min and
300min was observed. However, mangoes at maturity stage 2 resumed
temperature reduction until reaching the ideal storage temperature
(Fig. 3). The physico-chemical characteristics of mangoes may change
when the fruit are subjected to hydrothermal treatment, mainly for less
mature fruit. Indeed, studies have demonstrated that harvest followed
by hydrothermal treatments can accelerate ripening of different mango
cultivars (Jacobi and Giles, 1997; Talcott et al., 2005; Dea et al., 2010).
Water loss, respiration rate, flesh firmness, starch degradation, soluble
solids content and degradation of pectins can be affected (Joyce et al.,
1993), which can influence the thermal behavior and cooling times of
the fruit (Vasconcelos et al., 2019). This effect of hydrothermal

Table 6
Linear regression analysis between the cooling curves of PLA Wood skin with
different agar concentrations and skin or flesh of ‘Tommy Atkins’ mangoes at
different maturity stages (MAT2, MAT3, MAT4).

Skin cooling time (minutes)

RMSE R-Square Adj R-Sq CV F

Hydrothermal treatment
PLA Wood X MAT 2 3.78 0.97 0.97 16.32 3535.9
PLA Wood X MAT 3 3.10 0.98 0.98 13.37 5306.0
PLA Wood X MAT 4 2.79 0.98 0.98 12.06 6539.3

Without hydrothermal treatment
PLA Wood X MAT 2 1.93 0.98 0.98 10.98 3851.7
PLA Wood X MAT 3 1.61 0.99 0.99 9.15 5565.1
PLA Wood X MAT 4 1.84 0.98 0.98 10.47 4239.1

Flesh cooling time (minutes)

RMSE R-Square Adj R-Sq CV F

Hydrothermal treatment
Agar 5 % X MAT 2 1.44 0.99 0.99 6.64 6401.6
Agar 10 % X MAT 2 2.75 0.98 0.98 12.94 6529.2
Agar 15 % X MAT 2 2.71 0.98 0.98 13.18 6490.8
Agar 5 % X MAT 3 1.44 0.99 0.99 6.64 25632.8
Agar 10 % X MAT 3 1.52 0.99 0.99 7.17 21474.9
Agar 15 % X MAT 3 2.16 0.99 0.99 10.50 10279.3
Agar 5 % X MAT 4 1.31 0.99 0.99 6.04 30983.8
Agar 10 % X MAT 4 1.16 0.99 0.99 5.46 37029.5
Agar 15 % X MAT 4 2.78 0.98 0.98 13.53 6156.5

Without hydrothermal treatment
Agar 5 % X MAT 2 2.76 0.97 0.97 17.10 1739.6
Agar 10 % X MAT 2 2.90 0.97 0.97 16.92 1809.0
Agar 15 % X MAT 2 2.34 0.98 0.98 13.71 2746.0
Agar 5 % X MAT 3 1.74 0.98 0.98 10.82 4417.2
Agar 10 % X MAT 3 2.29 0.98 0.98 13.32 2948.9
Agar 15 % X MAT 3 1.33 0.99 0.99 7.81 8569.4
Agar 5 % X MAT 4 2.49 0.97 0.97 15.47 2135.5
Agar 10 % X MAT 4 2.84 0.97 0.97 16.53 1898.0
Agar 15 % X MAT 4 2.14 0.98 0.98 12.56 3280.4

RMSE=Root mean square error | R-Square=Coefficient of determination |
Adj R-Sq=Adjusted R-squared | CV=Coefficient of variation | F-Test= test of
comparison between variances | Pr= Probability of significance | All linear
regressions between the cooling curves of PLA Wood skin with different agar
concentrations and skin or flesh of ‘Tommy Atkins’ mangoes at different ma-
turity stages were statistically significant at values of P > F<0.001.
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treatment on physico-chemical changes could help explaining changes
in fruit flesh thermal properties observed in mangoes harvested at
maturity stage 2, which were not observed in fruit not subjected to
hydrothermal treatment (Fig. 3).

In the simulation of mangoes, shorter cooling times were observed
at maturity stages 3 and 4 in fruit subjected to hydrothermal treatment.

These results agree with previous studies showing that hydrothermal
treatment can play an important effect on physico-chemical quality
parameters, which can directly affect fruit thermal behavior and
cooling time (Talcott et al., 2005; Djoua et al., 2009; Dea et al., 2010;
Vasconcelos et al., 2019).

Fig. 2. Linear regression for flesh and skin temperatures between artificial fruit (AF) made of PLA Wood skin with 15% agar flesh and mangoes at maturity stages 2, 3
and 4, subjected or not to thermal treatment.

Fig. 3. Thermal analysis of mangoes at maturity stages 2, 3 and 4 subjected or not to hydrothermal treatment and artificial fruit with PLA Wood skin and flesh
containing 15% agar.
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4.3. Applications for the artificial fruit

Using an artificial fruit with PLA Wood skin and 15% agar flesh to
monitor skin and flesh temperatures in mangoes during storage and
transportation can reduce postharvest losses, from harvest to con-
sumers. This tool will allow accurate real-time monitoring of mango
skin and flesh temperatures to ensure the offer of high-quality fruit in
the market. Artificial fruit can also be used to assist the development of
more efficient refrigeration systems to remove heat during storage and
transportation, in order to maximize fruit postharvest life. The next step
on the development of the artificial mango fruit will be the develop-
ment of a hardware and software to precisely analyze in real-time skin
and flesh temperatures in the fruit, as suggested in other studies
(Lukasse et al., 2011; Defraeye et al., 2017).

The cooling patterns and mathematical modeling made it possible to
develop the artificial mango fruit and may provide producers with
technical information to ensure quality marketing of their products,
since the commercial sector usually claims unsatisfactory quality of the
product purchased, especially when it is exported. Refrigerated con-
tainers and cold rooms in packing houses usually have three thermo-
couples in straight line to monitor air temperature and relative hu-
midity at a single height, which is not consistent with the homogeneity
of air temperature and relative humidity spatialization in the environ-
ment. Besides poor distribution of sensors inside the packages, pallet
position and height can cause cold injuries or acceleration of ripening
(Wu et al., 2018; Defraeye et al., 2016; Dehghannya et al., 2012;
Dacanal et al., 2018; Vasconcelos et al., 2017, 2018; Vasconcelos et al.,
2019).

The artificial fruit can be used to validate the control of temperature
in cold rooms and marine containers. During transportation, the arti-
ficial fruit can be placed at inside mango boxes at different heights to
monitor real skin and flesh temperatures. It can also be used to evaluate
the cooling time of mangoes at different maturity stages in cold rooms
to extend the postharvest life of the fruit.

In conclusion, the White ABS and Crystal ABS artificial fruit skins
with different agar concentrations to were not able to represent with
high accuracy the thermal behavior of ‘Tommy Atkins’ mangoes at
different maturity stages. However, the PLA Wood and the agar con-
centration of 15% were able to represent with high accuracy the
thermal behavior of the skin and flesh of mangoes, respectively, at the
maturity stages 2, 3 and 4, subjected or not to hydrothermal treatment.
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