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Abstract: Climate change affects fruit crops’ growth and development by delaying fruit ripening,
reducing color development, and lowering fruit quality and yield. The irregular date palm fruit
ripening in the past few years is assumed to be related to climatic change. The current study aimed
to design and validate an automated sensor-based artificial ripening system (S-BARS) combined with
ultrasound pretreatment for artificial ripening date fruits cv. Khalas. A sensor-based control system
was constructed to allow continuous real-time recording and control over the process variables.
The impact of processing variables, i.e., the artificial ripening temperature (ART-temp) and relative
humidity (ART-RH) using the designed S-BARS combined with ultrasound pretreatment variables,
i.e., time (USP-Time) and temperature (USP-Temp) on the required time for fruit ripening (RT), the
percentage of ripened fruits (PORF), the percentage of damaged fruits (PODF), and the electrical
energy consumption (EEC) were investigated. The quadratic predictive models were developed using
the Box–Behnken Design (B-BD) to predict the RT, PORF, PODF, and EEC experimentally via Re-
sponse Surface Methodology (RSM). Design Expert software (Version 13) was used for modeling and
graphically analyzing the acquired data. The artificial ripening parameter values were determined by
solving the regression equations and analyzing the 3D response surface plots. All parameters were
simultaneously optimized by RSM using the desirability function. The Mean Absolute Percentage
Error (MAPE) and the Root Mean Square Error (RMSE) between the predicted and actual experi-
mental values were used to evaluate the developed models. The physicochemical properties of the
ripened fruit were assessed under the optimization criteria. The results indicated that the pretreated
unripe date fruits with 40 kHz ultrasound frequency, 110 W power, and USP-Temp of 32.49 ◦C for
32.03 min USP-Time under 60 ◦C ART-Temp and 59.98% ART-RH achieved the best results. The
designed S-BARS precisely controlled the temperature and relative humidity at the target setpoints.
The ultrasound pretreatment improved the color and density of the artificially ripened date fruits,
decreased the RT and EEC, and increased the PORF without negatively affecting the studied fruit
quality attributes. The developed models could effectively predict the RT, PORF, PODF, and EEC. The
designed S-BARS combined with ultrasound pretreatment is an efficient approach for high-quality
ripening date fruits.

Keywords: energy consumption; precision control; fruit quality; real-time monitoring; biosystems;
smart agriculture; Response Surface Methodology; Box–Behnken design; optimization

1. Introduction

Date palm (Phoenix dactylifera L.) is one of the major crops significantly contributing to
the agroecosystems in the Middle East and North Africa regions, notably in Saudi Arabia [1].
The cultivated area of date palm in Saudi Arabia is 0.15 million hectares, producing a 1.54 Mt
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yield [2]. There are six phases of date palm fruit development: Hababouk, Kimri, Khalal,
Biser, Rutab, and Tamr. The Hababouk, Kimri, and Khalal are the initial stages of fruit
development when date palm fruit is primarily green and inedible. The Biser stage is often
called the late Khalal stage, when the fruit color is changed to yellow or red, depending on
the cultivar. Most date palm cultivars are edible at the Rutab and Tamr stages when the
fruit is partially or fully ripened, the sugars are high, and the moisture content is low [3–5].
The fruits of date palm, Phoenix dactylifera L., are rich in carbohydrates, dietary fiber, protein,
minerals, fatty acids, and vitamins. It has significant antioxidant potential and contains
polyphenols, anthocyanins, carotenoids, tannins, procyanidins, sterols, flavonols, flavones,
anthocyanidins, and isoflavones. It also contains phenolic acids, cinnamic acid derivatives,
and volatile compounds [6–8].

A phase change in date fruit development is spurred by the stimulation of the ripening
process, which is supported by a major alteration in primary and secondary metabolism.
The ripening process of fruits improves their taste and makes them more palatable. Gen-
erally, a fruit becomes softer, sweeter, and less green as it ripens [9–11]. Ethylene, a gas
produced by the amino acid methionine involved with ripening, increases certain enzymes
at the intracellular level, such as amylase, which hydrolyzes starch to make simple sugars,
and pectinase, which hydrolyzes pectin to make fruit softer [12,13]. On the other hand, the
analysis revealed the downregulation of the two enzymes involved in ethylene biosynthe-
sis, indicating ethylene-independent ripening of date palm cv. Barhi [14]. To maximize
their return on investment, cultivators must harvest ripe date palm fruits at the right time.
Choosing the ideal fruit harvesting time is essential for obtaining the best dates in quantity
and quality [15]. However, the date palm’s fruit ripening time varies depending on the
cultivar. Ripening indices based on the most significant variations in physical and chemical
properties that occur during the ripening process are crucial for determining the level of
ripeness in a fruit [16,17]. Since date fruits do not ripen simultaneously, it takes several
pickings to harvest them, which takes several weeks [18]. The term ‘uneven fruit ripening’
refers to the uneven ripening of individual fruits within a bunch or whole bunch and is
distinguished by the presence of green or yellow unripe fruits [19]. In Saudi Arabia, uneven
fruit ripening of date palms is a significant problem that often significantly declines overall
crop production. Fruits at the Khalal or Biser stages of development remain green or yellow
within a bunch, which are usually discarded and negatively affect a farm’s income [4,20].

Climate change affects fruit in their different stages of growth and development, such
as inadequate pollination, fruit sunburn, delayed ripening, low sugar content, reduced
color development, poor fruit quality and fruit set, and low fruit yield [21]. One of the
most critical challenges related to climate change is the temperature rise. Any variation
in the optimum climatic variables is likely to significantly impact the yield and quality
of fruits. Studies have demonstrated that exposure to high temperatures, carbon dioxide,
and ozone can directly and indirectly impact crop growth, yield, and quality [22,23]. An
increase in temperature directly influences plant photosynthesis, affecting fruit firmness,
antioxidant activity, sugars, organic acids, and flavonoids [24–26]. The fruits’ various
growth stages are affected by climate change, which has a wide range of effects on fruits,
including poor floral emergence, delayed maturation and ripening, poor fruit quality and
color development, sunburn of the fruit, poor pollination and fruit set, etc. [27,28]. The
selection of improved cultivars of crop species and improvements to cultural practices
such as plant architectural alteration, water management, microclimate modifications, soil
organic carbon buildup, etc., are all potential adaptation strategies to mitigate the harmful
effects of climatic change [29,30].

Saudi Arabia has experienced irregular date palm fruit ripening in the past few years,
which is assumed to be related to climatic change. The fruits usually fail to change their
development stage from Biser to Rutab and Tamr, hence are merely wasted. Studies
have been conducted to facilitate the ripening of unripe Biser fruits of date palm through
artificial techniques. To hasten the ripening process artificially, date palm growers use
several chemicals. The ripening of Khalal fruits of date palm cv. Dhakki treated with a
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sodium chloride [31] brine solution [32] was enhanced up to 75%. The unripe date palm
fruits were ripened when dipped in salt and acetic acid solutions [33]. However, the impact
of chemically induced artificial ripening has come under scrutiny due to several health-
related concerns. To ripen the unripe date fruits, alternative fruit ripening methods that are
simple, economical, and environmentally friendly gained interest. Using the microwave
technique, the ripening time of unripe Khalal date fruits was reduced from 288 to 40 h at
480 W for 50 s [34].

Similarly, oven-drying and solar dehydration techniques are used to ripe partially ripe
Rutab fruits [35]. Date palm fruits can be treated by heat for disinfestation or artificially
ripened by a heat treatment that should not exceed 60 ◦C [20,36–38]. Date palm fruits could
be frozen at –8 ◦C and then placed at 50 ◦C for 48 h to ripen unripe fruit artificially [33].
Date palm fruits of cv. Khalas at the Biser stage were artificially ripened without the
expense of fruit quality when placed in an automated oven at 50 ◦C and 50% relative
humidity [20]. In contemporary packing facilities, unripe dates are allowed to ripen in
controlled environments with varied temperature and humidity levels depending on the
cultivar [39]. However, these artificial ripening techniques consume high energy and take
a long time. Therefore, to artificially accelerate fruit ripening, low-power-consumption
processing techniques must be explored [20].

For fruit drying, various pretreatment techniques are adopted to inactivate bacterial
and enzyme activity and prevent the product’s quality from degrading during storage. The
pretreatment methods include hot air drying, vacuum freeze-drying, steaming, alkaline
dips, freezing, sulfiting, blanching, and microwave techniques [40–44]. However, chemical
pretreatment methods decline the quality of color and flavor, while heat pretreatment causes
harmful changes to the quality attributes of fruit tissue [45–48]. Ultrasound pretreatment is
a potential method for fruit drying, which is simple to use, consumes little heat and energy,
and requires a short treatment time [49,50]. A pre-processing phase in the drying process
for fruits and vegetables results in reversible membrane perforation, which indirectly
improves dryer efficiency, conserves energy, and improves product quality [51]. The drying
process is enhanced by ultrasonic power. Still, the extent of the improvement was greatly
influenced by other process variables, such as air velocity, air temperature, power, vacuum
pressure, etc. The use of ultrasound technology has an impact on food quality. Applying
ultrasound can generally lower water activity, enhance fruit color, and minimize nutritional
loss [52–54]. In a previous study, pretreating apple slices with an ultrasonic system (100 kHz
for 5 min at 25 ◦C) before vacuum freeze-drying increased the drying rate by 25% and
the rehydration rate [55]. The effective water diffusivity increased after being pretreated
with ultrasound causing a reduction of approximately 23% in the drying time in sapota
fruits [56]. Dual-frequency ultrasound pretreatment (20/40 kHz) shortened vacuum freeze-
drying time and improved strawberries’ fruit quality and biological activity [57]. The
drying time for nectarine slices was shortened, and their qualitative and thermodynamic
properties were enhanced by increasing the temperature (50, 60, and 75 ◦C) and time of
the ultrasound (10, 20, and 40 min) treatment [58]. Another study’s findings showed that
increasing the temperature (50, 60, and 70 ◦C) and the ultrasound pretreatment time (15,
30, and 45 min) decreased the rate of color change while increasing energy utilization
and efficiency in blackberry [59]. The combined application of ultrasound pretreatment
in ultrasonic baths and direct ultrasound application during air-drying intensified the
drying process, increasing the effective water diffusivity by up to 93%, the external mass
transfer by up to 30%, and reducing the drying time by up to 58% when compared to the
conventional air-drying process [60].

The energy consumption for the dryer and fruit-ripened systems depends on ambient
environmental conditions and the system design/type. The systems consume different energy
quantities per unit mass of water evaporated based on the sample’s initial and final moisture
contents, thickness, and specific product heat [61]. However, the latent heat required for
evaporating water from the product, heat loss by conduction through the walls and ceiling, air
loss from the leaky airflow, and heat loss associated with vent air are the elements of energy
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consumption during the artificial ripening of the fruit or drying of the agricultural product.
Therefore, crop dryers and artificial ripening systems consume significantly more energy
through their heat supply units than latent evaporation heat [37,61,62].

Artificial ripening using controlled temperature and relative humidity for ripening
unripe fruits, such as date palm fruits, is similar to the fruit-drying process. Though the
mentioned studies have provided some insight into ultrasound applications for drying
agricultural products, no reports were identified regarding the application of ultrasound
pretreatment to promote the artificial ripening of unripe date palm Biser fruits, which are
otherwise applied. The current study aimed to design and validate a modern automated
sensor-based artificial ripening system combined with ultrasound pretreatment for unripe
Biser fruits of date palm cv. Khalas. The artificial ripening process and the designed
S-BARS performance in terms of the ripening and ultrasound pretreatment parameters
were discussed to understand the main effect of the parameters and their interactive
effect. Meanwhile, this study highlighted the use of the Response Surface Methodology
(RSM) with the desirability function as an optimization tool to simultaneously maximize the
percentage of ripened fruit and minimize the required time for fruit ripening, the percentage
of damaged fruits, and electrical energy consumption. To quantify the applicability of
the proposed approach for ripening date fruits, the attributes of the fruit’s quality were
evaluated under optimum conditions for ripening parameters and ultrasound pretreatment.

2. Materials and Methods
2.1. Design of the Sensor-Based Artificial Ripening System

The sensor-based artificial ripening system (S-BARS) was designed and implemented
at the Date Palm Research Center of Excellence engineering lab, King Faisal University,
Saudi Arabia. The designed system performance was evaluated using pretreated date
palm fruits by high-power ultrasound. The S-BARS consisted of four main units: The
thermally insulated treatment chamber, the heating unit, the humidification unit, and the
sensor-based control unit.

Figure 1 shows the main components of the S-BARS. The thermally insulated treatment
chamber dimensions were 120 cm in length, 75 cm in width, and 200 cm in height. The
chamber frame was made from welded 3 cm square stainless-steel tubes. The treatment
chamber walls were insulated with 2 cm thick high-density foam sandwiched between two
0.15 cm thick, high-quality 304 L stainless-steel sheets to prevent heat transmission. The
door of the treatment chamber was made from two 4 mm thick glass plates. The treatment
chamber had a working size of 116 cm × 71 cm and 146.2 cm and contained six racks
(116 cm × 50 cm), with each rack accommodating 1 kg of unripe date fruit, and the total
fruit weight was 6 kg.

The designed S-BARS was equipped with heating and humidification units to control
the interior environment at the targeted temperature and relative humidity (RH). The heat-
ing unit contained a 220 V electrical heater with a power of 1000 W and two 220 electrical
fans with a diameter of 10 cm. The ultrasonic humidifier included an ultrasonic transducer
with a frequency of 2600 kHz installed at the central position of the humidifier base. The
resonance impedance of the transducer was 2 Ω, and its operating temperature ranged from
0 to 60 ◦C. The water depth above the transducer was adjusted at 0.15 m to generate the
water droplets efficiently. Finally, the large droplets were dropped back into the humidifier
tank through the vertical mist duct. An electronic circuit consisting of analog temperature
sensors (LM 35), comparators (LM 339) for signal processing of the sensor’s output, timers
(555 N), transistors (ULN 2003), capacitors, resistors, and relays were used to control the air
temperature of the heating unit. The ultrasonic humidifier development was based on the
techniques for controlling the RH in systems that the authors explain in [20,50,63–65]. The
control unit comprised the power source, fuse, LED indication, electrical switches sensors,
relays, microcontrollers, and laptop [66].
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Figure 1. The elevation and side view of the sensor-based artificial ripening system’s main compo-
nents, all dimensions in centimeters.

2.2. System Control and Data Acquisition

A straightforward technique was developed for system control and data acquisition.
The technique is based on the sensors, the open-source microcontroller board, the liquid
crystal display (LCD), and the Microsoft Excel program to collect data, store, and track
temperature, RH, and fruit weight data inside the S-BARS. PLX-DAQ Excel Macro was
used to display the acquisition data in an Excel spreadsheet and on the LCD. Six DHT22
sensors were used to collect data on temperature and RH. These sensors sent the data to
the Arduino Mega board’s open-source microprocessor (ATmega328P). Figure 2 shows
an overview of real-time data acquisition of the temperature and RH inside the treatment
chambers of the designed S-BARS using Arduino and Excel. The data collected from the
S_BARS and the PLX-DAQ presented the acquired real-time data into columns of real-time
data of the load cell sensors in each Excel spreadsheet.
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Figure 3 shows a schematic Proteus simulation diagram with the essential components
of S-BARS control and monitoring [67]. Proteus 8 was used to perform electrical circuit
simulations on all sensors and electric actuators to ensure their operational compatibility.
The Arduino Mega microcontroller board (Microchip Mega2560, Microchip Technology
Inc. W Chandler Blvd, Chandler, AZ, USA) was used in the circuit to collect data from
the DHT22 and Load Cell sensors. This circuit controlled the heating unit, humidifier, and
operation of the S-BARS. The control of the actuators was enacted through three relays, i.e.,
RL1 to control the heating unit, RL2 to control the ultrasonic humidifier, and RL3 to control
the main power of the S-BARS.
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Figure 3. The schematic Proteus circuit diagram shows the major components of the sensor-based
S-BARS control and monitoring. RL1, RL2, and RL3 are the relays for controlling the operation of the
heating unit, the ultrasonic humidifier, and main power, U1, U2, and U3 are the optocouplers, R1,
R2, R3, R4, R5, and R6 are the resistors, GEN1 is the Arduino Mega microcontroller with GENUINO
MEGA 2560 Microchip, LC1 is the Load Cell sensor, U5 is the HX711 signal amplifier, LCD1 is the
liquid crystal display, U6 is the PCF8574 8-bit input/output (I/O) expander, ACS is the 220 VAC
power source, and DCS is the DC power source.
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Communication between the Arduino Mega board and Excel was established by
opening the Spreadsheet and defining the connection settings in the PLX-DAQ window to
adjust the baud rate and port of the Arduino board. During the data acquisition process,
the obtained temperature and RH values were stored in real time in the Excel spreadsheet.
The Load Cell sensor with amplifier HX711 was used to monitor the fruit’s weight loss
during treatment and to stop the S-BARS when the required weight was achieved for the
treated date fruits. The S-BARS temperature, RH, and operation control were conducted
based on the control flowchart, as shown in Figure 4.
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Figure 4. The control flowchart of the designed S-BARS. The Avg Temp (T) is the average temperature,
the Avg RH is the average relative humidity, and the Avg Weight is the average weight of the fruit.

Figure 5 shows the program code embedded in the Arduino Mega board to acquire
the data of the temperature and RH from the six DHT22 sensors installed in the treatment
chamber of the S-BARS and send the measured data to a PLX-DAQ Spreadsheet for real-
time monitoring and data logging. As a result, the PLX-DAQ displayed the acquired
real-time data in six columns of temperature and RH sensors in each Excel spreadsheet.



Agronomy 2022, 12, 2805 8 of 30Agronomy 2022, 12, x FOR PEER REVIEW 9 of 31 
 

 

 
Figure 5. Screenshot of the program code used to acquire the temperature and RH measured data 
in real-time using six DHT22 sensors and send the measurements to a PLX-DAQ Spreadsheet. 

2.3. Samples Collection 
The date fruits (Khalas cv.) were collected from the experimental fields of the Date 

Palm Research Center of Excellence, King Faisal University, Saudi Arabia (25°16′05.9″ N, 
49°42′29.5″ E). The selected date palm trees were almost the same age (15 years) and uni-
form in growth and were subjected to the same agricultural treatments under arid condi-
tions. The date palm fruits were harvested at the Biser stage. After harvesting, the fruits 
were sorted, cleaned, and to inhibit the growth and reproduction of bacteria and fungus, 
a Sodium Benzoate (C7H5O2Na) solution was used. Afterward, the date fruits were stored 
at 18 °C in a cold storage room for ultrasound pretreatment and artificial ripening [68]. 

2.4. Ultrasound Pretreatment 
The procedure of ultrasound pretreatment consists of immersing the Biser samples 

in desalted water and exposing them to high-power ultrasound. In this study, the unripe 
date samples were immersed in an ultrasonic bath (model: CPX3800H-E, Branson Ultra-
sonics Corp., Danbury, CT, USA) containing distilled water. The Biser-fruit-to-distilled-
water ratio was set at 1:4, according to previous studies’ recommendations [69,70]. The 
ultrasonic bath is completely programmable for treatment time, power ultrasonic tracking 
capabilities, high/low-power ultrasound control, degassing control, and temperature con-
trol. The tank capacity of the ultrasonic bath was 5.7 L with internal dimensions of 290 × 
150 × 150 mm. The maximum power of the ultrasonic bath was 360 W, 230 V, and the 
puissance at the frequency of 40 kHz was 110 W. The fruits were arranged and covered 
with a metal net to prevent sample flow from the bath. 

2.5. Experimental Design 
The Response Surface Methodology (RSM) was used to determine the optimum ul-

trasound pretreatment temperature, time, and RH and temperature treatments for ripen-
ing Biser fruits of date palm. The RSM was used to determine the best condition without 
studying all potential combinations experimentally. In addition, it is possible to decide 
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real-time using six DHT22 sensors and send the measurements to a PLX-DAQ Spreadsheet.

2.3. Samples Collection

The date fruits (Khalas cv.) were collected from the experimental fields of the Date
Palm Research Center of Excellence, King Faisal University, Saudi Arabia (25◦16′05.9′′ N,
49◦42′29.5′′ E). The selected date palm trees were almost the same age (15 years) and
uniform in growth and were subjected to the same agricultural treatments under arid con-
ditions. The date palm fruits were harvested at the Biser stage. After harvesting, the fruits
were sorted, cleaned, and to inhibit the growth and reproduction of bacteria and fungus, a
Sodium Benzoate (C7H5O2Na) solution was used. Afterward, the date fruits were stored at
18 ◦C in a cold storage room for ultrasound pretreatment and artificial ripening [68].

2.4. Ultrasound Pretreatment

The procedure of ultrasound pretreatment consists of immersing the Biser samples in
desalted water and exposing them to high-power ultrasound. In this study, the unripe date
samples were immersed in an ultrasonic bath (model: CPX3800H-E, Branson Ultrasonics
Corp., Danbury, CT, USA) containing distilled water. The Biser-fruit-to-distilled-water ratio
was set at 1:4, according to previous studies’ recommendations [69,70]. The ultrasonic bath
is completely programmable for treatment time, power ultrasonic tracking capabilities,
high/low-power ultrasound control, degassing control, and temperature control. The tank
capacity of the ultrasonic bath was 5.7 L with internal dimensions of 290 × 150 × 150 mm.
The maximum power of the ultrasonic bath was 360 W, 230 V, and the puissance at the
frequency of 40 kHz was 110 W. The fruits were arranged and covered with a metal net to
prevent sample flow from the bath.

2.5. Experimental Design

The Response Surface Methodology (RSM) was used to determine the optimum ultra-
sound pretreatment temperature, time, and RH and temperature treatments for ripening
Biser fruits of date palm. The RSM was used to determine the best condition without
studying all potential combinations experimentally. In addition, it is possible to decide the
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input levels of the various variables for a specific level of response using the RSM. The
Box–Behnken design (B-BD) was used as an experimental design for RSM. The B-BD is a
class of rotatable second-order designs based on incomplete factorial designs with three
levels. In the second-order rotatable design, the effect of observation at the design stage
was measured by comparing the predicted response variances in the absence or presence of
observation. The minimum, maximum, and variance averages in this design compare the
region of interest. The impact of ultrasonic pretreatment (time and temperature) and the
artificial ripening (temperature and RH) treatments on the required time for fruit ripening
(RT), the percentage of ripe fruit (PORF), the percentage of damaged fruits (PODF), and
the electrical energy consumption (EEC) parameters was studied according to the B-BD.
Twenty-six trials were conducted based on the B-BD. Therefore, twenty-six ultrasound-
pretreated date fruit samples were used. The levels and values of the factors, i.e., ultrasound
pretreatment temperature (USP-Temp), ultrasound pretreatment time (USP-Time), arti-
ficial ripening treatment temperature (ART-Temp), and artificial ripening treatment RH
(ART-RH), are shown in Table 1.

Table 1. The levels and values of the independent variables applied in the response surface design
for the experiments.

Independent Variables
Levels

−1 0 1

A: USP-Temp (◦C) 25 35 45
B: USP-Time (min) 20 30 40
C: ART-Temp (◦C) 40 50 60

D: ART-RH (%) 30 45 60

Triplicate validation experiments were conducted to validate the predictive model
under optimization conditions using six ultrasound pretreated and six untreated date fruit
samples. First, the experimental results for the RT, PORF, PODF, and EEC were compared
with the predicted results obtained by the predictive models to validate their suitability
and accuracy. In addition, the physicochemical properties of ultrasound pretreated and un-
treated Biser date fruits were measured in the validation experiment. Finally, the artificially
ripened date fruits under the optimization criteria were compared with naturally ripened
date fruits at the Tamr stage (control).

2.6. Physical and Chemical Properties of Date Fruit

The sample of ten fruits was used to determine the fruit length (mm) and diameter
(mm), which were measured by a handheld digital Vernier Caliper. Fruit weight was
measured by the Sartorius electronic balance (Sartorius Lab Instruments GmbH and Co.,
Gottingen, Germany). The xylometric method was used to calculate fruit density. With
this technique, the date fruits were immersed in a graduated water container and the
amount of displaced water was measured [36,71]. Ten grams of fruit samples were placed
in an oven (Model ED-260, Binder, Marbach, Germany) set at 70 ◦C and left until the
weight remained constant to assess the fruit’s moisture content. The moisture content was
then determined as grams of water per 100 g of sample. The Texture Analyzer (Model
TA.XTplus, Stable Micro Systems Ltd., Godalming, Surrey, UK) measured fruit firmness.
The texture of each date fruit sample was assessed at room temperature (25 ◦C) using a
cylindrical piercing probe with a 7 mm diameter. Attention was given to using samples
with nearly identical thicknesses to reduce sample variation. In all readings, the piercing
distance was 5 mm while the probe’s speed was 30 mm min−1. The maximum forces
observed for puncturing were reported as indicators of the date texture’s firmness. The
pH value of date fruits was measured by a handheld digital pH meter (Model HI-99121,
Hanna Instruments, Leighton Buzzard, Bedfordshire, UK). A digital refractometer (Model
614 RFM 840, Richmond Scientific Ltd. Unit 9, Lancashire, UK) was used to measure the
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total soluble solids (TSS) at 25 ◦C, and the results were expressed as a percentage. The
digital refractometer’s prism plate was used to hold an appropriate amount of sample juice,
and the reading that appeared on the screen was recorded as total soluble solids.

A Hunter lab Color Quest-45/0 LAV color difference meter (Model Quest-45/0 LAV,
Hunter Associates Laboratory, Inc., Reston, VA, USA) based on the L, a, and b color system
was used to measure the fruit’s color parameters. While a and b are the chromaticity
coordinates, the L value is the lightness factor, ranging from (0) for black to (100) for white.
The a value represents the degree of greenness–redness (from −60 to 0 for green and from
0 to +60 for red), while the b value represents the degree of blueness–yellowness (from −60
to 0 for blue and from 0 to +60 for yellow).

The anthrone-sulfuric acid colorimetry method was used to assess the total sugar
content. The pulp of date fruits cv. Khalas was crushed and homogenized with 20 mL of
distilled water in a graduated tube. After being sealed, the tube was submerged in boiling
water for 30 min, after which it was filtered into a fresh tube that had been filled with up to
50 mL of distilled water. After that, a sample of 0.5 mL of this solution and 1.5 mL of the
anthrone solution was measured for absorbance at 630 nm in a spectrophotometer (Model
Genesys 20, Thermo Scientific, Waltham, MA, USA). A standard glucose-relative curve and
the sample’s absorbance were used to compute the total sugar content [72].

2.7. Percentage of Ripened Fruit

The artificially ripened date fruits were classified into two categories based on the
fruit color, i.e., ripe and unripe fruits. The ripe fruit was brown, and the unripe fruit was
yellowish or greenish. The percentage of ripened fruits (PORF) was calculated based on the
difference between the total treated fruits and the number of unripe fruits after the ripening
process. The following equation was used to calculate the PORF:

PORF =
Ni − Nr

Ni
× 100 (1)

where PORF is the percentage of ripened fruits, Ni is the total number of treated fruits, and
Nr is the number of ripened fruits.

2.8. Percentage of Damaged Fruit

The percentage of damaged fruits (PODF) was calculated based on the difference
between the total treated fruits and the number of damaged fruits after the ripening process.
The following equation was used to calculate the PODF:

PODF =
Ni − Nd

Ni
× 100 (2)

where PODF is the percentage of damaged fruits, Ni is the total number of treated fruits,
and Ni is the number of damaged fruits.

2.9. Energy Consumption

The electrical energy consumption of the ripening process came from the electric
energy consumed by the operation of the heating unit, the ultrasonic transducer of the
humidifier, the air fans, and the controller. Therefore, the total energy consumption was
calculated using the following equation:

Ec =

Ta∫
t =1

V × I × ∆t × cosϕ (3)

where Ec is the total power consumed by the system (kWh), V is the nominal applied
voltage (V), I is the current intensity (A), Ta is the actual treatment time for artificial
ripening date fruit, and cos ϕ is the power factor in the experimental site.
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The current, voltage, and actual power factor were measured using a portable digital
power clamp meter (UNI-T UT233, Sinotronics Co., Ltd., Guizhou, China), which combines
a digital ammeter power meter into one.

2.10. Statistical Analysis

The software of Design Expert (DX 13, Stat-Ease, Inc., Minneapolis, MN, USA) was
used to determine the predictive models and analyze the acquired data. The optimization
process determined the optimum values of the parameters and analyzed the response
surface plots. The optimization process involved studying the response of the designed
combinations, calculating the coefficients by fitting them in a mathematical model, predict-
ing the response of the fitted model, and validating the sufficiency of the model (Myers
2016). The accuracy of the developed models was validated by conducting triplicate ex-
periments under the optimization criteria. The evaluation criteria, i.e., Mean Absolute
Percentage Error (MAPE) and the Root Mean Square Error (RMSE), were used to evaluate
the predicted results compared with the actual experimental results. Statistical IBM SPSS
software (SPSS version 26, Inc., Chicago, IL, USA) was used to analyze the physicochemical
properties data.

3. Results
3.1. Modeling of RT, PORF, PODF, and EEC

The results of the artificial ripening experiments that were conducted according to the
experimental plan of B-BD are shown in Table 2. The experiment outcomes were inputted
into the Design Expert software for further data analysis. Fitting the data to different
models, i.e., linear, two factorials, quadratic, and cubic, showed that the required time for
fruit ripening (RT), the percentage of ripened fruit (PORF), the percentage of damaged fruits
(PODF), and the electrical energy consumption (EEC) were most appropriately described
with quadratic polynomial models.

The ANOVA analysis using the Design-Expert for artificial ripening parameters con-
firmed the adequacy of the quadratic model. The Model Prob > F is less than 0.0001 for
RT, PORF, PODF, and EEC. p-values of the excluded terms from the models were greater
than 0.05, which indicated that they were not significant. The RT Model F-value of 454.02
indicated that the model was significant. A, B, C, D, and B2 are significant model terms
in this mode. The PORF Model F-value of 985.97 indicated that the model was highly
significant. A, B, C, D, A2, B2, and C2 are significant model terms in the PORF model. The
PODF Model F-value of 72.24 indicated that the model is highly significant. A, B, AB, BC,
A2, and B2 are significant model terms in this mode. The EEC Model F-value of 322.36
indicated that the model is highly significant. A, B, C, D, B2, and C2 are significant model
terms in this model. These outcomes indicated that there was only a 0.01% chance that an
F-value this large could occur due to noise. The model terms that were not mentioned had
p-values more than 0.05 and therefore had no significance in the models.

Table 2. Box–Behnken design (B-BD) matrix and experimental responses. Factors A, B, C, and D
in the table represent ultrasound pretreatment time (min), ultrasound pretreatment temperature
(◦C), ripening treatment temperature (◦C), and ripening treatment RH (%), respectively, and the
responses R1, R2, R3, and R4 represents the required time for fruit ripening, percentage of ripened
fruit, percentage of damaged fruit, and electrical energy consumption, respectively.

Run A B C D R1 R2 R3 R4

1 35 20 50 60 73.7 88.9 2.64 5.217
2 35 20 50 30 69.7 85.4 2.76 4.937
3 35 30 50 45 66.8 92.6 4.2 4.769
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Table 2. Cont.

Run A B C D R1 R2 R3 R4

4 45 30 50 60 66.7 94.9 6.05 4.779
5 45 30 50 30 62.7 91.3 5.38 4.499
6 35 30 60 60 31.5 93.6 4.2 2.611
7 25 30 40 45 108.6 90.3 3.3 6.586
8 25 40 50 45 66.3 94.3 7.6 4.737
9 25 30 50 60 70.7 92.4 3.6 5.017

10 45 30 40 45 97.8 92.8 5.54 5.98
11 45 30 60 45 27.3 92.5 5.71 2.299
12 35 30 50 45 66.6 92.7 4.28 4.795
13 35 30 40 60 111.8 93.7 4.08 6.799
14 35 20 40 45 111.6 86.9 3.12 6.757
15 35 30 40 30 101.8 90.7 4.2 6.199
16 35 20 60 45 34.3 86.5 2.52 2.807
17 45 20 50 45 68.8 87.7 4.03 4.893
18 25 20 50 45 72.3 85.2 2.4 5.11
19 35 30 60 30 25.5 90.2 4.56 2.131
20 35 40 40 45 105.6 96 8.16 6.457
21 25 30 50 30 66.7 88.8 3.2 4.737
22 35 40 60 45 28.3 95.7 9.48 2.388
23 25 30 60 45 31.3 90.5 3.4 2.577
24 45 40 50 45 62.8 96.8 12.77 4.548
25 35 40 50 30 63.7 94.3 9 4.578
26 35 40 50 60 67.7 98.2 9.24 4.858

The final equations for coded factors for RT, PORF, PODF, and EEC responses are
presented as Equations (4)–(7), respectively. These equations can be used to predict the
responses, i.e., RT, PORF, PODF, and EEC, for given levels of each factor. In addition,
the coded equation can be used to determine the relative importance of the factors by
comparing the coded factor coefficients. The model terms with probability values greater
than 0.10 have been removed from the following equations:

RT = 66.83− 2.482 A − 3.102 B − 38.242 C + 2.672 D + 1.71 AC −
1.001 CD − 0.958 A2 + 1.81 B2 + 0.725 C2 + 0.275 D2 (4)

PORF = 92.65 + 1.21 A + 4.56B − 0.121 C + 1.76 D − 0.125 AC +
0.004 BC + 0.092 BD + 0.079 CD− 0.695 A2 − 0.894 B2−
0.471 C2 − 0.099 D2

(5)

PODF = 4.202 + 1.33 A + 3.23 B + 0.122 C + 0.059 D + 0.884 AB +
0.017 AC + 0.068 AD + 0.48 BC + 0.09 BD − 0.06 CD + 0.483 A2+
1.83 B2 − 0.105 C2 − 0.026 D2

(6)

EEC = 4.77− 0.147 A − 0.179 B − 2.1 C + 0.183 D + 0.007 AB +
0.082 AC − 0.03 BC − 0.03 CD − 0.061 A2 + 0.131 B2 − 0.332 C2+
0.015 D2

(7)

where A, B, C, and D are the coded values for USP-Time, the USP-Temp, the ART-Temp,
and ART-RH factors, respectively. The high levels of A, B, C, and D factors are coded as +1,
and the low levels are coded as −1.

The predictive models in terms of actual factors for RT, PORF, PODF, and EEC re-
sponses are found in Equations (8)–(11), respectively. The non-significant model terms with
probability values greater than 0.05 have been removed from the following predictive models:

RT = 308.35− 0.427 X1 − 1.435 X2 − 4.844 X3 + 0.401 X4 + 0.019 X2
2 (8)
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PORF = 40.707 + 0.669 X1 + 0.963 X2 + 0.478 X3 + 0.113 X4−
0.007 X2

1 − 0.009 X2
2 − 0.005 X2

3
(9)

PODF = 25.961− 0.499 X1 − 1.349 X2 + 0.009 X1X2 + 0.005 X2X3+
0.005 X2

1 + 0.018 X2
2

(10)

EEC = 8.141− 0.015 X1 − 0.084 X2 + 0.121 X3 + 0.016 X4+
0.001 X2

2 − 0.003 X2
3

(11)

where X1, X2, X3, and X4 are the actual values for USP-Time (min), USP-Temp (◦C), ART-
Temp (◦C), and ART-RH (%) factors, respectively.

The standard deviation (STDEV), Mean, coefficient of variation percentage (C.V. %),
coefficient of determination (R2), adjusted R2, predicted R2, and Adeq Precision were
evaluated using the selected quadratic models of RT, PORF, PODF, and EEC (Table 3).
The quadratic model came out best because it exhibited a low standard deviation, high
R-Squared values close to 1, and low PRESS. The evaluation criteria of the quadratic models
for the RT, PORF, PODF, and EEC are shown in Table 3. The Predicted R2 values of 0.989,
0.995, 0.933, and 0.985 were in reasonable agreement with the Adjusted R2 values of 0.996,
0.998, 0.975, and 0.994 for RT, PORF, PODF, and EEC models, respectively, i.e., the difference
is less than 0.2. Adeq precision criteria measure the signal-to-noise ratio, and a ratio greater
than four is desirable. The ratio of 66.51, 114.31, 31.2, and 56.3 for RT, PORF, PODF, and
EEC models indicated adequate signals. The evaluation criteria indicated that the selected
models could describe the experiments. Therefore, these models were used to navigate the
design space for the target responses.

Table 3. The evaluation criteria, i.e., standard deviation (STDEV), Mean, coefficient of variation
percentage (C.V. %), coefficient of determination (R2), adjusted R2, predicted R2, and Adeq Precision
criteria for the selected quadratic models for the required time for fruit ripening (RT), the percentage of
ripened fruit (PORF), the percentage of damaged fruits (PODF), and the electrical energy consumption
(EEC) responses displays.

Criteria
Responses

RT PORF PODF EEC

STDEV 1.68 0.15 0.414 0.105
Mean 67.69 91.69 5.17 4.66
C.V. % 2.48 0.163 8.01 2.26

R2 0.998 0.999 0.988 0.997
Adjusted R2 0.996 0.998 0.975 0.994
Predicted R2 0.989 0.995 0.933 0.985

Adeq Precision 66.51 114.31 31.2 56.3

The predictive model in terms of actual factors can be used to make predictions of
the responses, i.e., RT, PORF, PODF, and EEC for given levels of each factor. In this case,
the levels of each factor should be specified in the original units. However, this equation
should not be used to determine the relative impact of the factors because the coefficients
are scaled to accommodate the units of each factor in the equation, and the intercept is not
at the design space center.

Figure 6 shows the scatter plots of the predicted values by the developed models of
RT, PORF, PODF, and EEC versus the actual experimental values. Figure 6A–D clearly
show that the predicted values were close to the actual experimental values. Therefore, the
Box–Behnken design is suitable for responses, i.e., RT, PORF, PDOF, and EEC. Furthermore,
the regression line between the predicted and the actual values of all target responses nearly
overlapped the 1:1 line (y = x + 0), as shown in Figure 6.
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percentage of ripe fruits (B), percentage of damaged fruits (C), and electrical energy consumption (D).

3.2. Effect of the Factors on the RT, PORF, PODF, and EEC

The main effect of the USP-Time (min), USP-Temp (◦C), ART-Temp (◦C), and ART-RH
(%) on the RT, PORF, PDOF, and EEC are shown in Figure 7. Figure 7A–D illustrate the
perturbation plots for the modeled RT, PORF, PDOF, and EEC. The response to the studied
factors was plotted in this figure by keeping all factors constant at the center value.

Within the experiment factors’ low and high levels range, the perturbation plot shown
in Figure 7A illustrated the effect of the USP-Temp, USP-Time, ART-Temp, and ART-RH on
the RT. This graph displays how the RT response changes when each factor moves from
one reference point to another, with the other factors held constant at a selected reference
point. A steep curvature or slope in a factor implies that the response is sensitive to it.
The ART-Temp is the most influential factor on the RT response, followed by the other
factors. The RT decreased with increasing ART-Temp and slightly increased with increasing
USP-Time and USP-Temp.
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Figure 7. The perturbation plot displays the effect of ultrasound pretreatment time ((A): USP-Temp),
ultrasound pretreatment temperature ((B): USP-Time), ripening treatment temperature ((C): ART-
Temp), and ripening treatment RH ((D): ART-RH) factors on the required time for fruit ripening (RT)
(RT) (Graph (A)), percentage of ripe fruit (PODF) (Graph (B)), percentage of damaged fruit (PODF)
(Graph (C)), and electrical energy consumption (EEC) (Graph (D)).

In contrast, the RT increased with increasing ART-RH. The ART-RH is less significant
than other factors, but Figure 7B presents that the PORF increases as the ART-RH increases.
In addition, ART-RH is a significant factor in improving ripe fruit quality attributes during
artificial ripening [20].

Figure 7B shows the effect of the USP-Temp, USP-Time, ART-Temp, and ART-RH
on the PORF. It is noticed from this graph that the increase in USP-Time, USP-Temp, and
ART-RH led to an increase in the PORF. USP-Time is the most influential factor in the RT
response, followed by ART-RH and USP-Temp, respectively. The increases in the ART-Temp
to a high level or decreases to a low level led to a slightly decreased PORF. Figure 7C shows
the effect of USP-Temp, USP-Time, ART-Temp, and ART-RH on the PORF on PODF. There
was no significant effect of ART-Temp and ART-RH on the POFD. Fruit damage is due to
mechanical damage caused by the impact of ultrasound pretreatment on fruit texture.

Figure 7D shows the effect of USP-Temp, USP-Time, ART-Temp, and ART-RH on
the EEC. This graph shows that the ART-Temp is the most influential factor on the EEC,
followed by USP-Temp and USP-Time. The EEC decreased with increasing ART-Temp and
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slightly increased with increasing USP-Time and USP-Temp. In contrast, the EEC increased
with increasing ART-RH. The effect of all factors on the EEC is similar to the effect of the
factors on RT, as shown in Figure 7A,D, because the total EEC for ripening the fruits is
related to the duration of the artificial ripening treatment.

The response surface plots were created according to Equations (8)–(11) to determine
the optimum conditions for each target parameter. The interaction effect of the factors
on the RT, PORF, PDOF, and EEC was plotted with 3D plots using Design Expert, as
shown in Figures 8–11. The 3D surface can be plotted as a function of two factors while
keeping the other factors at fixed levels. These 3D surface plots assist us in understanding
the interaction effects of the two factors (significant or non-significant) on the response.
The 3D response surfaces plots for the responses of RT, PORF, PDOF, and EEC provide
graphical illustrations of the refined quadratic equations selected after model reduction;
such graphical illustrations display the relationship between the experimental factors and
the responses. The effects of USP-Temp and USP-Time (Graph A), USP-Temp and ART-
Temp (Graph B), USP-Temp and ART-RH (Graph C), USP-Time and ART-Temp (Graph
D), USP-Time and ART-RH (Graph E), and ART-RH and ART-Temp (Graph F) on the RT,
PORF, PDOF, and EEC, respectively, are shown in Figures 8–11.

Figure 8A–E indicates that the RT decreased with increasing USP-Temp from 25 to
45 ◦C, ART-Temp from 40 to 60 ◦C, and USP-Time from 20 to 40 min. In contrast, the RT
increased with an increase in ART-RH from 30 to 60%.

The PORF increased with an increase in the USP-Temp, USP-Time, and ART-RH, as
shown in Figure 9A–E. The PORF significantly increased with an increase in USP-Temp
from 25 to 45 ◦C and USP-Time from 20 to 40 min, as shown in Figure 9A. A higher PORF
was obtained at a higher USP-Temp and 50 ◦C ART-Temp, as shown in Figure 9A. The
USP-Temp was the least influential factor on the PORF, as shown in Figure 9B,D.

Figure 10A–E shows the effect of USP-Time, USP-Temp, ART-Temp, and ART-RH on
PODF. The PODF increased with the increase in USP-Time and USP-Temp. In addition,
the interactive effect of USP-Temp and USP-Time on PODF is significant, as shown in
Figure 10B. The effect of USP-Time on the PODF response is stronger than the effect of USP-
Temp; there was no effect of ART-Temp and ART-RH on PODF, as shown in Figure 10A–E.
Although the ART-Temp does not affect the PODF, the interaction between it and USP-Temp
was highly influential on the PODF. The interactive effect of USP-Temp and USP-Time on
PODF is also very influential, as shown in Figure 10B.

Figure 11A–E show the effect of USP-Time, USP-Temp, ART-Temp, and ART-RH on
EEC. The ART-Temp is the most influential factor on the EEC response, followed by the
USO-Temp and USP-Time, as shown in Figure 11A–D, because high ART-Temp greatly
reduces the RT, consequently reducing the EEC. The EEC decreased with increasing ART-
Temp and slightly increased with increasing USP-Time and USP-Temp. In contrast, the
EEC slightly increased with increasing ART-RH, as shown in Figure 11E.
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3.3. Simultaneous Optimization of the Parameters

The optimization in the current study consisted of optimizing the S-BARS operating
parameters and ultrasound pretreatment process condition. In each case, the objective of
optimization is to achieve the best results in the shortest time, a high percentage of ripe
fruits, a low percentage of damaged fruits, and low energy consumption to decrease the
processing cost. The desirability function approach helps analyze experiments in which
the multi-responses, i.e., RT, POEF, PODF, and EEC, must be optimized simultaneously.
The RT, POEF, PODF, and EEC response values can be achieved efficiently by adjusting the
ultrasound pretreatment and S-BARS parameters conditions with the help of an appropriate
numerical optimization method. The EEC value is desired to be as small as possible
to decrease the processing cost while maintaining ripe fruit quality. Therefore, the RT,
POEF, PODF, and EEC were studied together. Once the predictive models had been
developed and evaluated to validate their adequacy, the optimization criteria determined
the optimum conditions for ultrasound pretreatment and the S-BARS operating parameters.
This investigation executed three criteria to optimize the RT, POEF, PODF, and EEC. The
first criterion was to minimize the RT, PODF, and EEC and maximize the PORF using the
minimization of ART-Temp, USP-Time, ART-Temp, and ART-Time. The second criterion
was to minimize the RT, PODF, and EEC and maximize the PORF using the minimization
of ART-Temp with USP-Temp, USP-Time, and ART-RH under the experimental ranges.
The third criterion was to minimize the RT, PODF, and EEC and maximize the PORF using
the USP-Temp, USP-Time, USP-Time, and ART-RH under the experimental ranges. Table 4
summarizes the three criteria constraints for optimizing RT, PODF, PODF, and EEC. The
best solutions for satisfying the optimization criteria for USP-Temp, USP-Time, ART-Temp,
ART-RH, RT, PORF, PODF, and EEC are shown in Table 5.

Table 4. Constraints for optimizing ripening time (RT), percentage of ripe fruit (PODF), percentage of
damaged fruit (PODF), and electrical energy consumption (EEC) under three criteria.

Conditions Criterion: 1 Criterion: 2 Criterion: 3 Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight Importance

A: USP-Temp Minimize In range In range 25 45 1 1 3
B: USP-Time Minimize In range In range 20 40 1 1 3
C: ART-Temp Minimize Minimize In range 40 60 1 1 3
D: ART-RH Maximize In range In range 40 50 1 1 3

RT Minimize Minimize Minimize 25.5 111.8 1 1 3
PORF Maximize Maximize Maximize 85.2 98.2 1 1 3
PODF Minimize Minimize Minimize 2.4 12.8 1 1 3
EEC Minimize Minimize Minimize 2.1 6.8 1 1 3

Table 5. The best solutions for satisfying the optimization criteria for USP-Temp, USP-Time, ART-
Temp, ART-RH, RT, PORF, PODF, and EEC.

Criteria USP-Temp
(◦C)

USP-Time
(min)

ART-Temp
(◦C)

ART-RH
(%)

RT
(h)

PORF
(%)

PODF
(%)

EEC
(kWh/kg) Desirability

Criterion: 1 34.11 29.01 53.43 55.01 55.98 93.11 3.79 4.20 0.71
Criterion: 2 35.34 32.21 53.09 50.03 55.26 94.16 5.13 4.14 0.58
Criterion: 3 32.49 32.03 60.00 59.98 30.87 94.38 4.66 2.58 0.82

3.4. Models Validation under Optimization Criteria

The validation experiments aimed to validate the predictive model’s accuracy under
the optimization criteria for USP-Temp, USP-Time, ART-Temp, and ART-RH. Therefore,
triplicate validation experiments were performed on the parameter combinations acquired
under the optimization criteria. The experimental details and the results of the validation
experiments are shown in Table 6. The developed models showed good performance
based on the evaluation criteria, i.e., ARPE and RMSE, as shown in Table 6. The RMSE
and MAPE values closer to 0 exhibit more agreement between the actual and predicted
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values. The experimental results confirmed the effectiveness and accuracy of the response
surface predictive models for optimum artificial ripening parameters at the optimum
ultrasound pretreatment and S-BARS operating parameter combination. As a result, the
BBD’s predictive models are considered accurate and reliable for predicting the RT, PORF,
PODF, and EEC.

Table 6. The results of the validation experiments compared with the predicted values under the
optimization criteria. STDEV, n, RMSE, and MAPE represent the standard deviation, the number of
measurements, root mean square error, and mean absolute percentage error, respectively.

Parameter Criteria Predicted Actual ± STDEV n RMSE MAPE (%)

RT (h)
Criterion: 1 55.89 55.01 ± 2.15 3 1.96 2.58
Criterion: 2 55.26 54.82 ± 1.01 3 0.94 1.15
Criterion: 3 30.87 31.29 ± 1.18 3 1.15 2.95

PORF (%)
Criterion: 1 93.11 92.37 ± 0.97 3 0.89 0.74
Criterion: 2 94.16 93.08 ± 2.25 3 2.13 2.18
Criterion: 3 94.38 93.62 ± 2.37 3 2.08 2.17

PODF (%)
Criterion: 1 3.79 3.76 ± 0.42 3 0.35 8.44
Criterion: 2 5.13 5.31 ± 0.17 3 0.22 3.57
Criterion: 3 4.66 4.59 ± 0.55 3 0.456 9.59

EEC (kWh/kg)
Criterion: 1 4.20 4.42 ± 0.69 3 0.61 10.61
Criterion: 2 4.14 4.99 ± 0.12 3 0.86 20.61
Criterion: 3 2.58 2.53 ± 0.16 3 0.143 4.39

3.5. Physicochemical Properties of Date Fruit

The physicochemical properties of date fruit were evaluated under the optimization
criteria of S-BART conditions, i.e., ART-Temp and ART-RH for untreated date fruit (Trial:
1–3), and the optimization criteria of ultrasound pretreatment, i.e., ART-Temp, ART-RH,
USP-Time, and USP-Temp (Trial: 3–6), as shown in Table 7. The first trial was conducted
using untreated date fruits under 53.43 ◦C ART-Temp and 55.01% ART-RH. The second trial
was conducted using untreated date fruits under 53.09 ◦C ART-Temp and 50.03% ART-RH.
The third trial was conducted using untreated date fruits under 60 ◦C ART-Temp and
59.98% ART-RH. The fourth trial was conducted using ultrasonically pretreated date fruits
under 34.11 ◦C USP-Temp, 29.01 min USP-Time, 53.43 ◦C ART-Temp, and 55.01% ART-RH.
The fifth trial was conducted using ultrasonically pretreated date fruits under 35.34 ◦C USP-
Temp, 32.21 min USP-Time, 53.09 ◦C ART-Temp, and 55.26% ART-RH. The sixth trial was
conducted using ultrasonically pretreated date fruits under 32.49 ◦C USP-Temp, 32.03 min
USP-Time, 60 ◦C ART-Temp, and 59.98% ART-RH. The physicochemical properties of
artificially ripened date fruits under the six conditions (pretreated via ultrasound and
untreated fruits) were compared with naturally ripened fruit (Control). The evaluated
physicochemical properties of date fruit (Khalas cv.), i.e., fruit length (FL), fruit diameter
(FD), fruit weight (FW), fruit density (De), fruit firmness (FF), color parameters (L, a, and
b), pH, moisture content (MC), fructose content (FC), glucose content (GC), total sugar
content (TSC), and total soluble solids (TSS) are shown in Table 7. There was no significant
difference between treatments and naturally ripened fruits (control) regarding FL, FD,
a value, PH, and TSS. At the same time, there was a significant difference between the
treatments and control regarding the other properties, i.e., FW, De, FF, L, b, MC, FC, GC,
and TSC.

Table 7 shows that the date fruit pretreated by ultrasound improved the color char-
acteristics of the artificially ripened date fruits, which were characterized by a light color
compared to the untreated dates and the naturally ripe dates. However, it is noted that
ultrasound pretreatment reduced the sugars by a slight percentage compared to the control
and untreated date fruit by ultrasound. In addition, the density of ultrasound pretreated
dates was better than that of untreated fruits and their firmness. Based on these results,
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using the conditions of the fourth trial based on the third criterion achieves the best results
for the quality of fruits, followed by the sixth trial conditions based on the first criterion.
However, considering the parameters of ripening, i.e., RT, PORF, PODF, and EEC, combined
with the quality parameters of the date fruits, the sixth trial is the best.

Table 7. Physicochemical properties of artificially ripened date fruits under different trial conditions
compared to naturally ripe dates (Control).

Properties Control Trial: 1 Trial: 2 Trial: 3 Trial: 4 Trial: 5 Trial: 6

FL (mm) 34.36 ± 0.6 A 34.37 ± 2.0 A 33.63 ± 1.4 A 34.43 ± 2.4 A 35.17 ± 0.9 A 35.57 ± 0.6 A 35.1 ± 4.4 A

FD (mm) 21.03 ± 1.3 A 21.1 ± 1.0 A 21.7 ± 0.2 A 21.93 ± 1.9 A 21.43 ± 1.5 A 21.93 ± 0.4 A 20.83 ± 1.6 A

FW (g) 8.75 ± 0.4 A 7.8 ± 0.4 AB 7.2 ± 0.9 B 7.43 ± 0.3 B 7.6 ± 0.3 B 7.27 ± 1.1 B 7.33 ± 0.3 B

De (g/cm3) 0.93 ± 0.1 A 0.81 ± 0.1 AB 0.77 ± 0.1 B 0.7 ± 0.1 B 0.82 ± 0.1 AB 0.78 ± 0.1 AB 0.8 ± 0.1 AB

FF (N) 11.21 ± 0.8 BC 11.45 ± 0.5 BC 12.75 ± 0.9 AB 13.7 ± 0.9 A 9.62 ± 1.2 C 11.46 ± 1.1 BC 12.6 ± 1.4 AB

L 31.14 ± 1.2 AB 34.7 ± 3.9 AB 34.47 ± 6.1 AB 27.53 ± 6.7 B 39.7 ± 3.9 A 39.47 ± 6.1 A 32.53 ± 6.7 AB

a 15.65 ± 4.5 A 15.73 ± 4.9 A 15.83 ± 2.7 A 15.2 ± 4.4 A 16.73 ± 4.9 A 16.83 ± 2.7 A 16.2 ± 4.4 A

b 25.97 ± 1.5 BC 31.17 ± 2.6 AB 28.57 ± 2.5 AC 25 ± 4.3 C 33.17 ± 2.6 A 30.57 ± 2.5 AC 27 ± 4.3 BC

pH 5.48 ± 0.1 A 5.4 ± 0.1 A 5.47 ± 0.1 A 5.4 ± 0.1 A 5.52 ± 0.1 A 5.39 ± 0.2 A 5.48 ± 0.1 A

MC (%) 17.7 ± 1 AB 18.6 ± 1.3 AB 19.3 ± 0.6 A 17.76 ± 1.2 AB 18.36 ± 1.1 AB 19.13 ± 0.6 AB 17.267 ± 1.1 B

FC (%) 26.3 ± 0.1 C 27.53 ± 0.6 A 27.5 ± 0.4 A 27.97 ± 0.9 A 24.93 ± 0.6 B 26.17 ± 0.8 B 26.1 ± 0.7 B

GC (%) 27.67 ± 0.2 B–D 29.07 ± 0.9 AB 28.43 ± 0.2 A–C 29.47 ± 0.3 A 26.27 ± 0.8 D 27.7 ± 1.5 B–D 27.05 ± 0.8 CD

TSC (%) 53.97 ± 0.1 DE 56.47 ± 0.8 AB 55.93 ± 0.5 BC 57.43 ± 0.7 A 54.97 ± 0.1 D 55.47 ± 0.8 BC 54.93 ± 0.5 CD

TSS (%) 70.67 ± 5.8 A 68.71 ± 1.4 A 68.37 ± 0.8 A 71.5 ± 0.7 A 69.67 ± 5.8 A 66.74 ± 0.5 A 66.49 ± 0.2 A

The ART-Temp was 53.43, 53.09, and 60 ◦C and ART-RH was 55.01, 50.03, and 59.98% in Trials 1, 2, and 3,
respectively, using untreated date fruits, and in Trials 4, 5, and 6, respectively, using pretreated date fruits via
ultrasound. The means within each row with the same letter(s) are not significantly different (p ≤ 0.05).

4. Discussion

Ultrasound pretreatment influences mass and heat transfer phenomena. In ultrasound
treatments with a solid immersed in a fluid, similar to the current experiment, ultrasound
accelerates internal transport, making fluid entry and exit easier and facilitating exchanges
between the solid surface and the surrounding fluid. Then, when used efficiently, ultra-
sound pretreatment is useful in applications involving heat and mass transfer, decreasing
the internal and external resistance to transport [73]. The ultrasound pretreatment tech-
nique has been used on several fruits for fruit drying, decontamination, storage quality and
durability, and pesticide reduction. Although ultrasound has varied effects on different
fruits, it has been found to hasten drying times significantly and shorten overall processing
times [74–78]. Although there was no significant effect of ultrasound pretreatment on FL,
FD, a, pH, and TSS in the current study, it significantly impacts FW, De, FF, L, b, MC, FC,
GC, and TSC. Ultrasound pretreated fruits of date palm gained water and lost solids, and
hence, had higher fruit weight. It could be because the effective diffusivity of water in the
fruit increased after applying ultrasound, reducing air-drying time [49]. Similar results
were found in the ultrasonic pretreatment of bananas [49,79].

The findings of the present study revealed that the ultrasound-pretreated fruit color
resembled the control fruits, which indicated that the original Tamr fruit color attributes
were much more preserved when unripe fruits were pretreated ultrasonically at 32.49 ◦C
USP-Temp and 32.03 min USP-Time, 60 ◦C ART-Temp, and 59.98% ART-RH (Table 7,
Trial-6). This may be connected to the shortest drying time because the enzymatic activity
decreases, the color changes during drying when the drying time is shortened, and the
heat increases [80,81]. The degradation of pigments and the enzymatic and non-enzymatic
browning reactions caused by the extended exposure to heat, which damages the phys-
ical quality of the fruit, may be the cause of the color changes [43]. A low rate of color
change was also exhibited when the fruit’s surface contact with oxygen decreased during
drying, and the sample did not have long exposure to heat and pigment oxidation [82].
Ultrasound treatment only caused substantial changes in the value of color parameter L;
the a and b values of the blueberry fruits did not vary significantly, which indicated that
the ultrasound technique preserves the desirable reddish-blue color of blueberries caused
by anthocyanins [83].
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Firmness is one of the important textural characteristics to consider when assessing
fruit quality degradation. It relates to the harvest time and the fruit’s suitability for pro-
cessing and commercialization. The physical-chemical and structural alterations of the
biological material are related to this property [84]. The present study indicated that the
untreated fruits had maximum firmness. It was significantly lower when the USP-Temp
and USP-Time were minimum (Trial 4) and increased in Trials 5 and 6 (Table 7). The pectin
matrix’s structure and composition, as the middle lamella’s main constituent, determines
cell-to-cell adhesion and provides firmness and elasticity to the tissue [85,86]. During
thermal processing, most parenchyma-rich fruits lose a significant amount of their firm-
ness due to pectin degradation and cell separation [87,88]. However, the activity of cell
wall-bound peroxidase depends upon the type of tissue and the processing conditions;
ultrasound treatment has a diverse impact on the structure and texture of fruits. Due to
the high pressure and temperature that occur with the collapse of cavitating bubbles, the
use of low-frequency, high-power ultrasound may significantly disrupt tissue, resulting
in the loss of turgor pressure and softer tissue [89–91]. Similar findings were reported in
litchi fruits pretreated with ultrasound or osmotic dehydration, which enhanced the fruit
firmness after 90 days in frozen storage [92]. Similarly, moisture content was reduced and
firmness increased in kiwifruit samples when ultrasonic treatment was extended from 20
to 40 min [93].

In the present study, the fruit moisture content was increased in untreated (Table 7,
Trials 1–3) and ultrasound-pretreated date fruits (Table 7, Trials 4, and 5), which was
significantly decreased in Trial 6 (Table 7). In Trial 6, the USP-Temp and USP-Time were
lower, whereas the ART-Temp and ART-RH were higher than in Trial 4 and 5, which
could be why the moisture declined. When the temperature increases, the value of the
equilibrium moisture content decreases. The water molecules become activated due to the
temperature rise, separating from the water-binding sites [94]. The moisture content of
ultrasound-assisted osmotic dehydration-treated strawberries declined with the increase in
drying time [95]. The concentration gradient that favors the mass transfer of water from
the liquid medium to the fruit, as well as the mass transfer of solids from the fruit to the
liquid medium, may be the cause of the increase in fruits’ moisture content that has been
subjected to ultrasonic treatment [96–98].

Fruits pretreated with ultrasonic waves presented a significant loss of sugars when
the process was carried out using distilled water as the liquid medium (Table 7, Trials 4–6).
This decrease in sugar content showed that the ultrasound pretreatment could remove
soluble solids from the fruits. It indicated that soluble solids from the fruit were lost in
the liquid media during ultrasound pretreatment. This outcome was anticipated due to
the gradient in soluble solid concentration between the liquid media and the fruit, which
encourages the mass transfer of soluble solids from the fruit to the liquid medium [49].
This may be linked to the absorption effect observed in apple osmotic dehydration tests
assisted by ultrasound [99]. Compared to the higher frequency, the ultrasonic pretreatment
at a lower frequency level produced higher soluble solids transfer rates. They concluded
that ultrasonic waves at higher frequencies appear to be partially absorbed in the liquid
medium, affecting the degree of penetration into the sample. The ultrasound pretreatment
process can produce dried fruits with low sugar content, which might be used to create
foodstuffs with reduced calories. The application of ultrasound pretreatment increased
the water diffusivity of the fruit in most cases. This phenomenon may occur because of
the formation of micro-channels during the application of ultrasound. The increase in the
effective water diffusivity at the air-drying stage makes the use of ultrasound an interesting
technique that can be used complementarily to classical air-drying [100]. Similarly, when
subjected to ultrasonic treatment, pineapple lost sugar content [96]. This indicates that
ultrasonic pretreatment may be an intriguing process to produce dried fruits with low
sugar content [101].

The results of the present study indicated that the ultrasound-pretreated date fruits
had the minimum ripening time. Hawthorn fruits that were ultrasonically pretreated and
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then microwaved and dried in hot air had the shortest drying times [43]. Similar results
were reported in raspberries where ultrasonic pretreatment reduced fruit drying time [102].
The shortest drying time was recorded in ultrasonically pretreated carrots regardless of the
drying methods [103]. Ultrasonic pretreatment uses the cavitation process to apply a rapid
and intense flow of sound waves to the surface of the food, generating microscopic channels
in the samples by generating consecutive contractions and expansions [90]. Additionally,
by extending the ultrasonic application, the channels widen and the product acquires a
spongy texture, which facilitates the passage of water via the channels formed during the
drying process [104]. Following an increase in temperature and the internal vapor pressure
within the fruit sample, the water molecules inside the fruits become bipolar. Eventually,
the fruit’s cellular texture swells, developing additional pores [105].

The energy consumption in this study was decreased by heat recovery through hot air
recirculation and by using very short air ducts. The energy demand for artificial ripening treat-
ments varied with the target RH and processing temperature. Energy consumption generally
increases with drying time and air velocity and decreases with air temperature [37,38,61,64].
However, our study observed that lowering the temperature to 45 degrees Celsius led to
higher energy consumption due to the increased time required to ripen the fruits. Energy
consumption is considered a function of material properties and the configuration of oper-
ating parameters such as temperature, air velocity, power density, absolute pressure, crop
energy requirement, and processing time [61]. Energy consumption could be decreased by
routing exhaust air back to the input of the system’s heat source and reducing the ductwork
distance between the heat source and the system [106]. Therefore, selecting the efficient
processing treatments of temperature and RH in the treatment chamber is paramount to
reducing the energy consumption of the artificial ripening systems, which would yield
a minimal negative effect on the cost, treatment time, and quantitative and qualitative
indexes of the product.

5. Conclusions

In this study, a sensor-based artificial system (S-BARS) was designed, and its perfor-
mance was validated combined with ultrasound pretreatment as a promising approach
for ripening date palm Biser fruits. The S-BARS control unit was constructed to allow
continuous real-time recording and control of the process variables to conduct artificial
ripening under controlled conditions. The processing variables, i.e., the artificial ripening
temperature and relative humidity, using the designed S-BARS combined with ultrasound
pretreatment variables, i.e., time and temperature, significantly affected the required time
for fruit ripening, the percentage of ripened fruits, the percentage of damaged fruits, and
the electrical energy consumption, indicating the necessity to establish the optimum ripen-
ing conditions for specific products and ultrasound applications. The quadratic predictive
models predicted the optimum artificial ripening parameters based on the Response Surface
Methodology. The findings indicated that the designed S-BARS efficiently controlled the
temperature and relative humidity at the target setpoints. The applied ultrasound pretreat-
ment improved the color and density of the artificially ripened date fruits, decreased the
required time for fruit ripening, decreased the electrical energy consumption, decreased the
percentage of damaged fruits, and increased the percentage of ripened fruits. The unripe
date fruits pretreated by ultrasound with a frequency of 40 kHz, power of 110 W, and a
treatment temperature of 32.49 ◦C for 32.03 min under 60 ◦C ripening temperature and
59.98% ripening RH achieved the best results for ripening parameters. This combination
treatment was ripened date fruit with high-quality attributes such as fruit weight, density,
color, firmness, TSS, pH, and sugars. The artificial ripening of date fruits (Khalas cv.) by
the designed S-BARS combined with ultrasound pretreatment is considered an efficient ap-
proach for improving ripened fruit quality. However, since this study was only performed
on one cultivar, the parameters identified may not be the same for other cultivars. Therefore,
further research is needed to develop and optimize the suggested system combined with
solar energy technology for the artificial ripening of different cultivars.
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