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Abstract

The evaluation of internal condition of the fruit via destructive techniques mostly damaged the
internal and external fruit structure. However, there are several non-destructive techniques available could
be applied in the agricultural industry, specifically for observing internal fruit conditions. Different kinds of
internal conditions of fruits are evaluated in terms of their quality and ripeness levels. These non-
destructive techniques include fruit evaluation via ultrasonic measurement techniques, light spectroscopy,
imaging via Magnetic Resonance Imaging (MRI) and X-Ray, computer vision, electric nose and also
vibration. The capabilities and the effectiveness of these techniques towards fruit monitoring are
thoroughly discussed. Besides, the drawback of these non-destructive technique has been analysed.
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1. Introduction

It is the norm for the quality of a fruit to be determined by human subjective judgement,
involving the use of the five senses, namely, sight, hearing, taste, smell, and touch. However,
this conventional method often provides inaccurate and misleading information regarding the
condition of fruits, particularly the fruits’ internal conditions. Such a limitation has hindered the
manual quality inspection process, as good external physical conditions do not guarantee good
quality fruits. Besides, some fruit cultivars do not change in peel colour even when ripe.

Quality of fruits can in fact be better judged based on several other parameters,
involving size, shape, colour, Total Soluble Solid (TSS), acidity, pH, physiological weight, juice,
pulp and moisture content [1]. For these parameters to generate accurate results, destructive
techniques are most commonly applied. Such techniques require the internal sample of the
mesocarp (flesh) of the fruit to be extracted and analysed further. However, this may damage
the fruits being tested. This paper thus explores the potential of various non-destructive
techniques in determining fruit conditions.

2. Non-destructive techniques in monitoring fruit conditions

Ultrasonic measurement is one of the alternative techniques that may be used to
observe the internal conditions of fruits. In this technique, ultrasonic wave is passed through the
skin of the fruit via a transmitter and the attenuated wave generated is detected by a receiver.
Generally, the frequency of the ultrasonic device operates from a range of 0.5 to 30 MHz.
The ultrasonic measurement system for measuring fruit conditions has been designed as in
Figure 1. The ultrasonic measuring system comprises several parts, which are the wave
generator (pulser/receiver), ultrasonic transducer pairs (transmitter and receiver),
microprocessor (with signal processing software) and display monitor. In this system, the
transmitter probe is located on the skin of the fruit sample and the ultrasonic signal pulses
through the flesh of the fruit, with the receiver probe located at a determined distance from the
transmitter probe along the equator of the fruit.
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Figure 1. Schematic diagram for continuous-touch ultrasonic system [2]

Another technique used in observing the internal conditions of fruits involves the use of
high frequency transducers. 20MHz was used as the central frequency to study two different
varieties of oranges. In this technique, both the transducer and samples were immersed in
water as in Figure 2 [6]. Ultrasonic waves were released to the peel of the samples from the
transducer, with the backscattered signals reflected from the samples received by the
transducer. Both different varieties of oranges generated significant differences in terms of
attenuation and velocity of signals. This technique is thus suitable to be used in exploring the
maturity of oranges through the amount of water content in the outer layer of the orange peel
called flavedo.
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Figure 2. Ultrasonic measuring device for measuring water level in orange peel [6]

The attenuation value of ultrasonic waves received by the receiver depends on the
fruit’'s condition [2] . The researchers found the attenuation of ultrasonic waves in mangos to be
higher with increased storage time. As the flesh of mangos softens with the maturity of the fruit
with increased storage time, the attenuation will be higher when firmness of the mango
decreases. This is in contrast to a study of plum fruit maturity where the attenuation
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measurement showed a decrease with increased storage time, due to a decrease in sugar
content and firmness with advancing time [3].

The mealiness of apples has also been investigated using the same system, with two
different cultivars of apple varieties selected, namely, Jonagold and Cox [4]. Comparison of data
obtained from the attenuated ultrasonic signal and confined compression test, indicated a good
relationship for fresh and overripe mealiness level of Cox apples. In contrast, data from the
Jonagold apples did not show any correlation for different mealiness levels.

The capability of this technique has also been explored in predicting the oil content of
fresh palm fruits. The oil content of palm fruits is highly dependent on their species and maturity.
The amplitude of the attenuation data was compared to the actual oil content in accordance with
the Soxhlet extraction procedure [5]. Based on the comparison between these two data, it can
be concluded that the attenuated ultrasonic signal is capable of predicting the oil content of
palm fruits without involving any physical penetration of the flesh of the fruit.

In yet another technique, a set of ultrasonic transducers has been designed to generate
the desired signals without the need for physical contact between the transducer probe and fruit
sample. Instead, the 500 kHz ultrasonic transducer is moved up and down along the line
towards the fruit to obtain the first reflection with the highest amplitude of the ultrasonic signal
from the sample as in Figure 3 [7]. In testing this technique, the amplitude of the first reflected
signal from the apple surface is gradually decreased until about 10 days, which is the time
required to test the reduction in apple firmness, density and weight due to biochemical reaction
of the apple’s rind and pulp as time passes. The main weakness of this method is the intensity
of the ultrasonic signal is vulnerable to the changes of the distance between the ultrasonic
transducer and the fruit sample in obtaining the maximum reflected signal.
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Figure 3. Non-contact ultrasonic measuring system [8]

Visible Light and Near Infrared (NIR) Spectroscopy is the most active technique being
explored by researchers in observing fruit quality. Spectroscopy is the scientific technique for
measuring light that is emitted, absorbed or scattered by the sample to be studied and
identified. Generally, there are two types of spectroscopy which are most commonly used to
observe fruit conditions, namely, the interactance and reflectance method as shown in
Figure 4 [9]. Interactance measurement involves light absorption of the flesh of the fruit within a
maximum depth of 1 cm. This involves fibre optic probe that is pressed against the fruit surface
to allow light to penetrate the fruit content. However, the reflectance measurement is a non-
contact method which is only suitable for flesh that is just below the skin of the fruit.

Time Resolved Reflectance Spectroscopy (TRS) in 540-900nm spectral range has also
been explored in studying the internal conditions of 60 mango fruits. The TRS set up is shown in
Figure 5 which consists of a light source from a superconcinuum laser, a filter wheel for spectral
selection, with reflected light from the sample detected by the photomultiplier. The spectral
range chosen is under a visible light spectrum. Based on the study, carotenoid absorption
indicated high variability at the spectral range of 630-690nm, but less variability for chlorophyll
absorption peak which was found to be at the 630-690nm spectral range. The readings
indicated that most of the mango samples were in a ripened state. Besides, it was also found
that the scattering coefficient decreases in correlation with the increasing maturity of the
fruits [10].
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Figure 4. Setup for acquisition of (a) reflectance, (b) interactance spectra, with (i) the light
source, (ii) fruit, (iii) monochromator/detector, (iv) light barrier and (v) support [9]
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Figure 5. TRS instrumentation setup [10]

The reflectance and fluorescent spectroscopy of visible light and NIR have also been
explored for the purpose of investigating fruit maturity like nectarine, mango, papaya and guava.
As shown in Figure 6, reflectance spectra are obtained when light from a tungsten lamp is
guided through fibre to the fruit sample and the reflected light captured by reflectance probe to
the spectrometer. A fluorescent spectra, 385nm fibre coupled with a UV light emitting diode
acting as the light source was directed at the fruit sample. The fluorescent radiation was then
transmitted to the spectrometer on the same path with the reflectance light. From the testing of
each fruit, it was found that the reflectance and fluorescent spectra were sensitive to chlorophyll
content. Hence the technique could be an estimator of chlorophyll changes in the fruit ripening
process [11]. The reflectance property of NIR spectroscopy was tested with different cultivars of
apples, where it was found that the water content of apples decreases with increased shelf-life
of the fruit [12].
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Figure 6. Experimental set up for measurement of reflectance and fluorescent spectra [11]
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MRI is also well known as a non-invasive technique which uses magnetic field and radio
frequency pulses to image internal organs, soft tissues, bone and other internal body structure.
This was the reason why the technique was used to observe the internal structure of fruits for
guality monitoring purposes. One aspect of investigation conducted via this technique is for the
purpose of seed detection in fruits. In this case, Mandarins were chosen as an object of study.
Seed detection in Mandarins has been investigated via MRI since the presence of seeds in the
fruit is undesirable based on consumers’ demand. Based on this technique, the difference
between seedless and seed-containing Mandarins could clearly be distinguished via this
technique [13]. The image constructed via MRI has been further investigated based on seed
identification precision by radial spiral sequence and gradient echo images with 98.7% and
100% accuracy respectively [14].

The MRI technique has also been applied in studying the maturity levels of tomatoes.
The maturity levels of tomatoes were divided into three classes, namely, green, beaker-light red
and red. Each class was divided into 5 images where for each image, voxel intensity pattern
varies proportional to the maturity level. As tomatoes change to different levels of maturity, the
contrast of the image changes, which indicates different water proton properties in tomato
pericarp tissues, in line with physiological changes in tomatoes [15]. Capability of the MRI
technique has been further explored to observe microporosity in different cultivars of apples,
where it was concluded that the microporosity amount depended on cultivars and will vary
according to pre-and post- harvest conditions and maturity [16].

Imaging techniques via X-Ray have been widely used for medical and industrial
applications especially in medical radiography and airport security. The electromagnetic
wavelength of X-Ray is in the range of 0.0lnm to 10nm with frequencies ranging from 30
petahertz to 30 exahertz and photon energies from 100eV to 100keV [17]. In recent years, there
has been limited research investigating the imaging capabilities of X-Rays in agricultural
applications especially for fruit inspection. The concept of X-Ray computed tomography is
based on the X-Ray beams that traverse through objects with the attenuated radiation captured
by detectors. This attenuated signal is then used to rebuild the image of the slice of an object
that is being inspected.

Based on the X-Ray absorption of an object expressed in terms of CT numbers, the
stages of mango ripening from the cultivars Chausa was observed. Based on the comparison of
CT numbers and the biochemical properties of the fruit, it was found that both CT numbers and
the uniformity in grayness decreased as in Figure 7 [1]. Initially, the flesh of the fruit contained
more water, but as time (day) increases, water was gradually replaced by air which reduces the
CT number and grayness level [18]. Imaging via X-Ray CT has also been found to be capable
of differentiating the quality of chestnuts based on their internal condition. Generally, the internal
condition is observed based on internal decay of the chestnut which is divided into five severity
of internal decay (complete, high, partial, minimum and no decay or healthy chestnut) [19]. In
another case, using the same technique for the imaging of kiwifruits, it was found that different
kiwifruit cultivars have different porosity and pore sizes, which are smaller than most other fruits.

Chousa mango Day 2 Day 6 Day 10

Figure 7. Maturity assessment of Chausa mango using Computed Tomography (CT) [1]

In studies of watercore of apples, the effectiveness of CT and MRI techniques have also
been explored and compared. As shown in Figure 8, watercore is a disease where an apple has
been exposed to too much sunlight which leads to the fruit to be over mature before its time.
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This will cause water-soaked regions in the flesh which normally cannot be observed if the case
is minor. However, for severe cases, it can be seen externally by the naked eyes.

Figure 8. Apple with water core disease

Four different apple cultivars were observed via these techniques, with one of the
cultivars from the “Rebellén” cultivar variety shown in Figure 9. It was found that the MRI
technique offers a higher contrast, hence producing clearer images which can be observed in
comparison to the CT technique [20].

X-Ray CT MRI

Figure 9. X-Ray CT and MRI images for “Rebellon” apple (i) Normal apple for (a) X-Ray CT and
(c) MR (ii) Watercore disease apple for (b) X-Ray CT and (d) MRI [20]

A computer vision based system can also be considered to be one of the non-
destructive techniques which could be explored to determine the internal condition of fruits. This
technique involves the study of the internal conditions of fruits based on the external features of
the fruit which includes texture, size, shape and peel colour.

In fruit grading system, the capability of the computer vision has been explored. From
this technique, a date fruit was grounded and sorted using RGB images in three different levels
of quality. As shown in Figure 10, the fruit was placed on a conveyor belt and passed through a
computer vision system where the image was captured, and transmitted to an image processor,
before being classified, and separated into different bins according to the quality of the date
fruit [21]. In another case, the same technique was also used to differentiate between the
different levels of maturity of date fruits, namely, immature, changing colour/not mature, mature
and ripe [22].
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In yet another study that investigated the defect of “Jonagold” apple cultivars, the same
technique was used to observe three types of severity levels of the apples, which are bruise,
flesh damage and russet. Statistical, textural and geometric features were selected for the
analysis of the defective area [23]. Image segmentation via Support Vector Machine (SVM) and
Otsu’s thresholding method were shown to be able to sort and grade “Delicious” apple cultivars
based on three different skin colours which are orange, stripe or dark red [24]. Classification of
percentage defect of an olive fruit was also successfully distinguished based on the infrared
vision system using segmentation algorithms, edge detection and pixel value intensity. The
category of external defects of olive fruits can be divided into five categories which are healthy
olive (100% healthy area), minor defects (>75% heathy area), moderate defects (>50%
defective area), several defects (>75% defective area) and defective olives (100% defective
area) [25].

Image Capturing Fruit

Chamber Sorting

Fruit

Placer /V /V _I

Conveyer Sorting
Belt Bins

Figure 10. Computer mediated fruit sorting system [21]

In determining and classifying the quality of grapes, the Canny Edge Detection
algorithm is applied based on surface texture of the fruits. The grapes’ image was captured at
2-day intervals and grouped in five clusters based on five different days which showed very
distinguishable patterns based on different days [26]. For automated strawberry grading system,
machine vision technology contributed a significant value in order to increase the commercial
value of the strawberry fruit. Based on the three features extracted, namely, shape, size and
colour, the automated grading system has been successfully developed with strawberry size
detection error to be less than 5%, colour grading accuracy to be at 88.8% and shape
classification accuracy to be more than 90% [27]. The same method has also been applied for
the purpose of mango fruit grading, where it was found that the technique was able to classify
mangos into four different qualities with higher grading accuracy [28].

Computer vision has also been explored for the estimation of mango crop yield. Instead
of manually counting the total number of fruits on the mango tree, colour segmentation in RGB
and YCbCr colour ranges and texture segmentation are used However, this technique has been
found to be more suitable for less mature fruit in comparison to mature fruit as the former tend
to generate more colour variation [29].

Electric nose (e-nose) is another non-destructive method option which can be
considered in evaluating fruit quality and its overall condition. This method specifically mimics
the biological (human) nose to identify fruit conditions based on its aroma. Generally, an aroma
consists of chemical compounds which can be detected by a human nose that consists of 400
receptors [30]. As in Figure 11, these olfactory receptors send signals to the brain through
olfactory bulbs and identify the aroma which corresponds with the received volatile chemical
composition [31]. As in comparison with the e-nose construction, an array of chemical sensor
detects the fruit odour which is then processed by a signal transducer that identify the fruit odour
via a pattern recognition engine such as the neural network system.
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Figure 11. Comparison between electric nose and mammal olfactory [31]

The electric nose based on the Metal Oxide Semiconductor (MOS) system has been
explored to classify banana fruits with different level of ripening stages. As in Figure 12, banana
fruits for the Cavendish cultivars were placed inside a sample chamber and the aroma collected
via a sensor chamber (through valvel,V1), which is then stored and analysed using computers.
Based on the Support Vector Machine (SVM) analysis, different maturity level of banana fruits
has been successfully determined [32].

Sensor chamber

> Data acquisition | O O O 3 o
card e o o "
Sensors
Data recording unit Electrovalves /
Pump _~*

Sample chamber

Figure 12. Schematic View for classifying banana fruit ripeness using e-nose [32]

Ripening stage monitoring of mangos after harvesting is also another significant fruit
condition that can be observed using the e-nose, which is capable of classifying the mango
fruits into three classes, namely, unripe, ripening and ripe. Based on the observation of Volatile
Organic Compound (VOCs) of each mango for the Chokanan cultivars, it was found that
ripening samples can be segregated based on the total concentration and number of VOCs of
the samples as in Figure 13 [33].

Capability of the e-nose has also been explored in differentiating different types of fruits
involving guava, orange and banana fruits. Based on VOCs patterns released from these three
types of fruits, through analysis using the Principal Component Analysis (PCA), each type of
fruit has been successfully identified [34].

The e-nose system could also be applied in determining and discriminating the storage
of the fruit shelf-life. Storage shelf-life of mandarin fruits were observed with the fruits kept in
three different types of storage; bag and box stored at 20+1 °C and bag stored at 4+0.5 °C. The
shelf-life of the mandarin fruits which were kept in a temperature of 20+1°C and stored using the
bag and box, showed similar volatility patterns where the volatility decreases more steeply in
comparison with the Mandarins stored in a refrigeration [35]. This indicates, the ripeness of the
fruit could be slowed down by slowing down the ripening process after harvesting [36].
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Laser Doppler Vibrometry (LDV) is one of the methods that has been investigated in
determining ripeness of fruits. As in Figure 14, a watermelon fruit is placed on a shaker which is
then vibrated according to random wave signal frequencies where the vibration spectrum
response of the watermelon will be recorded by LDV [37]. Based on different spectrum patterns,
the ripeness of the watermelon is then identified.

Laser Doppler

Vibrometery

Response (Output) signal Sent &

reflected
laser

Excitation (Input) signal

Watermelon

Accelerometer _ i
Vibration plate

Shaker

(Vibration generator)

—— Amplifier

Data management & analysis ~ signal
system

Figure 14. Set up for measuring vibration response by LDV [37]

3. Conclusion

Based on different type of technique explored, generally fruit monitoring technigues are
divided into two parts which are qualitative and quantitative analysis. The qualitative analysis is
where the information obtained from the external appearance of the fruit such as fruit skin, and
the aroma released from the fruits whereas the quantitative evaluation is based on the value
obtained from signal released inside the fruit and the response received based on the
penetrated signal that released from the fruit.

Most fruit evaluation methods are based on the examination of specific spots on the
fruits instead of the whole fruit. For example, measurement using the ultrasonic method [2] only
evaluates just a few mm under the fruit's surface, which does not represent the condition of the
fruit overall. Fruit evaluation via visible light and NIR spectroscopy technique [9] also uses the
same idea where the fruit is evaluated just a few cm under the fruit's surface. Besides, these
methods require direct contact between the fruit surface and the sensor’s probe. Hence, there is
a medium between the transducers and the fruit called couplant which must be put in place to
maximize the performance of the measuring techniques [7]. However, contamination between
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the couplants may ruin the sample of the fruit. For other cases, the probe of the sensors needs
to be placed extremely close to the fruit to obtain good response from the sample [10]. This
process will increase the measuring time and leads to an inaccurate reading if the location of
the sensor probe is not properly placed as desired. Measuring fruits with uneven skin surface
also cannot be achieved using this kind of measuring method. Although imaging methods such
as X-Ray and MRI give clear and accurate images, the extremely high cost of the measuring
equipment limits the usage of the equipment for fruit quality monitoring.

In general, all the evaluation technique has its own advantages and disadvantages
towards monitoring fruits’ internal condition. However, it still gives great significant contribution
towards agricultural industry globally.
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