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Abstract: Among palm oil millers, the ripeness of oil palm Fresh Fruit Bunch (FFB) is
determined through visual inspection. To increase the productivity of the millers, many
researchers have proposed with a new detection method to replace the conventional one.
The sensitivity of such a sensor plays a crucial role in determining the effectiveness of the
method. In our preliminary study a novel oil palm fruit sensor to detect the maturity of oil
palm fruit bunches is proposed. The design of the proposed air coil sensor based on an
inductive sensor is further investigated to improve its sensitivity. This paper investigates
the results pertaining to the effects of the air coil structure of an oil palm fruit sensor,
taking consideration of the used copper wire diameter ranging from 0.10 mm to 0.18 mm
with 60 turns. The flat-type shape of air coil was used on twenty samples of fruitlets from
two categories, namely ripe and unripe. Samples are tested with frequencies ranging from
20 Hz to 120 MHz. The sensitivity of the sensor between air to fruitlet samples increases as
the coil diameter increases. As for the sensitivity differences between ripe and unripe
samples, the 5 mm air coil length with the 0.12 mm coil diameter provides the highest
percentage difference between samples and it is amongst the highest deviation value
between samples. The result from this study is important to improve the sensitivity of the
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inductive oil palm fruit sensor mainly with regards to the design of the air coil structure.
The efficiency of the sensor to determine the maturity of the oil palm FFB and the ripening
process of the fruitlet could further be enhanced.

Keywords: inductive; resonant frequency; air coil; oil palm; frequency characteristics;
maturity classification; inductive concepts

1. Introduction

Generally, the quality of oil palm fruits is categorized based on the texture, shape and color of the
fruit [1]. Currently in Malaysia, the human expert grading approach is used to inspect the maturity of
oil palm FFB and classify them for harvesting. Typically, the color of the surface of the fruit and the
number of loose fruit drops from bunches are the two main factors that guide the judgement of human
experts [1,2]. In practice, this type of grading method often leads to mistakes where there is high
potential to grade the fruit wrongly. Besides that, different humans have different judgements, which
means that grading results from different human experts will differ. Furthermore, human inspection is
a time-consuming method. These factors often lead to considerable profit losses [3,4]. Therefore, an
automated fruit grading system is highly required. An automated fruit grading system must be rapid,
accurate and reliable. Apart from that, any oil palm grading system should not destroy the palm oil
FFB during the analysis [5,6].

In the past few years, a number of different automated fruit grading systems were proposed and
tested. The most popular is the use of the color vision system that requires an advanced digital camera
to capture pictures of oil palm FFBs and a computer for analysis [7—10]. An artificial intelligence
system is sometimes used together with the color vision system to classify the oil palm FFBs [11-15].
Overall, this method requires complicated algorithms and precise image collection for the recognition
stages and it produced an average success rate of 73.3% [11,16-18].

Another method used by researchers is the assessment using the RGB space. This oil palm grading
method uses spectral analysis based on the different wavelengths of red, green and blue color of the
image [19,20]. In this method, the color quality of the image is relatively important. Classifications of
the ripe category within the bunch for the average value of red component were successfully carried
out. However, the red components for unripe and under ripe categories cannot be differentiated and the
average success rate for this method is reported as 49% [21]. Other disadvantages of this method are
that this type of classification has to be performed indoors [22,23].

Analyzing the moisture content of oil palm fruits is another grading method. The moisture content
of the mesocarp in the fruit affects the surface color and the weight of the oil palm fruit. Microwave
moisture sensors are used to investigate the moisture content of oil palm fruits [24-28]. However, the
measurement procedure is quite complicated and time-consuming.

Aside from these, Magnetic Resonance Imaging (MRI) and bulk Nuclear Magnetic Resonance
(NMR) are other methods used by researchers to monitor the development and ripeness of oil palm
FFBs [29]. FFB samples are harvested at different Week After Anthesis (WAA). Then, both
equipments are used to measure the continuous change in spin-spin relaxation times of protons of the
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water and lipids for the development of a ripening tracking process for FFBs. The changes between oil
and moisture content in the oil palm FFBs are observed based on the differences in their spin-spin
relaxation times and significant results are obtained. This method requires the usage of complicated
and expensive equipment. In addition to that, skilled personnel are needed to operate it, limiting the
testing to be done indoors.

Another type of imaging method involves Non-destructive near Infra Red (NIR) spectroscopy. Two
NIR spectrometers are used to scan the oil palm fruits with different modes. After that, chemical
contents of palm oil are analyzed by using Partial Least Squares Regression (PLSR) models [30].

Besides imaging technology, a capacitive-based concept of grading method is proposed in [31]. The
capacitive concept is applied to measure the dielectric properties of the oil palm fruit. This
measurement method yielded 5% accuracy for the dielectric constant (€”) and 3% for the dielectric loss
(€”). The capacitive method is similar to the other methods, where supporting equipment is needed and
it is not suitable for outdoor testing.

In the prevailing research works, no grading methods using an inductive concept is proposed. An
inductive concept non-destructive grading method is proposed in this research work, based on the
moisture content of the oil palm fruit. The permeability value of water is 1.2566270 =< 10°°. Thus, with
a low permeability value compared to other materials, such as metals, a high frequency range is
used in the measurement. This proposed inductive method has great potential for use in outdoor
testing [32—34]

In this paper, investigation on the oil palm ripeness sensor based on the resonant frequency (f;) is
presented. Inductance values in the high frequency range are used to determine the ripeness of the oil
palm fruits which are then categorized into ripe and unripe fruits. The frequency characteristics of the
sensors are studied and the f; of air (), ripe fruit (f) and unripe fruit (f.) are analyzed. Initially, the
value of f,; and f,, is normalized to f,. Then, the deviation between the mean value in the normalized
resonant frequency (Nf,) between the air (Nf,,) and ripe fruit (Nf,;) as well as between air and unripe
fruit (Nf,,) are observed and analyzed for the effect of the size of the sensor and the coil diameter size
affecting the sensitivity of the sensor, which is determined by the deviation in the mean value between
Nf, and Nf;, as well as in between Nf,, and Nfy,. The larger the deviation from the mean value the more
sensitive is the sensor. In this study, twenty sensors with different sensor sizes as well as different coil
diameter sizes are built. Looking into the effects of coil diameter, the results portray a uniform pattern
throughout the testing. It is observed that the Nf,, leads the Nf,,. The value of the Nf; decreases as the
air coil length is increased. As for the effects of air coil length, the differences between the ripe to
unripe samples increase as the air coil length increases. The results from this study play an important
role in designing the air coil structure as it will improve the sensitivity of the oil palm sensor to
determine the maturity of the oil palm FFB as well as the ripening process of the fruitlets.
Nevertheless, the inductive oil palm ripeness sensor method offers a few advantages such as it is a
passive type sensor, reduces time consumption and is an accurate grading system. With the advantages
provided by this oil palm ripeness sensor, it is believed that the inductive method would be a good
alternative method to grade oil palm fruits. The disadvantages of the sensor will be avoided with a
better insulated design in future work. The result from the study should be useful for future research in
designing an oil palm ripeness sensor based on the inductive concept.



Sensors 2014, 14 2434

2. Basic Principles
2.1. Structure

The oil palm ripeness sensor is shown in Figure 1. The oil palm fruit sensor has a rectangular shape.
The main parameters of the air coil are its height (outer height, hoy and inner height, hi,) and width
(outer width, we,e and inner width, wi,), which remain constant throughout the experiment. As for
length, the outer length, oy and the inner length, | are varied by 1 mm for each type of sensor.
Therefore, there are four types of sensor with different lengths being used in the experiment. All four
sensors are designated by their inner air coil lengths, | which are 2, 3, 4 and 5 mm, being tested to
observe the effects of the air coil length besides the effects of the coil diameter. To hold the sensor
tight and without displacement, the sensor is placed in a holder. Figure 2 shows the holder, where the
space with dotted lines is the place where the sensor is to be placed. The fabrication of the sensor uses
the plastic Perspect, a non-conducting material that minimizes the flux disturbance in the sensor.

Figure 1. Air coil flat-type shape structure (a) top view (b) 3D view.
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Figure 2. Oil palm ripeness sensor holder.
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Table 1. Detailed dimensions for the air coil.
Item Dimension [mm]
Inner length, | 2 3 4 5
Outer length, loy 3 4 5 6
Outer width, Wyt 8 8 8 8
Inner width, wi, 6 6 6 6
Outer height, hoy 2 2 2 2
Inner height, h;, 1 1 1 1
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Assuming these four sensors represent a set of sensor, a total of five sets sensors are built and
wound with copper wire coil diameter of 0.10, 0.12, 0.14, 0.16 and 0.18 mm. Therefore, there a total of
20 sensors were used in these investigations. Table 1 shows all of the sensors that are designed. Since
the sensors are very small in size, it is not possible to wind the coil with a machine. Therefore, all of
the sensors are wound by hand. To minimize the error when measurements are taken, the winding of
the copper coil is kept as close as possible, reducing the gaps between windings.

The investigation started with the arrangement shown in Figure 3. Twenty samples of fruitlets from
two categories; ripe and unripe, are tested between 20 Hz to 120 MHz. The Wayne Kerr 65008
impedance analyzer is used to measure the inductance, the resistance and the resonant frequency of
each air coil. There are five different sizes of copper wire diameter used in this study ranging from
0.10 to 0.18 mm. The number of turns of the air coil is fixed at 60 turns. The impedance analyzer with
the setup as in Table 2 has been standardized throughout the measurement period as well as for
all samples.

Figure 3. Experimental setup for the flat-type air coil.
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Table 2. Specification for frequency characteristics experimental setup.

Parameter/Part Value/Type
Type of measurement setup Series (L&Rs)
Voltage (V) 0.5
Frequency (MHz) 20-120
Sweep (points) 800
No of turns 60
Coil diameter (mm) 0.10-0.18

2.2. Samples

Twenty samples from two categories of oil palm fruitlets (unripe fruitlets and ripe fruitlets) were
tested in this investigation. Each fruitlet represents each sample. Therefore, twenty samples consisting
of ten ripe fruitlets and ten unripe fruitlets were used in the experiment. Each selected category is
based on the surface color of the fruitlets. The unripe fruitlets are dark purple in color while the ripe
fruitlets are orange in color, as shown in Figure 4. For the unripe fruitlets, the samples are selected
during the 7th week after anthesis (WAA) as in Figure 4a and for the ripe fruitlets on the 15th week
after anthesis (WAA) as in Figure 4b [33]. On top of that, the size of the fruitlets is chosen based on
the diameter of the air coil for the sensor. Each sample is selected and plucked from the same oil palm
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Fresh Fruit Bunch (FFB) on the day of testing. This is to ensure that the sample used is fresh and free
from any physical contamination. The gap between the fruit and the sensor is minimized in order to get
precise results. Therefore, the fruit is cut as in Figure 5 so that the surface contact with the sensor is
flat and no gap exists between the fruit and the sensor.

Figure 4. Fruitlet samples (a) unripe (b) ripe.

() (b)

Figure 5. Measurement set-up of the resonant frequency of fruit samples (a) unripe
(b) ripe.

2.3. Normalization of Resonant Frequency

The sensitivity of the sensors looks into two aspects; firstly the sensitivity diffwerence between air
and samples and the sensitivity difference between ripe to unripe fruitlets. This is done initially by
normalizing the resonant frequency of all sensors for samples to the resonant frequency of air. The
sensitivity difference between air and fruitlets is related to the differences in the mean value of the Nf;
air to the samples. The sensitivity difference between samples is defined as the deviation in the mean
value of the Nf,; and Nf, as in Equation (1):

Sensitivity between samples = Nf, — Nfy, @

The sensor is highly sensitive when the deviation of the normalized resonant frequency between
ripe and unripe fruit is huge. The mean value for each normalized resonant frequency is calculated for
air and fruitlet samples before the deviation between both been determined. The deviation between



Sensors 2014, 14 2437

both air and fruitlet samples can be illustrated by two methods. Firstly, either through direct
interpretation or with a percentage difference value. Therefore, it is important to find out the
differences of resonant frequency between air and ripe fruits and also air and unripe fruits. To do this,
the normalized value of the resonant frequency of air, ripe fruits and unripe fruits are calculated by the
equation shown below:

To calculate the normalized frequency for air:

Resonant frequency of air

Normalized frequency for air = - )
Resonant frequency of air

This indicated that normalized frequency for air is always equal to 1.

To calculate the normalized frequency for ripe fruit:

Resonant frequency of ripe fruit
Resonant frequency of air 3)

Normalized frequency of ripe fruit =

To calculate the normalized frequency for unripe fruit:

Resonant frequency of unripe fruit
Resonant frequency of air (4)

Normalized frequency for unripe fruit =

Equations (2)—(4) are used to calculate the normalized frequency for air, ripe fruit and unripe fruit.
By conducting the calculation and finding out the normalized frequency for air, ripe fruit and unripe
fruit, the differences in mean value between the air and ripe fruit as well as between air and unripe fruit
can be obtained. Thus, the sensitivity of the each sensor can be determined.

3. Results and Discussions
3.1. Resonance Characteristics

When analyzing the inductance characteristics of air, ripe fruits and unripe fruits, the graph gives
different resonant frequencies, where the resonant frequency refers to the peak of the frequency.
Although air, ripe fruit and unripe fruit are giving different resonant frequencies, the graphs show
similar curves. Figure 6 shows the general result when running the measurement procedures within a
range of frequency. The x-axis represents the frequency and the y-axis represents the inductance value.
From the graph, it is obvious that a different frequency point, gives an inductance value. At the
resonant frequency, the inductance value is the highest. The shape of the graph is shown in Figure 6,
where the black line is the characteristic inductance of air, the red line is the characteristic inductance
of ripe fruit while the blue line is the characteristic inductance of unripe fruit. The inductance
characteristics of the each sensor portray a similar pattern throughout the whole series of experiments.
It is important to standardize the inductive characteristics of each sensor to ensure the repeatability of
the sensor. In this paper, the value of the resonant frequency of each sample and air is recorded and
plotted against the air coil length and the coil diameter. The value of the resonance is then normalized
agianst the resonance frequency of air. It is important to determine the sensitivity of the sensor based
on the normalized resonance frequency for air and the fruitlet samples.
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Figure 6. Inductance characteristics of the oil palm fruit sensor.
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3.2. Normalization of the Resonance Frequency

The experiments conducted for all twenty sensors of various air coil lengths and coil diameters are
targeted to collect the resonance characteristics of the sensor. The resonance frequency is then plotted
against the air coil length and coil diameter to investigate the effects of both on the resonance
characteristics of the sensor. The value of the resonance frequency of fruitlet samples is then
normalized to the value of the resonance frequency of air. Among all twenty sensors, the 5 mm air coil
length for various coil diameters are selected to be highlighted in Figure 7. The 5 mm air coil length
shows promising and outstanding results compared to the other air coil lengths used in this
investigation. The resonant frequencies for all ten samples for each category are plotted. Figures 7a,c,e
and g show the resonance frequencies for all the samples. The graph shows a similar pattern for all
samples, regardless of the coil diameter. The resonance frequency of air leads the resonance frequency
of ripe and unripe samples. To clarify the observation, the resonance frequency for each type of coil
diameter is then being normalized to the resonance frequency of air. Figures 7b,d,f and h show the
graph of the normalized resonance frequency. The value of the normalized resonance frequency is then
further analyzed with the calculation of the mean value between ripe to unripe samples. The mean
value for each coil diameter is presented as dotted lines on the normalized resonance frequency graph.
From Table 3, it can be observed that the 5 mm air coil length with the 0.14 mm coil diameter shows
the highest mean value which is 12.9 x 10°. It is then followed by the 0.12 mm coil diameter sensor
whose mean value is 11.2 x 10°. Results from the normalized resonant frequency is then further
discussed and analyzed in determining the sensitivity of the sensor to ripe and unripe samples. In this
research, the sensitivity is defined as the deviation between the mean values of ripe to unripe samples.
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Figure 7. The normalized resonant frequency for 5 mm air coil length.
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Table 3. The deviation between mean value of ripe samples and unripe samples for 5 mm

air coil length.

Coil Diameter, Mean Value of Mean Value of The Deviation Between
d. [mm] Ripe Samples Unripe Samples Ripe to Unripe (x 107)

0.10 0.994 0.989 4.73

0.12 0.978 0.967 11.2

0.14 0.986 0.973 12.9

0.16 0.981 0.974 6.47

0.18 0.988 0.981 6.84

3.3. Effects of Coil Diameter

Figure 8 shows the effects of coil diameter ranging from 0.10 to 0.18 mm. It was looking into the
Nf. versus the air coil length calculated manually as shown in Figure 8a and the estimated marginal
means versus air coil length as shown in Figure 8b. The estimated marginal means was plotted based
on the results obtained using two way ANOVA. The effects of coil diameter portray a uniform pattern
throughout the air coil length as seen in Figure 8 for both methods. The Nf; of ripe samples dominates
the Nf, for unripe samples. Generally, the value of the Nf, seems to decrease as the air coil length is
increased. Table 4 shows the deviation between ripe to unripe samples which has been calculated
manually for a 5 mm air coil length while Table 5 shows the standard deviation for each type of sensor
calculated using ANOVA. The deviation is calculated in order to analyze the sensitivity of each sensor,
looking into the effects of the coil diameter. Table 4 shows that the 5 mm air coil length with 0.12 mm
coil diameter yields the highest deviation between ripe to unripe samples. Therefore, the result reflects
the sensitivity of the 5 mm air coil length with 0.12 mm coil diameter.

Figure 8. Effects of coil diameter. (a) The Nf, for coil diameter versus air coil length,
(b) The estimated marginal means versus air coil length.
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Coil diameter, d; [mm]

0.10 0.12 0.14

0.16 0.18

The deviation between ripe to unripe samples

0405 1.094  1.053

0.624  0.724

Table 5. The standard deviation value for all types of sensors calculated using ANOVA.

Coil Diameter, d.[mm]

Air Coil Length, I, [mm]

Standard Deviation

0.10

2

0.00202
0.00387
0.00220
0.00616

0.12

g b~ W N0 b~ W

0.00354
0.00283
0.00566
0.00495
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Table 5. Cont.

Coil Diameter, d. [mm] Air Coil Length, I [mm] Standard Deviation
2 0.00091
0.00112
0.00182
0.00865
0.00042
0.00346
0.00331
0.00281
0.00395
0.00378
0.00363
0.00321

0.14

0.16

0.18

g B W DN B~ W DNDOL D W

3.4. Effects of Air Coil Length

Figure 9 shows the effects of air coil length ranging from 2 to 5 mm. It was looking into the Nf;
versus the coil diameter calculated manually as shown in Figure 9a and the estimated marginal means
versus coil diameter as shown in Figure 9b. The mean value of the ripe samples and unripe samples are
calculated and illustrated by the dotted line on the graph. Then, the deviation between both mean
values is calculated and tabulated in Table 6. In Table 7, the standard deviation for each type of sensor
which has been calculated using the two way ANOVA was displayed. Both methods are conducted to
evaluate the sensitivity of each sensor by looking into the effects of the air coil length. From
Table 6, it can be seen that the deviation between the ripe and unripe samples increases as the air coil
length increases. The 5 mm air coil length yields the highest deviation amongst the mean values of the
samples. Therefore, generally it can be concluded that the sensitivity of the sensor increases as the air
coil length increases.

Table 6. The deviation between the mean values of ripe samples and unripe samples.

Air coil's length, | [mm] 2 3 4 5
The deviation between ripe to unripe samples (x 10 %) 3.05 4.32 4.62 7.36

Figure 9. Effects of air coil length. (a) The Nf; for air coil length versus coil diameter,
(b) The estimated marginal means versus coil diameter.
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Table 7. The standard deviation value for all types of sensors calculated using ANOVA.
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Coil Diameter, d.[mm]

Air Coil Length, I, [mm]

Standard Deviation

0.10 0.00354
0.12 0.00141
2.00 0.14 0.00071
0.16 0.00000
0.18 0.00354
0.10 0.00354
0.12 0.00354
3.00 0.14 0.00141
0.16 0.00354
0.18 0.00354
0.10 0.00540
0.12 0.00220
4.00 0.14 0.00182
0.16 0.00331
0.18 0.00363
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Table 7. Cont.
Coil Diameter, d.[mm] Air Coil Length, I, [mm] Standard Deviation
0.10 0.00517
0.12 0.00616
5.00 0.14 0.00865
0.16 0.00281
0.18 0.00321

3.5. Sensitivity Analysis

This section has the most important role in this study whereby the results from Sections 3.3 and 3.4
were combined and analyzed on the same graph. It is important to observe both effects—coil diameter
and air coil length—in order to improve the sensitivity of the air coil. As explained in Section 2.1, the
air coil plays the important role for the inductive oil palm sensor. Therefore, the effects of coil
diameter and air coil length were observed to improve the sensitivity of the air coil. Figure 10 shows
the overall characteristics of the twenty types of sensors used in this investigation. The percentage
difference calculated manually between the air and fruitlet samples is plotted versus air coil length, I.
and coil diameter, dc. The characteristic of the graph covers two different parameters, namely the air
coil length, I; and the coil diameter, d.. Firstly, looking into the sensitivity of the sensor between air
and fruitlet samples, unripe and ripe, from the graph, it can be clearly seen that as the air coil length
increases, the percentage difference between air and fruitlet samples increases. However, for 5 mm air
coil length sensor, when the coil diameter varies from 0.18 mm to 0.10 mm, the optimum value shoots
up at the coil diameter of 0.12 mm. Looking into sensitivity between ripe and unripe fruitlet samples,
the mean values of percentage difference for ripe and unripe samples have been calculated. Then, the
deviation between both mean values for coil diameter of 0.10 mm to 0.18 mm are calculated and
shown in Table 8. From Table 8, the sensor with a coil diameter of 0.10 mm shows the highest
deviation value, followed by 0.18 mm and 0.12 mm coil diameter. Regardless of the highest deviation
value shown by the 0.10 mm coil diameter, it is observed that the 0.12 mm coil diameter shows a
convincing slope of percentage difference as shown in Figure 10 for all types of air coil length. The
0.12 mm coil diameter provides the highest percentage difference between sample and it is amongst the
highest deviation values between samples as tabulated in Table 6. Therefore, based on the analysis from
Sections 3.3 and 3.4, it can be concluded that the 5 mm air coil length sensor with the coil diameter of
0.12 mm could be chosen as the most sensitive air coil in this study. Other than that, the estimated
marginal means calculated using the two ways using ANOVA was performed in this section as in
Sections 3.3 and 3.4. However, the graph plotted from the result obtained from ANOVA is exactly the
same as shown in Figure 10. Therefore, the graph in Figure 10 was used to represent the overall
characteristics of the air coil for both methods; manual and ANOVA.

Table 8. The mean value of the percentage difference between ripe to unripe samples.

Coil diameter, d.[mm] 0.10 0.12 0.14 0.16 0.18
The deviation between ripe of unripe sample 0.604 0.503 0.441 0.353 0.515
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Figure 10. Percentage difference of various coil diameter and air coil length.
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4. Conclusions

This paper presents an investigation on the effects of air coil structure, mainly the air coil length and
coil diameter, on the sensitivity of the oil palm fruit sensor. The sensitivity of the oil palm fruit sensor
is looking into two aspects, the sensitivity differences between air and fruitlet samples and the
sensitivity differences between ripe and unripe fruitlets. Looking into the effects of coil diameter, the
result portrays a uniform pattern throughout the testing. The normalized resonant frequency of ripe
samples, Nf,; dominates the normalized resonant frequency for unripe samples, Nf.,. The value of the
normalized resonant frequency, Nf, decreases as the air coil length increases. As for the effects of air
coil length, the mean value of the percentage difference between ripe to unripe fruitlet samples is
evaluated and the deviation between both has been calculated. The difference between the ripe to
unripe samples increases as the air coil length increases. As for the conclusions, the sensitivity of the
oil palm fruit sensor has been determined. The sensitivity of the sensor between air to fruitlet samples
increases as the coil diameter decreases, except for 0.10 mm coil diameter. This could be due the skin
effects that occur between windings. For the sensitivity differences between ripe and unripe samples,
the 5 mm air coil length with the 0.12 mm coil diameter provides the highest percentage difference
between samples and it is amongst the highest deviation values between samples. Therefore, the 5 mm
air coil length with the 0.12 mm coil diameter can be concluded as the most sensitive air coil in this
study. It is important to further improve the sensitivity of the air coil in order to enhance the efficiency
of the inductive oil palm sensor to determine the maturity of the oil palm FFB, especially for the
fruitlet ripening process. Thus, this study directs improvements to the design of the air coil sensor to
enhance the potential of the inductive coil resonant frequency technique for determining the maturity
of oil palm fruitlets, as well as the oil palm fresh fruit bunch to maximize the production of palm oil.



Sensors 2014, 14 2446

Conflict of Interest

The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Oil Palm Fruit Grading Manual, 2nd ed.; Malaysian Palm Oil Board (MPOB): Bangi, Selangor,
Malaysia, 2003.

Siregar, .M. Assessment of Ripeness and Crop Control in Oil Palm. In Proceedings of the
Malaysian International Agricultural Oil Palm Conference, Kuala Lumpur, Malaysia, 14-17 June
1976; pp. 711-723.

Razali, M.H.; Wan, LW.Il.; Ramli, A.R.; Sulaiman, M.N.; Harun, M.H. Prediction model for
estimating optimum harvesting time of oil palm fresh fruit bunches. J. Food Agric. Environ. 2011,
9, 570-575.

Tan, C.H.; Ghazali, H.M.; Kuntom, A.; Tan, C.P.; Ariffin, A.A. Extraction and physicochemical
properties of low free fatty acid crude palm oil. Food Chem. 2009, 113, 654—650.

Kalyana, S.; Ravigadevi, S.; Yew-Ali, T. Palm fruit chemistry and nutrition. Asia Pacific J. Clin.
Nutr. 2003, 12, 355-362.

Junkwon, P.; Takigawa, T.; Okamoto, H.; Hasegawa, H.; Koike, M.; Sakai, K.; Siruntawineti, J.;
Chaeychomsri, W.; Sanevas, N.; Tittinuchanon, P.; et al. Potential application of colour and
hyperspectral images for estimation of weight and ripeness of oil palm (Elaeis guineensis Jacq.
Var. tenera). Agric. Inf. Res. 2009, 18, 72-81.

Abdullah, M.Z.; Guan, L.C.; Mohd-Azemi, B.M.N. Stepwise discriminate analysis for colour
grading of oil palm using machine vision system. Food Bioprod. Proc. 2001, 79, 223-231.
Osama, M.B.S.; Sindhuja, S.; Abdul, R.M.S.; Helmi, Z.M.S.; Reza, E.; Meftah, S.A,
Mohd, H.M.H. Classification of oil palm fresh fruit bunches based on their maturity using
portable four-band sensor system. Comput. Electron. Agric. 2012, 82, 55-60.

Abdullah, M.; Guan, L.; Mohamed, A.; Noor, M. Colour vision system for ripeness inspection of
oil palm Elaeis guineensis. J. Food Proc. Preserv. 2002, 26, 213-235.

Ismail, W.I.LW.; Razali, M.H.; Ramli, A.R.; Sulaiman, M.N.; Harun, M.H.B. Development of
imaging application for oil palm fruit maturity prediction. Eng. E-Trans. 2009, 4, 56-63.

Jamil, N.; Mohamed, A.; Abdullah, S. Automated Grading of Palm Oil Fresh Fruit Bunches
(FFB) Using Neuro-Fuzzy Technique. In Proceedings of International Conference of Soft
Computing and Pattern Recognition, Malacca, Malaysia, 4-7 December 2009; pp. 245-249.
Fadilah, N.; Mohamad-Saleh, J.; Abdul Halim, Z.; Ibrahim, H.; Syed Ali, S.S. Intelligent colour
vision system for ripeness classification of oil palm fresh fruit bunch. Sensors 2012, 12,
14179-14195.

Shariff, R.; Adnan, A.; Mispan, R.; Mansor, S.; Halim, R.; Goyal, R. Correlation Between Oil
Content and DN Values. Available online: http://www.gisdevelopment.net/application/
agriculture/yield/agriy0001pf.htm (accessed on 16 January 2014).

Choong, T.S.Y.; Abbas, S.; Shariff, A.R.; Halim, R.; Ismail, M.H.S.; Yunus, R.; Ali, S,
Ahmadun, F.R. Digital image processing of palm oil fruits. Int. J. Food Eng. 2006, 2, 838-843.



Sensors 2014, 14 2447

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Junkwon, P.; Takigwa, T.; Okamoto, H.; Haegawa, H.; Koike, M.; Sakai, K.; Siruntawineti, J.;
Chaeychomsri W.; Sanevas, N.; Tittinuchanon, P.; et al. Hyperspectral imaging for nondestructive
determination of internal qualities for oil palm (Elaeis guineensis Jacg. Var. tenera). Agric. Inf.
Res. 2009, 18, 72-81.

Balasundram, S.K.; Robert, P.C.; Mulla, D.J. Relationship between oil content and fruit surface
colour in oil palm (Elaeis guineensis Jacq.). J. Plant Sci. 2006, 1, 217-227.

Tan, Y.A.; Low, KW.; Lee, C.K,; Low, K.S. Imaging technique for quantification of oil palm
fruit ripeness and oil content. Eur. J. Lipid Sci. Technol. 2010, 112, 838-843.

Hazir, M.H.M.; Shariff, A.R.M.; Amiruddin, M.D.; Ramli, A.R.; Saripan, M.I. Oil palm bunch
ripeness classification using fluorescence technique. J. Food Eng. 2012, 113, 534-540.

Alfatni, M.S.M.; Shariff, A.R.M.; Shafri, H.Z.M.; Saaed, O.M.B.; Eshanta, O.M.; Abuzaed, M.
Automated Oil Palm Fruit Bunch Grading System Using Density of Colour (RGB). In
Proceedings of the 7th Saudi Engineering Conference, Riyadh, Saudi Arabia, 2-5 December
2007; pp. 299-313.

Alfatni, M.S.M.; Shariff, A.R.; Shafri, H.Z.M.; Saaed, O.M.B.; Eshanta, O.M. Oil palm fruit
bunch grading using red, green and blue digital number. J. Appl. Sci. 2008, 8, 1444-1452.

Ismail, W.I1.W.; Bardaie, M.Z.; Hamid, A.M.A. Optical properties for mechanical harvesting of oil
palm FFB. J. Oil Palm Res. 2000, 12, 38-45.

Jaffar, A.; Jaafar, R.; Jamil, N.; Low, C.Y.; Abdullah, B. Photogrammetric grading of oil palm
fresh fruit bunches. Int. J. Mech. Mechatron. Eng. 2009, 9, 18-24.

Ismail, W.I.W.; Razali, M.H.H. The Optical Properties to Model Oil Palm Fresh Fruit Bunches
Maturity Index. In Proceedings of World Multi-Conference on Systemics, Cybernetics and Pattern
Recognition, Orlando, FL, USA, 11-15 November 2012; pp. 168-173.

Yeow, Y.K.; Abbas, Z.; Khalid, K. Application of microwave moisture sensor for determination
of oil palm fruit ripeness. Meas. Sci. Rev. 2010, 10, 7-14.

Abbas, Z.; Yeow, Y.K.; Shaari, A.H.; Khalid, K.; Hassan, J.; Saion, E. Complex permittivity and
moisture measurements of oil palm fruits using an open-ended coaxial sensor. IEEE Sensors J.
2005, 5, 1281-1287.

Khalid, K.; Ghretli, M.M.; Abbas, Z.; Grozescu, 1.VV. Development of Planar Microwave Moisture
Sensors for Hevea Rubber Latex and Oil Palm Fruits. In Proceedings of International RF and
Microwave Conference, Putra Jaya, Malaysia, 12—14 September 2006; pp.10-15.

Khalid, K.B.; Hua, T.L. Development of conductor-backed coplanar waveguide moisture sensor
for oil palm fruit. Meas. Sci. Technol. 1998, 9, 1191-1195.

Khalid, K.B.; Hua, T.L. The analysis of multi-layre conductor-backed coplanar waveguide for
moisture sensor application. Subsurf. Sens. Technol. Appl. 2004, 5, 63-77.

Sharifudin, M.S.; Cardenas-Blanco, A.; Amin, M.G.; Soon, N.G.; Laurance, D.H. Monitoring
development and ripeness of oil palm fruit (Elaeis guineensis) by MRI and bulk NMR. Int. J.
Agric. Biolog. 2010, 12, 101-105.

Bonnie, T.Y.P.; Mohtar, Y. Determination of palm oil residue in palm kernel and palm oil methyl
ester using near infrared spectroscopy. J. Oil Palm Res. 2011, volume, 1055-1059

Zakaria, Z. Dielectric Properties of Oil Palm Mesocarp at Various Stages of Maturity. M.Sc.
Dissertation, Universiti Putra Malaysia, Serdang, Malaysia, 1998.



Sensors 2014, 14 2448

32. Harun, N.H.; Misron, N.; Sidel, R.M.; Aris, I.; Ahmad, D.; Wakiwaka, H.; Tashiro, K.
Investigations on a novel inductive concept frequency technique for the grading of oil palm fresh
fruit bunches. Sensors 2013, 13, 2254-2266.

33. Norhisam, M.; Norrimah, A.; Wagiran, R.; Sidek, R.M.; Mariun, N.; Wakiwaka, H. Consideration
of theoretical equation for output voltage of linear displacement sensor using meander coil and
pattern guide. Sens. Actuat. A Phys. 2008, 147, 470-473.

34. Norhisam, M.; Qian, Y.L.; Firdaus, R.N.; Norrimah, A. Effect of inductive coil shape on sensing
performance of linear displacement sensor using thin inductive coil and pattern guide. Sensors
2011, 11, 10522-10533.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



