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ABSTRACT

Fermentation of cocoa is a key process to obtain aromatic chocolate products from raw cocoa
beans. Hitherto, the levels of fermentation in cocoa are determined using destructive
techniques, for example by a cut-test to manually observe the colour inside the beans, or by
quantifying ammonia nitrogen (NHz3) in the cocoa powder. In this paper, we present the use
of Terahertz hyperspectral imaging as a new way to non-destructively analyse and detect
fermented cocoa beans. The study analysed two sets of twenty-two cocoa bean samples with
different levels of fermentation from two producers in Brazil. A correlation between

fermentation conditions and the outcome results of their THz measurements was observed.

Keywords: Quality control of cocoa beans, THz imaging, Principal component analysis.
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1. Introduction

Chocolate flavour has been used in the food sector since the discovery of fermentation of
cocoa beans. An increase by over 3% demand of cocoa use across the world since 2008 and
the production increase from 2.85 million ton in 2000-2001 to 4.84 million tons speaks for
the rising demand in this food sector (Beg et al., 2017).

Choosing a premier quality cocoa is an important attribute in the chocolate production. The
characteristic of final chocolate products is linked to the fermentation process of cocoa beans.
The fermentation quality is dependent on fermentation time (days), temperature or drying
method and geographical origin, which governs and influence the quality and taste of the
chocolate. Hitherto, it has continued to remain a challenge for the chocolate manufacturers to
identify and rapidly screen good quality cocoa.

Nowadays, evaluating commercial grade cocoa beans requires to perform a destructive
cutting test of the cocoa beans to count the proportion of purple and brown beans on
representative dried samples (Beans, 2015; Santos et al., 2019). However, the cut test is not
engineering accurate method and labour oriented as it needs manual counting. For example,
(Hangantileke et al., 1991) presented results of the cut-test score and sensory evaluation
methods and it highlighted the variability in results and inadequacies in assessment of the
cocoa bean quality.

Another popular method that is commonly used for enhanced quality control of cocoa beans
is by quantification of ammonia nitrogen (NHz) content in the cocoa powder generated during
the fermentation due to the degradation of proteins. It is generally quantified by the
traditional Conway method (Conway and Flood, 1936). The Conway method measures the
absorption of NHz volatile matter (VoC) in the air by some reagents (e.g., an acid) which

leads to change in the pH value. An alternative to the Conway method is by determining
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different NH3 levels in the cocoa powder by using reflectance NIR spectroscopy (Hue et al.,
2014). All these methods are destructive and time consuming and can take even upto 48h.
NIR and Fourier Transform NIR (FT-NIR) techniques are quite popular even to estimate the
quality of cocoa for example, variety, composition and fraud detection (Barbin et al., 2018;
Quelal-Vasconez et al., 2019; Quelal-Vasconez et al., 2018; Sunoj et al., 2016; Teye et al.,
2015). However, these methods cannot be considered as ideal as they require the process of
powdering the beans, i.e., destroying the cocoa beans before performing the measurements.
More recent alternatives include the use of NIR Hyperspectral Imaging that combines NIR
spectroscopy and spatial information of the samples. NIR hyperspectral imaging can be
directly applied on single cocoa bean for non-destructive prediction of fermentation index,
polyphenol content and antioxidant activity (Caporaso et al., 2018) or for the authentication
of cocoa bean hybrids (Cruz-Tirado et al., 2020), among others.

Imaging can be also combined with other spectroscopic techniques such as Terahertz (THz).
Both THz spectroscopy and imaging are well known non-destructive testing and analysis
techniques used in biological (Assefzadeh et al., 2016) and agro-food products, such as the
detection of cocoa butter in chocolate (Weiller et al., 2018) and food spoilage evaluation
(Hindle et al., 2018). The advantage of THz radiation is that it can reach deeper into the
subsurface of non-polar and opaque materials compared to near and mid infrared (IR) ranges.
In THz time-domain spectroscopy (THz-TDS) measurements, the electric field amplitude is
sampled as a function of time, providing both magnitude and phase spectra. By scanning the
sample under the beam, 2D images can be recorded. Valuable information such as refractive
index, extinction coefficient, etc. can be extracted from a single THz-TDS measurement in a
rapid timeframe. Moreover, recent studies show that NHsz has fingerprint absorption
characteristics in THz range (Assefzadeh et al., 2016) , which opens up an opportunity in this

work for quantifying fermentation of cocoa beans using THz technology.
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In this paper, we present an approach for using THz time-domain spectroscopy as a novel
way for non-destructive evaluation of cocoa bean fermentation levels. For this study, two sets
of twenty-two cocoa beans/each processed through different fermentation times from two
producers in Brazil were used. The first set of twenty-two beans were used to perform a
preliminary study using the THz technology and the second set was used for validation to
certify the reproducibility of the results obtained during the first sets of study. For this, THz
hyperspectral images of different sets of samples were recorded and analysed using simple
statistical models as well as the multivariate analysis e.g., Principal Component Analysis
(PCA) method. A correlation between fermentation conditions and the outcome results of

their THz measurements was observed which is presented in the results section.

2. Materials and method

2.1. Instrumental setup

This study made use of a THz-TDS system to record hyperspectral images of the samples
in transmission mode. The experimental setup is schematically presented in Fig. 1(a). A
mode-locked femtosecond laser (with 100 fs pulse duration, 50 Hz repetition rate, 1550 nm
wavelength, and 100 mW average power) was used to pump the photoconductive antenna
emitter (E) and gate the detector antenna (R). A delay line changes the optical path difference
between THz and the probe beams, combining coherently at the detector to sample the

impulse response signal.
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XY
scanning
system

(a) (b)

Figure 1. (a) Schematic diagram of the TDS system used for cocoa bean measurements in the transmission

mode. E and R are THz photoconductive antennas for emitter and receiver respectively. L1, L2, L3, L4 are
identical plano-convex lenses. P is a pinhole. (b) Photograph of the cocoa semi-bean samples mounted on the

measurement platform.

Each measurement was performed at room conditions and in the transmission mode,
through a 4-f optical setup using four plano-convex lenses (L1-L4) of the same focal length
and made of Polymethylpentene material (TPX). Hyperspectral imaging data was obtained by
scanning the samples point-by-point. Further details of this instrument setup can be assessed
from an alternative source (Nguyen et al., 2018).

A possible mechanism influencing the THz spectroscopic results can be levels of humidity
present in the room as THz waves are extremely sensitive to the presence of water. To avoid
the effect of humidity on the THz peak-to-peak intensity, a short optical pathlength was
deliberately used by choosing appropriate optics which may not be a highly optimal

configuration.
2.2. Sample collection

The study used two sets of twenty-two cocoa beans per set processed through different
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fermentation times (0, 2 and 4 or 7 days). The first set (SET1) of samples was measured in
December 2019 and the second set (SET2 or validation set) of samples was measured in June
2020. SET1 was used to perform a preliminary study of THz technology for this kind of data,
and SET2 was used as validation to certify the reproducibility of the results obtained with
SET1.

The cocoa bean samples were previously cut in half leading to two ‘semi-beans’. This step
was carried out so that we have one half to perform THz measurements, whilst the other half
was kept for further analysis, but the technique also has the potential for its use in a non-
destructive manner, e.g., one can always measure the full samples non-destructively by THz
measurements. As an exploratory study, the sample details used in this study as SET1 and
SET?2 are listed in Table 1 and 2 respectively. For each type of sample used, two semi-beans
from same fermentation conditions were available for the THz measurements. For every pair
of samples, information about fermentation time, height of the fermented layer, as well as the
method of drying (mode and time) are shown. Therefore, the THz measurements were
realized on ‘semi-bean’ samples, which were placed on the transparent thin plastic film for

2D scanning, as shown in Figure 1 (b).

Table 1. Sample list of SET1.

Sample  Fermentation Height of Drying Time of
No. time (days) fermented (mode) drying (days)
layer (cm)
1-2 4 20 Not Dried 0
3-4 4 50 Not Dried 0
5-6 7 60 Not Dried 0
7-8 7 60 Shadow 4
9-10 7 60 Sun 3
11-12 7 60 Not Dried 0
13-14 7 60 Sun 3
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15-16 0 0 Shadow 3
17-18 0 0 Sun 3
19-20 0 60 Not Dried 0
21-22 0 60 Not Dried 0

130

131 Table 2. Sample list of SET2

Sample  Fermentation Height of Drying Time of
No. time (days) fermented (mode) drying (days)
layer (cm)

1-2 0 0 Shadow 4
3-4 0 0 Sun 1
5-6 0 NaN Not Dried 0
7-8 4 40 Not Dried 0
9-10 4 30 Not Dried 0
11-12 7 60 Shadow 4
13-14 7 60 Not Dried 0
15-16 7 60 Not Dried 0
17-18 2 40 Not Dried 0
19-20 2 30 Not Dried 0
21-22 2 60 Not Dried 0

132

133 With the current THz-TDS setup using mechanical delay line, the samples were scanned

134  with a spatial scanning step of 0.4 mm, and it took approximately 6 minutes to finish one
135  seed measurement for the first set and the measurement time was successfully reduced to 4
136  minutes/sample for the validation set by optimisation of the scanning zone. Scanning time
137  could further be reduced by fully optimising the scanning step. However, the interest of this
138  study is not to optimise the agility of measurement but to obtain the accuracy of

139  measurements and its applicability by performing the feasibility tests.
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2.3. Data analysis method

Figure 2 (a) depicts a recorded THz-TDS pulse signal at a single pixel point, from which one

can extract the peak-to-peak (ptp) magnitude information as follow:

ptp = max(Ery,) — min( Ety;) (1)

where Ern; is the recorded THz electromagnetic field obtained from the THz-TDS system.
Full peak-to-peak image was then mapped in 2D showing substantial contrast depending on
the sample properties, as shown in Figure 2(b). Another information that was extracted from
the measured THz-TDS pulse signal is the delay time difference between a measured pixel
point and that of a reference (the transparent thin plastic film without bean sample). The time-

delay difference represents a group refractive index, and can be estimated as:

At = tmaxsample — tmaxRef (2)
where tmaxsample 1S the time-delay (picoseconds) of the maximum measured E-field of the
sample whereas tmaxret IS that of the reference, and A4z is the difference between these two
parameters. Figure 2(c) illustrates how this delay-time difference was calculated.

Figure 2(d) shows a map of the signal amplitude as a function of y position along a line

through the cocoa bean and the time delay.
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ptp image Time signal along vertical line x= 117

'
 line X =117

)80

1000

Time delay (ps)

g

50 100 150 200 250 10 20 30 4 50 60 70 80 %0
xaxis: pixel (*0.4mm) yaxis: pixel (*0.4mm)

() (d)
Figure 2. (a, b) illustrations of the definitions of the peak-to-peak amplitude and peak-to-peak image of 6
samples; (c,d) illustrations of definition of time-delay difference between sample and reference and time-delay
along the marked vertical line in (b). The colour variation in 2(c) indicates the signal intensity received at the

detector.

The shape of a cocoa bean is outlined by putting a threshold to the peak-to-peak
information. In this case, we used a threshold of 1.8 V peak-to-peak, meaning any pixel point
with peak-to-peak higher than 1.8 V is considered as the plastic film reference, while the
remaining pixel points are the cocoa bean points. This threshold was chosen by using the ptp
intensity when the signal is transmitted throw plastic film reference itself.

We further calculated the mean and standard deviation of the images for both peak-to-peak
and time delay as specific quantitative classification parameters. The mean, u, was calculated

by averaging pixels’ values of all the beans as:

Htime = T (3)

umagnitude - N (4)

where At and ptp; are the time-delay difference (in picoseconds) and peak-to-peak value (V)
respectively of pixel i and N is the number of pixels. Similarly, the standard deviation (o) of

a sample was calculated as follow:
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(Atj—p, ime)2
Otime — «/Tt (5)

_ \/(ptpi_l‘lmagnitude)z

(6)

Omagnitude = N
whereuis mean of the N sample population.
To compare the tolerance of the standard deviation to the mean of each sample, T parameter
can be calculated for both time delay and peak-to-peak as:
Ttime = time /time X 100 % (7)
Tmagnitude = Omagnitude /[magnitude X 100 % (8)

The tolerance T is dependent on both ¢ and L, therefore we can representatively use o and T in data

analysis for qualification of the samples.

3. Results and discussions

3.1. Analysis of Samples in SET1

The available twenty-two cocoa bean samples of SET1 were first measured and analysed for
the time-delay difference and peak-to-peak magnitude at each pixel. Pixels with peak-to-peak
value higher than the pre-determined threshold for our measuring system (1.8V) were from
the plastic film reference and are, then, referenced to zero. Figure 3 shows the images of the
peak-to-peak amplitude of the 22 cocoa beans. The 22 samples are placed from top to bottom
in the same order as in Table 1 (i.e., 11 pairs from 1 to 11 containing each 2 semi-beans). A
clear qualitative difference was observed between the non-fermented samples (with O day of

fermentation time) compared to the other samples.

10
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206 Figure 3. Images of time-delay difference (between the sample and the thin plastic film reference) of the 11

207 pairs of samples.

208  The mean p and standard deviation o were then calculated for each cocoa bean sample. The
209  results are plotted in Figure 4(a) showing ptime VS. atime for group of samples collated together
210 according to their fermentation time, fermentation height and drying time and method. A
211  distinct difference was seen between the non-fermented samples (the squared dots) and those
212 with different fermentation levels. The other samples of different fermentation heights (in

213 cm) were not very well separated in this study. In particular, the non-fermented samples were

11
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divided in two groups apparently according to the drying process, i.e., not dried versus dried
samples (with sun or shadow).

It may be noted that the non-fermented and non-dried samples were clearly distinct from the
remaining samples. On the other hand, the fermented samples (4 or 7 days) were clustered
together without any differentiation. As time is reciprocal of frequency, the time parameters
such as Wime and otime are related to physical and chemical characteristics in THz frequency
range of the samples. Therefore, this result may be linked to the strong absorption peak of
NHs in the THz range. However, for further research and development, both experiment and
data analysis will need to be done for better understanding the mechanisms influencing the

THz results, especially if it is related to the fermentation heights of the samples.
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Figure 4. SET1: (a) Calculated Liime VS. aiime Of the samples for different fermentation conditions (time in days,

height in cm, and dried day and method); (b) 3D plot of normalised Lime VS. Ttime VS. Umagnitude-

For this study, we focus on qualifying the most important fermentation condition which is the
fermentation time. Figure 4(b) plot shows a 3D view of the indices ptime VS. Ttime and vs.
Mmagnitude OF Setl samples in which the samples were grouped based on their fermentation time
(in days). To demonstrate fairly the influence of fermentation time to the measured THz
indexes, the parameters were normalized before plotting. It showed a distinct separation in

the second dimension (Time) Of non-fermented (O day) vs. the fermented samples (4 or 7

12
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days). In the following analysis, the samples were grouped based on the fermentation time

only.
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Figure 5. Comparison of samples obtained from SET1 using normalised parameters (Utime VS. Ttime VS. Umagnitude)

and a fitting ellipsoid covering the fermented samples.O

In Figure 5, an ellipsoid fitting was calculated to cover all the fermented samples. If we use
this ellipsoid as a determined threshold to separate fermented and non-fermented samples, the

prediction was 100% matching to all the samples used in SETL.

3.2. Analysis of second sets of samples (SET2) used for validation

To further validate the results obtained from SET1 samples and to understand the relation
between different THz indexes and fermentation time, a second set (validation set) was
measured and analysed. This validation set (SET2) consists of 22 different cocoa semi-bean
samples as per Table 2.

Figure 6 compares SET1 and SET2 results. The same ellipsoid threshold calculated with

SET1 was used to qualify the samples in SET2 for validation. Using the predefined standard,

13
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two mismatching cases were detected which are circled in red (one 2 days fermented sample

is in non-fermented zone and one non-fermented sample is in the fermented zone).

pmagnitude
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Figure 6. Comparison of SET1 vs. SET2: 3D plot of normalised pltime VS. Ttime VS. Mmagnitude @nd fitting ellipsoid
threshold of fermented samples in SET1.

To further investigate the data in 4 dimensions (Mime, Ttime, Mmagnitude aNd Tmagniude) Principal
components analysis (PCA) was deployed. The PCA was applied to all four parameters by
normalising the parameters prior to applying the PCA. Figure 7 shows 3D plot revealing the
scores of the first three principal components and a fitting ellipsoid for fermented samples.
The first three components scored 96.3% which could be highly representing the data. From
Figure 7 one can see that the fermented samples tend to be centred inside the ellipsoid
whereas the non-fermented samples remain isolated and farther from the central region.
There are two mismatching cases circled in red. The PCA calculation shows the same results

as the study with three parameters (Lime VS. Ttime VS. Mmagnitude)-

14
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2nd Principal Component (Score 34.0148)
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Figure 7. Principal components analysis applied to Set1 and Set2: 3D plots of the first 3 principal components
for analysis applied on 4 parameters: [itime, Ttime, Umagnitude ANd Tmagnitude and a fitting ellipsoid covering the

fermented samples. The two samples marked in red circles are mismatching cases.

From Figure 7 one can see that samples of the same fermentation time grouped together (0, 2,
4 and 7 days) represented a unique cluster. In both measurements, non-fermented samples
remained identifiable distinctly compared to the fermented samples. Samples with a high
fermentation level occupied more centred distribution whereas non-fermented beans showed
a large, scattered divergence away from the centre.

Finally, using the same ellipsoid threshold, we can correctly predict 20 out of 22 samples for
SET2, giving 90.9% matching cases (the 2 samples in marked red circles are mismatching
cases). It is obvious that higher the population (number of samples), the better thresholds can
be calculated and the nearer we can reach to the true percentage of matching cases. For
example, if we count both SET1 and SET2 for the calculation, we correctly predicted 42 out
of 44 samples, making it 95.45% matching cases. As first feasibility study, it was
successfully demonstrated in this work that the use of THz technology for quality control of

cocoa beans can become a robust game changing technology offering better agility.

15
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Improvement in confidence level is possible by further optimisation of the technique which
will be pursued in the follow-on work. This would particularly be beneficial and crucial to
apply to the emerging nanomanufacturing problems (Fan et al., 2021; Khatri et al., 2020;

Kumar Mishra et al., 2021)

4. Conclusions

A new measurement system was developed to characterise the fermentation levels in the
cocoa beans with an improved agility than the currently used methods used in this sector. Our
novel method involving the use of THz hyperspectral imaging showed new prospects for
deploying this technique as an industrial practice as a key non-destructive technique for
improved quality assurance for the chocolate business. Measurements involving two different
datasets obtained at different time periods helped to gain the confidence in the data which
proved to be a strong validation of the key results obtained and reported here. In this study, it
took about 4 minutes per sample of cocoa bean for its characterisation, but this time window
can further be squeezed by optimisation of the technique. The results show a distinct
difference between fermented and non-fermented samples, with prediction accuracy of 95%
while testing 44 samples.

The work has opened new possibilities in the arena of non-destructive and agile measurement
techniques to reliably characterise industrial crops, cereals and many other products used
commonly in the food sector.
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