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ABSTRACT 15 

Fermentation of cocoa is a key process to obtain aromatic chocolate products from raw cocoa 16 

beans. Hitherto, the levels of fermentation in cocoa are determined using destructive 17 

techniques, for example by a cut-test to manually observe the colour inside the beans, or by 18 

quantifying ammonia nitrogen (NH3) in the cocoa powder. In this paper, we present the use 19 

of Terahertz hyperspectral imaging as a new way to non-destructively analyse and detect 20 

fermented cocoa beans. The study analysed two sets of twenty-two cocoa bean samples with 21 

different levels of fermentation from two producers in Brazil. A correlation between 22 

fermentation conditions and the outcome results of their THz measurements was observed.  23 

 24 

Keywords: Quality control of cocoa beans, THz imaging, Principal component analysis.     25 
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1. Introduction 26 

Chocolate flavour has been used in the food sector since the discovery of fermentation of 27 

cocoa beans. An increase by over 3% demand of cocoa use across the world since 2008 and 28 

the production increase from 2.85 million ton in 2000-2001 to 4.84 million tons speaks for 29 

the rising demand in this food sector (Beg et al., 2017). 30 

Choosing a premier quality cocoa is an important attribute in the chocolate production. The 31 

characteristic of final chocolate products is linked to the fermentation process of cocoa beans. 32 

The fermentation quality is dependent on fermentation time (days), temperature or drying 33 

method and geographical origin, which governs and influence the quality and taste of the 34 

chocolate. Hitherto, it has continued to remain a challenge for the chocolate manufacturers to 35 

identify and rapidly screen good quality cocoa.  36 

Nowadays, evaluating commercial grade cocoa beans requires to perform a destructive 37 

cutting test of the cocoa beans to count the proportion of purple and brown beans on 38 

representative dried samples (Beans, 2015; Santos et al., 2019). However, the cut test is not 39 

engineering accurate method and labour oriented as it needs manual counting. For example, 40 

(Ilangantileke et al., 1991) presented results of the cut-test score and sensory evaluation 41 

methods and it highlighted the variability in results and inadequacies in assessment of the 42 

cocoa bean quality. 43 

Another popular method that is commonly used for enhanced quality control of cocoa beans 44 

is by quantification of ammonia nitrogen (NH3) content in the cocoa powder generated during 45 

the fermentation due to the degradation of proteins. It is generally quantified by the 46 

traditional Conway method (Conway and Flood, 1936). The Conway method measures the 47 

absorption of NH3 volatile matter (VoC) in the air by some reagents (e.g., an acid) which 48 

leads to change in the pH value. An alternative to the Conway method is by determining 49 
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different NH3 levels in the cocoa powder by using reflectance NIR spectroscopy (Hue et al., 50 

2014). All these methods are destructive and time consuming and can take even upto 48h. 51 

NIR and Fourier Transform NIR (FT-NIR) techniques are quite popular even to estimate the 52 

quality of cocoa for example, variety, composition and fraud detection (Barbin et al., 2018; 53 

Quelal-Vásconez et al., 2019; Quelal-Vásconez et al., 2018; Sunoj et al., 2016; Teye et al., 54 

2015). However, these methods cannot be considered as ideal as they require the process of 55 

powdering the beans, i.e., destroying the cocoa beans before performing the measurements. 56 

More recent alternatives include the use of NIR Hyperspectral Imaging that combines NIR 57 

spectroscopy and spatial information of the samples. NIR hyperspectral imaging can be 58 

directly applied on single cocoa bean for non-destructive prediction of fermentation index, 59 

polyphenol content and antioxidant activity (Caporaso et al., 2018) or for the authentication 60 

of cocoa bean hybrids (Cruz-Tirado et al., 2020), among others.  61 

Imaging can be also combined with other spectroscopic techniques such as Terahertz (THz). 62 

Both THz spectroscopy and imaging are well known non-destructive testing and analysis 63 

techniques used in biological (Assefzadeh et al., 2016) and agro-food products, such as the 64 

detection of cocoa butter in chocolate (Weiller et al., 2018) and food spoilage evaluation 65 

(Hindle et al., 2018). The advantage of THz radiation is that it can reach deeper into the 66 

subsurface of non-polar and opaque materials compared to near and mid infrared (IR) ranges. 67 

In THz time-domain spectroscopy (THz-TDS) measurements, the electric field amplitude is 68 

sampled as a function of time, providing both magnitude and phase spectra. By scanning the 69 

sample under the beam, 2D images can be recorded. Valuable information such as refractive 70 

index, extinction coefficient, etc. can be extracted from a single THz-TDS measurement in a 71 

rapid timeframe. Moreover, recent studies show that NH3 has fingerprint absorption 72 

characteristics in THz range (Assefzadeh et al., 2016) , which opens up an opportunity in this 73 

work for quantifying fermentation of cocoa beans using THz technology.  74 
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In this paper, we present an approach for using THz time-domain spectroscopy as a novel 75 

way for non-destructive evaluation of cocoa bean fermentation levels. For this study, two sets 76 

of twenty-two cocoa beans/each processed through different fermentation times from two 77 

producers in Brazil were used. The first set of twenty-two beans were used to perform a 78 

preliminary study using the THz technology and the second set was used for validation to 79 

certify the reproducibility of the results obtained during the first sets of study. For this, THz 80 

hyperspectral images of different sets of samples were recorded and analysed using simple 81 

statistical models as well as the multivariate analysis e.g., Principal Component Analysis 82 

(PCA) method. A correlation between fermentation conditions and the outcome results of 83 

their THz measurements was observed which is presented in the results section.      84 

   85 

2. Materials and method 86 

2.1. Instrumental setup 87 

This study made use of a THz-TDS system to record hyperspectral images of the samples 88 

in transmission mode. The experimental setup is schematically presented in Fig. 1(a). A 89 

mode-locked femtosecond laser (with 100 fs pulse duration, 50 Hz repetition rate, 1550 nm 90 

wavelength, and 100 mW average power) was used to pump the photoconductive antenna 91 

emitter (E) and gate the detector antenna (R). A delay line changes the optical path difference 92 

between THz and the probe beams, combining coherently at the detector to sample the 93 

impulse response signal. 94 
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          95 

(a)                                               (b) 96 

Figure 1. (a) Schematic diagram of the TDS system used for cocoa bean measurements in the transmission 97 

mode. E and R are THz photoconductive antennas for emitter and receiver respectively. L1, L2, L3, L4 are 98 

identical plano-convex lenses. P is a pinhole. (b) Photograph of the cocoa semi-bean samples mounted on the 99 

measurement platform.  100 

Each measurement was performed at room conditions and in the transmission mode, 101 

through a 4-f optical setup using four plano-convex lenses (L1-L4) of the same focal length 102 

and made of Polymethylpentene material (TPX). Hyperspectral imaging data was obtained by 103 

scanning the samples point-by-point. Further details of this instrument setup can be assessed 104 

from an alternative source (Nguyen et al., 2018).  105 

A possible mechanism influencing the THz spectroscopic results can be levels of humidity 106 

present in the room as THz waves are extremely sensitive to the presence of water. To avoid 107 

the effect of humidity on the THz peak-to-peak intensity, a short optical pathlength was 108 

deliberately used by choosing appropriate optics which may not be a highly optimal 109 

configuration. 110 

2.2. Sample collection 111 

  The study used two sets of twenty-two cocoa beans per set processed through different 112 
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fermentation times (0, 2 and 4 or 7 days). The first set (SET1) of samples was measured in 113 

December 2019 and the second set (SET2 or validation set) of samples was measured in June 114 

2020. SET1 was used to perform a preliminary study of THz technology for this kind of data, 115 

and SET2 was used as validation to certify the reproducibility of the results obtained with 116 

SET1. 117 

The cocoa bean samples were previously cut in half leading to two ‘semi-beans’. This step 118 

was carried out so that we have one half to perform THz measurements, whilst the other half 119 

was kept for further analysis, but the technique also has the potential for its use in a non-120 

destructive manner, e.g., one can always measure the full samples non-destructively by THz 121 

measurements. As an exploratory study, the sample details used in this study as SET1 and 122 

SET2 are listed in Table 1 and 2 respectively. For each type of sample used, two semi-beans 123 

from same fermentation conditions were available for the THz measurements. For every pair 124 

of samples, information about fermentation time, height of the fermented layer, as well as the 125 

method of drying (mode and time) are shown. Therefore, the THz measurements were 126 

realized on ‘semi-bean’ samples, which were placed on the transparent thin plastic film for 127 

2D scanning, as shown in Figure 1 (b). 128 

Table 1. Sample list of SET1.  129 

Sample 

No. 

Fermentation 

time (days) 

Height of 

fermented 

layer (cm) 

Drying 

(mode) 

Time of 

drying (days) 

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 

Table 2. Sample list of SET2 131 

Sample 

No. 

Fermentation 

time (days) 

Height of 

fermented 

layer (cm) 

Drying 

(mode) 

Time of 

drying (days) 

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 

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

with a spatial scanning step of 0.4 mm, and it took approximately 6 minutes to finish one 134 

seed measurement for the first set and the measurement time was successfully reduced to 4 135 

minutes/sample for the validation set by optimisation of the scanning zone. Scanning time 136 

could further be reduced by fully optimising the scanning step. However, the interest of this 137 

study is not to optimise the agility of measurement but to obtain the accuracy of 138 

measurements and its applicability by performing the feasibility tests.  139 
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2.3. Data analysis method 140 

Figure 2 (a) depicts a recorded THz-TDS pulse signal at a single pixel point, from which one 141 

can extract the peak-to-peak (ptp) magnitude information as follow: 142 

 143 

𝐩𝐭𝐩 = 𝐦𝐚𝐱( 𝐄𝐓𝐇𝐳) − 𝐦𝐢𝐧( 𝐄𝐓𝐇𝐳)                                              (1) 144 

 145 

where ETHz is the recorded THz electromagnetic field obtained from the THz-TDS system. 146 

Full peak-to-peak image was then mapped in 2D showing substantial contrast depending on 147 

the sample properties, as shown in Figure 2(b). Another information that was extracted from 148 

the measured THz-TDS pulse signal is the delay time difference between a measured pixel 149 

point and that of a reference (the transparent thin plastic film without bean sample). The time-150 

delay difference represents a group refractive index, and can be estimated as:   151 

Δt = tmaxSample – tmaxRef                                                                  (2) 152 

where tmaxSample is the time-delay (picoseconds) of the maximum measured E-field of the 153 

sample whereas tmaxRef is that of the reference, and Δt is the difference between these two 154 

parameters. Figure 2(c) illustrates how this delay-time difference was calculated.  155 

Figure 2(d) shows a map of the signal amplitude as a function of y position along a line 156 

through the cocoa bean and the time delay. 157 

  158 

(a)                                                                  (b) 159 
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 160 

(c)                                                                 (d) 161 

Figure 2. (a, b) illustrations of the definitions of the peak-to-peak amplitude and peak-to-peak image of 6 162 

samples; (c,d) illustrations of definition of time-delay difference between sample and reference and time-delay 163 

along the marked vertical line in (b). The colour variation in 2(c) indicates the signal intensity received at the 164 

detector. 165 

   The shape of a cocoa bean is outlined by putting a threshold to the peak-to-peak 166 

information. In this case, we used a threshold of 1.8 V peak-to-peak, meaning any pixel point 167 

with peak-to-peak higher than 1.8 V is considered as the plastic film reference, while the 168 

remaining pixel points are the cocoa bean points. This threshold was chosen by using the ptp 169 

intensity when the signal is transmitted throw plastic film reference itself. 170 

We further calculated the mean and standard deviation of the images for both peak-to-peak 171 

and time delay as specific quantitative classification parameters. The mean, µ, was calculated 172 

by averaging pixels’ values of all the beans as:  173 

 174 

𝛍𝐭𝐢𝐦𝐞 =  
∑ ∆𝐭𝐢

𝐍
                                                                     (3) 175 

𝛍𝐦𝐚𝐠𝐧𝐢𝐭𝐮𝐝𝐞 =  
∑ 𝐩𝐭𝐩𝐢

𝐍
                                                         (4) 176 

 177 

where ∆ti and ptpi are the time-delay difference (in picoseconds) and peak-to-peak value (V) 178 

respectively of pixel i and N is  the number of pixels. Similarly, the standard deviation (𝜎) of 179 

a sample was calculated as follow: 180 
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𝛔𝐭𝐢𝐦𝐞 = √(∆𝐭𝐢−𝛍𝐭𝐢𝐦𝐞)𝟐

𝐍
                                                    (5) 181 

𝛔𝐦𝐚𝐠𝐧𝐢𝐭𝐮𝐝𝐞 = √
(𝐩𝐭𝐩𝐢−𝛍𝐦𝐚𝐠𝐧𝐢𝐭𝐮𝐝𝐞)𝟐

𝐍
                                             (6) 182 

 183 

where𝜇is mean of the N sample population.       184 

To compare the tolerance of the standard deviation to the mean of each sample, T parameter 185 

can be calculated for both time delay and peak-to-peak as: 186 

Ttime = σtime /µtime x 100 %                                                                  (7) 187 

Tmagnitude = σmagnitude /µmagnitude x 100 %                                                    (8) 188 

The tolerance T is dependent on both σ and µ, therefore we can representatively use σ and T in data 189 

analysis for qualification of the samples.  190 

 191 

3. Results and discussions  192 

3.1. Analysis of Samples in SET1 193 

The available twenty-two cocoa bean samples of SET1 were first measured and analysed for 194 

the time-delay difference and peak-to-peak magnitude at each pixel. Pixels with peak-to-peak 195 

value higher than the pre-determined threshold for our measuring system (1.8V) were from 196 

the plastic film reference and are, then, referenced to zero. Figure 3 shows the images of the 197 

peak-to-peak amplitude of the 22 cocoa beans. The 22 samples are placed from top to bottom 198 

in the same order as in Table 1 (i.e., 11 pairs from 1 to 11 containing each 2 semi-beans). A 199 

clear qualitative difference was observed between the non-fermented samples (with 0 day of 200 

fermentation time) compared to the other samples.  201 
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 202 

 203 

 204 

 205 

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

pairs of samples. 207 

The mean µ and standard deviation σ were then calculated for each cocoa bean sample. The 208 

results are plotted in Figure 4(a) showing µtime vs. σtime for group of samples collated together 209 

according to their fermentation time, fermentation height and drying time and method. A 210 

distinct difference was seen between the non-fermented samples (the squared dots) and those 211 

with different fermentation levels. The other samples of different fermentation heights (in 212 

cm) were not very well separated in this study. In particular, the non-fermented samples were 213 
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divided in two groups apparently according to the drying process, i.e., not dried versus dried 214 

samples (with sun or shadow).  215 

It may be noted that the non-fermented and non-dried samples were clearly distinct from the 216 

remaining samples. On the other hand, the fermented samples (4 or 7 days) were clustered 217 

together without any differentiation. As time is reciprocal of frequency, the time parameters 218 

such as µtime and σtime are related to physical and chemical characteristics in THz frequency 219 

range of the samples. Therefore, this result may be linked to the strong absorption peak of 220 

NH3 in the THz range. However, for further research and development, both experiment and 221 

data analysis will need to be done for better understanding the mechanisms influencing the 222 

THz results, especially if it is related to the fermentation heights of the samples.  223 

  224 
Figure 4. SET1: (a) Calculated µtime vs. σtime of the samples for different fermentation conditions (time in days, 225 

height in cm, and dried day and method); (b) 3D plot of normalised µtime vs. Ttime vs. µmagnitude. 226 

 227 

For this study, we focus on qualifying the most important fermentation condition which is the 228 

fermentation time. Figure 4(b) plot shows a 3D view of the indices µtime vs. Ttime and vs. 229 

µmagnitude of Set1 samples in which the samples were grouped based on their fermentation time 230 

(in days). To demonstrate fairly the influence of fermentation time to the measured THz 231 

indexes, the parameters were normalized before plotting. It showed a distinct separation in 232 

the second dimension (Ttime) of non-fermented (0 day) vs. the fermented samples (4 or 7 233 
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days). In the following analysis, the samples were grouped based on the fermentation time 234 

only.  235 

        236 

Figure 5. Comparison of samples obtained from SET1 using normalised parameters (µtime vs. Ttime vs. µmagnitude) 237 

and a fitting ellipsoid covering the fermented samples.0    238 

 239 

In Figure 5, an ellipsoid fitting was calculated to cover all the fermented samples. If we use 240 

this ellipsoid as a determined threshold to separate fermented and non-fermented samples, the 241 

prediction was 100% matching to all the samples used in SET1.  242 

 243 

3.2. Analysis of second sets of samples (SET2) used for validation 244 

To further validate the results obtained from SET1 samples and to understand the relation 245 

between different THz indexes and fermentation time, a second set (validation set) was 246 

measured and analysed. This validation set (SET2) consists of 22 different cocoa semi-bean 247 

samples as per Table 2.  248 

Figure 6 compares SET1 and SET2 results. The same ellipsoid threshold calculated with 249 

SET1 was used to qualify the samples in SET2 for validation. Using the predefined standard, 250 
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two mismatching cases were detected which are circled in red (one 2 days fermented sample 251 

is in non-fermented zone and one non-fermented sample is in the fermented zone).    252 

   253 

Figure 6. Comparison of SET1 vs. SET2: 3D plot of normalised µtime vs. Ttime vs. µmagnitude and fitting ellipsoid 254 

threshold of fermented samples in SET1. 255 

To further investigate the data in 4 dimensions (µtime, Ttime, µmagnitude and Tmagnitude) principal 256 

components analysis (PCA) was deployed. The PCA was applied to all four parameters by 257 

normalising the parameters prior to applying the PCA. Figure 7 shows 3D plot revealing the 258 

scores of the first three principal components and a fitting ellipsoid for fermented samples. 259 

The first three components scored 96.3% which could be highly representing the data. From 260 

Figure 7 one can see that the fermented samples tend to be centred inside the ellipsoid 261 

whereas the non-fermented samples remain isolated and farther from the central region. 262 

There are two mismatching cases circled in red. The PCA calculation shows the same results 263 

as the study with three parameters (µtime vs. Ttime vs. µmagnitude).  264 
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   265 

 266 

Figure 7. Principal components analysis applied to Set1 and Set2: 3D plots of the first 3 principal components 267 

for analysis applied on 4 parameters: µtime, Ttime, µmagnitude and Tmagnitude and a fitting ellipsoid covering the 268 

fermented samples. The two samples marked in red circles are mismatching cases.  269 

 270 

From Figure 7 one can see that samples of the same fermentation time grouped together (0, 2, 271 

4 and 7 days) represented a unique cluster. In both measurements, non-fermented samples 272 

remained identifiable distinctly compared to the fermented samples. Samples with a high 273 

fermentation level occupied more centred distribution whereas non-fermented beans showed 274 

a large, scattered divergence away from the centre. 275 

Finally, using the same ellipsoid threshold, we can correctly predict 20 out of 22 samples for 276 

SET2, giving 90.9% matching cases (the 2 samples in marked red circles are mismatching 277 

cases). It is obvious that higher the population (number of samples), the better thresholds can 278 

be calculated and the nearer we can reach to the true percentage of matching cases. For 279 

example, if we count both SET1 and SET2 for the calculation, we correctly predicted 42 out 280 

of 44 samples, making it 95.45% matching cases. As first feasibility study, it was 281 

successfully demonstrated in this work that the use of THz technology for quality control of 282 

cocoa beans can become a robust game changing technology offering better agility. 283 
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Improvement in confidence level is possible by further optimisation of the technique which 284 

will be pursued in the follow-on work. This would particularly be beneficial and crucial to 285 

apply to the emerging nanomanufacturing problems (Fan et al., 2021; Khatri et al., 2020; 286 

Kumar Mishra et al., 2021) 287 

4. Conclusions   288 

A new measurement system was developed to characterise the fermentation levels in the 289 

cocoa beans with an improved agility than the currently used methods used in this sector. Our 290 

novel method involving the use of THz hyperspectral imaging showed new prospects for 291 

deploying this technique as an industrial practice as a key non-destructive technique for 292 

improved quality assurance for the chocolate business. Measurements involving two different 293 

datasets obtained at different time periods helped to gain the confidence in the data which 294 

proved to be a strong validation of the key results obtained and reported here. In this study, it 295 

took about 4 minutes per sample of cocoa bean for its characterisation, but this time window 296 

can further be squeezed by optimisation of the technique. The results show a distinct 297 

difference between fermented and non-fermented samples, with prediction accuracy of 95% 298 

while testing 44 samples. 299 

The work has opened new possibilities in the arena of non-destructive and agile measurement 300 

techniques to reliably characterise industrial crops, cereals and many other products used 301 

commonly in the food sector. 302 
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