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Abstract: Colombian coffee production is well-known, and selective manual harvesting plays a vital
task in guaranteeing high ripe coffee fruit rates in this process, leading to its known worldwide
aroma and flavor. To maintain this quality approach, selective harvesting methods based on mechan-
ical vibrations are a promising alternative for developing technologies that could accomplish the
challenging Colombian coffee production context. In this study, a vibrations analysis in coffee fruits
at three ripening stages was carried out to evaluate the dynamic behavior at two frequency windows:
10 to 100 Hz and 100 to 1000 Hz. Two groups of fruits previously classified in the CIELab color space
were chosen for the vibration test study samples. Time and frequency signals were characterized
via FFT (fast Fourier transform), and bump wavelets were determined to obtain the frequency–time
magnitude scalograms. The measurements were obtained in three degrees of freedom over the fruits:
one for measuring the input force (computed in voltage way) and the other two measured by the
velocity. The results revealed frequency ranges with specific resonant peaks between 24 and 45 Hz,
and close to 700 Hz, where the ripe fruits presented higher magnitudes in the calculated parame-
ters. FFT of the velocity and scaled mechanical impedance were used to estimate these frequency
ranges. This work is an important step to identify a “vibrational fingerprint” of each Coffea arabica var.
Castillo fruit-ripening stage. However, we consider that more experiments should be performed
to reconstruct the modal shape in each resonance. In future studies, fatigue analysis could show
which are the most effective frequency ranges to detach the ripe fruits from the perspective of a real
selective coffee-harvesting scenario.

Keywords: vibration analysis; coffee; Coffea arabica; wavelet; time–frequency analysis

1. Introduction

Since the last decade, the Colombian coffee industry has experienced a decrease in
the hand-pickers labor force that threatens its worldwide known quality and economic
viability [1]. This critical issue is related to different sociocultural and economic factors [2],
leading to a sizeable diminishing workforce. Hand picking has been the traditional har-
vesting technique due to the coffee crops being normally located in regions with irregular
geography characterized by mountains that have difficult access for any machinery [3].
Moreover, the hand-picking is based on a selective process in which a high proportion of
ripe against unripe coffee fruit ratio is guaranteed, giving the characteristic quality of the
Colombian coffee as an exportation product [4].
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The average labor productivity in the picking process of the Colombian coffee region
is 82.6 kg of coffee cherries per workday, and this process accounts for over 75% of the
labor requirement [5]. For these reasons, the mechanized harvesting process has gained
attention as an imperative strategy to overcome the lack of labor force and to guarantee the
Colombian coffee future. Mechanical harvesting has been successfully implemented and
used in different crops such as olives [6], grapes [7], strawberries [8], and even coffee [9].
However, at this moment, the introduction of machinery to access the Colombian mountain
slopes is seen as unfeasible. Despite some improvement and adaptation of mechanical
or semi-mechanical techniques proposed to reach an optimal ripe—unripe coffee fruit
ratio [10,11], these approaches have not been successful implemented.

The complexity of selective coffee harvesting tasks also depends on the three charac-
teristics, such as the plant shape, height, length, and width differences [12]. Furthermore,
each branch has uneven fruit ripeness [13], where each ripening stage has its own mechani-
cal [14] and geometrical [15,16] properties.

The mechanical harvesting methods generally used in industry are limb shaking, air
blasting, canopy shaking, and trunk shaking [17]. These technologies use low-frequency
vibrations to harvest different kinds of crops as apples [18], olives [19], citrus [20], and
cherry [21], among others. However, some proposals based on portable shakers were
studied to accomplish a high ripe–total harvested fruits ratio, but these just reached values
between 13 and 70% [11]. Higher detachments in ripe fruits than in unripe fruits were
found when a shaker was implemented to excite a coffee branch to estimate the appropriate
frequency, amplitude, and vibration time to detach fruits [22]. Shaking the entire coffee tree
could conduce to plant death [23], high leaf, and branch detachment [24]. Nevertheless,
semi-mechanical harvesting based on vibrations could be a promising approach if the
coffee fruits were stimulated at their characteristic modal frequencies that vary at each
ripening stage, as studied by [14].

The fruit–peduncle system becomes the main substructure to be analyzed for selective
harvesting with the aim to understand the mechanics of the detachment based on vibra-
tions [25,26]. The fruit–peduncle’s vibrational frequencies were experimentally [11,22,26]
and semi-theoretically [14,27] screened, producing 20 possible natural frequencies and
their associated vibration modes, respectively. Discrete frequency values have been applied
for coffee Arabica compared with the dynamic, flexible body model [28]. Improving the
frequency drag span could reveal hidden significant differences in vibrational frequencies
between ripening stages [29].

Recent works have applied low and high-frequencies and video magnification anal-
ysis for colorimetric characterized coffee ripening stages [29]. However, the coffee time–
frequency signals present noise and abrupt changes that hinder the frequency characteriza-
tion [30]. Consequently, to accurately analyze frequency signals with sudden fluctuations,
we require functions that are well localized in time and frequency as wavelets [31]. This
approach was implemented for almond time–frequency signals where wavelet filtering
improved the displacement estimate [32].

In this work, the oscillatory behavior in coffee time–frequency signals has been char-
acterized using traditional frequency, time analysis, and continuous wavelet transform
(CWT). The substructure fruit–peduncle dynamic behavior was characterized over low
(10 to 100 Hz) and high frequencies (100 to 1000 Hz). Time and frequency signals have been
characterized by applying traditional fast Fourier transform (FFT) to velocity response
over two coffee fruit orthogonal directions [16]. Wavelets analysis was performed to de-
termine frequency–time magnitude scalograms [33]. The present work aims to identify a
“vibrational fingerprint” of each Coffea arabica var. Castillo fruit-ripening stage identified by
colorimetric techniques [34].

These findings are a crucial step toward selective harvesting frequencies that could
finally improve the effectiveness of semi-mechanized tools. There are no studies exposing
coffee branch fruits to high frequencies where fatigue and fracture phenomena could occur.
Specific vibrations that transmit maximum oscillations in the fruit–peduncle substructure
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could promote the ripe fruit detachment [15]. It is crucial to highlight that a slight change
in frequency promotes ripe fruit detachment instead of unripe [29]. A robust vibrational
analysis might characterize each ripening stage employing a complete frequency drag.

In the materials and methods section, the description of the theory of CIELab chro-
maticity is given to classify of the coffee-ripening stage. The wavelet theory is also shown
for carrying out the vibration analysis, which is the primary goal of our study. Then, the
experiment for the vibration analysis carried out in selected fruit samples is detailed in the
experimental setup. Finally, the results are presented, and a discussion is done concerning
the obtained vibrations scalograms. Several conclusions are highlighted, arguing the main
differences in the dynamics of the tested ripening stages. Finally, prominent future research
and applications are suggested.

2. Materials and Methods
2.1. Ripening Stages Classification Based on Color CIELab Chromaticity

A color space allows the representation of color at a visible light range in a three-
dimensional system [28]. The CIELab is a uniform color space whose representation is
composed by the axes L∗, a∗, and b∗ [30]. a∗ is the gradient from green to red colors, and
b∗ is the gradient from blue to yellow and color as depicted in Figure 1. Moreover, L∗
represents the lightness gradient. For each ripening stage, a domain was computed through
Gaussian distribution. This domain embodies the probability that the a∗ and b∗ values can
be inside the interval defined by cluster separation according to the following distribution:

N(µ, σ) =
1

σ
√

2π
e−

(x−µ)2

2σ2 , . (1)

Figure 1. Color measurement on coffee fruits with a colorimeter.

Here, µ is the mean of color data, σ is the standard deviation, a∗ and b∗ are values of
data represented by x [31]. The distribution functions are calculated as Na and Nb in each
color direction. The covariance matrix correlates this as follows

C =

[
σ2

a σab
σba σ2

b

]
. (2)
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σ2
a and σ2

b are variances; σab and σba are crossed covariances. This matrix allows setting
up an eigenvalues problem as

Cx = λx, (3)

where λmax and λmin are the maximum amplitudes of data variation in each ripening
stage represented by the eigenvalue. The data clusters are delimited by ellipses oriented at
the principal direction depending on the eigenvectors λ = λai + λbj, and i and j are unit
vectors. Hence, the principal direction of each data is determined by:

β = tan−1
(

λb
λa

)
. (4)

Scaling the principal axes by a factor of α = 2.4477 (chi-square), a confidence domain
of 95% is reached. Each ripening stage is represented by the following expression, which
describes a rotated ellipse β with maximum amplitudes λmax and λmin

((a−µa) cos(β)+(b−µb) sin(β))2

λmax2 +

(−(a−µa) sin(β)+(b−µb) cos(β))2

λmin
2 = 1

. (5)

In this study, the ripeness stages of coffee fruits (Coffea arabica var. Castillo) were
classified through measurements in the CIELab color space. Samples were detached
from a 2-year-old coffee tree from a farm located in Belalcazar, Caldas (Colombia). The
environmental conditions of the farm were 25.2 ◦C temperature, 75.9 kPa of atmospheric
pressure, 81% of relative humidity, 3 km/h west–northwest direction of wind speed, 1352 m
of altitude, with coordinates 5◦0′40′′, 75◦47′44′′. The color of each fruit was measured with
a PCE CSM 4 colorimeter, as shown in Figure 1.

After carrying color measurements out in 84 fruits, three data clusters were established
over a∗ and b∗ values; then, a classification by data covariance was applied. Three ripening
stages represented by three ellipses domains resulted from the covariance calculations
depicted in Figure 2. For the present study, two groups of fruits of three ripening stages
(unripe, semi-ripe, and ripe) were chosen as study samples for a vibrations analysis. These
samples were initially classified by color and located in their corresponding ellipse space,
as detailed in Figure 2. Unripe fruits were labeled as UR, semi-ripe were labeled as SMR,
and ripe were labeled as RP. The parameters of the ellipses that describe the three studied
ripening stages dataset for the previous 84 fruits are listed in Table 1.

Figure 2. Ripening stage classifications and location of the measured coffee fruits.
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Table 1. Ellipses parameters for ripening stages classification.

Ripening Stage
Parameter

µa µb λmax λmin β

Unripe (UR) −11.83 28.70 13.83 6.28 1.55
Semi-ripe (SMR) 10.35 35.20 19.06 14.33 2.45

Ripe (RP) 31.00 17.21 16.26 9.17 1.646

The coffee fruits’ geometrical and physical properties selected as study samples are
listed in Table 2. The pedicel length was defined as 3.4 mm for all the ripening stages to
have a fixed parameter. In the selected samples, minor deviations are presented in each
ripening state for the orthogonal diameters and mass, which means that a pair of samples
were selected with close physical and geometrical properties.

Table 2. Geometrical and physical properties of the coffee fruits selected as study samples.

Item a* b* Φ1 [mm] Φ2 [mm] Φ3 [mm] Mass [g]

UR1 −13.97 24.75 13.60 11.4 17.40 1.48
UR2 −12.83 27.96 13.00 11.82 16.14 1.35

SMR1 8.24 44.92 13.00 11.50 16.24 1.70
SMR2 3.03 51.12 12.90 11.10 15.60 1.63
RP1 39.66 14.34 13.80 12.40 15.70 1.87
RP2 34.41 17.17 13.64 12.30 15.20 1.95

2.2. Wavelets

Wavelet transform is a valuable processing tool for localized signal analysis, avoiding
loosely contained spectral information. This signal analysis approach can achieve long
and short time intervals for low and high-frequency information, respectively. Moreover,
wavelet analysis can reveal hidden data information that is not detectable from other
signal processing approaches. This is a remarkable advantage, particularly in applications
such as detecting crack initiation and propagation resulting from damage scenarios in
structures [35].

A wavelet is a waveform that occurred in a specific time interval and can be described
in the general form as

∞∫
−∞

ψ(t)dt = 0. (6)

The continuous wavelet transform (CWT) is defined as

W(x, y) =
1√
x

∫
f (t) · ψ∗

(
t− y

x

)
dt (7)

where ψ∗ is the complex conjugate of the kernel wavelet ψ, while x and y are scale and
translation parameters, respectively. The function ψ is represented as

ψj,k(t) = 2j/2ψ(2jt− k). (8)

When x is 0 < x � 1, narrow windows are presented, which is suitable for high-
frequency components in the signal in time domain f (t). On the other hand, much wider
windows result when x is x� 1, which is appropriate for the low-frequency components
in the signal. As explained by Heisenberg inequality, the resolution in frequency and time
fulfills the relationship:

∆t∆ f ≥ 1
4π

(9)



Appl. Sci. 2021, 11, 9346 6 of 17

where ∆ f can be used to compute the constant C as

∆ f
f

= C. (10)

So, a good resolution in time is achieved at high frequencies, while frequency resolu-
tion becomes good at low frequency [36]. This fact permits going further than short-time
Fourier transform (STFT) that keeps fixed the time-frequency resolution. For the existence
of an inverse wavelet transform, the admissibility condition is

∞∫
−∞

|ψ(ω)|2

|ω| dω < ∞ (11)

where ψ is the Fourier transform of ψ [37]. Equation (1) could be written as

W(x, y) =
〈

f (t), ψ∗x,y(t)
〉

. (12)

Thus, CWT is a compilation of the inner products of a signal f (t) and the wavelets
ψx,y(t) that results from the translation and the scaling. In addition, the reciprocal of the
frequency resulting from a can be computed as follows:

F[ψ(t/x)] = | x|ψ(xω). (13)

where F[ψ(t/x)] is the Fourier transform [36,37] (Debuchies, 1992; Kim and Melhem, 2004).
A suitable choice for the Kernel function is the Bump Wavelet [38,39], which has as the
main feature the wider variance in time and narrower variance in frequency. The Fourier
transform of the analytic bump wavelet, with parameters µ and σ, is

ψ̂(sω) = e
(1− 1

1−(sω−µ)2/σ2 x[(µ−σ)/s,(µ+σ)/s] (14)

where x[(µ−σ)/s,(µ+σ)/s] is the indicator function for the interval (µ−σ)/s ≤ ω ≤ (µ+σ)/s,
as detailed in [40].

2.3. Experimental Setup for Determining Frequency Response Functions

In this section, an experimental setup was applied to evaluate the dynamic behavior
of coffee fruits analyzing their response functions in time and frequency. Therefore, the
primary sense of this experiment is to compute the dynamic response of the six coffee fruits
classified previously and listed in Table 2. For that purpose, experiments were executed
for pairs of fruits of the same ripening stage, which means that two groups of samples
were evaluated. Each fruit was dynamically tested using an electrodynamic shaker (Mini
shaker, Sentek Dynamics, Santa Clara, CA, USA) that applies the vibrations through a
3D-printed support fastened to it. Input motions were applied to the fruits in two different
degrees of freedom according to the fruit orientation system e1-e2-e3. For our case, points
P1 and P2 were assigned for the orientations e1 and e2, as illustrated in Figure 3a. The
support was prototyped in a PLA (polylactic acid) frame with a piezoelectric transducer
(brass platform) at the core to hold from the pedicel the fruit joined using a layer of epoxy
adhesive, as shown in Figure 3b. A laser vibrometer POLYTEC CLV-2534 (Polytec Inc.,
Auburn, MA, USA) was utilized to measure the fruit’s vibrational velocity at each point.
A data acquisition card (NI DAQ-6211, Austin, TX, USA) was used for programming
and measuring the excitation and response signal. In addition, a laser vibrometer was
connected to the analog input, and the electrodynamic shaker was connected to the analog
output of the card.
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Figure 3. Experimental setup for velocity measurements applying linear chirp excitation. (a) Coffee
fruit orientation system (e1-e2-e3), and measuring points. (b) View of the measurment proccess with
the laser.

To assess the frequency response of the fruits, vibration tests were applied by two
windows of chirp excitation signals for the two groups of fruits. The signal one was set up
from 10 to 100 Hz, with 0.12 V of shaker amplitude, 100 s of excitation time, and 2 kHz of
sampling rate. Signal two was defined from 100 to 1000 Hz, keeping the same amplitude
and time in the shaker but applying 10 kHz of the sampling rate. Each sample was tested
by applying the same signals.

The main idea of this experiment is to understand the dynamic behavior of the fruits
identifying their resonance frequencies and the velocity amplitude at both frequency
windows. The identification will allow us to choose monitoring peaks that could be tracked
from the fast Fourier transform and a wavelet analysis.

On the other hand, for carrying out a modal analysis, the input vibrational force
applied to the samples was read as voltage signals by a piezoelectric transducer placed
inside the excitation support, as detailed in Figure 4. A lateral view, frontal view, and
upper view of the experiment can be observed in Figure 4a–c, respectively. As detailed
in Figure 4d, the time domain of the voltage signal of the tested fruit is acquired in the
analog input of the DAQ with which the FFT of the input voltage is computed for all the
samples in the e1 and e2 directions, respectively. This experimental approach was applied
for computing the mechanical impedance of the fruits and determining the rate (input
force—output velocity) of the tested fruits. Piezoelectric transducers have been used at
different applications to sense vibrations signals over structures such as the case when
residual forces are monitored in concrete structures, as was implemented by Kaur et al. [41].

To understand the relations between force/velocity modal analysis theory is re-
viewed [42]. In the experimental configuration the velocity is measured from the vibrometer
and the force is determined with the piezoelectric sensor added to the fruit pedicel. Let us
consider the motion equation in the frequency; this can be expressed as

(−Mω2 + Cjω + K){vout}ejωt = {Fin}ejωt. (15)

where M, C, and K, constitute the matrix of mass, damping, and stiffness. Fin and vout are
the input force and the output velocity, respectively. In Equation (14), the following relation
can be constituted between the input and the output when the amplitudes {vout} 6= 0

K−Mω2 + Cωj =
{Fin}
{vout}

= H(ω) (16)
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Figure 4. Experimental setup for modal analysis. (a) Lateral view of the experiment. (b) Frontal view
of sample bonded to the PZT. (c) Upper view of the excitation support with piezotransducer and
electrodes. (d) Representation of the FFT of input voltage.

With that in consideration, H(ω) is the FRF that represents the behavior of the me-
chanical system in the frequency spectrum. Considering the experimental setup to measure
the input force, we assume that Fin(ω) = Vin(ω) · γ(ω), where Vin(ω) is the voltage mea-
sured in the piezoelectric sensor and γ(ω) is a scaling factor; then, Equation (15) can be
rewritten as

Z(ω) =
Vin(ω) · γ(ω)

vout(ω)
. (17)

Finally, we determine the scaled mechanical impedance as follows:

Z(ω)

γ(ω)
=

Vin(ω)

vout(ω)
. (18)

Through scaled mechanical impedance, it is possible to observe the mechanical reso-
nances of the fruit pedicel system.

3. Results and Discussion
3.1. Time–Frequency Analysis of Velocity Measurements

The time-domain velocity signals measured by laser vibrometry between 10 and
100 Hz are illustrated in Figure 5 for both tested fruit groups. Each group refers to a set of
fruit composed by one sample of each ripening stage. The collected samples were selected
by a colorimetry approach that uses CIELab space as a reference.

Section 2.1 describes the whole sample classification process. It is important to mention
that these were detached from the tree considering a protocol in which the appearance of
each would not show defects, and it was as a single fruit, which means not a glomerulus.

The ripening stage lines up the graphs and the measured point (P1 and P2) defined
for the directions e1 and e2 on the fruits. Different amplitudes of velocity were observed,
comparing the three ripening stages at the measured points. This is due to the deforma-
tion pattern exhibited by the fruit structure (vibration shape) caused by the kinematics
associated with the vibration modes at a specific frequency spectrum when the signals
determined at the P1 direction are compared (Figure 5a). The UR1, SMR1, and RP1 graphs
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show that unripe fruits had a higher velocity amplitude than the semi-ripe and ripe ones.
The colors of each figure represent the ripening stage: green for unripe, orange for semi-ripe,
and red for ripe.

Figure 5. Time domain results of velocity between 10 and 100 Hz in e1 and e2. P1 and P2 measure-
ments for each sample. (a) Group 1 (UR1, SMR1, and RP1). (b) Group 2 (UR2, SMR2, and RP2).

Figure 6 illustrates the velocity signals measured between 100 and 1000 Hz for both
groups of fruits, as Figure 4 shows. In general, comparing the determined signals, it is seen
that RP fruits present the highest velocity amplitudes in comparison with SMR and UR.
Between fruits of the same ripening stage, the velocity amplitudes differ between P1 and
P2. For instance, P1 of UR1 has a lower amplitude than P1 of UR2, and P2 of UR1 tends to
be similar to P1 of UR2. P1 of SMR1 has a similar behavior of P1 of SMR 2 and also P2 of
SMR1 with P2 of SMR2. As well as the case of semi-ripe fruits, P1 of RP1 and RP2 have
higher amplitudes in comparison with P2 of RP1 and RP2.

The RMS was computed for the time domain signals of velocity measurements to
understand the differences among vibration amplitudes. The mean was also computed for
the RMS values determined from the signals that belong to e1 and e2 directions in all the
tested fruits. The results for the mean of RMS are summarized in Figure 7, for the selected
frequency windows, respectively. Between 10 and 100 Hz, it is observed that the highest
value was obtained for the unripe fruits and they decrease sequentially until the ripe ones.
In this window, similar values were evidenced between fruits of the same ripening stage,
especially the ripe ones that presented the closest values. However, these differences are
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not representative statistically, as illustrated in Figure 7a. On the other hand, between
100 and 1000 Hz, a different trend was observed for the first fruits (UR1, SMR1, and RP1)
where the quantities increased from unripe to ripe. However, for the second fruit of each
ripening stage, the maximum value was presented in UR2 followed by RP2 and ending
with the SMR2 fruit; see Figure 7b.

Figure 6. Time-domain results of velocity between 100 and 1000 Hz in e1 and e2. P1 and P2 measure-
ments for each sample. (a) Group 1 (UR1, SMR1, and RP1). (b) Group 2 (UR2, SMR2, and RP2).

For the time-domain signals, it is not possible to visualize the characteristic mechanical
resonances of the fruits due to noise presence. For that reason, the FFT was computed
and plotted to determine the maximum amplitudes of velocity in the frequency domain
(mechanical resonances) as detailed in Figure 8. The frequency response functions (FRF)
are compared in Figure 8a,c for 10 Hz to 100 Hz and in Figure 8b,d for 100 Hz to 1000 Hz.
These signals were smoothed applying a 30-point FFT filter. For the window between 10
and 100 Hz (Figure 8a,c), the two highest resonance peaks were evidenced between 10 and
60 Hz.
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Figure 7. Mean RMS of velocity measurements in directions e1 and e2. (a) 10 to 100 Hz. (b) 100 to
1000 Hz.

Figure 8. Fast Fourier transform (FFT) of the velocity measurements. At the e1 direction: (a) 10–100 Hz
and (b) 100–1000 Hz. At the e2 direction: (c) 10–100 Hz and (d) 10–1000 Hz.

Furthermore, the same ripening stage signals exhibited a similar behavior mainly
for the measurement taken in P2 where amplitudes and resonance levels are quite close.
However, signals taken in P1 showed some differences between SMR1 and SMR2 where
SMR1 appeared to resonate at a lower resonance than SMR2. The evidenced structure in
the signals showed that the experiments were well controlled, since the same peaks were
evidenced for both directions. In addition, it is noted that resonance peaks keep close
between the signals of each ripening stage. The resonance frequencies relations advise
that the ratio stiffness/mass is lower in the unripe stage than the ripe one. Moreover, it
indicates that signals move from unripe to ripe forwardly.

Moreover, in the range from 100 to 1000 Hz, the highest resonance peaks were evi-
denced between 500 and 1000 Hz for the FFT of velocity (Figure 8b,d). In addition, both
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measurements are correlated, since they contemplate the fruits dynamics after 500 Hz. All
ripening stages echoed their characteristic resonance peaks. For this case, the signals begin
with a high amplitude at 100 Hz and then decrease until higher amplitude resonances
appear after 550 Hz. Nevertheless, this range can observe that the velocity resonance
peaks shift differently when the ripening stage changes. For instance, the peaks of the
ripened fruits appear first, which are followed by the unripe and semi-ripe resonating at
higher resonances. This permits us to observe that the stiffness changes at these frequencies
mainly influence the mechanical resonances. The URs present the highest stiffness, which
are followed by the SMRs and the RPs.

We can conclude that the similar behavior for the signals obtained for the same
ripening stage fruits indicates that the resonances resemble the intrinsic properties of these.
Star marks were labeled at resonance peaks of the signals. The values of frequency are
listed in Table 3. It is important to mention that the peaks identification procedures were
not performed using any methodology, since we consider that these are observable from
a simple view while understanding that there are different methodologies that allow a
procedure more replicable for the resonant peak extraction.

Table 3. Interest resonance peaks in the ranges of 10–100 Hz and 100–1000 Hz.

Ripening Stage
Interest Peaks from 10 to 100 [Hz] Interest Peaks from 100 to 1000 [Hz]

P1 P2 P1 P2

UR1 23.34 25.86 774 766.06
UR2 24.02 25.43 767.9 769.03

SMR1 28.63 31.32 802.98 826.74
SMR2 39.25 31.3 746.23 787.25
RP1 40.5 42.82 762.43 690
RP2 36.23 44.95 713.28 694.5

3.2. Mechanical Impedance Analysis

In Figure 9, the curves of the scaled mechanical impedance signals (Z(ω)/γ(ω)) ob-
tained from the relation (Vin(ω)/vout(ω)) are consolidated, as detailed in Equations (14)–(18).
These signals were also calculated for the same measured points P1 and P2, where
Figure 9a,c belong to the window 10–100 Hz and Figure 9b,d belong to 100–1000 Hz.
The signals between 10 and 100 Hz have a similar structure for all the tested fruits where
two initial characteristic peaks are reflected between 24 and 40 Hz and two final peaks
are presented between 55 and 1000 Hz with higher amplitude. We can observe that in the
range of 24 to 40 Hz, only semi-ripe and ripe fruits present these resonances, which exhibit
more resistance to motion during the excitation; in this range of frequency, the unripe fruits
did not evidence resonance peaks.

As modal analysis theory exposes, it is important to denote that mechanical impedance
is an FRF that represents a degree of freedom of a structure. This means that the scaled
mechanical impedances were taken only for two degrees of freedom. According to the
theory, these functions can be joined spatially, and for multiple degrees of freedom, it is
possible to reconstruct the modal shape.

Moreover, between 100 and 1000 Hz (see Figure 9b,d), the scaled impedance signals
showed higher amplitudes with a trend that does not evidence any relevant difference
among the ripening stages, respectively. The most significant characteristic is an observed
peak at 600 Hz.

3.3. Wavelets Analysis

In this section, the results for the wavelet analysis applied on the time-domain signals
of group 1 are presented in Figure 10. The figures are represented in two columns; see
Figure 10a for the P1 measurements and Figure 10b for the P2 measurements.
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Figure 9. Scaled mechanical impedance. (a) 10–100 Hz for P1, (b) 100–1000 Hz for P1, (c) 10–100 Hz
for P2, (d) 10–1000 Hz for P2.

Each row denotes the ripening stage. In the frequency range from 10 to 100 Hz, we
can observe that with the ripening of the fruit, the scalogram magnitudes in frequencies
close to 40 Hz increased. These differences are more straightforward in the measurement
point P1, as the maximum magnitude is around 10 for the UR stage, about 14 for the SMR
stage, and approximately 18 for the RP stage. In addition, around 40 Hz, the maximum
magnitude occurs in a slightly higher frequency for the RP fruit.

At measurement point P2, the maximum magnitudes in the scalogram go from 8 (UR)
to 18 (RP), showing a significant difference between the unripe and ripe stages. In P2, the
semi-ripe and ripe stages have the same maximum magnitudes. However, it is still clear
that around 40 Hz, the frequency with a higher scalogram magnitude is slightly higher for
the ripe fruit.

For RP1, it is noticeable that the magnitude of the scalogram has more intensity at
the end of the time domain, keeping a similar trend for P1 and P2. For the UR1 case, the
intensity is distributed in the scalogram and presented minor concentrations in some areas
of the graph. Nevertheless, the SMR1 also exhibited an accumulation of intensity that
for P1 was more intense at the beginning of time but for P2 was more intense at the end.
In these graphs, the different concentration patterns evidenced in the scalograms were
reflected due to the differences in the velocity amplitudes for the fruits that reflected the
shifts in the vibration energy levels.
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Figure 10. Scalograms wavelet analysis for group 1 between 10 and 100 Hz measured in UR1, SMR1,
and RP1. (a) Analysis for P1. (b) Analysis for P2.

4. Conclusions

This work performed vibration analysis on coffee fruits (Coffee arabica var. Castillo).
Vibrational signals were characterized by applying linear chirp excitation frequency and
evaluating the response velocity measurements attained from a laser vibrometer. Two
frequency intervals (10–100 Hz and 100–1000 Hz) were studied in three tested ripening
stages. Initially, the ripening stages were classified according to a strategy based on
measurements of CIELab color. Subsequently, the harmonic response of the fruits was
analyzed by studying the application of time-frequency and CWT (bump wavelet) analysis.
The signals analyzed were acquired in pursuance to detect the dynamic characteristics of
the fruit–peduncle system. Using the traditional fast Fourier approach over the velocity
measurements, it was possible to identify the mechanical resonances of each ripening
stage. It was evidenced that between 10 and 100 Hz, resonances are more influenced by the
lower stiffness (in the pedicel). For that reason, the unripe fruits start to resonate earlier
and are more intense than the other rippeing stages. However, between 100 and 1000 Hz,
the frequency of peaks was more influenced by the elasticity of the fruit since ripe fruits
resonate first and more than the others. In evaluating scaled mechanical impedance, we
observed a range of frequency between 24 and 40 Hz that confirms the data determined in
the velocity spectra. In this range of frequency, a positive indicator for selective harvesting
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means that the resonances were excited for semi-ripe and ripe fruits but not for the unripe
ones. Therefore, according to measurements, we conclude that the differences among
ripening stages are more visible in the frequency spectrum established for 10–100 Hz.

Summarizing, we obtained in this interval the following values for both measuring
points from velocity measurements: for P1, unripe 23.68± 0.48 Hz, semi-ripe 33.94 ± 7.50 Hz,
and ripe 38.36 ± 3.01; and for P2, unripe 25.66 ± 0.30 Hz, semi-ripe 31.31 ± 7.50 Hz, and
ripe 43.88 ± 1.50. The spectral characterization of the time-domain velocity measurements
was achieved by decomposing the measured signals along the resulting amplitude scale by
the function of the bump wavelet. The feature of impulsive signals was reflected in the
computed scalograms taking advantage of the gradient information of the CWT as shown
by the scale-space domain. The power of the solution scalograms permitted comprehending
the shifts in the energy level of the vibrations for each ripening stage. The RP fruit exhibited
a higher magnitude in the scalograms followed by the SMR and ended with the UR. This
behavior was more clearly evidenced for the measured point P1. The average energy of the
resolution window does not permit evidence of energy concentration at the geometrical
center of the graph, which is logical due to the amplification of vibrational velocity varying
from UR to RP. However, for the signals from 100 to 1000 Hz, it was not possible to
obtain scalograms with a good resolution because the frequency concentration was lower
than between 10 and 100 Hz. Then, the wider the resolution, the lower the frequency
concentration that was presented. This study advances the condition monitoring of organic
structures. It can be a helpful tool to understand the dynamic behavior of coffee fruits and
fruits with other topologies that could be explored.

Excitation frequencies between 24 and 45 Hz and close to 700 Hz could be assessed to
develop vibration-based equipment for selective coffee fruit harvesting. Fatigue analysis
could be proposed to evaluate the most effective frequency to detach the ripe fruits from
the perspective of a real application in a selective coffee-harvesting scenario. However,
experiments with more samples should be performed to evaluate deviations in the dynamic
behavior of the fruits. In addition, future studies could be proposed to study cycles needed
to induce fractures for the detachment of the fruit.
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