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Abstract

The vibratory behaviour of citrus fruits is studieging slow-motion cameras in order to gain a bette
understanding of the parameters involved in freiadhment when mechanical harvesting is done using
shakers. Single citrus fruits with a small portmfnstem were vibrated using strokes from 60 mm&o 1
mm and frequencies from 3 Hz to 18 Hz. The movemes recorded at 300 fps and the main parameters
considered for fruit detachment were determinedugh the analysis of the video sequences. Image
processing algorithms created for this purpose wpmied to the automated estimation of the ceditobi

the fruit, the angle of the stem-pistil axis, ahé position of some selected points in the fruieach
frame of the video sequences to obtain dynamicnpeters such as the position, speed and accelertion
the fruit during the movement until it is detach@&tie signals obtained from the image processing wer
filtered, providing results in accordance with ttadibration systems. In general, results suggestttie
inertial forces transmitted to the fruit were lowban the tensile forces required to detach thi fry
pulling it in the stem-pistil direction. The larggseaks were observed using long strokes that nedjui
fewer cycles for detachment. On the other handrt stmkes combined with high frequencies needed
more cycles, and thus a fatigue phenomenon wasmtreShort strokes and low frequencies were unable
to detach some fruit.

Key words: citrus, mechanical harvesting, shaker, imagegssiag, slow motion


http://ees.elsevier.com/ybeng/viewRCResults.aspx?pdf=1&docID=4781&rev=2&fileID=152003&msid={4AC68004-AAC7-49E6-8D5B-90D99030B5A0}

Nomenclature
a linear acceleration (m s'z)
O fruit angular acceleration (rad S'Z)
o Angle between stem and fruit equatorial axis (degrees)
Abs(amax) Absolute maximum linear acceleration (m s'z)
AbS(Viax) Absolute maximum linear speed (m s’l)
8 Angle between horizontal and fruit equatorial axis (degrees)
C™M centre of mass
At interval of time between two consecutive frames (1/300 s)
F linear force (N)
Fd traction force (N)
Fo Traction force at stem-polar fruit axis angle 0° (N)
Ft tangential force (N)
f frequency (Hz)
f, discrete function of Gaussian filter
fps frame per second
D phase displacement (rad)
h interval between +wf and —wf
! fruit moment of inertia (kg-m2 )
IVIA Instituto Valenciano de Investigaciones Agrarias
m fruit mass (kg)
M torque (Nm)
P; position of the centroid in frame i
Pi; position of the centroid in frame j-1
r fruit radius (m)
RGB Red Green Blue
SHM simple harmonic motion
v linear speed (m s%)
V; speed measured for frame i
w angular speed (rad s’l)
wf window used for the Gaussian filter
X half-stroke (m)
X horizontal coordinate of a point
(xfi,yf) smoothed position points
y vertical coordinate of a point




1. Introduction

Citrus is a very important crop, with a worldwideoguction of 124 million tons in 2010 (FAO, 2012).
Spain is one of the major producers with 5.9 milltons in 2010-11 (Intercitrus, 2012), most of vhic
were to be consumed as fresh fruit. But in recears, prices have come to a standstill while prtduc
costs continue to rise. The implementation of adedn competitive technology in agriculture allows a
higher degree of modernisation of traditional agtioral tasks, thereby resulting in lower produictio
costs and a more rational use of resources, whitlrin fosters sustainability and competitivenaasrg
growers. In this regard, harvesting is one of tlestimportant factors affecting the price of citfusits

in Spain because this task is currently done bydh#fechanical harvesting is a promising alternative
especially the technique based on detaching tlieliyumeans of vibratory systems (Sanders, 2006¢. T
mechanical bases of fruit detachment by vibratiamehbeen studied since the early 1960s, whenrte fi
branch and trunk shakers were constructed (AdmanFaidley, 1958).

The frequency and amplitude of the shaking movesard some of the most important factors involved
in the detachment of these fruits. In theory, redtinequencies cause the highest fruit displacesnand
therefore the highest detachment percentages aextd, but in practice Adrian and Fridley (195&) a
Diener (1968) found that shaking at the naturatjdency of most fruit was not very effective, with
greater efficiency being achieved using higher dswies. Similarly, Lenker and Hedden (1968) noted
that citrus detachment increases with frequency.

Some theoretical models have been designed to ghedyhenomenon of fruit detachment. Parchomchuk
and Cooke (1972) used a double pendulum to stueyb#haviour of the fruit-peduncle system, and
compared the theoretical results with those obthinem the analysis of recorded images using slow-
motion video sequences (160 fps). The model washhjgredictive and they concluded that when there i
a vertical component in the excitation, resonaraqgkns at around twice the natural frequencies.

In crops such as apples or olives, the pedundesisucture that is clearly different from the farinto
which it is inserted and, hence, in the modelsniledj the system fruit-peduncle, the area to beysedl
can be clearly defined. But in the case of citruit$, the peduncle has a similar structure talire stem
where it is inserted, but with a wide range of velifferent shapes and dimensions, thus making its
analysis more difficult. For this reason, experita¢trials are necessary to analyse the movemetinif
fruit.

In a similar line, Torregrosa et al. (2009) studied influence of frequency on detachment using an
orbital trunk shaker that produced an amplitud@.6fcm. They tested frequencies of 9, 15 and 2tHz
‘Orogrande’ mandarins and in ‘Salustiana’ and ‘V&la' oranges, and found that detachment increased
with frequency. However, as the frequency increaseddid the defoliation. Ortiz et al. (2013) shook
citrus branches in the laboratory to analyse tlfiecefof the frequency, amplitude and shaking time o
detachment. They noticed that the point of detactirdepended on the stage of maturity of the fthi,
variety and the traction force. High amplitudes éowl frequencies achieved a higher percentageudf fr
detached with the peduncle, but the effect wassigptificant so that these parameters could be tsed
control the detachment point.

Apart from frequency and amplitude, other factoesa@so important. Rumsey and Barkes (1970) studied
several parameters related with detachment in a#e and 'Navel’ oranges and ‘Marsh’ grapefruits.
They measured the traction force necessary to llétecfruit as a function of the direction in whittis
force was applied, that is, following the calyxtjiaxis or following lines at 45° and 90° from tbalyx-
pistil line. They noted that the force decreasedhasangle increased. In addition, they observatl dh
lower rate of detachment was achieved in fruitshvidinger peduncles, higher amplitudes being more
effective. Moreover, they analysed the detachmenitpof the fruit in the traction tests and fourttt
they were mostly detached without calyx whatevertthction angle. On the other hand, in torsiotstes
most of the fruits were detached with calyx and rib&t with peduncle, while in the vibratory tedte t
fruit detached with calyx decreased. Alper and F@L876) analysed the mechanical resistance of
‘Shamouti’ oranges to axial, flexion, torsion arahrbined forces. They separated the branches frem th
tree and performed the tests under laboratory tondi and found that axial strength was the main
component to detach the fruit. When the force wgglied with some inclination with respect to the
calyx-bottom axis, the force required decreasddds than half. On the other hand, peduncle flegiot
torsion had only a minor influence on detachment.

One problem in research about the fundamentalautfdetachment is that most work has been based on
theoretical models that are compared with detachmercentage, detachment point, etc., to measure
traction forces in quasi-static tests, but few vgonkeasure the real forces that occur in the fruiing
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shaking. Several attempts have been made, how@aeman et al. (1972) performed some tests with an
apple fitted with a load cell. The drawback of thisthod is that devices like accelerometers or tedid
placed directly on the fruit can alter their phgsiproperties and hence distort the results. Aermdttive

is the use of slow-motion cameras capable of récgrelideo-sequences at a high rate of frames per
second, which allow the movement of the fruit unsteaking to be reproduced in detail.

One of the problems of applying visual systemsttidysthe movement of the fruit is the large numiier
parameters involved in the detachment mechanisnchmmakes the task of analysing the sequences
captured by the cameras time consuming and tedidlisy have to be analysed visually frame by frame
by an operator. For instance, a sequence of 4 decmtorded at a rate of 300 frames per second
produces a total of 1200 frames that have to blsed individually. In addition, a factor of subjetty

is introduced because different operators can afliffigrent criteria to measure the parameters acti 8
repetitive task can bias the analysis as the fatajuhe operator increases. Therefore, the deredap of
fast, accurate and objective tools is requiredptinuse this process. A potential alternative isléwelop
systems based on automatic image analysis technolduch are already being used in other areas of
agriculture (Cubero et al., 2011; Lorente et ab12), including applications in the field. For iaste,
Mizushima and Lu (2010) and Vidal et al. (2012) eleped systems for the pre-sorting of apples and
oranges respectively in the field. Jimenez et 2000) used machine vision to locate fruit on theegr
Furthermore, Qiao et al. (2005) used this technolagmbined with a mobile grading robot to map the
yield and estimate its quality in the field. Cubetcal. (2013) proposed an inspection system mduorte

a mobile platform to inspect citrus fruits in theld as they were being harvested. Other exampléso
use of machine vision technology operating in ibfare those applied to automate the harvestisi t
For instance, Kondo et al. (2005) and Guo et &0082 used this technology for robotic strawberry
harvesting, Ling et al. (2004) for tomatoes, Edarale (2000) for melons, Muscato et al. (2005) for
oranges and Van Henten et al. (2000) for cucumbensng others.

In this work, the movement described by citrustfmhen shaken has been analysed using high-speed
cameras and image-processing algorithms to obthgttar understanding of the mechanisms involved in
fruit detachment, and thereby optimise the desayameters of machines for automatic citrus hanvgsti

2. Objectives
This work has two main objectives:

e to develop a tool, based on the analysis of theosisequences of the shaken fruit acquired by
slow-motion cameras, that is capable of obtainiolgust and accurate information about the
movement of the fruit, such as the trajectory, #mgles or the accelerations suffered while
vibrating.

e to use this information to study the behaviour leé fruit under the shaking movement using
artificial vision techniques in order to understaml optimise the mechanisms involved in fruit
detachment.

3. Material and methods

This section shows the development of a tool basedomputer vision that can be used for the aralysi
of video sequences of the fruit while it is beingrated. It also outlines the experiments carrietiusing
this tool to study the mechanisms involved in theadhment of the fruit.

3.1 Development of the computer vision system fohaking analysis
3.1.1. Acquisition of the video sequences

The samples were shaken by means of a laboratddirectional shaker device (Figure 1) with a
continuously adjustable rotational speed betwe@® Bz and 4 possible strokes: 60, 100, 140 and 180
mm. The stems of the fruit were attached to thé&eshlay a drill chuck.

A high-speed digital colour video camera CASIO nmid8X-F1 was used to record the movement of
different fruits at a rate of 300 frames per secdfath image had a size of 512 x 384 pixels. Thi fr
was placed in front of a black background undemunadtlighting. Different video sequences were
acquired at different times of the day using audi€f reflecting surface to make the light more unifo
and to minimise the variability of the natural ligRigure 1 shows the set-up used in the experisndiie
fruit used to develop and tune the image processilggrithms were ‘Valencia’ oranges, ‘Nova’
mandarins and ‘Eureka’ lemons. This fruit was diéfg from those used in the experiments to study th
movement of the fruit.



Figure 1. Vision and shaker system
3.1.2. Fruit identification

The segmentation of the images of the video seaseoonsisted of classifying the RGB values of each
pixel as belonging to one of the predefined clagsaskground, fruit, stem, etc.). This classifioativas
performed using a Bayesian discriminant analysiso(C& Brown, 1990Blasco et al., 2009). A set of
neighbouring pixels of the same class were takebet@an object. The largest object in the image was
considered to be the fruit, while small objectsrfduin the image were removed. The contour of each
object was extracted by means of the chain coderidesl by Freeman (1961) and the centre of mass
(CM) of the objects (centroid) were calculated gsihe boundary information, that is, by accumukatin
the X and Y coordinates and dividing them by thenbar of contour points (the centroids will be used
later as centres of mass).

3.1.3. Estimation of the parameters of the movement

In order to analyse the movement of the fruit, selvparameters, which are described in the follgwin
subsections, were estimated from each frame initle® sequences:

» Centroid and axes of the fruit.
» Linear speed and acceleration.
* Angles.

«  Dynamic parameters of the fruit.

Important axes

The polar axis of the fruit is the line from therst to the style of the fruit, and the equatoriat af the
fruit is the line that is perpendicular to the paais and crosses the centroid of the fruit. leorto avoid
the error of mistakenly taking the equatorial aassthe projected moment of inertia of the fruiteahj
(green line in Fig. 2) instead of the real equalcaiis (yellow line in Fig.2), two labels were péal in
line with the equatorial axis. This is very impaitan order to properly relate the forces involirdhe
fruit detachment with the rotation in the movemdinally, the stem axis is calculated as the sreglle
moment of inertia of the stem object found in thege, that is, the major axis of the stem, sinig d
cue position when detaching fruit. Figure 3 shdhes movements experienced by a fruit when it is
shaken and the angles between the axes of bottafrdistem objects after image processing.

Figure 2. Left: Initial position of the fruit, wheithe projected equatorial diameter of the qualsespal
object matches the real one. Right: Position offithi, where the projected equatorial diametergfieen)
does not match the real one (in yellow indicatedhytwo labels)

Figure 3. Left: Movements experienced by the fiy#llow arrow for spinning motion, blue arrow for
pendulum motion and green arrows for displacemefntise fruit centroid); main axes of the fruit and
peduncle are also depicted. Centre and right: ‘Exjizd diameter fruit/stem’ angle and ‘Equatorial
diameter fruit/horizontal axis’ angle in two diffett sequences

Linear speed and acceleration

The movement of the fruit was obtained from theatmmn of the centroid coordinates of the fruit
throughout the sequence. However, problems arigmwahlocities and accelerations were estimated from
these positions, since they move between imagdsanete displacements and therefore the influefice
noise has a great impact on the calculation oftkesiables:

V= (Pi—Pi1) /At 1)

whereV, is the speed measured for framealculated from the Euclidean distance betweerptsitions
P of the centroid in the framesX) andi, andAt is the interval of time between two consecutianfes



(1/300 s). Taking into account the fact that theohation of the images in the video is relativelyop
(0.56 mm pixet), an error of just one pixel in the estimated posiof the centroid means a variation in
the measured speed of the fruit of 168 mi These errors are even larger when acceleration is
calculated. For this reason, a good filtering & #ignals is of vital importance to obtain reliabédocity

and acceleration values. A Gaussian filter (lowsplger) was used to reduce these errors. Theetisc

function of the Gaussian filtdy was:
h2

fo=e 2 ho[-wh,wf] @

wherewf is the window used for the filter that was set &ioally in this case to a value of 5.

The smoothed position poingsf,yf) were then obtained by discrete convolution of ghants that were
measured with the Gaussian filter, each of themgdivided by the sum of the filter values:

wf wf
z fh D(i+h Z fh [yi+h
xf. = h:—wa vyfi — h=-wf (3)
2
h=-wf

i Wi
2
h=—wf

The process to obtain the accelerations and spkéte druit is shown in Figure 4. Fig.4a shows the
trajectory followed by the centroid of the fruit grieen, while Figures 4b-4d show the different aign
obtained for linear trajectory, speed and accetarat

Figure 4. a) trajectory followed by the centroid tbe fruit; b) evolution of theX coordinate of the
centroid through the different frames; c) evolutmfthe estimated speed; d) evolution of the egtiha
acceleration (for all the images, the red signalxghthe original values and the blue signals the dtier
filtering).

Angles

For each frame, the angle between the stem axishengolar axis of the fruit was calculated in orte
know how the different parameters involved in thaldng affect the pendulum movement of the fruit,
especially at the ends of the movement, in the diemakdown. Figure 5 shows the evolution of the
angles for the trajectory of the fruit shown in tiig 4. When both axes are aligned (initial posjtitme
angle should be zero. The angle has also beerefiltes explained.

Figure 5. Evolution of the filtered angle betweka stem and polar axis of the fruit

Dynamic parameters of the fruit

The data obtained for the parameters of the moveofehe fruit from the video analysis, the moversen
of translation, rotation and changes in the starit-&ngle were calculated as follows:

Translation displacements give rise to linear fertt®at can be obtained from the linear acceleration
the fruit mass. These forces were calculated agectlto the centre of mass (CM) of the fruit actayd
to:

F=ma 4)
whereF is the force (N)mis the fruit mass (kg) aralis the CM acceleration (mfs

The torque originated by the rotational movemens walculated supposing fruits were spherical and
according to:

M=10=25mP¢L0 (5)

whereM is the torque related to the CM (Nnh)is the moment of inertia of the fruit in relatiém the
centre of mass, is the radius of the fruit (m) and is the angular acceleration of the fruif)s



In order to compare this torque with the transtaioforces, the tangentiaFt) equivalent force to
produce the moment was calculated:

Ft=M/r (6)

Moreover, the stem-fruit angle)(was measured and its maximum bending was caszuithtoughout the
whole movement of the fruit over time. The flowdhef the process of image analysis can be seen in
Figure 6.

Figure 6. Flowchart of the processes of image aimbnd subsequent calculation of dynamic paraseter

3.2. Dynamic tests
3.2.1. Laboratory shaker characterisation

Since the movement of the shaker used to vibradrtiits is planar and is provided by a slider-&ran
mechanism, it can be assumed to be a simple hacmmoation (SHM) and therefore the theoretical
accelerations can be obtained using the followarghfilas (Young & Freedman, 2006):

X = X sin (wt +®) @)
v = dx/dt = w X cos (wt +D) (8)
a = dv/dt = - W X sin (wt +®) 9)
In the case of the maximum absolute values:
AbSWVma) =W X=27zfX (20)
AbS (@) =W X = (27 )% X (11)

wheret is time (s);x is the position (m)X is half of the stroke (m)y is the angular speed (rad)sf is the
frequency (Hz),® is the phase displacement (rad)js the linear speed (ni's anda is the linear
acceleration (m’$.

The theoretical values obtained from the parametdjssted for different strokes and frequenciesewer
compared with those obtained from the video anglysi

3.2.2. Experiments

A set of experiments were conducted to study theement of the fruit with this tool. Single fruit
without apparent defects and uniform colour weredufr the tests. The fruit were collected from the
field collection of the Citrus Germplasm Bank a IVIA (Navarro et al., 2002) with a stem of ab30t
cm in length. Some leaves in the samples usechéowibration tests were removed in order not te hid
the fruit during the movement and thus obtain geidéo recordings for the image analysis. In additio
the mass and diameter of all the fruits were mesksur

Some key positions of the fruits were selectedlabelled with colour codes in order to make it eafor

the vision system to track the movement and thcifitite the calculation of the bending of the frwith
respect to the stem. This was necessary becausfuite were quasi-spherical and the main axes
obtained from the moments of inertia were not stariough to track the movement when shaking. The
movements of the fruit under different strokes &reduencies were recorded to accomplish severts. tes
The dynamic parameters were obtained using theraiio vision system and visually by an expert who
analysed them frame by frame in order to compatbk tEsults. This visual analysis took approximately
six hours per video but the time depended stroaglthe number of frames.

Vibration transmission efficiency

The theoretical accelerations of the laboratorykehavere compared with the accelerations of thé fru
centre. The ratio between both accelerations wad ts measure the shaking transmission efficiency.
The combinations of two theoretical strokes (60 amd 100 mm) and two frequencies (9 Hz and 18 Hz)
were tested using three ‘Valencia’ oranges.

Fruit movement analysis

A total of 18 'Marisol' mandarins, 40 'Nova' mandarand 12 'Valencia' oranges were shaken with
strokes of 60 mm, 100 mm and 180 mm and frequemaieging from 3.2 Hz to 17.4 Hz.

Effect of stroke and frequency



The effect of stroke, frequency and their combovati on the forces and bending angles was analysed
using 40 'Nova' mandarins. All the combinationsaleetn strokes of 60 mm and 100 mm and frequencies
of 4.1 Hz, 9.3 Hz and 14.0 Hz were analysed. Addilly, the combination of a stroke of 180 mm and a
frequency of 4.1 Hz was tested. The combinatiothaf stroke with higher frequencies was not tested
because it was observed in preliminary tests thaha fruits were detached. Regression analysis wa
performed to relate the effect of frequency onlithear force F) and bending anglex).

3.3. Quasi-static traction tests

The inertial forces estimated from the analysishef videos were compared to the ones measureein th
guasi-static traction detachment tests. To do thistraction force of ‘Valencia’ and ‘Navel Lanate’
oranges and ‘Eureka’ lemons was measured by puliegtems of the fruit in the direction of theyzal
pistil axis (0°) and also at 45° and 90° to this,ansing a traction-test machine (Ibertest, maBaH
2730, www.ibertest.es), with a constant speed &7 in &', The mass and diameter of all the fruits were
also measured.

Figure 7. 'Navel Lane Late' orange during the gatatic traction test at a traction angle of 0°

3.4. Fruit used in the trials
The main parameters of the fruit used in the t@aéssummarised in Table 1.
Table 1. Parameters measured in the fruit (averalyes and standard deviation between brackets)

Fruit Equatorial Polar Peduncle| °Brix |Maturity | Traction | Harvesting
mass diameter diameter |diameter Index® Force date
Variety (9) (mm) (mm) (mm) (N)
2 March
Eurekal | 218 (87)|  70.7 (10 92(13) 2.9(08) 66 1pa 1am( > 2?;1(:1
Navel 31st March
4
Lan% 280 (66) 81 (6) 77(7) 3.5(0.4) 118 847 71(6.0) 2011
Late
) 25th March
Valenciat| 181 (31) 72 (5) 68(5) 3.0(0.2) 118 48 45 (23) 2011
h Oct
Marisol2 | 95 (25) 58 (4) 52 (5) 4.2(0.8) 98 55 39(92) 5t2(?101
Nove2 | 103 (25) 62 (7) 50 (4) 3.2(0.8) 122 d2  63(48) 24th2'8'3’
Valenci| 151 (36) 63 (7) 69(4) 27(0.2) 93 715 58(123) 9th2'\gﬁ
@Maturity Index = © Brix / Acidity," Used in quasi-static tesfsised in vibration tests

4. Results and discussion
4.1. Quasi-static traction detachment tests

The detachment force of the fruit was measuredutlyng from the stems of the fruits in the calysii
direction (0°) and also at 45° and 90° degrees fhatnaxis. It was observed that the traction foreeded

to detach the fruit decreased as the angle inalead respect to the straight line running between
calyx-pistil. On average, the forces needed to detdhe fruit were 66% and 41%, at 45° and 90°
respectively, of the force required at 0° (Tablend®)ich is in accordance with Alper and Foux (1976)



Table 2. Traction force needed to detach the fatithree different angles in the quasi-staticstest

Level Fd (N) Fd/F,
average sd
0° 92° 32 1.0C
Angle (degrees) 45° 61° 21 0.6¢€
90’ 38°¢ 15 0.41
'Eureka’ lemon 76 45
Variety '‘Navel Lane Late' orange 68 28
'Valencia orangt 49° 23
0° x Eureka 12C 41 1
0° x Navel Lane Late 93 26 1
0° x Valencia 72 17 1
45° x Eureka 73 25 0.60
Angle x Variety 45° x Navel Lane Late 65 2C 0.7C
45° x Valencia 47 13 0.6%
90° x Eureka 36 13 0.30
90° x Navel Lane Late 46 14 0.49
90° x Valencia 27 1C 0.37
Fd, traction forceF,, traction force at angle’; sd, standard deviati
! Different letters denote statistically significatifferences. Method: 95% LSD

On the other hand, the traction force necessatbyd¢eak the stems by applying a force in a straigig |
was also measured in ‘Valencia’ oranges. Valueaiobt ranged between 52 and 170 N. No relationship
was found between the diameter of the stem anttab&on force.

4.2. Dynamic tests
4.2.1. Laboratory shaker movement analysis

The real accelerations were calculated from théyaisaof the frames in the video sequence accortiing
the methods explained. These accelerations wergamt with the theoretical parameters of an SHM,
very close values being obtained (Table 3).

Table 3. Theoretical and estimated acceleratiotsmdd from the analysis of the videos

Stroke (2X), mm Frequencyf, Hz Theoretical acceleratior Real acceleration
SHM Abs(ae. M s° AbS(apa), M S2
63 9.4 109 107
100 8.8 152 163
79 17.4 471 48¢

4.2.2. Vibration transmission efficiency

The results obtained are shown in Table 4. Therétieal accelerations of the laboratory shaker were
compared with those observed for the fruit centréhe videos and the ratio between both accelerstio
was used to measure the efficiency of the shakemgsinission. The lower frequencies (8.8 Hz and 9.4
Hz) gave a ratio of 0.71 and 0.72 regardless ofstheke, but the ratio was lower in the case of the
highest frequency (17.4 Hz), descending to only0This means that higher frequencies were more
inefficient in terms of energy transmission. On ttieer hand, it was also noted that the tangefuiaks
(the ones that originated in the fruit as a consaqe of a rotational movement with respect to thé f
centre in the image plane) were lower than thealirferces in all cases. The detachment measured in
terms of time (s) was similar for the combinatiarssng low frequency and long stroke or short stroke
and high frequency, and about three times lowen that achieved for the combination of short stroke
with low frequency. In terms of cycles, the longéoke was the most efficient.



Table 4. Comparison of accelerations and forcesdsat a theoretical sinus wave and the fruit ceoftre
‘Valencia' oranges

. ) Tan.
Acceleration, m §* force, | Fruit traction
Stroke | Freq Linear forces, N N force, N Detachment
Theo- | Ob- Theo- | Ob- cycles,

m Hz retical | served| Ratio | retical | served| Fruit 0° 90° time, s| num.
0.100 8.8 152 108 0.71 24 17 10 58 19 0.503 4.4
0.063 9.4 109 78 0.72 i 10 8 58 19 1.855 15.5
0.079 17.4 471 64 0.14 75 11 9 b8 19 0.495 8.6

4.2.3. Analysis of the movement of the fruit

The movement of 70 fruits was analysed. The maimmaters of the fruit used in these trials are
summarised in Table 1. The inertial forces estishdtem the analysis of the videos (Table 5) were
compared to the ones measured in the quasi-statitan detachment test.

Table 5. Inertial forces estimated from the videbthe shaken fruits

R R Rl N e e s
Variety | (mm) (H2) N) ®, ) (a'QO) (N) ) (Num) | (Num)
Marisol 60 4.7 7 66 53 7 2.37 11.1 4
Marisol 60 9.5 11 87 112 7 1.34 12.7 5
Marisol 60 13.6 9 65 73 7 0.33 4.3 5
Marisol 180 3.1 10 87 83 11 0.54 1.67 4
Nova 60 4.1 4.3 46 45 1.8 17.45 715 5
Nova 60 9.3 6.0 58 125 4.0 6.18 57.5 6
Nova 60 14.0 14.2 79 146 4.5 0.94 13.2 6
Nova 100 4.1 9.6 101 102 3.2 3.94 16.2 6
Nova 100 9.3 16.6 102 104 5.7 0.29 2.7 6
Nova 100 14.0 9.0 85 119 7.9 0.30 4.2 6
Nova 180 4.1 9.6 128 139 4.9 1.48 6.1 5
Valencia 60 9.4 10 96 104 8 1.66 15.6 4
Valencia 60 17.4 11 104 83 9 0.50 8.7 4
Valencia 100 8.8 17 129 134 10 0.50 4.4 4

‘Marisol’ mandarins need a detachment traction doaf 39 N (Table 1), but the inertial forces
experienced by the fruit were in the range of DMNILtN, which were 23% of the traction force. Inthi
combinations of stroke and frequency tested, thig-freduncle axis bent more than 53°, in some cases
going beyond 90°. Hence the axial forces of thaupelgs were applied with large angles with respect
the original position of the fruit, and thus it ca@ assumed that the inertial forces will be appiiewide
angles, where the traction force can be reducedrbynd 50%. Despite this assumption, the angular
traction force must be in the order of 20 N, whiststill around twice the maximal inertial forcehd
results obtained are in agreement with the fadtribaruit was detached in the first cycle, severalles
being necessary in all the cases to achieve detauhmhis means that it was necessary to fatigae th
fruit-stem-stalk junctions prior to detachment leé fruit.

The same pattern was observed in 'Valencia' oramgeghich the inertial forces were three to sixdis
lower than the traction force. The largest peakthenforce were observed with the longer strokes th

10



required fewer cycles for detachment. On the oktaerd, short strokes and low frequencies were unable
to detach some fruits.

The same pattern was found in ‘Nova' mandaringy kiviear (4.3 N to 16.6 N) and tangential forces (1
to 7.9 N) that were quite a lot lower than thetiacforce (63 N).

The detachment point in the fruit-stem-stalk systeas been widely studied in fruits like apples
(Parchomchuk & Cooke, 1972), cherries (Zhang, 2@i®) olives (L6pez & Gracia, 1979; Tsatsarelis,
1987) in order to control that point by means daitcalled vibration parameters like stroke and frexgy.

In the case of citrus, however, the shape, numbgmotions and the relative dimensions of fruggems
and stalks are so variable that it is very difficdol predict the behaviour of the system.

4.2.4. Effect of stroke and frequency

Stroke and frequency are the two most importanarpeters in fruit detachment by shaking. As there
were important interactions between the strokesfeegliencies tested, the results were analysedrfypr
combination. The resulting forces and angles obthare summarised in Table 6.

Table 6. Parameters measured in the fruits fodiffierent stroke and frequency applied to ‘Nova'

mandarins: translational forcg)( tangential forceRt) and fruit-peduncle bending angte (

F (N) a (°) Ft (N) RatioF/Ft
41HZ 9.3Hz 140HZ 4.1HZ 9.3Hz 140HZ4.1HZ 9.3HZ 14.0HZ 4.1{9.3HZ 14.0
Hz Hz
60 mm 4,3ap 6.0a3 14.2ah 45ag 125ah 146ah 1.8ag 4.0a 4.5ah 2.4 15 3.2
100 mm 9,6 bp16.6bg 9.0a3 102bg 104aqd 119a33.2ag 5.7ahl 7.9bg 3.00 2.9 1.1
180 mm 9,6 br - -] 139 b - -] 4.9 b+ - -] 2.0 - -
Figures followed by different letters show sigréiitt differences in a LSD test at 95% significaridee first letter
compares columns (strokes) and the second lettepa@s rows (frequencies).

It can be observed that tangential forces wergvemnage, 1.1 to 3.2 times lower than translatiéorakes.

In the case of 4.1 Hz, when the stroke increadeal libear force increased from 4.3 N to 9.6 N when
passing from 60 mm to 100 mm, but there were nferdifces between strokes of 100 mm and 180 mm.
The anglea also increased, the difference between the 60 na#) @hd 100 mm (102°) strokes being
higher than that between this and 180 mm (139°% fHmgential force experienced an almost linear
increase with the stroke. In the case of 9.3 Hetetwas a clear increment in the linear force wihen
stroke increased, but the differences were not itapbfor anglex and the tangential force. In the case of
14.0 Hz, there were no significant differencesF@nda, but there was a clear increaseFar

If the effect of the frequency is analysed in rielatto the strokeF increases exponentially with
frequency in the case of the stroke of 60 mm, coetance with:

F =2.27 + 0.05826§ (R = 67%) (12)

On the other handy increased rapidly when passing from 4.1 Hz to %3 Bit slowly when rising from
9.3 Hz to 14.0 Hz. The equation that was founddjaost the data best was:

o = 188.302 — 588.77H(R? = 54%) (13)

In the case oft, a pattern similar ta. was found. For the stroke of 100 mm, there weraigoificant
differences betweeR anda in terms of frequency, but there was an almosglinecrease it with the

frequency.

In general, it was observed that the lowest frequesombined with the lower stroke produced linear
forces, tangential forces and bending angles tleae wlearly lower than the combinations that inedlv
higher strokes and frequencies, between which tivere no clear differences.
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5. Conclusions

The analysis of the vibration behaviour of fruitridg mechanical harvesting using shakers can be
performed using slow-motion cameras and image pBiieg techniques. Such an approach overcomes the
shortcomings of systems using physical sensorgiwddan introduce uncertainty in the results, or uahn
analyses of video sequences, which are tediougaive and highly time-consuming. In this worketh
movement of different cultivars of citrus fruits svdilmed and the principal parameters analysed. An
important problem to be solved arose from the lesotution of the images, which greatly influendess t
signals obtained, since a few pixels of error & #stimation of the theoretically same positioweein
subsequent images is interpreted as big jumpserspleed or acceleration signals. This source of err
has been minimised by filtering the signals usirgaassian filter.

The technique applied has allowed the dynamic ®egoerienced by the fruit to be measured andst wa
observed that:

* The tangential forces were, on average, lower tharranslational forces.

e There were significant interactions for the forqepl&ed between the strokes and frequencies
tested.

¢ In the case of the lower frequency tested, whenstheke increased from 60 to 100 mm the
linear force and the angleincreased positively, but no differences were fobativeen 100 and
180 mm.

* In the test performed using a frequency of 9.3 Waen the stroke increased, so did the linear
force, but the differences were not significant doglea and tangential forcEt. In the case of
14.0 Hz, in contrast, there were no significanfedénces fo- anda, but there was a clear
increase fofFt.

Both the methodology presented here and the sddtihat was developed can be used to study andhgain
better understanding of fruit detachment phenomena.
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Figure

Figure Caption

Figure 1 | Vision and shaker system

Figure 2 | Left: Initial position of the fruit, where the projected equatorial diameter of the quasi-
spherical object matches the real one. Right: Position of the fruit, where the projected
equatorial diameter (in green) does not match the real one (in yellow indicated by the two
labels)

Figure 3 | Left: Movements experienced by the fruit (yellow arrow for spinning motion, blue arrow for
pendulum motion and green arrows for displacements of the fruit centroid); main axes of the
fruit and peduncle are also depicted. Centre and right: ‘Equatorial diameter fruit/stem’ angle
and ‘Equatorial diameter fruit/horizontal axis’ angle in two different sequences

Figure 4 | a) trajectory followed by the centroid of the fruit; b) evolution of the X coordinate of the
centroid through the different frames; c) evolution of the estimated speed; d) evolution of the
estimated acceleration (for all the images, the red signal shows the original values and the
blue signals the data after filtering)

Figure 5 | Evolution of the filtered angle between the stem and polar axis of the fruit

Figure 6 | Flowchart of the processes of image analysis and subsequent calculation of dynamic
parameters

Figure 7 '‘Navel Lane Late' orange during the quasi-static traction test at a traction angle of 0°
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TABLES

Table 1. Average traction force needed to detach the fruits in quasi-static tests at different angles

Table 2: Theoretical and estimated accelerations from the laboratory shaker videos

Table 3. Acceleration, forces and ratios between a theoretical sinus wave, drill chuck and fruit center of
oranges 'Valencia'.

Table 4: Inertial forces obtained from the shaken fruits (NA: not analysed).

Table 5. Translational forces (F), tangential forces (Ft) and fruit-peduncle bending angle (o) measured in
the fruits according to the stroke and frequency applied to mandarins ‘Nova'



Table

Table 1. Parameters measured in the fruit (average values and standard deviation between brackets)

Fruit Equatorial Polar Peduncle | °Brix [Maturity| Traction | Harvesting
mass diameter diameter |diameter Index® Force date
Variety (9) (mm) (mm) (mm) (N)
23rd March
Eureka® | 218 (87) 70.7 (10) 92 (13) | 2.9(0.3) 6.6 1.24 | 118 (40) 2011
Navel 31st March
Lan? 280 (66) 81 (6) 77(7) | 35(0.4) | 11.8 8.47 | 71(6.0) 2011
Late
25th March
Valenciat| 181 (31) 72 (5) 68(5) | 3.0(0.2) | 11.8 4.8 45 (23) 2011
5th Oct
Marisol? 95 (25) 58 (4) 52 (5) | 4.2(0.8) 9.8 55| 39(9.2) 2011
24th Nov
Nova? 103 (25) 62 (7) 50(4) | 3.2(0.5) | 12.2 9.2 | 63(9.8) 2011
9th May
valencia?| 151 (36) 63 (7) 69 (4) | 2.7(0.2) 9.3 7.5 | 58(12.3) 2011

A Maturity Index = ° Brix / Acidity, > Used in quasi-static tests, > Used in vibration tests




Table

Table 2. Traction force needed to detach the fruits at three different angles in the quasi-static tests

Level Fd (N) Fd/F,
average’ sd
0° 92° 32 1.00
Angle (degrees) 45° 61° 21 0.66
90° 38° 15 0.41
'Eureka’ lemon 76 ° 45
Variety 'Navel Lane Late' orange 68 ° 28
'Valencia' orange 49° 23
0° x Eureka 120 41 1
0° x Navel Lane Late 93 26 1
0° x Valencia 72 17 1
45° x Eureka 73 25 0.60
Angle x Variety 45° x Navel Lane Late 65 20 0.70
45° x Valencia 47 13 0.65
90° x Eureka 36 13 0.30
90° x Navel Lane Late 46 14 0.49
90° x Valencia 27 10 0.37
Fd, traction force; F,, traction force at angle 0% sd, standard deviation
! Different letters denote statistically significant differences. Method: 95% LSD




Table

Table 3. Theoretical and estimated accelerations obtained from the analysis of the videos

Stroke (2 X), mm

Frequency f, Hz

Theoretical acceleration
SHM AbS(apgag M s>

Real acceleration
Abs(apay), M s

63 9.4 109 107
100 8.8 152 163
79 17.4 471 488




Table 4

Table 4. Comparison of accelerations and forces between a theoretical sinus wave and the fruit centre of
'Valencia' oranges

. ) Tan.
Acceleration, m s force, | Fruit traction
Stroke | Freq Linear forces, N N force, N Detachment

Theo- Ob- Theo- Ob- cycles,

m Hz retical | served | Ratio | retical | served | Fruit 0° 90° time,s | num.
0.100 8.8 152 108 0.71 24 17 10 58 19 | 0.503 4.4
0.063 9.4 109 78 0.72 14 10 8 58 19 | 1.655 15.5
0.079 17.4 471 68 0.14 75 11 9 58 19 | 0.495 8.6




Table

Table 5. Inertial forces estimated from the videos of the shaken fruits

R R N e e e e
Variety | (mm) (Hz) N) ®.°) (a,g°) (N) © (Num) (Num)
Marisol 60 4.7 7 66 53 7 2.37 11.1 4
Marisol 60 9.5 11 87 112 7 1.34 12.7 5
Marisol 60 13.6 9 65 73 7 0.33 4.3 5
Marisol 180 3.1 10 87 83 11 0.54 1.67 4
Nova 60 4.1 4.3 46 45 1.8 17.45 71.5 5
Nova 60 9.3 6.0 58 125 4.0 6.18 57.5 6
Nova 60 14.0 14.2 79 146 4.5 0.94 13.2 6
Nova 100 4.1 9.6 101 102 3.2 3.94 16.2 6
Nova 100 9.3 16.6 102 104 5.7 0.29 2.7 6
Nova 100 14.0 9.0 85 119 7.9 0.30 4.2 6
Nova 180 4.1 9.6 128 139 4.9 1.48 6.1 5
Valencia 60 9.4 10 96 104 8 1.66 15.6 4
Valencia 60 174 11 104 83 9 0.50 8.7 4
Valencia 100 8.8 17 129 134 10 0.50 4.4 4




Table

Table 6. Parameters measured in the fruits for the different stroke and frequency applied to 'Nova'
mandarins: translational force (F), tangential force (Ft) and fruit-peduncle bending angle («)

F (N) a (9 Ft (N) Ratio F/Ft
4.1Hz| 9.3Hz| 140Hz| 4.1Hz| 9.3Hz| 140Hz|4.1Hz| 9.3Hz| 140Hz| 4.1|9.3Hz| 14.0
Hz Hz
60 mm 43aa| 6.0aal 14.2ab 453a| 125ab| 146ab| 1.8aa| 4.0ab| 4.5ab| 2.4 15 3.2
100 mm 9,6 bal 16.6 bal 9.0aa| 102ba| 104aa| 119aa| 3.2aa| 5.7ab| 7.9bc| 3.0 2.9 1.1
180 mm 9,6 b- - -| 139 b- - -1 49b- - -1 2.0 - -

Figures followed by different letters show significant differences in a LSD test at 95% significance. The first letter
compares columns (strokes) and the second letter compares rows (frequencies).




