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Abstract: Mechanical shaking enables efficient harvesting of olives, especially in hilly re-

gions where automated farming is not feasible. This study delves into branch and olive 

detachment modeling to enhance the efficiency of a hand-held branch shaker. Shaking 

time, forces, accelerations, olive detachment forces and harvesting efficiency were exper-

imentally measured. The fruit maturity index affected the force needed to detach the olive, 

with the highest value for olives at the C0 stage of maturity (5.93 N). No difference 

emerged among the tested shaking times (6 s and 12 s), neither in terms of harvest effi-

ciency (mean 81.17%) nor in terms of damage (rate of 5.30). Therefore, the lower time was 

considered the most appropriate. Multibody and a Finite Element (FE) models were de-

veloped to investigate the branch response and the olive detachment condition. The 

stresses predicted by the FE harmonic analysis (about 8 MPa), based on the excitation force 

and shaking frequency measured during the tests, was in line with the measured olive 

detachment forces (3 to 8 MPa). The shaking frequency and the average branch accelera-

tion in proximity to the shaker hook were 15 Hz and 50m/s2, respectively. Further studies 

could focus on the impact of the branch shaker on operator health, particularly risks from 

prolonged vibration exposure. 

Keywords: branch modeling; olives; harvesting; detachment forces; hand-held branch 

shaker 

 

1. Introduction 

The olive tree (Olea europaea L.) holds a central role in Mediterranean culture, being 

one of the region’s most important crops. Olive orchards are key economic resources, play 

a significant role in shaping the landscape, and are crucial for the conservation of soil, 

local flora, and fauna [1]. 

One of the most important operations for olive growers, both from an economic and 

qualitative perspective, is harvesting. Olive harvesting is currently receiving renewed at-

tention, with a focus on technologies to be implemented. Olive cultivation in the Mediter-

ranean basin exemplifies the coexistence of various harvesting methods, ranging from 

narrow hedgerow orchards (with over 1500 trees ha−1) suited for straddle harvesters to 

traditional orchards (17–300 trees ha−1), where harvesting is still performed manually [2]. 
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Traditional orchards are still very widespread. These types of orchards are usually estab-

lished in dry-farmed areas, characterized by the formation of one or several trunks, incon-

sistent planting arrangement, and wide irregularly shaped canopy trees [3]. The mecha-

nization of harvesting is difficult to perform, due to the plants’ shape, the orography of 

the olive orchards, the small farm size, or the lack of resources [4]. Consequently, current 

commercial systems rely on solutions that are highly conditioned by manual requirements 

(i.e., long poles or sticks), making the harvesting process complex and expensive [5]. This 

manual method can be complemented by hand-held harvesting systems [6], boosting op-

erator productivity to 30-50 kg per hour per person, compared to 15–25 kg per hour when 

using poling sticks for manual harvesting [7]. Among hand-held olive harvesters, hook-

type harvesters (branch shakers) feature a hook at the top of a pole, which moves alter-

nately due to the machine’s engine, held by the operator. After the user grabs an olive 

branch with the hook, the shaker rapidly moves the branch with high frequency (10–20 

Hz), allowing for fruit detachment [8–10]. When designing a branch shaker, it is essential 

to prioritize harvest efficiency while also minimizing damage to both the olive plants and 

the operator. 

The core idea behind shaking harvesting is to deliver an appropriate amount of ki-

netic energy to the fruiting branches, creating a force that detaches the fruit from the stem. 

Fruit removal occurs when the applied force of detachment exceeds the tensile strength 

of the pedicel–fruit connection [11]. Harvesting ripe olives using vibration techniques re-

lies on accurately determining vibration parameters such as frequency, amplitude, and 

duration [12]. Authors [13] have found that increasing either the vibration frequency or 

amplitude improves harvesting efficiency. It is important to consider that the kinetic en-

ergy imparted by the shaker to the main branch can be largely dissipated. This is due to 

the complex mechanisms of vibration transmission among the branches, the resistance of 

the leaves, and internal energy losses within the wood and the root/soil system [14,15]. 

Indeed, the vibrations created by the shaker are greatly diminished by aerodynamic drag 

from the foliage in the air, the interactions among side branches linked to the main limb, 

and the damping effects occurring within the stem and root system [16]. The position on 

the tree where hand-held systems are applied is also crucial for their effectiveness. Apply-

ing high levels of acceleration in areas near the fruit allows these systems to achieve high 

harvesting efficiency [10]. 

The olive–branch system dynamics were investigated in the recent literature [17], and 

simplified Finite Element (FE) models were developed to catch the dynamic response of 

the tree [18–22]. However, a complete investigation gathering data from experimental ac-

tivities as well as analytical and numerical analyses to obtain a model able to provide a 

framework for the optimization of the branch shaker olive harvesting performance, while 

preserving the olive tree and operator’s health, is still an open question. Most of the FE 

models presented in the scientific literature [21,22] do not integrate the geometry of the 

olive stem. However, as demonstrated by [17], stem bending plays a fundamental role 

and cannot be accurately captured by models that consider only the olive acceleration 

resulting from branch movement. 

This study aims to provide a framework for understanding the dynamic response of 

olive branches and to assess whether the FE model can accurately capture the critical con-

ditions for olive detachment in order to improve branch shaker harvest performance. In 

this regard, this study includes combined experimental measurements—including shak-

ing forces, shaking time, accelerations, olive detachment forces, and harvesting effi-

ciency—with analytical and numerical modeling of the branch–olive system. 
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2. Materials and Methods 

2.1. Analytical Branch Modeling 

Harvesting of fruits performed by vibrational mechanisms is based on their detach-

ment caused by dynamic inertial forces. After reaching steady-state conditions, a shaker 

attached to a branch (or the whole tree) produces a sinusoidal acceleration that provides 

the driving force for the fruits’ detachment. In the present model, only the branch shaking 

is considered, and the fruits are accelerated by the dynamic response of the branch. An 

external force (Fh) with variable amplitude and frequency, depending on the mechanisms 

used, is applied on the branch at a distance (lh) from the trunk. 

Despite the mechanism chosen, a first-order model of the branch can be devised by 

considering it as a cantilever beam fixed on the trunk with a concentrated mass at its tip, 

representing olives, leaves, and twigs, as shown in Figure 1. The elasticity and damping, 

as well as the branch mass, are modeled with the cantilever beam mechanical properties. 

 

Figure 1. Beam model of the branch. 

However, to write the dynamic response of the system, the branch can be considered 

as a rigid rod, and the stiffness and global damping can be explicated as a rotational spring 

and damper applied between the branch and the trunk. The global damping parameter 

includes the effects produced by the branch damping, friction with the surrounding 

branches, and aerodynamic drag on the leaves. The fixed constraint between the branch 

and the trunk, thus, becomes a frictionless hinge. For the sake of simplicity, in the present 

work, only the in-plane motion of the branch will be considered. Hence, the equivalent 

system shown in Figure 2, composed of a rigid beam with a rotational hinge connecting 

to the frame, can be defined. The only degree of freedom is the rotation of the branch with 

respect to the trunk, 𝜃. 

 

Figure 2. Equivalent model of branch. Full tip arrows are used for actions, while hollow tip arrows 

represent linear/rotational displacements and their time derivatives.  

The external variable force Fh applied to the beam (branch) generates a dynamic dis-

placement of the system and, consequently, the concentrated mass. Writing the dynamic 

equation of the system leads to: 

𝐼𝜃̈ = 𝐹ℎ𝐿𝑝 − 𝑘𝜃𝜃 − 𝑐𝜃𝜃̇ (1) 

where I is the branch rotational inertia, kθ is the stiffness of the rotational spring, cθ is the 

damping of the equivalent rotational damper. In the equation, the influence of 
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gravitational force on the dynamic behavior of the system was omitted, as it impacts only 

on the static equilibrium conditions of the system and not on its dynamics. It was assumed 

that the shaking mechanism did not produce any frictional force on the branch and that 

its action was orthogonal to the force application region during the beam deflection, due 

to the small stroke of the common branch shaking mechanisms. Furthermore, no backlash 

was assumed on the branch gripping. 

The stiffness (𝑘𝜃) is defined by equating the deflection of the external force applica-

tion point on the rigid rod and the deflection of the same point of the cantilever beam, δ, 

when subjected to a concentrated load, Fh, at a distance lh from the fixed constraint. Only 

the portion of the cantilever beam between the trunk and the force application point plays 

a role in the branch stiffness. The deflection of the cantilever beam in those conditions is: 

𝛿 =
𝐹ℎ 𝑙ℎ

3

3 𝐸𝑏 𝐽𝑏

 (2) 

where the geometrical and elastic proprieties of the branch are represented, respectively, 

with 𝐽𝑏 the inertial moment of the branch section, and 𝐸𝑏   the Young’s modulus of the 

olive wood. 

As the rotation of the rigid rod is 

𝛿 = 𝑙ℎ 𝜃  (3) 

and it is linked to the torque applied by the external force 

𝑘𝜃 =
𝐹ℎ 𝑙ℎ

𝜃
 (4) 

the rotational spring constant becomes: 

𝑘𝜃 =
𝐹ℎ

𝛿
𝑙ℎ

2 =
3 𝐸𝑏  𝐽𝑏

𝑙ℎ
3  (5) 

The damping ratio can be calculated using the logarithmic decrement method [21] by 

experimentally measuring the decreasing amplitude of n consecutive free oscillations. 

This method leads to a first approximation of the damping ratio due to wood damping 

and aerodynamic forces on the branch leaves, independent of the shaking speed of the 

branch. As a result, the damping ratio 𝜁   was calculated using the following equation: 

𝜁 =
𝛿𝑛

2𝜋𝑛
=

𝑙𝑛 (
𝑥1

𝑥𝑛 + 1
)

2𝜋𝑛
 (6) 

Experimental observations were carried out on 5 trees with similar branches, apply-

ing a static displacement equal to the shaking mechanism stroke and measuring the oscil-

lation amplitude decrement after 5 consecutive free oscillations. As the mean result of 

those experiments, 𝜁 = 0.1 was found. The branch damping factor can be assumed to be 

isotropic [22]. Having calculated 𝜁, the rotational damping constant can be evaluated as: 

𝑐𝜃 = 2 𝜁 √ 𝑘𝜃 𝐼  (7) 

2.2. FE Branch and Olive Stem Modeling 

The branch dynamic response can be described in more detail by setting up an FE 

model. 

A simplified branch, shown in Figure 3, was modeled as a variable section cylinder, 

which presents a stem and an olive at its end. It is a simplified model that neglects all the 

shape and curvature variations intrinsically present in a real branch, as well as the branch 

bifurcations and twigs. A cylindrical olive stem and an olive were introduced at the 

branch tip. The weight of the remaining olives was introduced as a concentrated mass 
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connected to the branch end. The branch dimensions are reported in Figure 3. The model 

is based on the average dimensions of the branches that were experimentally tested. The 

diameter of the cylinder that represents the olive stem, 1.2 mm, is the average value meas-

ured from more than 20 olive stems among the investigated olives (Section 2.4.1). 

The branch geometry was severely simplified as it is aimed at capturing the first-

order results in terms of dynamic branch response and olive detachment condition. A 

more detailed geometry, based on an extensive sensitivity analysis and experimental 

measurements, will be necessary to improve the accuracy of the predictions. 

The branch body was modeled as an orthotropic linear elastic homogeneous body, 

considering the stiffness matrix obtained by [23] (Young’s modulus along the branch axis 

direction 14.8 GPa). The olive stem was modeled as an isotropic linear elastic body, whose 

stiffness was evaluated via the measurement of its deflection when subjected to a con-

trolled load applied in the olive connection point. Based on that hypothesis, a stem stiff-

ness equal to 0.1 GPa can be assumed. 

The density of the branch and stem bodies was assumed equal to the average olive 

wood density derived from the scientific literature (1100 kg/m3) [22,24]. 

The olive was modeled as a flexible body, having a density based on the results of 

the experimental campaign detailed in Section 3.1. The olive stiffness, although negligible 

for the aim of the model, was assumed equal to the stem stiffness. 

The model was meshed with 3D 5-node tetrahedral elements, having 3 DOF per 

node. The model featured 85,000 elements. The model was solved in Ansys Mechanical 

for obtaining the natural frequencies of the branch and its harmonic response during the 

shaking. A modal superposition (MSUP) approach was adopted. A modal analysis was 

performed to determine the natural frequencies and the corresponding modal shapes, fol-

lowed by a harmonic analysis. 

The harmonic analysis was set up considering the shaking force that was measured 

during the experimental tests carried out on branches having a similar stiffness and the 

damping ratio evaluated via the logarithmic decrement method. A global damping equal 

to the damping ratio evaluated by the logarithmic decrement method was applied. 

Both in the modal and harmonic analysis, a null displacement was imposed on each 

node of the right end of the branch cylinder, Figure 3, to model the connection with the 

tree trunk, which was considered as a fixed constraint. The internal olive–stem and stem–

branch connections were modeled as bonded contacts between separate bodies. 

 

Figure 3. Dimensions of the branch considered in the FE model . Dimensions in mm. 
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2.3. Olive Detachment Modeling 

The branch shaking produces the olive detachment because of the inertial forces act-

ing on the olive, which can be modeled as the mass of an accelerated pendulum. The olive 

is subject to the superposition of the acceleration of the branch, measured in the branch–

stem connection point and the acceleration deriving from the motion of the pendulum 

represented by the stem–olive system. In other words, the stem–olive pendulum is excited 

as a consequence of the branch motion. 

Following the assumption made for the branch modeling, a 2D model is considered 

for the olive–stem system, taking into account only the oscillation within a plane contain-

ing the branch and shaking force directions. 

A first-order model can be devised by neglecting the stem stiffness and damping, as 

the resultant forces can be assumed to be significantly lower than the inertial forces. 

Hence, the connection between the stem and the branch can be modeled as a frictionless 

hinge, as shown in Figure 4. 

 

Figure 4. Olive pendulum model in vertical position under the branch. Dotted box represent the 

olive motion plane. 

Considering the stem and olive as a pendulum oscillating under the branch, the dy-

namic equation of the system can be written, assuming the small oscillation approxima-

tion: 

𝜃𝑜̈ −
𝑔

𝑟
 𝜃𝑜 = 0 (8) 

where 𝜃𝑜  is the angular coordinate describing the olive motion and 𝑟  the pendulum 

length. 

The position and velocity equation of olive oscillation can be obtained; thus, adding 

the acceleration of the branch in the revolute joint coordinate, the dynamic inertial force 

of the olive can be written as (7): 

𝐹𝑖 = 𝑚𝑜𝑎0 (9) 

where the acceleration acting on the olive can be written as (8): 

𝑎𝑜 = 𝐴𝑧 sin 𝜃 + 𝐴𝑦 cos 𝜃 + 𝑚𝑜 𝑟(𝜔𝑧
2 + 𝜔𝑥

2) + 𝑔𝑐𝑜𝑠𝜃 (10) 

where 𝑎𝑜 is the total olive acceleration, Az and Ay the branch accelerations in proximity to 

the stem, 𝑚𝑜 the olive mass, 𝑟 the stem length, 𝜔𝑧 and 𝜔𝑥  the rotational velocity of the 

pendulum, and 𝑔 the gravitational acceleration. 

However, to better understand the olive dynamics, a more detailed model consider-

ing the olive stem stiffness and damping has to be implemented. As presented in Section 

2.1 for the branch model, the stem stiffness and damping were implemented as equivalent 

torsional forces applied on the frictionless hinge, representing the connection between the 

stem and the branch. 
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The whole branch–olive system can be, thus, described using a multibody model, 

shown in Figure 5, composed of two rigid beams, representing, respectively, the branch 

and the stem. Two revolute joints connect the branch to the trunk, which acts as a frame, 

and the stem to the branch. By employing the approach introduced in Section 2.1 and 

considering the branch and stem mechanical properties introduced in Section 2.2, the tor-

sional spring stiffness and the torsional damping coefficient have been imposed as equal 

to 2.6 104 N m/rad and 220 N m/(rad/s) for the frame–branch connection and 2 N mm/rad 

and 0.01 N mm/(rad/s) for the branch–stem connection, respectively. 

The olive detachment condition depends on the inertial force produced by the olive 

acceleration and on the relative position between the olive and the stem connection point 

on the branch, which determines the stresses present in the stem. The FE model provides 

a more accurate analysis of the critical conditions leading to olive detachment and the 

associated stress distribution. 

 

Figure 5. Olive–stem subsystem. The reference system is fixed to the frame. 

The multibody model was implemented in the Matlab R2023a Simscape® solver, Fig-

ure 6. The external mechanical excitation was modeled as a sinusoidal force orthogonal to 

the axis of the branch beam by introducing a specific reference system located in the shak-

ing force application point. The amplitude and frequency of the force were selected based 

on the value measured in the experimental tests. 

 

Figure 6. Simscape (MATLAB) multibody numerical model. 
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2.4. Experimental Trial in Olive Orchards 

2.4.1. Olive Orchard Characterization 

The trial was conducted in a rainfed and terraced olive orchard located in San Giuli-

ano Terme (PI, 43°45′04.2″ N, 10°28′21.4″ E). The plants, cultivar Leccino, were managed 

using a multi-branched vase pruning system (polyconic). The average yield per plant over 

the years is around 6.5 kg. Before starting the trial, tree characterization was conducted, 

and tree sizes were manually measured using the metric system and a range rod [25]. The 

geometry of the trees was established by measuring the tree height and the canopy di-

mension. The canopy was characterized by measuring the overall canopy height above 

the ground level (m), the height from the ground to the canopy skirt (m), the canopy width 

height (m) and the canopy width low (m) [25]. The mean values with the corresponding 

standard deviation are reported in Table 1. 

Table 1. Dimensional characterization of trees’ structure (mean ± standard deviation). 

Trees Parameters 

Tree height (m) 4.32 ± 0.14 

Canopy width high (m) 4.09 ± 0.42 

Canopy width low (m) 3.60 ± 0.40 

Canopy skirt height (m) 1.00 ± 0.18 

After assessing the uniformity of the plants within the olive orchard, three plants 

were randomly selected, and 25 fruits were randomly taken from each tree. They were 

detached with a dynamometer tension force gauge (Correx, Haag-Streit, Switzerland), 

weighed with a digital precision scale (max capacity of 3 × 103 g, minimum capacity of 5 × 

10−2 g), and their maturity index (Jaen index) was analyzed by sight according to the 

method described in [25]. Following the procedure described by García et al. [26], a sub-

jective evaluation of the detached olives’ skin and flesh was conducted to divide them into 

different groups (from group 0 for skin bright green to group 7 for skin black with 100% 

purple flesh). 

2.4.2. Olive Shaking Efficiency and Damage Assessment 

A prototype shaking device was provided by AgreenCrop s.r.l. (Pisa, Italy). It is a 

hand-held branch shaker with a fixed hook that can grasp a 40 mm diameter branch. 

The olive shaking efficiency and the damage evaluation were conducted at the end 

of each harvesting test. Olive harvesting nets were laid out at the beginning of each test to 

collect fruits. There were no fruits falling outside the nets. The fruits that remained at-

tached to the branch after the shaking activity were collected manually and weighed. The 

olive shaking efficiency was evaluated as the harvest efficiency, reported by Sola-Guirado 

et al. [25], using Equation (11): 

𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐹𝑟𝑢𝑖𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑

𝐹𝑟𝑢𝑖𝑡 𝑛𝑜𝑛 𝑑𝑒𝑡𝑎𝑐ℎ𝑒𝑑 +  𝐹𝑟𝑢𝑖𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 +  𝐹𝑟𝑢𝑖𝑡 𝑓𝑎𝑙𝑙𝑒𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑
 ×  100  (11) 

No fruits fell on the ground, because the net managed to collect them. The amount of 

machine damage was also quantified by collecting and weighing leaves, twigs, and 

branches (the debris). The damage was quantified on 100 g of fruits harvested following 

the formula reported by Sola-Guirado et al. [25] (12): 

𝐷𝑎𝑚𝑎𝑔𝑒 =
𝑑𝑒𝑏𝑟𝑖𝑠 (𝑘𝑔)

100 𝑘𝑔 𝑜𝑓 𝑓𝑟𝑢𝑖𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑
 (12) 



AgriEngineering 2025, 7, 28 9 of 19 
 

 

No twigs or branches were broken during the shaking activity, so only the fallen 

leaves were considered. Both fruits and debris were weighed through the digital precision 

scale. 

2.4.3. Statistical Analysis 

Data analysis was carried out using the statistical software R version 4.3.2. The 

Shapiro–Wilk test and Bartlett test were performed to assess data normality and homo-

scedasticity, respectively. The data were transformed with a square root transformation, 

when necessary, to respect the normality assumption. Data regarding the olive shaking 

efficiency (%), damage, olive detachment force (N), and olive mass (g) were analyzed with 

the analysis of variance (ANOVA). The fruit maturity index was considered as a fixed 

factor with three levels (C0, C2, and C4), as well as the shaking time (12 s and 6 s). LSD 

post hoc test at 0.05 probability was carried out for the analysis of the fruit maturity index 

with the package “agricolae”. 

2.4.4. Branch Accelerations and Force Measurement 

Experimental measurements of the accelerations present on the different branch 

zones during the shaking by a hand-held portable shaker were carried out. 

Triaxial analogic accelerometers (ADXL356, Analalog Devices Inc., Norwood, MA, 

USA) were applied in proximity to the shaker–branch connection point, at half the dis-

tance between the shaker connection point and the trunk and in proximity to the branch 

end (at about 50 cm from the shaker connection point) (Figure 7). Their signals were ac-

quired by using an Arduino Mega board and converted by using the specific accelerome-

ter calibration values. 

The shaking force was also measured by applying a pair of strain gauges on the rod 

connecting the shaking machine to the branch, adopting a half-Wheatstone bridge config-

uration to maximize the signal, considering a normal load on the rod (diagonal bridge 

configuration). The effective dimensions of the rod were considered, as well as its elastic 

modulus, to obtain the applied force. The force signal was synchronized with the accel-

erometer ones. 

All the experimental signals were filtered using a band-pass filter implemented in 

MATLAB. The lower cutoff frequency was set at 5 Hz to filter out static noise, while the 

upper cutoff frequency was set at 40 Hz to include only the excitation frequency and its 

harmonics up to the 3rd order. The proposed band-pass filter allows for the exclusion of 

most noise present in the signals, including electrical noise (50 Hz and odd harmonics). 

 

Figure 7. Triaxial accelerometer applied near the branch tip. Local accelerometer y-axis was aligned 

with the local branch axis. 



AgriEngineering 2025, 7, 28 10 of 19 
 

 

3. Results 

3.1. Field Trial Results 

Three main maturity indices were identified from the fruit characterization analysis. 

The average weight and the average detachment force were measured for each maturation 

index detected. The results are reported in Table 2. 

Table 2. Characterization of the fruits, including the average weight and the average detachment 

force expressed in gF and N, in relation to the maturity indices observed in the field. 

Maturity Index Mass (g) Detachment Force (gF) Detachment Force (N) 

C0 1.35 605.10 5.93 

C2 1.46 472.45 4.63 

C4 1.47 374.49 3.67 

Results of the analysis of variance regarding the effect of fruit maturity index on 

weight and detachment force are reported in Table 3. The highest force was applied to 

olives with a fruit maturity index C0 (5.93 N), followed by C2 (4.63 N) and C4 (3.67 N). 

Table 3. ANOVA analysis results on the effect of fruit maturity index on weight and detachment force. 

Source Mass (g) Detachment Force (N) 

Fruit maturity index NS *** 

p < 0.001 “***”; NS: not significant. 

The results of the one-way ANOVA regarding the effect of shaking times (6 s and 12 

s) on harvest efficiency and damage are reported in Table 4. 

Table 4. ANOVA analysis results on the effect of shaking time on harvest efficiency and damage. 

Source Harvest Efficiency Damage 

Shaking time . NS 

p < 0.1 “.”; NS: not significant. 

The diameter of the olive stem was measured as well, obtaining an average value of 

1.2 ± 0.2 mm. The average ultimate strength of the stem wood, thus, ranged from 3 to 6 

MPa, with a maximum value of 8 MPa. 

3.2. Branch Acceleration Measurement 

All the acquired data show a high signal-to-noise ratio. As shown in Figure 8, where 

the raw spectra of the accelerometers present on the branch are reported, the spectrum of 

the signals presents well-distinguishable frequency peaks corresponding to the actuation 

frequency of the shaker (15 Hz) plus first-order superharmonics (2×, 3×). 

 

Figure 8. Accelerometer raw signal spectra for a representative case. Spectra of the accelerometers 

placed in proximity to the branch grasping (6) and nearest to the tip (7) regions in directions 
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orthogonal to the branch axis (a) and (b), signals orthogonal to the branch axis of the accelerometer 

placed in the middle between the trunk and the branch grasping region (c). 

The modulus of the accelerations orthogonal to the branch axis, measured in prox-

imity to the shaker–branch grasping point, at half the distance between the hook grasping 

point and the trunk and in proximity to the branch tip, is presented in Figure 9. The signals 

did not present a variation trend over the shaking duration (about 6 s). The data were 

preliminarily denoised and filtered with the 5–40 Hz band-pass filter before calculating 

the acceleration modulus. 

The maximum value of the acceleration measured in the region nearest to the branch 

tip was greater than 150 m/s2, while the average value was about 100 m/s2. An average 

acceleration of 50 m/s2 was measured in proximity to the shaker hook. 

It can be observed that the average value of the branch acceleration grows monoton-

ically from the trunk to the tip and that the average value of the accelerations measured 

in proximity to the branch tip is about two-times the value measured near the hook con-

nection point. The acceleration growth while moving towards the branch tip is, thus, more 

than linear, suggesting that dynamic amplification due to the branch elasticity occurs. 

 

Figure 9. Modulus of the accelerations orthogonal to the branch axis, measured at half the distance 

between the hook grasping point and the trunk (a), in proximity to the shaker–branch grasping 

point (b) and in proximity to the branch tip (c). 

3.3. Analytical Model Response 

The olive acceleration predicted by the analytical model implemented in the 

MATLAB Simscape solver is shown in Figure 10. It can be observed that the olive acceler-

ation along the horizontal direction (𝑎𝑦) is significantly lower than the value in the vertical 

direction (𝑎𝑧). The accelerations are in phase, and, thus, the resultant acting on the olive 

can be evaluated by considering the modulus of the two signals (13): 

𝑎𝑡𝑜𝑡 =  √𝑎𝑦
2 + 𝑎𝑧

2  (13) 

The olive acceleration produces the inertial force (Equation (9)) that acts on the olive 

stem and leads to the olive detachment. Despite the lower contribution of horizontal ac-

celeration, it can generate a significant flexural load on the stem. 
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Figure 10. Absolute acceleration of the olive obtained by the multibody model in Simscape, along 

the horizontal (ay) and vertical (az) directions. The axes are defined in Figure 5. 

3.4. FE Model Predictions 

3.4.1. Branch Dynamic Deformation 

The shape of the modal response and the corresponding natural frequencies of the 

branch are reported in Table 5. The dynamic response is dominated by the oscillation of 

the olive around the branch–stem connection point and by the flexural deformation of the 

branch, with the former occurring at a lower frequency. For the first six modes, two modal 

shapes are present per each natural frequency due to the symmetry of the model. 

Table 5. Modal shapes and natural frequencies for the first six modes. 

Mode Frequency, Hz Brief Description 

1. 8.4 Olive stem bending 

2. 8.4 Olive stem bending 

3. 11.5 Branch bending 

4. 11.5 Branch bending 

5. 40.2 High-order olive stem and branch bending 

6. 40.2 High-order olive stem and branch bending 

The deformed shape of the branch in shaking conditions was predicted by the har-

monic analysis, following the MSUP approach. A sinusoidal force having the magnitude 

and the frequency of the average shaking force that was applied during the experimental 

campaign was applied. The model deformation is reported in Figure 11. 

 

Figure 11. Predicted branch–stem deformation during shaking. Values in mm. 

The harmonic analysis allowed us to investigate the effect of the shaking frequency, 

keeping the same shaking force and branch grasping point, on the dynamic response of 

the system. 
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As shown in Figures 12 and 13, a significant dynamic amplification of the acceleration 

on the branch end occurs when the excitation force is similar to the branch’s first flexural 

natural frequency. The value of the global damping ratio of the branch system affects the 

magnitude of the amplification and the frequency response. 

A dynamic amplification factor (DAF) can be defined as the ratio of the olive and 

shaking point acceleration (14): 

𝐷𝐴𝐹 =
𝑎𝑜

𝑎𝑠𝑝
  (14) 

where 𝑎𝑜 is the magnitude of the acceleration of the olive center of mass, while 𝑎𝑠𝑝 is the 

magnitude of the acceleration of the shaking force application point on the branch. The 

DAF value as a function of the shaking frequency is reported in Figure 14 for damping 

ratios of 0.05 and 0.2. The experimental case, which presented a damping ratio of about 

0.1, falls between these upper and lower boundaries. 

 

Figure 12. Magnitude of the acceleration of the node corresponding to the olive center of mass and 

of the shaking force application point, presented as a function of the shaking frequency. Damping 

ratio 0.05. 

 

Figure 13. Magnitude of the acceleration of the node corresponding to the olive center of mass and 

of the shaking force application point, presented as a function of the shaking frequency. Damping 

ratio 0.2. 
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Figure 14. DAF value as a function of the shaking frequency for different damping ratios. 

3.4.2. Olive Detachment Prediction 

The FE model was solved by considering the shaking frequency adopted in the ex-

perimental campaign. The stem deformation and the stresses predicted in the stem critical 

region, namely the stem–branch connection, are reported in Figures 15 and 16. A global 

damping ratio of 0.1 was considered 

The olive stem is subjected to a bending load due to the olive inertial forces, arising 

from the branch tip acceleration and olive oscillation with respect to the branch tip. The 

maximum stresses occurred in the stem–branch connection section, with the peak values 

in the region farthest from the section neutral axis. The stress state can, thus, be approxi-

mated by the response of a deformable cantilever beam loaded with a transverse force in 

proximity to the beam end. 

The normal stress peak value was found to be 8.8 MPa, greater than the average ul-

timate strength of the stem wood obtained from the experimental tests (6 MPa). 

 

Figure 15. Stress predicted by the harmonic analysis in the olive stem, evaluated at the shaking 

frequency. Values in MPa. 
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Figure 16. Detail of the equivalent Von Mises stress distribution on the critical region of the stem 

(the stem–branch connection), evaluated at the shaking frequency. Values in MPa. 

The frequency response of the normal stress in the olive branch–stem connection sec-

tion at various shaking frequencies is presented in Figure 17. The stress peak value and, 

thus, the most critical condition for the olive detachment occurs in proximity to the 

branch’s first flexural natural frequency (11.5 Hz), which is slightly lower than the applied 

shaking frequency (15 Hz). The maximum stress in the critical section varies from 3 MPa 

to 22 MPa as the shaking frequency changes from 6 to 30 Hz. The olive detachment is, 

thus, strongly affected by the machine shaking frequency. 

 

Figure 17. Frequency response of the maximum value of the normal stress along the olive stem at 

various shaking frequencies. Damping ratio 0.1. 

4. Discussion 

Concerning the fruit characterization, the presence of three main stages of maturity 

was detected (C0, C2, and C4). It was analyzed as fundamental information for identifying 

the optimal harvesting time, improving both the qualitative and quantitative characteris-

tics of olive oil production [27]. In fact, according to [28], one of the main factors to monitor 

is the fruit detachment force, which, when it drops below 3 N, causes the fruit to fall and, 

consequently, the difficulty in recovering the latter during harvesting and a decline in the 

quality of the oil. 

What emerged from this study is that the fruit maturity index ranged from C0 to C4, 

and it did not affect the olives’ mass, but it did affect the force needed to detach the olive, 

with the highest value for the olive in the C0 stage of maturity. This result is in accordance 

with [29], who obtained a decrease in resistance during the ripening process. 

Furthermore, it was found that the shaking time (6 s and 12 s) did not affect the har-

vest efficiency. Shaking times longer than 6 s are not useful for increasing the harvesting 

efficiency, which resulted as 81.17% for both shanking times tested. It is an important re-

sult as it is fundamental to minimize the shaking time to limit the operator’s exposure to 
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vibrations that are harmful to the hand–arm system. These findings are in line with the 

findings of [30], which demonstrate that the establishment of a proper shaking time is 

fundamental to obtaining balanced harvesting efficiency. In fact, lengthening the shaking 

time can maximize the quantity of olives harvested per catch, but it reduces the quantity 

of olives harvested by each operator, without considering the damage to health [31]. As 

the typical vibration frequencies produced by commercial hand-held branch shakers fall 

within the most harmful range for the operator’s hand–arm system (EN ISO 5394), a pos-

sible reduction in the shaking durations significantly impacts the operator’s safety. 

The damage rate caused by the branch shaker did not differ between the two shaking 

times. Both durations resulted in a damage rate of 5.30 in terms of debris production. 

Consequently, along with the efficiency results, it can be concluded that the lowest shak-

ing time may be selected. In fact, according to [10], extending the harvest time led to high 

debris production, which has strong implications on the productive capacity of the olive 

trees. 

The maximum value of the acceleration measured in the region nearest to the branch 

tip was greater than 150 m/s2, while the average value was about 100 m/s2. Despite the 

variability in the tree and the different frequency of the shaker (16.6 against 15 Hz), those 

values are in line with what has been observed in the recent literature [10]. 

The analysis of the branches’ structure and the comprehension of its dynamic re-

sponse during the shaking are fundamental to optimizing olive harvesting because the 

shaking time within the same crop can vary according to the different points of vibration 

application [10,32,33]. In this regard, the prosed multibody model can be used to model a 

wide range of different branches. This model allows simply varying the principal param-

eters of the model, such as the length of the branch and stem, their stiffness and damping 

behavior, or the mass of the fruit [34]. However, multibody models cannot completely 

model the olive detachment condition, which is governed by the branch acceleration and 

the olive stem bending [17]. The olive detachment condition depends on the inertial force 

produced by the olive acceleration and on the relative position between the olive and the 

stem connection point on the branch, which determines the stresses present in the stem. 

Furthermore, a simplified multibody model does not consider the branch dynamic ampli-

fication, which affects the olive acceleration. An FE model is necessary to properly catch 

the dynamic response of the olive and the critical detachment condition. 

In accordance with [22,29,34], the proposed FE model caught the influence of the dy-

namic vibration of the acceleration caused by the branch elasticity. The fundamental pa-

rameter for the optimization of olive harvesting via a hand-held portable shaker is the 

dynamic amplification of the acceleration applied by the device (the DAF value), which is 

presented in Figures 12–14, as a function of the shaking frequency. It focuses on an aspect 

that is not taken into account when a shaking force is applied by a device fixed on the 

branch [21] or by the trunk shaking [19,35]. Despite the branch geometry and mechanical 

properties (damping and stiffness) significantly affecting the value of the branch flexural 

natural frequency and the DAF–shaking frequency function, the dynamic amplification of 

the branch acceleration governs the acceleration transmitted from the branch shaker to the 

olive. 

The damping coefficient used in the harmonic analysis was higher than the value 

reported by Sola-Guirado et al. [22] as it accounts for the global damping of the branch, 

including friction with surrounding branches. As shown in Figure 14, a higher DAF is 

obtained at the branch’s natural frequency when a damping ratio of 0.05 is used, which is 

consistent with the findings in [21]. 

Unlike previous studies [21,22] that did not incorporate olive–stem geometry in their 

FE models, the proposed approach integrates olive dynamics, providing insights into the 

mechanisms of olive detachment, as introduced by the analytical approach presented in 
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[17]. The model revealed that stem bending, caused by the inertial forces arising from the 

branch tip acceleration and the olive oscillation with respect to the branch tip, is the critical 

condition for olive detachment. This happens when the olive is at one extreme of its oscil-

lation around the stem–branch connection point. 

Although the local geometry of the stem–branch connection is not included in the 

model, the stresses predicted by the harmonic analysis, based on the excitation force and 

shaking frequency measured during the tests, were found to be in line with the measured 

olive detachment forces. The peak stress in the critical section was 8.8 MPa, exceeding the 

measured average strength of the olive–stem connection. These results are consistent with 

those obtained by [21], which considered an olive stem with a diameter of 1.5 mm. 

Figure 17 shows that the maximum stress in the critical section is strongly affected 

by the machine shaking frequency, which can be tuned to facilitate the olive detachment. 

It is worth noting that the value of the peak stress and its frequency depends on the ge-

ometry of the simplified branch model that was implemented. 

Further investigations could focus on refining the model by including more detailed 

branch geometry and twigs, incorporating the twigs’ mechanical properties determined 

by [22]. An extended branch geometrical characterization and olive detachment force 

measurement campaign will be necessary to improve and validate the proposed FE 

model. Moreover, it is crucial to assess the model’s sensitivity to the variations among 

olive trees and cultivars. By adopting this approach, a robust model can be defined, which 

is essential for optimizing the shaking frequency and minimizing the operator’s exposure 

to harmful vibrations. 

5. Conclusions 

This study provided valuable insights for improving the harvesting performance in 

olive cultivation through a branch shaker. Among the findings derived from the field ex-

periments, it emerged that the olive maturity index significantly influences the detach-

ment force, confirming the importance of this factor in determining the optimal harvesting 

time. 

The results showed that the longer shaking time did not increase damage to the olive 

trees but also did not improve harvesting efficiency. This indicates that shorter shaking 

times (6 s) can be employed as the optimal solution to reduce the operator exposure to the 

shaker vibrations. 

The FE model revealed that the branch dynamic amplification governs the accelera-

tions transmitted to the olive. Furthermore, it showed that the critical condition leading 

to olive detachment is the olive stem bending. The stress predicted by the harmonic anal-

ysis (peak value 8.8 MPa) was found to be in line with the measured olive detachment 

forces. 

Such findings are essential to optimize not only the machinery design but also the 

operators’ working conditions, while minimizing the tree damage. 

The present work lays the groundwork for an extensive FE model validation and 

sensitivity analysis to the mechanical and geometrical parameters that can be found across 

olive cultivars. This approach will provide machine designers with the data necessary to 

optimize the shaking frequency of hand-held portable shakers and trunk shakers. 

In addition, further studies could focus on the impact of the branch shaker on oper-

ator health. In particular, the research could address the minimization of the shaking time 

for a wide range of cultivars and fruit maturity indices, impacting the potential risks as-

sociated with prolonged exposure to vibrations. 
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