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Abstract: The application of the Discrete Element Method (DEM) allows simulating the movement
of a particle of any shape in a conveyor. The DEM method uses the assumptions of the Lagrange
calculation model, in which each particle in the domain is tracked individually. It makes it possible to
conduct a thorough examination of the behavior of the entire bulk material bed consisting of a set of
elements with characteristic physicochemical properties. Therefore, the deposit is not considered
according to averages and constants, e.g., strength values, but as a set of elements that can be
described individually. The article presents the results of a simulation, with the use of the Discrete
Elements Method (DEM), of the process of soft fruit transport in the food industry. The results of
the research and exemplary simulations of blueberry fruit transport are presented. The influence of
the type of a transport device on the values of normal and tangential forces occurring between the
blueberry fruit and structural elements of the transport device, as well as the interaction between
the fruits, were modeled. In addition, based on the amount of energy absorbed by each fruit due to
collisions, the analysis of the energy spectrum of collisions of particles was carried out to determine
the likelihood of damage to the fruit in transport and to identify the phenomena that favor it.

Keywords: DEM; modeling; transport of raw materials; food processing industry

1. Introduction

The dynamic growth of production, which is characteristic of the development of the modern food
industry, requires systematic improvement of the level of organization and automation of production
processes. It also applies to companies designing technological lines and industrial equipment.
The most important criterion determining the selection of a device/method of transport is the type,
or rather the physical and chemical characteristics of the product that is transported. A serious
technological challenge in the food industry is the transport of delicate products (including soft fruit),
susceptible to mechanical damage, the destruction of which makes it necessary to withdraw the
raw material/semi-product from the technological line. Another serious problem is micro-cracks,
which accelerate the destruction of the product in subsequent stages of the technological process [1–3].
A technologist must therefore choose the most appropriate way of dispensing products in a way
limiting the time of operation during which mechanical damage to the product may occur and
limiting the weight of the waste [4–6]. The available numerical methods to investigate the behavior
of particles make it possible for machine constructors to track the forces acting on a transported
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material. The most important ones are normal forces and tangential forces resulting from the collision
of particles with the walls of transport equipment [7–9]. They affect mainly the quality of the
transported material. In the food industry, various ways and mechanisms of transporting loose
products are used [10,11]. There are many factors determining the choice of the way products are
transported. The most frequently mentioned are: physicochemical properties of the product/raw
material, direction, and distance to which the raw material is transported, and the capacity of the
transport equipment. Additionally, when choosing the equipment, users are guided by the aesthetics of
it, time of delivery, and process/technological safety expressed by the ease of cleaning of the transport
equipment. In addition, when selecting the method of transporting the raw material, production
technologists, must consider factors affecting keeping the product quality parameters during transport.
During the transport of food raw materials, there are unfavorable phenomena, which reduce the quality
of the raw material, leading to the loss of the weight of the material, which can be subjected to further
technological processes. It is assumed that transporting food is a mobile type of storage, and therefore
the changes in the transported products are influenced by the same parameters that affect them during
storage [12]. The rate of these changes depends on the temperature, humidity, oxygen, and carbon
dioxide content in the environment [13]. Unfavorable changes in the quality of the raw material occur
through the influence of microorganisms. Microorganisms that contaminate fruit and vegetables
usually settle on their surface and penetrate into tissues as a result of damage caused during harvesting,
transport, and storage. The degree of microbiological contamination of fruit and vegetables affects their
durability, stability, and sensory properties, so it is a determinant of their quality and suitability for
consumption. The fruit is most often contaminated by acidophilic microorganisms, including acetate
bacteria Acetobacter sp., Gluconobacter sp., lactic fermentation bacteria Lactobacillus sp., as well as yeasts
and filamentous fungi. The dominant vegetable microflora are bacteria of the Bacillus and Clostridium
genera, Micrococcus, Flavobacterium, lactic acid bacteria green vegetables [14]. The factors that favor
the development of microorganisms on the transported raw material are mechanical damages to the
surface, resulting from the mechanical interaction between the elements of the raw material and the
walls of the equipment used for transport. One of the mechanical factors that adversely affect the
quality of the raw material surface are vibrations [15]. The world literature lacks descriptions of the
influence of vibrations generated during the movement of raw material in transport equipment. During
transport, the raw material is displaced and there occur mechanical interactions caused by vibrations
of the conveying device. The vibrating movement contributes to the reduction of the content of certain
chemical compounds in the transported soft fruit, influencing the biochemical transformations leading
to the loss of quality characteristics of the transported raw material [12,16]. Soft fruits are particularly
exposed to the reduction of chemical compounds (studies on the influence of vibrations on strawberries
have shown that the content of sugars and ascorbic acid decreases [17]). Moreover, a change in bacterial
cell activity has been observed. Their number changed depending on the temperature at which the
research was conducted. The increase in the activity of microorganisms caused by the temperature
increase is additionally strengthened by damage to the cell walls of blueberries and the leakage of
sugars that are a nutrient medium for multiplication of microorganisms. A decrease in the number of
bacterial cells was observed at 10 ◦C. This can be linked to a reduction of nutrients (including sugars)
that provide food for the bacteria. At the temperature of 25 ◦C, an unfavorable increase in the number
of bacterial cells of Escherichia coli was observed, which was explained by the leakage of juice from
damaged strawberries, which resulted in an increase in pH, positively influencing the activity of
microorganisms [18].

Limiting the unfavorable influence of vibrations of the conveying device on the raw material is
one of the most important tasks for constructors of devices used in food processing. At the same time,
the choice of the right device involves carrying out costly tests in conditions that meet the requirements
of the process line. For this reason, it is becoming increasingly common to use computer simulations
to reduce research time and costs. During the design of the device, specialist software is used to
simulate its operating conditions and to simulate the behavior of the transported raw material particles.
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The mathematical models used for simulation calculations make possible to present the movement of
the transported raw material deposit corresponding to real process conditions. One of the available
simulation tools is Rocky DEM, Engineering Simulation, and Scientific Software Ltd. The software
uses the Discrete Element Methods (DEM). The implementation of Rocky DEM makes it possible to
simulate the movement of any set of particles of any shape moving in the transport device.

During the research, multi-criteria simulations of blueberry movement, transported by a vibrating
conveyor, were carried out. Normal and tangential forces between the blueberry fruit and the walls of
the transporter were calculated. The calculations of energy restitution coefficients were made, taking
into account the physicochemical properties of blueberry fruit. The calculations were made for the
model of a shock (vibrating) conveyor as well as for a conveyor with a chute with a reciprocating
movement (shaking conveyor). The results of the simulation made possible to select the structural
parameters of the conveyors taking into account the highest capacity (output) of the transported fruit
and energy optimization of the device.

2. Materials and Methods

2.1. DEM Model Used for the Calculations

The Discrete Element Method (DEM) is a numerical technique for predicting the movement
behavior of mass solids. The DEM method is based on direct tracking of particles in the Lagrange
reference system. It ensures a more accurate modeling of the interactions of raw material particles [19].

The movement of loose materials moving along a specific geometry is forced by the shape of the
chute, the effect of gravitational force, the movement of the elements of the conveying device and
mutual interactions of the particles of the moving material.

The movement of the deposit is the resultant of many factors, and the mathematical description
requires a complex computational apparatus, forced by the interpenetrating features. A deposit can be
locally treated as a solid, while in other fragments, it shows features of liquid phase. It is also possible
for both behaviors to interweave. Using DEM modeling is based on a meshless method describing
the elements of the deposit. Each of the particles/elements of the deposit is described mathematically,
so that it is finally possible to describe the movement of the whole deposit. It is possible because the
individual motion equation for each particle is integrated into the entire deposit.

The available solutions allow performing DEM simulations with the assumption of sphericity of
particles or using any shape of geometry (Figure 1). Furthermore, it is possible to perform one- or
two-way coupling simulation with thermal, flow, or structural analysis.
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The calculation is repeated until the condition of the end time of the simulation, set by the user, is 
fulfilled. 

Configuration: geometry, boundary condition, material properties, diameter distribution, and 
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Figure 1. An example of a shape of a particle in Rocky DEM (Discrete Element Method).

2.2. Mathematical Model

The numerical analysis of the feeder, transporting delicate fruit, included:

- Determination of forces acting on individual particles resulting from their mass;
- Calculation of interactions with walls or other particles.

In the first step, it is required to introduce necessary settings, such as the selection of mathematical
models and the associated parameters and material data. What is determined in the next step is the
area of interaction of each particle and then the forces acting on the elements of the modeled set.
The calculations lead to the distribution of speed vectors for the particles in a given calculation step.
Subsequent transformations lead to estimation of a new position of particles [20]. The calculation is
repeated until the condition of the end time of the simulation, set by the user, is fulfilled.

Configuration: geometry, boundary condition, material properties, diameter distribution, and
particle type.

Process: the user decides to start processing the simulation for each individual particle; the DEM
program performs the following actions:

• Locates all adjacent particles and borders with which the particle will come into contact;
• Calculates the sum of all forces (Euler Equation);
• Acting on the particle:

∑
Ftotal =

∑
Fbody +

∑
Fsur f ace = m

dv
dt

(1)

Movement: the DEM software uses the current location of particles, velocity, and time step
information to move the particle to its next location in the simulation

Vnew = Vold +

∫ t+∆t

t

∑
Ftotal
m

dt (2)

xnew = xold +

∫ t+∆t

t
vnewdt (3)
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DEM program.
Markings: F as force, m as mass, t as time, v as velocity, and x as position location. For simplicity

of the scheme, no Euler Equation is presented [21].

3. Results

3.1. Forces Acting on a Particle

The algorithm of operation of DEM programs assumes that particles are affected by two types of
forces (Equation (1)). The first of them are mass forces (Fbody), whose source is the mass of individual
particles, included in the calculation model. The second type of force occurs on the surface of particles,
at contact points, which develop as a result of inter-particle collisions or collisions with the geometry
of walls. They are marked as surface forces (Fsurface). While determination of mass forces in case
of the analyzed feeder is not complicated, it comes down only to determination of the weight of
each particle; the forces resulting from interactions on the surface of a particle require advanced
mathematical apparatus. In addition, the surface forces are divided into two subtypes, i.e., into normal
and tangential forces.

3.1.1. Normal Forces

During the simulation, it is initially assumed that all particles are non-deformable and have a
spherical shape. In contrast, actual deformations occurring during collisions of particles should be
modeled by taking into account the behavior of the particles resulting from their strength properties.
For this purpose, a theoretical deformation (Figure 2) is assumed, which is described as a slight particle
permeation. Based on this theoretical approach, a deformation is modeled, being a response to the
nature of the interaction of the modeled particle at the point of contact.
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Figure 2. Collisions of particles: (a) real, (b) numerical model—∆sn is the overlay of particles in the
normal direction.

To determine normal forces, the model of Walton and Braun linear spring hysteresis was
used [22]. This model describes an elastic collision with energy dissipation due to particle deformation.
This approach is used effectively in the description of transport of dry material [23,24]. The used model
is represented by Equation (4). As the analyses were conducted in a non-stationary (time-varying)
mode, the equation was time-dependent. The normal force at a given time step Ft

n is [25,26]:

Ft
n =

 min
(
Knlst

n, Ft−∆t
n + Knu∆sn

)
if ∆sn ≥ 0

max
(
Ft−∆t

n + Knu∆sn,λKnlst
n

)
if ∆sn < 0

(4)

where Ft
n and Ft−∆t

n are normal forces at the given and previous time step, ∆sn is the overlay of particles
in the normal direction (Figure 2), Knl and Knu are the contact rigidity when increasing and decreasing
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the load. These constants are dependent on the Young particle modulus and the walls as well as the
particle size.

3.1.2. Tangential Forces

The tangential forces resulting from contact were determined using the Coulomb’s flexible
model. In this case, the collision is treated completely elastically. Ideally, it could be described using
Equation (5):

Ft
τ,e = Ft−∆t

τ −Kτ∆sτ (5)

where:

• Ft−∆t
τ is the value of this force from the previous time step;

• ∆sτ is mutual relative deformation;
• Kτ is the tangent stiffness defined as the fraction of normal stiffness from Equation (4).

Equation (5) describes an ideal case. Additionally, the limit of force must also be taken into
account, by marking the Coulomb limit:

Ft
τ = min

(∣∣∣Ft
τ,e

∣∣∣,µFt
n

) Ft
τ,e∣∣∣Ft
τ,e

∣∣∣ (6)

whereµ is the coefficient of friction defined for a given contact pair. If the force derived from Equation (4)
exceeds the limit value described by the term µFt

n, the force shall take the value of that term and the
sign defined for Equation (4).

3.2. Shock Conveyors—Motion Analysis

The model of movement of raw material deposit was used to simulate the operating conditions of
shock conveyors (Figure 3), which belong to the group of non-concurrent conveyors in which loose
materials move in a trough or in a chute, as a result of inertia. Conveyor troughs are excited to vibrate,
performing cyclic movements with variable speed and variable acceleration. The material in the trough
makes continuously short slides or jumps, moving in the direction of transport.
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Figure 3. Vibrating conveyor [25].

Conveyors in which cyclic movements take place in a plane parallel to the trough surface are called
shock-absorbing conveyors, while those whose direction of movement is inclined at a certain angle
to the trough surface are called vibrating conveyors. Another criterion for dividing conveyors into
shock and vibration ones is the nature of movement of the transported material. In shock-absorbing
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conveyors, the material slides in the trough under the influence of inertia forces, regardless of the
direction of parallel or inclined movement, whereas in vibrating conveyors the material moves by
micro jumps [27–30]. In Figure 4, the differences between the two types of conveyors are shown
graphically. I. Movement of the product in I. Movement of the product inclined at a certain angle to the
plane of the trough the plane parallel to the plane of the trough II. The transported material slides in the
trough II. The transported material usually makes micro jumps under the influence of inertia forces.
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Vibration conveyors differ from shaken ones with the type of drive. The chutes of vibration
conveyors are vibrated by means of electromechanical, electromagnetic, hydraulic, and pneumatic
drives. The troughs of shaken conveyors, on the other hand, are introduced into the reciprocating
motion by means of double crank, crank, and hook mechanisms, elliptical wheels, etc. In addition,
pneumatic or hydraulic drive can be used on shakeout conveyors, which will allow the amplitude and
frequency of trough movements to be adjusted according to the required capacity [31–33].

3.3. The Boundary Conditions Used in the Calculations

For the correctness of the calculations, the material constants of the transported material were
used and the process conditions for which the simulation was carried out were determined. For both
types of transport, a constant mass flow of blueberry fruit equal to 0.1 kg/s was assumed. The following
diameter distribution was assumed for the analysis: 80% of blueberries with a characteristic diameter
of 12 mm and 20% with a diameter of 15 mm.

Modeling condition:

• There is no particles at the beginning of the simulation. The particles are injected to the domain at
each time step of the simulation with constant mass flow of 0.1 kg/s, the same for both simulations.

• The particles are removed after leaving the domain.
• The particles are spherical. It is possible due to fruits shape and with implementation of rolling

resistance. Additionally, it is possible to perform DEM simulation of any kind of shape.
• The Young modulus for particles was 0.61 MPa.

In order to simulate non-spherical shape of the particles and its elasticity while rolling, a constant
rolling resistance model was used. That model represents a constant moment that act on a particle
during rotational movement (see Equation (7)):

→

Mr = −µr

∣∣∣∣→r ∣∣∣∣Fn

→
ω∣∣∣∣→ω∣∣∣∣ (7)

where:

• µr coefficient of rolling resistance, defined as a tangent of maximal slope on which resistance
moment counteracts the torque caused by the tangential forces [34];

•
→
r —rolling radius—vector joining particle center and the contact point;
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• Fn—contact normal force;

•
→
ω—particle angular velocity.

The value of the rolling resistance was assumed as equal 0.9 basing on experience.
The physical properties of the blueberries used in the model are presented in Table 1. The coefficient

of restitution, for preliminary analysis, was adopted at the level of 0.7, while in a further step a parametric
analysis was considered to examine the effect of this parameter on the values of forces acting on fruits.
During the simulation, collision statistics data were collected in the form of normal and tangential
forces acting on blueberries during collisions between fruits, and as a result of collisions with walls of
the conveyor. Normal and tangential forces are an indicator of the quality of transport because they are
responsible for damage to the structure of the fruit and for changes in its surface. The results presented
in the further part of this article refer to the established state of the operation of the conveyor, which
corresponds to the last 10 s of its operation. During the simulation, a 20-s conveyor operation time
was assumed. It made possible to obtain the established operating status of the feeders and to obtain
average values for a sufficiently long operating time from the simulation model.

Table 1. Summary of selected physical properties of blueberry fruit used in the model.

The Variable The Value

The coefficient of static friction of blueberry walls 0.6
The coefficient of dynamic friction 0.6

The coefficient of static friction of blueberry–blueberry 0.7
The coefficient of dynamic friction 0.7

Bulk density, kg/m3 640

The blueberry transport simulation was carried out on a gutter conveyor, which was designed in
CAD software (Invertor 2015, Autodesk, Kraków, Poland, 2015). Then a digital construction model
was imported in STL format for simulation calculations. Two types of movement were assigned to the
geometry of the conveyor:

• Vibrating movement, where the movement took place in the direction of 45 degrees of inclination
to the conveyor plane (Figure 5) with a frequency of 15 Hz and amplitude of 3 mm;

• Reciprocating movement, where the movement took place in the feeder line (Figure 4) with a
6 mm pitch. The return movement of the gutter is faster than the forward movement and the time
for each of them was 0.01 s and 0.03 s, respectively.

4. Discussion

Figures 5–8 show a comparison of graphs of mean normal force (mean for the whole population)
acting on fruits as a function of time and standard deviation of the mean for this size. There is a
significant difference in the results obtained. In case of the vibrating feeder, the forces acting on the
fruit are much higher than those acting on the feeder with reciprocating motion [35,36]. In the first
case, the average force acting on the fruit after time was 17.4 mN, whereas in case of the reciprocating
feeder 11.6 mN, which means that the average value of this force is about 30% lower in comparison
with the vibrating feeder.
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A similar character was obtained for the tangential forces acting on the fruit. Figures 9–12 show a
comparison of graphs of mean force (mean for the whole population) acting on fruits. These forces
are acting on the fruit in the perpendicular movement direction of the bed. In this case, the average
value after time for the vibrating feeder was 5.8 mN; while for the reciprocating feeder, it was 3.2 mN,
which is about 45% less than for the vibrating feeder.
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The next step after the initial analysis was to examine the changes in the forces acting on the fruit
in the function of the value of the restitution coefficient [37]. This allows drawing conclusions about
the differences between the two types of transport depending on the elasticity of the fruit or, for higher
values of the coefficient, conclusions about the transport of frozen fruit (Figure 13). Changes in the
coefficient from 0.1 to 0.9 with a step of 0.1 were adopted for the analysis. Values 0 and 1 were omitted,
due to their non-physical relevance value.
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vibrating motion and a trough with reciprocal motion.

The data presented in Figure 9 shows that for low values of the restitution coefficient, the differences
between vibration and reciprocating transport are negligible. On the other hand, as the value of the
analyzed coefficient increases, in case of vibrating transport the values of forces increase significantly at
the moment when, for the feeder, these forces remain unchanged or increase slightly. This means that
the quality of vibrating transport will be strongly dependent on the resilience of the fruit. The greater
the elasticity, the greater the risk of damage to the fruit in vibrating transport with a constant quality of
the reciprocating transport [38,39].

5. Conclusions

Based on the numerical analysis carried out, one can formulate recommendations concerning the
construction of conveyors used for transporting delicate fruit (raspberry, blueberry).

A correlation between the resilience of the fruit and the type of transport was observed. For fresh
and frozen fruit, there is a significant difference between the normal acting on the fruits depending on
the value. For a vibrating conveyor, an average normal force value of 17.4 mN with a deviation of
forces from the average value of up to 40 mN was initially obtained. This means that the values of
these forces locally could exceed the average elasticity limit of 48.7 mN for blueberries. The results
of the simulation of normal forces are shown in Figures 14–16. Figure 16 shows the of normal forces.
For the reciprocating trough (Figure 16a), the exceedance of the elasticity limit is only visible near the
filling. A small number of blueberries is marked in violet color. On the other hand, in case of the
vibrating chute (Figure 16b, there are blueberries along the whole length of the conveyor, subjected
to normal forces exceeding the 48.7 mN limit. The number of fruits in the twentieth second of the
simulation, for which the limit value was exceeded, was 140 for the vibrating feeder and 10 fruits for
the reciprocating feeder, with a total number of 1961 fruits analyzed.
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The simulation clearly shows the advantage of using a conveyor with reciprocating motion
for transporting blueberries and other soft fruits. There is a very limited number of fruits that can
be damaged during transport, including those transported without being frozen and those frozen.
The application of the Rocky DEM simulation made it possible to determine the forces acting on
the transported material along the entire length of the conveyor. At the same time, the behavior of
the entire deposit on the transport trough can be described. The image of the deposit enables the
correct design of the geometry of the conveying device while meeting two important process criteria,
namely the highest possible mass capacity of the conveyor and the lowest possible number of fruits
that may be damaged. In addition, simulations of the distribution of forces affecting the transported
fruit make it possible to reduce the probability of collision and to improve the design of the device
(e.g., the analysis of the grits and angles increasing the uniformity of the transported deposit) [40,41].
Through changes in the input parameters (e.g., the time of moving the product on the gutter), the
constructor of the device strives to optimize the construction of the device, while maintaining favorable
quality parameters of the transported product [42–44].
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