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a b s t r a c t
Optical sorters are important devices in the processing and handling of the globally growing material streams.
The precise optical sorting ofmany bulk solids is still difficult due to the great technical effort necessary for trans-
port and flow control. In this study, particle separation with an automated optical belt sorter is modeled numer-
ically. The Discrete Element Method (DEM) is used to model the sorter and calculate the particle movement as
well as particle – particle and particle –wall interactions. The particle ejection stage with air valves is described
with the help of a MATLAB script utilizing particle movement information obtained with the DEM. Two models
for predicting the particle movement between the detection and separation phase are implemented and com-
pared. In the first model, it is assumed that the particles are moving with belt velocity and without any cross
movements and a conventional line scan camera is used for particle detection. In the second model, a more so-
phisticated approach is employed where the particle motion is predicted with an area scan camera combined
with a tracking algorithm. In addition, the influence of different operating parameters like particle shape or con-
veyor belt length on the separation quality of the system is investigated. Results show that numerical simulations
can offer detailed insight into the operation performance of optical sorters and help to optimize operating param-
eters. The area scan camera approachwas found to be superior to the standard line scan camera model in almost
all investigated categories.
1. Introduction

The amount of bulkmaterial processed on a global scale continues to
grow. In 2012, more than 8687 MT of coal [1] and 2520 MT of grain [2]
were produced. The maritime trade of iron ore, grain, coal, bauxite and
phosphate increased from 448 MT in 1970 to 3112 MT in 2014 [3]. It is
estimated that 10% of the worldwide energy supply is required for the
handling and transport of bulk solids [4]. The annual production of
bulk materials and powders has a value of over $10 billion and around
25% to 30% of the products produced by the pharmaceutical and chem-
ical industries are particulate solids [5].

With continuously growing material streams, the handling and
sorting of bulk solids is of great importance. In addition to conventional
separating processes like screens [6], which separate the material de-
pending on physical properties, automated optical sorters can be used.
Minerals, agricultural products, granules of recycling processes, or
particulate chemical/pharmaceutical substances can be separated
based on optical criteria [7–9]. For this purpose, the particulate matter
is transported and isolated by chutes, slides or vibrating conveyors
and passed by an optical sensor. The bulk solids are then separated
into two fractions by pneumatic air valves, which are triggered based
on optical properties of the material like size, shape, color, brightness
or texture.

Scientific studies conducted in the field of optical sorting can be sep-
arated into different core areas. Investigations regarding the sorting of
nanoparticles discuss the necessary experimental structures for particle
separation and are presented in [10–12]. The main focus regarding the
optical sorting of bulk solids is the testing of sorting processes for specif-
ic applications. Examples include the separation of magnesite from
waste streams [13], the selection of quartz pebbles [14] and the sorting
of wheat grains infestedwith plant disease [15,16]. Other studies inves-
tigate the potential of new ormodifiedmachine components [8,17–19].
An additional category of research focuses on the applicability of auto-
mated optical sorters in new industrial fields or in sub-processes like
metal recovery [20], glass recovery [21] or lithium minerals processing
[22].
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Due to the high technical effort necessary for the material transport
and flow control, the optical sorting of many bulk solids is still difficult.
The gap between particle detection and separation makes it crucial to
reduce the proper motion of the bulk solids during transport to be
able to reliably predict the particles' position for thematerial separation.
De Jong and Harbeck [23] investigated the maximum throughput of an
optical sorter based on different particle sizes. They concluded that the
separation efficiency decreases significantly if a minimum distance be-
tween adjacent particles is below a certain threshold. Pascoe et al. [24]
developed a simplemodel for predicting the efficiency of their automat-
ed sorting system depending on the belt loading and the number of par-
ticles to be ejected. In a further study [25], the authors investigated the
influence of particle distribution on sorting efficiency with the help of a
Monte Carlo simulation.

Due to the heterogeneous nature of bulk solids, the design and cali-
bration of optical sorters is mostly product-specific and highly empiri-
cal. The number of air valves required for the material separation and
their distance to the optical sensor are currently determined experi-
mentally. Furthermore, the calibration of the valve activation time and
the air blast duration is based on simple assumptions (linear particle
movement and constant velocity). Hence, adjustments of the system,
especially regarding components involved in particle transport and
flow control, are based on numerous experiments.

In order to reduce the duration and number of extensive experi-
ments required for the initial calibration of optical sorters, improve sort-
er accuracy, decrease error probability and enable the optical detection
of new particle properties, a new multi-disciplinary approach is
employed in this study. It combines digital imaging, algorithmic image
processing and numerical simulations. An area scan camera is mounted
on anoptical belt sorter and enables the real time tracking of the record-
ed particle stream, giving detailed information of the particles' positions
and velocities at the end of the belt. A detailed description of the process
can be found in [26,27].

In order to improve the trackingmodeling and to get amore detailed
understanding of the bulk solid's behavior as well as to improve the de-
sign of optical sorters, particle-based simulation approaches like the
Discrete Element Method (DEM) can be employed. The DEM has al-
ready been successfully applied to describe other material separators
like screens [28–31] and cyclones [32–34]. In this study, an optical belt
sorter is modeledwith the DEM and the influence of different operating
parameters like particle shape, applied particle mass and belt length on
sorting quality are investigated. Themethod used tomodel the complex
shaped particles in this study has already been successfully employed
and validated against experiments [35,36]. In addition, the results of
employing a model of a line scan camera (thereby assuming that the
particle is moving in belt direction with belt velocity at the detection
point) are compared with using the model of an area scan camera in
combination with particle tracking (the actual particle velocity and di-
rection of movement at the detection point are considered). This is a
novel approach to optimize sorter performancewhere theDEMcan pro-
vide the required insight into particle behavior and sorter parameters.

The particle ejection by air valves is modeled and analyzed with a
MATLAB script in a processing step after the simulation. Here, the effects
of thenumber of air valves, air blast duration time anddistance between
the detection point and the valve bar on the sorting quality are exam-
ined. It is planned to model the particle ejection by coupling the DEM
with Computational Fluid Dynamics (CFD) in future research, similar
to the recently published paper by Fitzpatrick et al. [37]. This study con-
stitutes a first step to numerically model an entire optical sorter, which
can be used as a design tool and for further process optimization.

2. Methodology

In this section, the employed DEM approach, the numerical setup
and operating parameters as well as the operational procedure are
presented.
2.1. DEM approach

The bulk solids and thewalls of the optical belt sorter investigated in
this study are described with the Discrete Element Method (DEM), first
introduced by Cundall and Strack in 1979 [38]. It allows the detailed
analysis of particle-particle and particle-wall interactions. The transla-
tional and rotational motion of every particle is calculated with
Newton's and Euler's equations of motion and can be written as
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The contact forces originating from particle-particle or particle-wall
collisions are separated into a normal and tangential component. A lin-
ear spring dampermodel is used to obtain the normal component of the
contact force
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with the spring stiffness kn, the virtual overlap δ, the normal vector n!,
the damping coefficient γn and the normal velocity in the contact

point v!n
rel [39]. The coefficients of normal restitution between particles

epp
n and particles and walls epwn combined with the employed time step
directly determine the spring stiffness kn and the damping coefficient
γn. A linear spring limited by the Coulomb condition is employed to cal-
culate the tangential component of the contact force
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where kt is the stiffness of a linear spring, μC is the friction coefficient, ξ
!t

is the relative tangential displacement and t
!

is the tangential unit vec-
tor [40].

In addition to the tangential contact force, the moments resulting
from the rolling friction between particles and particles as well as parti-
cles and walls are considered and included in the external moment

resulting out of contact forces M
!

i described in Eq. (2). A rolling friction
model devised by Zhou et al. [41] is used in this study
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Here, μr is the coefficient of rolling friction, F
!n

the normal compo-

nent of the contact force and W
�!

i the angular velocity.
Thenon-spherical particles employed in this study aremodeledwith

polyhedrons. With the help of a triangular surfacemesh, different parti-
cle shapes can be realized. The contact detection between the polyhe-
drons is based on a fast common plane algorithm [42]. The contact
force laws are equal to those of the spherical particles [39,43].



Fig. 2. Sketch of the air valve implementation within MATLAB.
2.2. Numerical setup and operating parameters

The numerical model considered in this study is based on an actual
table-sized, modular optical belt sorter. It combines all major compo-
nents of a regular full size optical belt sorter with the advantage of
being easy to adjust, handle and operate. The system also enables the
use of either an area scan camera or a conventional line scan camera
for particle detection and localization.

A sketch of the optical belt sorter is shown in Fig. 1. As the system is
currently run in a batch operation, the first component of the sorter is a
particle container where the bulk solids are located at the beginning of
the simulation. Upon the start of the simulation, the container is lifted
and the particles are channeled towards the slide by a vibrating feeder
which runs at a frequency of 50 Hz and an amplitude of 0.25 mm at a
25° angle. The particles then enter the conveyor belt which has an ad-
justable length of 0.2 m to 0.6 m, a width of 0.18 m and runs at a con-
stant velocity of 1.5 ms−1.

Components of the sorting process that are not modeled with the
DEMare indicatedwith a dashed box in Fig. 1. The analysis of the sorting
quality is conducted with the help of a MATLAB script based on the in-
formation on particle motion generated with the DEM. The particle
data is processed in the script and a predefined number of air valves is
assumed at a predefined distance to the end of the conveyor belt, see
Fig. 2. The radius in which the particles are deflected by the compressed
air is equal for every nozzle.When employing different nozzle numbers,
the radius of these zones is always chosen so that the entirewidth of the
belt is covered. The movement prediction is based on the position and
velocity of the particles at the endof the conveyor belt (detection point).

In the case of the line scan camera model, the particle velocity is as-
sumed to be equivalent to that of the conveyor belt and the particle ve-
locity in y-direction is neglected. The valve responsible for the ejection
of the detected particle is therefore simply determined by the y-location
of the particle. The activation time of the valve is set by calculating the
time a particle requires to move from the belt end to the center of the
valve bar with the assumption that the particle has constant belt veloc-
ity in x-direction.

In the case of the area scan camera model, the assumption is made
that both the x- and y-velocity of every particle are known at the end
of the conveyor belt, due to the applied particle tracking. Consequently,
the valve responsible for particle ejection is determined based on the lo-
cation of the particle at the belt end and the additional movement in y-
Fig. 1. Sketch of the optical belt so
direction depending on the y-velocity of the particle. The activation
time of the valve is also set by calculating the time a particle needs to
move from the belt end to the center of the valve bar, but the actual par-
ticle velocity in x-direction is considered.

The duration in which the valves release the jets of compressed air
can also be adjusted in the MATLAB script. Here the assumption is
made that only particles whose center of gravity lies within the valve
air influence zone during the activation timeframe are considered as
ejected. This simplification is made under the consideration that the
particle sizes of the different particle shapes are very similar.

Three different particle shapes are employed in this study, namely
spheres, cylinders and plates. Their material parameters, which are
also required for the DEM simulations, are based on beech wood parti-
cles [44] and are presented in Table 1. The coefficients of normal
rter modeled with the DEM.



Table. 1
Particle properties required for the DEM simulation including size, volume, density ρp,
coefficient of restitution between particles eppn , particles and belt epw_belt

n , particles and
sorter walls epw_sorter

n , Coulomb friction coefficient between particles μc_ppn , particles and
belt μc_pw_belt

n , particles and sorter walls μc_pw_sorter
n and the rolling friction coefficient

between particles and belt μr as well as the contact stiffness of the linear spring kn and kt

and the damping coefficient γn.

Shape Sphere Cylinder Plate

Size [mm] 5 3 × 9 2 × 5 × 6
Volume [mm3] 65.450 60.590 61.561
ρp [kg/m3] 823.0 754.4 754.1
epp
n [−] 0.5 0.5 0.5
epw_belt
n [−] 0.55 0.55 0.55
epw_sorter
n [−] 0.55 0.55 0.55
μc_ppn [−] 0.4 0.4 0.4
μc_pw_belt
n [−] 0.16 0.16 0.16

μc_pw_sorter
n [−] 0.25 0.25 0.25

μr [−] 1.01 · 10−4 1.01 · 10−4 –
kn [kg/s2] 4460.07 3740.49 3800.43
kt [kg/s2] 3780.09 3170.22 3221.03
γn [kg/s] 0.1493 0.1253 0.1273
restitution, Coulomb friction and rolling friction were determined ex-
perimentally according to the procedures described by Höhner et al.
[45] and Sudbrock et al. [46]. The rolling friction coefficient was investi-
gated for the particle-belt interaction. Alteration of the parameter be-
tween particles and sorter walls was found to have negligible effects
on the particle behavior. To assess the importance of the selected DEM
parameters, a sensitivity analysis is conducted and evaluated in this
study. The DEM simulations are performed with a time step of
1 · 10−5 s. A maximum particle overlap of 0.5% is ensured. The spring
stiffness kn and kt as well as the damping coefficient γn are calculated
from the chosen time step and the coefficient of restitution.

2.3. Operational procedure

In order to compare the sorting quality results of the line scan cam-
erawith those obtained using the area scan cameramodel, a base case is
defined and six operating parameters are altered one at a time in differ-
ent simulation series. These are presented in Table 2. The highlighted
values form the base case of the study. In addition to the presented sim-
ulation series, a sensitivity analysis of important DEM parameters is
conducted.

Three of the parameters are adjusted in theMATLAB script. These in-
clude the overall quantity of the valves used for sorting, their activation
duration and the distance of the valve bar from the detection point,
namely the conveyor belt end. The parameters examined on the DEM
side include the applied particle mass, conveyor belt length and particle
shape. As the variation of the operating parameters on theMATLAB side
requires significantly less calculation time compared to the DEM simu-
lations, more values were tested. The introduced particle stream always
Table. 2
Investigated operational parameters on the MATLAB and DEM side.

MATLAB Discrete Element Method

Parameter
Valve 

quantity [–]

Valve activation 

duration [s]

Valve bar 

distance [m]

Introduced 

particle mass [kg]

Conveyor belt 

length [m]

Particle 

shape [–]

12 0.0025 0.03 0.1 0.2 Cylinders

16 0.004 0.05 0.2 0.4 Spheres

20 0.005 0.07 0.3 0.6 Plates

24 0.01 0.09

28 0.015 0.1

32 0.02 0.11

36

40
consists of equal portions of red and blue particles, meaning that 50% of
the bulk solids have to be separated. The target particles are always the
blue bulk solids. The initial particle packingwithin the particle container
(see Fig. 1) is generated randomly at the beginning of each simulation.
The red and blue particles are perfectly mixed. Before the container is
moved upwards, thereby releasing the particles onto the vibrating feed-
er, the particles settle under gravity and form a loose packing.

3. Results and discussion

In this section, the obtained results are presented and discussed.
First, an initial validation of the particle behavior on the conveyor belt
is provided, followed by a discussion of the conducted numerical inves-
tigation. A sensitivity analysis of important DEM parameters concludes
this section.

3.1. Initial validation of conducted simulations

In order to confirm the qualitative accuracy of the conducted simu-
lations, the average particle velocity on the conveyor belt is compared
between the simulations and corresponding experiments carried out
on the modular optical belt sorter. As the main focus of this study is
based on the particlemovement on the belt, this component of the sort-
er was considered themost crucial. The base case of the study aswell as
the cylinder and plate case are investigated.

The conveyor belt is separated into four equal parts, each 0.1 m in
length. In every section, the average particle velocity is detected, for
both the simulation and experiment. The velocity of the conveyor belt
is set to 1.15 ms−1 as this was the initially investigated belt velocity.
The other system parameters are equivalent to the base case of the
study.

During the experiments, the particle movement on the conveyor
belt is recorded with a high speed camera in each investigated section.
A tracking algorithm [26] is then applied on the particle data obtained
by the recorded visual material, providing detailed information on the
particle velocity in the respective belt section. The obtained values for
every particle are then averaged. For the simulation the average particle
velocities in the different belt sections can easily be calculated in a post
processing step, providing comparable results to those received from
the experiments. The standard deviation of the calculated average par-
ticle velocities, based on the velocity variation of the individual particles,
is also given.

The results obtained by the sphere analysis can be seen in Fig. 3. The
figure shows that the average sphere velocity initially increases to
values higher than the belt velocity for both the simulation and the ex-
periment, due to the particle acceleration induced by the slide. At the
end of the conveyor belt, the particle velocity has started to decrease
in both cases. Here, the general trend of the particle movement shows
good agreement between experiment and simulation. At the start of
Fig. 3. Average particle velocity of spheres in belt direction compared between simulation
and experiment.



Fig. 4. Average particle velocity of plates in belt direction compared between simulation
and experiment.
the belt, the average particle velocities obtained by the experiments are
slightly higher compared to the simulation. This is most likely related to
small discrepancies of the feed system. However, the results show that
experiment and simulation show very good agreement, especially con-
sidering the second half of the conveyor belt, which is most important
for the investigations performed in this study. As expected, the standard
deviation of the velocities obtained by the experiments are higher com-
pared to those of the simulation, as there is always amarginal number of
false track associations or visual impurities that are considered as parti-
cles [26]. In both simulation and experiment the standard deviation de-
creases with rising belt length.

The results of the plate case is presented in Fig. 4. Here, the particles
enter the conveyor belt at a much lower average velocity and continue
to converge towards the belt velocity over the length of the belt. The ve-
locity development of the simulation and experiment are in good agree-
ment and only show slight differences. In the simulation, the average
velocity of the plates is closer to the conveyor belt velocity compared
to the experimental findings.

The average particle velocities of cylinders for both experiments and
simulations are shown in Fig. 5. The results are very similar to the plate
case. The particle velocity of the cylinders increases at the start of the
belt and continues to rise towards the velocity of the belt for both the
simulation and experiment. Again, the simulated particles show a
higher tendency to adapt to the conveyor belt velocity.

3.2. Numerical investigations

Two main indicators for separation quality are analyzed for each
conducted simulation series. The first is the percentage of particles
that are not ejected by the air valves even though they should have
been separated from the material stream. The second indicator shows
the percentage of particles falsely co-ejected by the air valves as so
Fig. 5. Average particle velocity of cylinders in belt direction compared between
simulation and experiment.
called “by-catch”. To ensure a clear visual separation of the two catego-
ries, the not ejected particle indicator is plotted in dashed lines and the
falsely co-ejected indicator in filled ones. In both categories, the separa-
tion results of the line scan camera and the area scan camera model in
combination with the particle tracking are compared. In addition, the
results achieved under perfect separation conditions (using the exact
particle positions modeled within the DEM for valve activation) are
presented.

The separation quality of the base case can be seen in Fig. 6. To mea-
sure the impact of different initial particle configurations on the calcu-
lated results, the DEM simulation of the base case was performed and
evaluated three times. The initial particle packing was randomly gener-
ated at the start of each simulation. Average values as well as the stan-
dard deviation obtained from the simulations are depicted in Fig. 6.

The results show that the number of particles not ejected when
employing the line scan camera model is significantly higher compared
with the area scan camera model, which demonstrates how important
detailed knowledge of the particles' motion is to obtain a good separa-
tion quality. Under ideal conditions (dashed red line) all particles are
obviously ejected. The differences between the falsely ejected particle
results are not as distinct. About 8% to 9% of the particles are ejected
as by-catch. Nevertheless, when applying the line scan camera model,
the number of falsely ejected particles is slightly lower compared to
the results of the area scan cameramodel and under perfect separation,
due to the formation of particle clusters on the conveyor belt, marked
with green circles in Fig. 2. When only a fraction of the particles within
such clusters is supposed to be ejected, the others are deflected as well.
As the separation quality of the line scan camera model is significantly
lower compared to the area scan camera model, some of these particle
clusters are not ejected, which then also leads to a reduction in falsely
co-ejected particles.

The standard deviations of the different investigated categories are
all below 4%. Only for the area scan camera model a slightly higher
value is obtained. This is not surprising, however, due to the fact that
at these lowparticle ejection percentages, a difference of a fewdeflected
particles already has a high impact. As the results and the derived con-
clusions in this study are of a qualitative nature and the deviations be-
tween the different simulation series are very small, only one
simulation is conducted for every altered parameter. This greatly re-
duces the required calculation time with negligible effects on the ob-
tained results.
3.2.1. Influence of air valve number
The first operating parameter investigated in this study is the influ-

ence of the number of air valves employed. Startingwith only 12 valves,
the number is increased gradually at four valve increments up to 40
Fig. 6.Average separation quality of the base case (20 air valves, 0.01 s activation duration,
0.07 m distance, 0.2 kg of particles, 0.4 m belt length and spheres).



Fig. 7. Separation quality depending on the number of employed air valves. Fig. 9. Separation quality depending on the distance between belt end and valve bar.
valves, resulting in an influence zone ranging from a radius of 0.75 cm to
0.225 cm. The results are presented in Fig. 7.

The graph shows that the percentage of not ejected particles contin-
uously increaseswith a rising number of air valves, both for the line and
area scan camera model. The number of falsely co-ejected particles de-
creases with rising valve numbers in all three evaluationmodels. As the
air influence radius is significantly reducedwith growing valve quantity,
a precise prediction of the particle position at the ejection stage be-
comes increasingly important. As to be expected, the likelihood of not
ejecting a particle that should be separated from the material stream
is higher when the valve influence area is smaller. The importance of
exact particle motion prediction is underlined when comparing the
line and area scan camera results. While the number of not ejected par-
ticles increases by a margin of about 2% for 40 valves with the area scan
camera model, the percentage of not ejected particles increases by a
margin of around 8% when employing the line scan camera approach.
The falsely co-ejected particle number decreases from about 20% for
12 valves to 2% for 40 valves and is very similar for all investigated
models. As the influence radius of the valves is greatly reduced, less par-
ticles are falsely co-ejected. At the lower valve quantity numbers the
percentage of falsely ejected particles of the line scan camera model is
slightly lower compared to the other twomodels. This can be explained
by the particle cluster formation discussed in the previous section. At
higher valve numbers, this difference disappears due to the very small
air influence radius. Even if particles are clustered, they are no longer al-
ways deflected as an entity.
3.2.2. Influence of valve activation duration
The second examined operating parameter is the valve activation

duration. Results for durations ranging from 0.0025 s to 0.02 s are
shown in Fig. 8.
Fig. 8. Separation quality depending on the valve activation duration.
When applying the line scan camera model the percentage of not
ejected particles starts at a value of 24.5% at a duration of 0.0025 s and
then quickly drops to a value of around 5.5% for 0.01 s. From there, the
curve remains fairly constant. In contrast to this, the results of the area
scan camera remain unchanged at a low value of about 0.5%. The
curve of the line scan camera suggests that 5% of the not ejected parti-
cles are falsely predicted by neglecting the particle velocity in y-direc-
tion. During the very short air blast intervals of 0.0025 s to 0.004 s,
only a precise velocity prediction in x-direction ensures a good sorting
quality. The number of falsely co-ejected particles increases almost lin-
early with rising valve activation durations. The values of the line scan
camera are again slightly lower compared to the other two analyzed
models. Operating an automated optical sorter with low activation du-
rations and therefore lowby-catch andmaintaining a good sorting qual-
ity seems only possible when employing a precise prediction tool like
the area scan model presented in this study.

3.2.3. Influence of distance between belt end and valve bar
The third operating parameter investigated is the distance between

the belt end, which is also the particle detection point, and the valve bar.
The findings are presented in Fig. 9.

The ratio of not ejected particles rises steadily with increasing dis-
tance between belt end and valve bar when employing the line scan
camera model. In contrast, the number of not ejected particles remains
fairly constant at a much lower value when using the area scan camera
model. With a larger gap between detection and separation point, the
need for a precise motion prediction increases. If the particle velocity
is not predicted accurately enough, the spatial offset from the expected
location, once the particle reaches the valve bar prevents a good separa-
tion result. The number of falsely co-ejected particles remains relatively
equal at a value between 8% and 9%. Again, the values of the line scan
cameramodel are slightly lower compared to the other two approaches
Fig. 10. Separation quality depending on the applied particle mass.



Fig. 11. Average number of particles on the conveyor belt plotted against time. Fig. 13. Average particle velocity plotted against the conveyor belt length.
and the offset increaseswith higher differences between the not ejected
particles of the line and area scan camera model. Small fluctuations are
most likely the result of situational occurrences in the particle stream.

3.2.4. Influence of applied particle mass
The fourth operating parameter investigated and altered for the

DEM simulation is the applied mass of the entire particle packing,
where 0.1 kg, 0.2 kg and 0.3 kg are examined. Results are depicted in
Fig. 10.

The graph shows that both the percentage of not ejected and falsely
co-ejected particles rises with increasing applied particlemass. A higher
throughput causes increased particle interaction and therefore a higher
likelihood of orthogonal or irregular particle movement. The results
match the experimental findings of Udoudo [47]. The differences in
belt loading, when applying varying initial particle masses, can be
seen in Fig. 11. In comparison to the area scan camera model, the num-
ber of not ejected particles is again significantly higher when utilizing
the line scan camera approach. Similar to previous observations, the
number of falsely co-ejected particles of the line scan camera is slightly
lower compared to the other models.

3.2.5. Influence of conveyor belt length
The influence of the conveyor belt length is also modeled within the

DEM. A length of 0.2 m, 0.4 m and 0.6 m is evaluated. The findings are
presented in Fig. 12.

The results show that the line scan camera model has a very high
percentage of about 40% of not ejected particles at a short belt length
of 0.2 m. As the model is based on the simple assumption that the par-
ticles have reached belt velocity at the detection point and onlymove in
belt direction, the particle position at the separation stage is not predict-
ed accurately enough. The particles have not adapted to the belt velocity
and orthogonal movement to the belt direction is still high. This can be
Fig. 12. Separation quality depending on the conveyor belt length.
seen in Fig. 13. The graph shows the average particle velocity in belt di-
rection, depending on the position on the conveyor belt.

At a length of 0.4 m, the number of not ejected particles of the line
scan camera model has already declined to about 5% and for a length
of 0.6 m to about 2%. Themodel of the area scan camera assesses the ac-
tual particle velocity in x- and y-direction and is therefore capable of ac-
curately predicting the position at the separation point even at a low
belt length. The percentage of particles not ejected by the valves re-
mains at a constant low of about 0.5%. The number of falsely co-ejected
particles is very similar for all three models and stays fairly constant at
values between 8% and 9%.

3.2.6. Influence of particle shape
The effect of different particle shapes on the separation quality is in-

vestigated in the final simulation series. Cylinders, spheres and plates
(described in detail in Section 2.2) are considered. The corresponding
results are presented in Fig. 14.

The percentages of particles not ejected by the air valves of cylinders
and spheres are very similar with values of about 5.6% for the line scan
camera model. The number of not ejected particles when employing
plates is considerably lower. In contrast to the cylinders and spheres
the plates show no rolling motion once they are on the conveyor belt,
which greatly reduces particle movement orthogonal to the belt direc-
tion. In comparison to the line scan camera model, the percentages of
not ejected particles based on the area scan camera model are signifi-
cantly lower for all investigated particle shapes.

The number of falsely co-ejected particles is slightly different for
each of the particle shapes. Cylinders have the highest percentage
followed by plates and lastly spheres. These differences are probably re-
lated to different particle feed rates between the investigated particle
shapes. Both aspects affect the particle proximity which directly
Fig. 14. Separation quality depending on the particle shape.



Fig. 15. Number of particles entering the belt plotted against time. Fig. 16. Separation quality depending on the coefficient of rolling friction between
particles and conveyor belt.
influences the rate of falsely co-ejected particles as discussed in Section
3.2.4. The number of particles entering the conveyor belt during the
simulation is depicted in Fig. 15. The figure shows that the spheres
enter the conveyor belt at a much more uniform rate compared to cyl-
inders and plates. This entails that fewer particles are transported by
the belt at the same time, thereby reducing the number of falsely co-
ejected particles.

A comparison between the applied prediction models shows that
spheres and cylinders have very similar results. In both cases, the per-
centage of co-ejected particles of the line scan camera model is lower
compared to the other two approaches due to themuch higher number
of not ejected particles. This is different for plates. Here the line scan
camera model has the highest percentage of co-ejected particles. This
is probably explained by the fact that the difference between the num-
ber of not ejected particles between the line and area scan camera is not
as high.

It is important to consider that the particle shape only influences the
particle behavior on the conveyor belt and the particle-particle and par-
ticle-wall interactions. As only the center of gravity is currently consid-
ered for particle ejection, the shape has no influence on the separation
phase itself. This aspect will be thoroughly investigated when using
CFD for particle ejection and thereby accurately modeling the entire
valve.
Fig. 17. Separation quality depending on the Coulomb friction coefficient between
particles and conveyor belt.
3.3. Sensitivity analysis of DEM parameters

In order to understand the impact of choosing the correct material
parameters for the conducted DEM simulations, the influence of the co-
efficient of rolling friction and Coulomb friction on sorting quality is
assessed in a sensitivity analysis. On the basis of the experimentally ob-
tained values, a higher and lower coefficient is additionally employed.
The base case of the study is used for the alterations.

The results of utilizing different rolling friction coefficients between
the particles and the conveyor belt are presented in Fig. 16. The graph
shows that the number of not ejected and falsely co-ejected particles
decreases with a rising rolling friction coefficient in all investigated pre-
diction models. A higher rolling friction coefficient leads to a reduction
in crossmovement of the particles and the bulk solids adapt the belt ve-
locity at amuch faster rate. The number of not ejected particles is signif-
icantly higher for the line scan cameramodel compared to the area scan
camera approach.

The impact on sorting quality when different Coulomb friction coef-
ficients are employed can be seen in Fig. 17. At low Coulomb friction co-
efficients, the number of not ejected particles is very high for the line
scan camera approach, as the particles are less inclined to follow the
conveyor belt velocity or direction, leading to wrong ejection predic-
tions. The model employing the area scan camera is almost unaffected
by the change in friction coefficient. The number of falsely ejected
particles only shows a slight increase with rising friction coefficients
for all investigated models.

The sensitivity analysis shows that employing different friction coef-
ficients can have a significant impact on sorting quality, especially re-
garding the line scan camera model. However, the qualitative result,
namely that the model combining an area scan camera with particle
tracking is superior to the convectional line scan cameramodel, remains
true for all investigated friction coefficients.

4. Conclusions

A numerical model of an automated optical belt sorter based on the
Discrete ElementMethod in combination with aMATLAB script for par-
ticle ejection was described and analyzed in this study. Two models for
particle detection andmovement prediction, namely a line scan camera
(assuming that the particle has reached belt velocity at the detection
point and neglecting possible particle movement in y-direction) and
an area scan cameramodelwith subsequent particle tracking (consider-
ing the actual particle velocity in x- and y-direction at the detection
point), were presented and compared. Different operating parameters
of the optical sorter were altered one at a time and the resulting influ-
ence on sorting quality was assessed. The following conclusions can be
drawn from this study:

• The employed model of the area scan camera with combined particle
tracking is superior to the conventional line scan camera model in all
investigated operation modes. Merely the number of falsely co-
ejected particles is often slightly higher, which can be attributed to
the formation of particle clusters. The qualitative results are in agree-
ment with the findings of Pfaff et al. [26].



• Employing a higher number of air valves for the separation stage can
help reduce the percentage of falsely co-ejected particles. However,
the accurate prediction of particlemotion is crucial to prevent a signif-
icant rise in the number of not ejected particles. High valve activation
durations ensure that the number of not ejected particles is very low,
at the cost of higher by-catch rates. Larger distances between the de-
tection and separation phase directly lead to a linear increase in the
percentage of not ejected particles when employing the line scan
camera model. Falsely co-ejected particle numbers remain relatively
unaffected. In all investigated cases regarding the separation stage of
the sorter, optimized detection and prediction methods like the area
scan camera approach can offer the required precision to achieve ac-
curate particle separation with low particle by-catch.

• As expected, increasing the applied particle mass leads to a reduction
in overall sorting quality of the optical sorter. This is in line with the
results of Pascoe et al. [24] and Udoudo [47]. Reducing the conveyor
belt length only negatively effects the sorting quality of the line scan
camera model. Shorter and therefore more economical belts can be
utilized when applying a more sophisticated prediction approach.
The particle shape greatly influences particle movement on the con-
veyor belt and therefore directly effects the sorting efficiency. Plates
show significantly lower cross movements and adapt to the belt ve-
locitymuch faster compared to spheres and cylinders,making it easier
to accurately predict their motion. These particle characteristics can
also be transferred to industrial bulk solids.

• The investigation showed that numerical simulations of optical
sorters can help to optimize operating parameters according to the
desired application. Dependingon the sorter adjustments, the empha-
sis can be laid on reducing the number of not ejected particles or the
percentage of falsely co-ejected bulk solids.

The study provides a first step towards modeling an entire automat-
ed optical belt sorter. For future improvement, the separation step
needs to be analyzed and described in greater detail. Here the coupling
of DEM with CFD can provide the necessary insight. Although an initial
comparison between simulation and experiment has been conducted,
the presented numerical results and observations are of qualitative na-
ture and still require additional verification by corresponding experi-
ments. It is also planned to model and investigate industrial bulk
solids like coffee beans, glass shards or peppercorns with the DEM.
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