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Abstract. In previous research, an aerodynamic feeding system was developed, 
which autonomously adapts to different components by using a genetic algorithm 
that controls the physical parameters of the system (e.g. angle of inclination, noz-
zle pressure). The algorithm starts with two individuals with random values, gen-
erated within the boundaries of the parameters set by the user. Due to this, the 
setting time - the time that passes until a satisfactory orientation rate is reached - 
is hard to predict. The aim of this work is to identify basic interactions of geo-
metric component properties with the physical parameters of the aerodynamic 
feeding system to determine in which areas of the workspace a satisfactory solu-
tion can be expected. By doing so, the initial population of the genetic algorithm 
can be generated based on certain geometric properties and would therefore no 
longer be random, presumably reducing setting time. 
To identify interactions of component properties and system parameters, exem-
plary components were developed. They represent relevant single properties that 
have significant impact on the aerodynamic orientation process. These compo-
nents were then fed into the aerodynamic orientation process and their behavior 
was documented. To identify correlations between certain geometric properties 
and physical parameters of the feeding system, the tests were planned and carried 
out using Design of Experiments methods. The results of the tests were also used 
to determine the direct interrelations of said properties and the suitability for aer-
odynamic orientation. 

Keywords: Design of Experiments, Genetic Algorithm, Aerodynamic Feeding. 

1 Introduction 

In the highly automated assembly processes seen in modern production, part feeding 
plays a vital role. The most common part feeding system used in the industry is the 
vibratory bowl feeder (VBF) [1, 2]. The essential component of a VBF is the bowl with 
a spiral track, which is connected to a drive unit, which creates an alternating rotational 
movement of the bowl using suspension springs and electromagnets [3]. This vibration 
is used to separate parts from the bulk at the bottom of the bowl and transport them up 
the spiral track, where traps are used to either reorient or reject components that are not 
in the desired orientation. While the bowl and the drive components have relatively low 
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costs, the design of the traps and the bowl can be very expensive and time-
consuming [4]. In order to address this problem, a lot of research was done with the 
aim to decrease the cost for track and trap design using simulation tools [3-8]. However, 
even with simulation tools at hand, retooling of the orienting devices requires manual 
labor in the manufacturing and assembly of the specially designed bowls and traps. 

To meet the demand for a highly flexible and efficient feeding technology, an aero-
dynamic feeding system has been developed at the Leibniz University Hannover [9-
12]. The system uses a constant air jet to exert force on the components passing by. 
Using a genetic algorithm, the system is designed to parametrize itself for an optimal 
output rate, so that no manual labor or manufacturing is needed for retooling. The work-
ing principle of the aerodynamic feeding system and the algorithm for self-parametri-
zation will be outlined in the following. 

2 The aerodynamic feeding system 

The aerodynamic feeding system presented and used in this work operates with only 
one air jet, which every component passes. In other work, systems have been presented 
that use multiple nozzles or air cushions to orient and transport parts [13, 14]. Fig. 1 
shows the process of aerodynamic orientation in the described feeding system. It can 
be seen that the components behave differently, depending on the orientation they have 
when arriving at the nozzle. Should the workpiece arrive in the wrong orientation, it is 
turned over by the air jet, as can be seen in Fig. 1 a), whereas it keeps its orientation, if 
it already arrives in the correct orientation (Fig. 1 b)). The reason for the different be-
haviors of the component lies in the shape of the workpiece and the distribution of mass 
in the very same [13]. 

The shape of the workpiece influences the projected inflow area and the drag coef-
ficient, which determine the lift force transmitted to the workpiece. If the shape of the 
component is not uniform over the entire length, the force transmission also changes 
depending on the position of the component above the nozzle. This results in a rota-
tional impulse around the center of gravity of the workpiece. The location of the center 
of gravity is determined by the distribution of mass in the component. This also influ-
ences the dynamic behavior of the part when it is lifted and accelerated by the air flow. 
In addition to their properties, the behavior of the components in the aerodynamic ori-
entation process is determined by the adjustment of the four physical system parameters 
α, β, v and p seen in Fig. 1. In the exemplary process in Fig. 1, the angle of inclination 
α promotes clockwise rotation of the workpiece and impedes counterclockwise rotation, 
which supports the successful orientation process. The angle β influences the force of 
gravity acting on the component and determines the impact of the friction between the 
component and the guiding plane. The nozzle pressure p directly affects the magnitude 
of drag force acting on the workpiece. If it is set too low, the component might not 
rotate at all, whereas a higher pressure can lead to multiple and unpredictable rotations. 
Lastly, the component speed v determines, how fast a workpiece passes the air jet and 
therefore how long the drag forces affect it. The parameter can be controlled by adjust-
ing the speed of a conveyor located ahead of the nozzle.  
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Fig. 1. Illustration of the aerodynamic orientation process [9] 

In order to identify the effects and interrelations of the system parameters on the 
orientation process, BUSCH [15] used Design of Experiments (DoE) methods. In his 
work, BUSCH did not take any geometric or physical properties of the workpieces into 
account, because only the pneumatic plug seen in Fig. 1 was used as exemplary com-
ponent. Looking at the working principle of the aerodynamic orientation process, it can 
be seen that certain component properties like length, diameter, shape or mass and the 
physical parameters of the aerodynamic feeding system (nozzle pressure, inclination, 
velocity) influence each other. The relevance of understanding the interaction between 
the component properties and the system parameters becomes apparent, when looking 
at the functionality of the genetic algorithm that is used to find a satisfactory set of 
parameters for the feeding process. The goal of the genetic algorithm (GA) is to find a 
set of the four physical system parameters α, β, v and p that induces a satisfactory ori-
entation rate (e.g. > 95 %). A GA was chosen for this task because the search for a good 
orientation rate constitutes a non-linear optimization problem with a solution space that 
is not necessarily continuous [9, 10, 15]. A major disadvantage regarding the conver-
gence and predictability of the algorithm is the random initial population since there is 
no input correlating with the component at hand. While this assures that the whole 
workspace of the feeding system is searched for a solution, it also creates a huge 
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solution space. The aim of this work is to determine in which areas of the workspace a 
satisfactory solution can be expected, depending on certain properties of the workpieces 
to feed by identifying basic interactions between geometric component properties and 
the physical system parameters α, β, v and p.  

3 Exemplary components 

To identify the interactions of component properties with the physical system para-
meters, these properties have to be defined first. The properties are divided into physical 
and geometrical features. Geometrical features include length, width, height, shape, 
symmetry and center of gravity. Relevant physical properties are mass, moment of in-
ertia, damping properties and friction with other materials. Since it is not possible to 
determine the interactions of all of those properties in this work, three geometric prop-
erties are selected, that can be varied independently and determined easily. The selected 
properties are: 

 Length
 Diameter
 Eccentricity of center of gravity

The independence of the component properties is an important factor for the DoE 
method because it allows a design where each experiment represents the change of only 
one variable without altering the others. As aforementioned, the DoE method was al-
ready used in prior work by BUSCH [15] to identify the effects and dependencies of 
the system parameters on the orientation of a pneumatic plug. The geometric properties 
were not taken into account, because only one type of plug was used. In this work, DoE 
is used to evaluate the effects and dependencies of geometric components properties in 
order to make the results more applicable to different types of workpieces. 

The exemplary part used for the trials has to represent the selected properties indi-
vidually, with as little interferences as possible. The simplest part that can be described 
with length and diameter is a cylinder. The parameters length and diameter can be var-
ied independently. To achieve eccentricity of the center of gravity of a cylindrical part 
a hole from one of the front surfaces is included in the design. The eccentricity can be 
varied by altering the depth and diameter of the hole. At the same time, the hole does 
not affect the outer shape of the cylinder. Fig. 2 shows a drawing of the component, 
labeled sleeve in the following, with the parameters l (length) and d (diameter). 

Fig. 2. Sketch of the sleeve used as exemplary component 
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In order to set up a test plan, it is necessary to define the boundaries of the parameters 
l and d. Suitable values for the eccentricity Ξ also have to be selected. Preliminary tests 
show that it is very difficult to make a universal statement about the minimum and 
maximum values a component’s property must have to be suitable for aerodynamic 
orientation. The reasons for this are: 

 Interactions between separate component properties
 Uncontrollable behavior of the components before and after the orientation process
 Constructional characteristics of the feeding system

An example for the interaction between separate properties are the length and diameter. 
The boundaries of each of those properties depend, to some extent, on each other. For 
example, preliminary testing showed that a sleeve with a length of 12 mm can be ori-
ented, if the diameter is not bigger than 6 mm. Generally the ratio of length and diameter 
should be greater than two to allow aerodynamic orientation and to avoid uncontrolled 
behavior of the component (e.g. component tumbling down the guiding edge). Another 
limiting factor are the constructional characteristics of the feeding system. For example, 
the maximum flow and therefore the maximum impulse of the air jet is limited by the 
diameter of the air nozzle. The pressure of the air jet can only be increased until the 
critical pressure ratio ß is reached. After that, the jet is no longer usable for technical 
applications [13, 14]. For air, the critical ratio is 0.528, which limits the nozzle pressure 
p to 0.89 bar. 

Different versions of the exemplary sleeve were printed using a 3D-printer and then 
fed into the orientation process. A part was evaluated as generally suitable for aerody-
namic feeding, if the constant air jet could reorient it. The measurements of the resulting 
exemplary components for the following experiments are presented in Table 1. The 3D- 
printed components are shown in Fig. 3.  

Table 1. Measurements of exemplary components 

Component No. length l in mm diameter d in mm eccentricity Ξ in % 
1 24 6 5 
2 150 6 5 
3 24 12 5 
4 150 12 5 
5 24 6 10 
6 150 6 10 
7 24 12 10 
8 150 12 10 
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Fig. 3. 3D-printed exemplary components (sleeves) with component numbers (cf. Table 1) 

4 Interactions of component properties and system parameters 

To investigate the interaction of component properties and system parameters, an ex-
perimental plan has to be designed. In addition, the target figures of the trials have to 
be defined. After that, the trials are carried out and the results are evaluated. 

Experimental plan. To design a proper experimental plan, it is necessary to first de-
termine the input and output parameters of the trials. In the previous section, length, 
diameter and eccentricity of the components used were selected as component param-
eters for this work. Additionally, the physical parameters α, β, p and v are defined as 
input parameters.  

The aim of the experiments is to find out how to narrow the limits of the physical 
system parameters depending on the selected geometric component properties length, 
diameter and eccentricity in order to achieve a high orientation rate. The orientation 
rate is therefore defined as the only output. It is easy to quantify and has distinct limits 
(0 % to 100 %). Furthermore, a high orientation rate is the optimization goal of the 
genetic algorithm, the improvement of which is the goal of this work. 

In the previous section, a full factorial test plan for the geometric properties of the 
components was already drawn up and corresponding values for the upper and lower 
limits selected through preliminary testing. In order to determine the interactions of the 
parameters α, β, p and v and the component properties with the orientation rate, it is 
necessary to include the system parameters in the test plan. Table 2 shows the values 
of the parameters (factors) α, β, p and v for each of the components.  

The upper and lower factor settings (xmin / xmax) of the physical system parameters α, 
β and v are determined by the constructional boundaries of the feeding system. As men-
tioned before, the boundaries of the pressure p are 0 bar and 0.89 bar. Since the com-
ponents have different weights, as a result of the varying dimensions, the limits for this 
parameter cannot be generally determined for all components. If the pressure is too low, 
a component will not be lifted at all, if the pressure is too high, the component will spin 

1           2           3           4           5           6           7           8 
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multiple times, uncontrollably or even be blown out of the feeding system. To avoid 
this, additional preliminary tests were carried out to determine the boundaries of the 
pressure p. 

Table 2. Factor setting for the physical system parameters 

Comp. 
No. 

αmin in 
° 

αmax in 
° 

βmin in 
° 

βmax in 
° 

vmin in 
m/min 

vmax in 
m/min 

pmin in 
bar 

pmax in 
bar

1 20 24 40 50 55 75 0.05 0.1 
2 20 24 40 50 55 75 0.3 0.4 
3 20 24 40 50 55 75 0.5 0.6 
4 20 24 40 50 55 75 0.8 0.89 
5 20 24 40 50 55 75 0.05 0.1 
6 20 24 40 50 55 75 0.3 0.4 
7 20 24 40 50 55 75 0.5 0.6 
8 20 24 40 50 55 75 0.8 0.89 

The use of a full factorial test plan with four two stage factors would result in a test 
effort of 16 test runs per workpiece. Accordingly, a total of 128 test runs would have to 
be carried out. Due to the size and variety of the workpieces, the attached centrifugal 
feeder and the automated recirculation system cannot be used. Therefore, the compo-
nents have to be applied to the conveyor (parameter v) manually. In order to reduce the 
testing effort, the full factorial test plan is reduced to a screening plan presented in Table 
3. In order to reduce the influence of environmental conditions (temperature, humidity),
the screening plan was run twice in the interval of two weeks. The order of the individ-
ual test runs (8 runs per workpiece) was randomized. For each test run, 100 workpieces
are fed into the orientation process in alternating initial orientation. This means that if
no reorientation takes place, the orientation rate is 50 %. If all workpieces that arrive at
the nozzle in wrong orientation are reoriented, but none of the workpieces arriving at
right orientation are reoriented, the orientation rate is 100 %.

Table 3. Screening test plan for each component 

Test run No. α β v p

1 - - - - 
2 + - - + 
3 - + - +
4 + + - -
5 - - + +
6 + - + -
7 - + + -
8 + + + + 

Results. The results of the two screening trials show a high consistency regarding the 
orientation rates measured for each parameter configuration. Since the presentation of 
the results of all experiments would go beyond the scope of this work, the analysis of 
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the test results is presented in the following. In order to determine the influence of a 
system parameter on the orientation rate O, the main effects of each parameter have to 
be calculated. Table 4 shows the main effects of all components together with the spe-
cific properties of the components. For example, the main effect Ev for the second com-
ponent indicates that increasing the velocity v from 55 to 75 m/min is associated with 
an average increase of the orientation rate of 15.9 %. To calculate the effect of the 
parameter v for the first component, the results of the 16 test runs (two screenings with 
eight test runs each) done with the component are split in two halves, one representing 
the test runs with high velocity v and the other representing those with a low velocity. 
The effect is then calculated by subtracting the mean orientation rate of the half with 
lower velocity from the mean orientation rate of the half with higher velocity (equation 
1). In addition to the main effects, secondary effects - interactions between the factors 
- play a role, but will not be discussed in more detail here.

Ev,comp1= ∑Ov+
8

- ∑Ov-
8

=15.9 % (1) 

Table 4. Main effects of the physical parameters on the orientation rate 

Comp. No. l in mm d in mm Ξ in % Eα in % Eβ in % Ev in % Ep in % 

1 24 6 5 6.6 3.6 4.9 0.4 
2 150 6 5 11.4 -5.6 15.9 -3.6
3 24 12 5 -7.5 10.3 -4.3 -1.5
4 150 12 5 -11.4 -10.4 1.9 8.4
5 24 6 10 1.1 1.4 4.6 -3.1
6 150 6 10 14.0 -14.3 7.3 -8.0
7 24 12 10 -8.1 9.6 -4.1 -2.9
8 150 12 10 -2.3 -15.8 -23.8 10.3

Derived from the analysis of the main effects and the secondary effects, recommen-
dations for the selection of the system parameters can be made. These are given in Table 
5. In the table, a “+” represents a high value of the component property or system pa-
rameter and a “-”represents a low value. For example, the combination “l -”, “d +” and
“Ξ +” represents a component with a small length, a high diameter and a high eccen-
tricity of the center of gravity. For such a component, a low inclination angle α, a high
inclination angle β and a high velocity v should be selected to achieve higher orientation
rates. It is expected that by narrowing the range of those parameters in an area, where
high orientation rates are expected to be more likely, the setting time of the system can
be reduced. The pressure p has to be considered with caution, as the upper and lower
limits of the pressure are not constant between the different components in contrast to
the limits of the other three system parameters.
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Table 5. Recommendation for the selection of system parameters dependent on component 
properties 

l d Ξ α β v p 

- 
- - + 

+ 
+ + 

+ - 

+ - - - - + + 

+ 
- - + 

- 
+ - + 

+ - - - + +

5 Interaction of component properties and orientation rate 

In the previous section, interactions between component properties and system param-
eters were investigated. In the following section, the results of the tests carried out are 
further analyzed to find out how the properties of the components and the orientation 
rate are related. The results will be used to help predict the suitability of a workpiece 
for aerodynamic orientation. 

In order to evaluate the influence of the component properties length, diameter and 
eccentricity, again, a quality characteristic must be selected. As described in section 4, 
the orientation rate is the most suitable characteristic to determine the suitability for 
aerodynamic orientation. In the tests, orientation rates were determined for 64 different 
combinations of component properties and parameter sets. From the results of these 
tests, different variants of the quality characteristic orientation rate O can be derived. 
On the one hand, the mean value of the orientation rate for each exemplary component 
Omean is selected as quality characteristic. The value indicates the average orientation 
rate that is achieved with one component. On the other hand, the maximum value, which 
indicates the highest orientation rate accomplished with an exemplary component Omax 
is selected.  The values are given in Table 6. 

Table 6. Mean and maximum orientation rate of 16 test runs for each component 

Comp. No. l in mm d in mm Ξ in % Omean in % Omax in % 
1 24 6 5 57,6 66,0 
2 150 6 5 65,3 92,0 
3 24 12 5 43,0 57,5 
4 150 12 5 61,1 94,5 
5 24 6 10 73,3 79,0 
6 150 6 10 56,6 90,0 
7 24 12 10 43,8 57,0 
8 150 12 10 66,4 98,0 

The values in Table 6 are used to determine the effects of the individual component 
properties on the orientation rate. To do so, the main effects of parameters and their 
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interrelations are calculated analogously to section 4 (cf. equation 1). These factors are 
calculated using the mean orientation rate of all test runs with one component as quality 
criteria on the one hand and the maximum orientation reached with a component on the 
other hand. The results are illustrated in Fig. 4, sorted by size of the effects. It can be 
seen, that the factors have similar values, regardless of whether they are calculated from 
the mean or maximum values of the orientation rate in Table 6.  

Fig. 4. Visualization of the effects of component properties and their interrelations (factors) on 
the orientation rate sorted by size 

The results indicate that the length of a component has a large positive impact on the 
orientation rate. With an effect of 7.9 % calculated from the average orientation rate 
and 28.8 % calculated from the maximum orientation rate, the length has the largest 
effect of the three properties investigated in this work. Therefore, it can be concluded 
that longer components are potentially more suitable for aerodynamic orientation than 
shorter components. This may be because, on the one hand, a longer component is in 
the air jet for a longer period of time, when moving at the same velocity as a smaller 
component and is therefore more strongly influenced by the air jet. On the other hand, 
the lever with which the lifting force of the air jet rotates the component around the 
center of gravity becomes longer. It has been observed in the preliminary tests that 
longer components tend to have a more stable movement behavior on the guiding plane 
and edge. 

The second largest effect is the two-factor interaction of length and diameter, which 
is positive. That indicates that components with a very large or a very small length to 
diameter ratio are less suitable for the orientation process. The ratio of the components 
used in the test runs varies from l/d = 2 to l/d = 25. From the results illustrated in Fig. 
4 it can be deduced that both extreme characteristics achieve a lower orientation rate in 
comparison to the components with ratios like l/d = 4 or l/d = 12.5. 
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The effect of the diameter is negative, which indicates that the orientation rate di-
minishes as the diameter of the component increases. This could already be observed 
in the preliminary testing and is attributed to the Bernoulli Effect, which reduces the 
lifting force applied to a component. When the sleeve passes over the nozzle, it creates 
a gap between itself and the nozzle guiding edge. Therefore, the flow path of the air jet 
is narrowed which results in a higher velocity of the fluid. This, according to Bernoulli’s 
principle, leads to a decrease of pressure between the sleeve and the guiding edge ulti-
mately resulting in the part being dragged down [14-16]. This effect becomes stronger 
with increasing component diameter. 

The eccentricity of the center of gravity has a positive influence on the orientation 
rate. This has already been investigated by LORENZ [13] and is confirmed by the tests 
carried out for this work. An interesting observation concerns the interaction of eccen-
tricity and length, which is negative. From this it can be concluded that an increase of 
the eccentricity has a higher positive impact on the orientation rate for short compo-
nents than for long components. The two-factor interaction of eccentricity and diameter 
is very small and therefore not further discussed. 

The three-factor interaction of length, diameter and eccentricity is positive. The In-
terpretation of this interaction is difficult because for some combinations of geometric 
properties it contradicts the other effects. For example, according to the three-factor-
interaction, a long component with a high eccentricity of the center of gravity must 
have a high diameter to reach a high orientation rate. This contradicts the clearly nega-
tive effect of the diameter. At the same time, the three-factor interaction can be used to 
determine what a suitable component should look like. It is difficult to make a general-
ized statement about the geometric properties of a suitable workpiece, since the suita-
bility is also influenced by factors not considered in this work, like nozzle diameter and 
shape. Yet, the results obtained by the analysis of the test data indicate that workpieces 
with a higher length (cf. El) and eccentricity (cf. EΞ) as well as a medium sized diameter 
(cf. El∙d and El∙d∙Ξ) are more suitable for aerodynamic orientation in the sense that a high 
orientation rate can be reached at different parameter configurations. 

6 Conclusion and Outlook 

The aim of this work was to determine the interaction between component properties 
and the setting of the physical parameters of the aerodynamic feeding system. In addi-
tion, it was to be found out how the change of individual component properties affects 
the suitability for aerodynamic orientation. 

In order to achieve these objectives, relevant component properties were defined in 
a first step. By conducting preliminary tests, suitable sample components were designed 
and subsequently manufactured using a 3D printer. Based on eight sample component 
geometries, a screening test plan was drawn up in order to be able to represent the 
influencing factors well. A total of 128 test runs were carried out with 16 test runs per 
component geometry. In each test run, 100 components were fed to the aerodynamic 
orientation process and the resulting orientation rate was measured. 
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By evaluating the test results it was possible to create a matrix which makes it pos-
sible to generate recommendations for the setting of the physical system parameters α, 
β, v and p, depending on given component properties such as length, diameter and ec-
centricity of the center of gravity (cf. Table 5). The findings can be used to narrow the 
range of the system parameters in order to reduce the search space and therefore the 
setting time of the genetic algorithm. Furthermore, positive and negative effects of cer-
tain component properties on the orientation rate and thus on the general suitability for 
aerodynamic orientation could also be determined (cf. Fig. 4). A higher suitability 
means that a high orientation rate can be achieved easier, which in return also decreases 
the setting time of the genetic algorithm. 

The interactions and correlations derived from the tests carried out in this work are 
based on the aforementioned set of 128 test runs (two screenings with 64 test runs each). 
The goal of future work is to increase the accuracy of the recommendation matrix by 
repeating the test to reduce the influence of statistical errors. Also, the tests should be 
carried out using a different test plan. Using the screening test plan, it was assumed, 
that the interrelations are linear in between the boundary values. One reason for using 
a genetic algorithm for setting the system parameters is the non-linearity of the optimi-
zation problem. Therefore, to better model the interrelations in the entire workspace of 
the aerodynamic feeding system, a new test plan with a Central-Composite-Design 
(CCD) will be generated and carried out. The results of the CCD test plan will also be
used to refine and validate the interrelation of component properties and suitability for
aerodynamic orientation as shown in section 5.

Another objective of future work will be to investigate if the results generated with 
the exemplary components in this work are applicable to components of entirely differ-
ent geometry. The sleeves used in this work were designed to only represent the effect 
of an eccentric center of gravity, length and diameter on the orientation process. With 
the cylindrical outer contour, a very simple geometry was chosen. The aim of future 
work must therefore also be to reproduce the interrelationships of the component prop-
erties with the orientation process for more complex components. Two further compo-
nent geometries have already been developed for this purpose and can be seen in Fig. 5. 
With those components, the success of the aerodynamic orientation process is not only 
based on the eccentricity of the center of gravity but also on the varying projected in-
flow surface of the components. 

Fig. 5. 3D-printed exemplary components for further testing 
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