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Abstract
Aerodynamic feeding systems represent one possibility to meet the challenges of part feeding for automated production in 
terms of feeding performance and flexibility. The aerodynamic feeding system investigated in this article is already able to 
adapt itself to different workpieces using a genetic algorithm. However, due to the operating principle, the system is suscep-
tible to changes in environmental conditions such as air pressure and pollution (e.g. dust). To minimise the effect of ambient 
influences, the system must be enabled to detect changes in the feeding rate and react autonomously by adapting the system’s 
adjustment parameters. In this work, based on pre-identified factors interfering with the aerodynamic orientation process, a 
new approach is developed to react to changes of the ambient conditions during operation. The presented approach makes us 
of an alternating sequence of monitoring and corrective algorithms. The monitoring algorithm measures the ratio of correctly 
oriented parts to the total number of fed parts of the process and triggers the corrective algorithm if necessary. Simulated 
and experimental results both show that an increased feeding rate can be achieved in varying conditions. Furthermore, it 
is shown that integrating both known process and parameter information can reduce the time for re-parametrisation of the 
feeding system.
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1 Introduction

Modern production is characterised by shorter product life 
cycles, increasing numbers of variants and high cost pressure 
[1, 12]. As a result, production systems must offer adaptabil-
ity options for changes to ensure flexibility [11]. Being part 
of the assembly stage, feeding systems are responsible for 
up to 75% of the costs for automated assembly systems [8]. 
Hence, one of the main challenges in the field of assembly 
is the flexibility of feeding technology [6, 14], for example 
by expanding the product portfolio of a system. The most 
commonly used feeding systems are vibratory bowl feeders 
[2, 15]. While being simple and reliable with regard to con-
trol and electronic components, vibratory bowl feeders are 
often designed to feed one particular workpiece, causing a 

lack of flexibility [14]. Consequently, a lot of research aims 
at increasing the flexibility of commonly used systems by 
integrating adjustable [10, 17] or completely interchangeable 
mechanical orienting devices [15]. The Institute of Produc-
tion Systems and Logistics (IFA) at Leibniz University Han-
nover took a different approach and developed an aerody-
namic part feeding system that has proven itself as a good 
alternative to conventional feeding technologies [9, 16]. A 
genetic algorithm developed in previous research activities 
enables the part feeding system to adapt to new workpieces 
independently [5]. However, changing ambient conditions 
during operation could reduce the performance and make 
a re-adjustment of the system necessary. In this article, a 
method to increase the performance level of the feeding sys-
tem is developed. Based on an adapted genetic algorithm, 
the feeding system is enabled to react to the changes in an 
efficient way. This method is validated using simulation and 
test series on the aerodynamic feeding system. * Sebastian Blankemeyer 
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2  Basics

The aerodynamic part feeding system developed at the IFA 
is characterised by a high process speed of up to 800 parts 
per min [5]. In this part feeding system, workpieces are 
first separated by a centrifugal feeder and are then ori-
ented aerodynamically. As the orientation of workpieces 
to be fed is essential in mass production systems [7], the 
article focuses on the according process. In aerodynamic 
part feeding, the workpieces are actively transferred from 
the original orientation of the workpieces to a defined final 
orientation through a homogeneous air stream. The open 
design, without mechanical orienting devices, prevents the 
workpieces from getting stuck, enabling a highly reliable 
process [5]. The aerodynamic orientation process is based 
on the asymmetry of the workpieces, which can result 
from an eccentric centre of gravity, the projected form or 
local differences in the aerodynamic drag. The orientation 
takes place on an inclined plane, which consists of two 
planes that are arranged at a right angle, building a guiding 
plane and a guiding edge (see Fig. 1). First, a centrifugal 
feeder separates the parts. A transfer module conveys the 
separated workpieces to the inclined plane at a speed of 
v. The gradient angle � causes the parts to slide down the 
inclined plane and the lateral inclination � ensures that 
the workpieces are aligned with the guiding edge before 
and after the orientation process. On the slide, the parts 
pass an air stream, produced by an air nozzle at a constant 
nozzle pressure p, which initiates the orientation process. 

The selected adjustment parameters of the aerodynamic 
part feeding system ensure that the generated drag forces 
cause misaligned workpieces to rotate while permitting 
correctly oriented workpieces to pass through without 
manipulation [3].

A variant-flexible application of the aerodynamic part 
feeding system can be realised by adapting the adjust-
ment parameters. However, manual configuration is time-
intensive and calls for pronounced expert knowledge [5]. 
To reduce the setting time and waive the need for quali-
fied personnel, the feeding system was equipped with an 
algorithm enabling the system to find a suitable param-
eter configuration autonomously. Since the solution space 
is non-linear and continuous differentiability cannot be 
guaranteed, conventional, gradient methods could not be 
used for this optimisation problem. Therefore, an evolu-
tionary algorithm, specifically a genetic algorithm, was 
chosen. In the genetic algorithm, possible solutions in the 
form of individual configurations of the parameters � , � , 
p and v (chromosomes) are referred to as individuals (see 
Fig. 2). The orientation rate refers to the proportion of 
correctly oriented workpieces in the overall quantity of fed 
workpieces. A chromosome’s fitness therefore equals the 
orientation rate. A criterion, e.g. a maximum number of 
iterations and a desired feed rate, are set for completion of 
the algorithm (following [13]). For a detailed description 
of the system configuration, see Busch et al. [5].

The optimisation described above is only reliable in 
constant environmental conditions. Consequently, changes 
in conditions may reduce system performance during oper-
ation. The following section describes the development of 
a method that enables dynamic adaptation of the adjust-
ment parameters and the respective validation to overcome 
the challenge of unstable environmental conditions.

3  Development of a method for responding 
to changing ambient conditions

Many factors influence the orientation process and thus the 
orientation rate. An overview of the currently known param-
eters can be seen in Fig. 3.

Three types of factors can be identified: machine, material 
and milieu. The machine parameters can be adjusted spe-
cifically to the process, as mentioned above. These param-
eters are feedback controlled, so the values are measured 
continuously. In contrast, there are parameters that are not 
measured or cannot be specifically adjusted. The component 
parameters are generally known and can often be obtained 
from CAD data. Nevertheless, small deviations can occur 
across batches due to production uncertainties, which can 
have a minor influence on the result. Changes in the envi-
ronment pose the greatest challenge for the feeding process 

Fig. 1  Aerodynamic orientation process (following [3])
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because it is not possible to make specific adjustments. Since 
parameters such as the ambient air pressure or changes in the 
coefficient of friction of the inclined plane have an influence 
on the forces applied to the workpiece, the feeding rate is 
affected. Changes in ambient pressure and air density also 
have an influence on the velocity of the air jet and the air 
resistance acting on the moving workpiece, which impacts 
the overall orientation process. The wear of guiding ele-
ments of the system and contamination of the inclined plane 
by dust or other substances affect the speed of the workpiece 
in the feeding process. This has an effect, for example, on the 
rotation of the workpiece when passing the nozzle. Due to 
the resulting changes in the orientation rate, the parameters 
initially determined by the genetic algorithm may therefore 
no longer result in a good feeding performance. To define 
effects of the aforementioned factors on the orientation pro-
cess, a first analysis was carried out in [3], based on a vali-
dated simulation already presented in [4]. For the analysis, 
a simulation was used to examine the impact of air pressure 
and friction, because preliminary considerations have shown 
that these have a large share in influencing the feeding rate. 
The results, as seen in Fig. 4, show that the coefficient of 
sliding friction has a great impact on the orientation rate. 
The value fluctuates between approx. 100% at a sliding fric-
tion coefficient of � ≈ 0.17 and less than 40% at � ≈ 0.23 
(see Fig. 4a). The impact of ambient pressure is relatively 
small in comparison to the coefficient of friction. The ori-
entation rate was examined between the limits of 936 hPa 
and 1024 hPa and varies only within a range of 3% (see 
Fig. 4b). The results show that even small changes can have 
a great impact on the output of the feeding system, especially 
for the coefficient of friction. To increase the efficiency and 
robustness of the system, a method needs to be developed 

that continuously monitors the state of the system and reacts 
quickly to changed situations.

3.1  Development of a fast adjustment method

One option for enabling the aerodynamic part feeding sys-
tem to adapt automatically would involve monitoring all 
influencing factors with sensors. If a deviation is registered 
that exceeds a previously defined limit, an automatic pre-
ventive re-parameterisation is initiated and the currently 
measured values are stored as new reference data. It must 
be considered that only known and easily measurable influ-
ence parameters like temperature, air pressure or humidity 
can be monitored with this approach. Further influencing 
factors that are hard to determine, such as wear and soil-
ing, are not quantifiable during operation. Furthermore, the 
interrelations of the ambient parameters with the feeding 
performance must be known beforehand, so that there are 
no unnecessary adjustments, reducing the performance. 

Fig. 2  Genetic algorithm 
for identification of optimal 
parameter configurations in 
the aerodynamic part feeding 
system (following [5])
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Alternatively, triggering the reactive re-parameterisation of 
the part feeding system via the feeding result (in this case 
the current orientation rate), gives the opportunity to react 
to hardly quantifiable factors. For this purpose, the current 
orientation rate is checked in fixed intervals, to monitor if it 
falls below a previously defined limit during operation. This 
triggers the automatic re-parameterisation to bring the feed-
ing system back to an optimal state. Thus, interfering factors 
that are hard to measure are attended to by the system’s 
adaptation to unforeseen changes in ambient conditions. In 
addition, this automatic adaptation enables the system to 
react to disturbances that were not previously considered. 
Consequently, this approach was chosen for implementa-
tion on the aerodynamic feeding system. The method for 

adapting the aerodynamic part feeding system to these 
changing conditions is shown in Fig. 5. It consists of three 
parts. First, the initial parameters of the feeding system are 
determined using the genetic algorithm. In the second part, 
inspection intervals are used to monitor the current feeding 
rate and thus the state of the system. The current orientation 
rate Ocur is continuously registered in predefined inspec-
tion intervals. Subsequently, it verified that Ocur is above 
a defined limit Olim . If the value does not fall below the 
limit, the next monitor interval follows. In the event that 
changes in the ambient conditions lead to the limit value 
being exceeded, the corrective algorithm is initiated.

The basis for the corrective algorithm is the initial algo-
rithm presented in Fig. 2. As soon as the inspection interval 
has detected a deviation, the algorithm starts to generate the 
initial population. In contrast to the initial genetic algorithm, 
this is no longer random, but is assigned the current setting 
parameters of the plant as well as the second solution found 
during the last configuration. Since the workpieces and their 
respective properties remain unchanged, this is expected to 
reduce the setting time of the algorithm compared to a ran-
dom initial population. In addition, significant changes in 
environmental conditions do not usually occur suddenly or 
dramatically, so it is expected that new solutions will be 
found more quickly using the previously optimal ones. This 
assumption is made by assuming that small changes in con-
ditions result only in small variations in the controllable 
variables. Similar to the initial algorithm, the population size 
(two parents and two children per generation), mutation rate 
(55%), and recombination method (uniform crossover) are 
specified. For the selection method, a combination of elite 
and roulette wheel selection was chosen. The best individual 
of a generation is selected via elite selection and one of the 
remaining three individuals of the generation is selected 
via roulette wheel selection. After the optimum parameter 
combination for the new environmental conditions has been 
found, a further monitoring interval i + 1 follows.

a

b

Fig. 4  Orientation rates if the sliding friction coefficient and ambient 
pressure are varied (following [3])

Fig. 5  Sequence of the process 
of the aerodynamic part feeding 
system’s dynamic adjustment 
to varying sliding friction coef-
ficients and ambient pressures 
(following [3])



5Production Engineering (2022) 16:1–8 

1 3

3.2  Evaluation in the simulation environment

In the first step, the functionality of the developed adjust-
ment method using the corrective algorithm is evaluated 
using the simulation model of the aerodynamic feeding sys-
tem [4]. For the simulated test runs, the inspection interval 
is set to 400 workpieces. The desired orientation rate is set 
to 97% and the limit of the orientation rate below which a 
re-parameterisation is necessary Olim is exemplary set to 
90% for this investigation. Previous research has shown that 
using 97% as desired orientation rate can reduce the number 
of individuals needed by 40% compared to the use of 99% 
[3]. The changes in the sliding friction coefficient and ambi-
ent pressure are applied at a very high frequency that would 
not occur in practice, to enable observation of the desired 
effects without needing an unnecessarily long simulation. 
One exemplary result of the simulation is shown in Fig. 6. 
After the first run of the genetic algorithm and the corre-
sponding identification of a parameter combination leading 
to an orientation rate of 97% or above, the sliding friction 
coefficient and ambient pressure change within test interval 
1.1. This change does not bring about a re-parameterisa-
tion of the part feeding system because the orientation rate 
remains above the required orientation rate Olim of 90%. 
The following change in the ambient conditions in interval 
1.2 leads to a reduction in the orientation rate Osim from 
94.6 to 86.5% in interval 1.3. The corrective algorithm is 
triggered as a consequence. It only requires 15 chromosomes 
to identify a new parameter configuration that leads to an 
orientation rate of 97% or above. In the following interval 
2.1, there is another change in the sliding friction coeffi-
cient and ambient pressure, which does not necessitate the 
corrective algorithm to be triggered. The fourth change in 
interval 2.3 makes a further re-parameterisation necessary. 
This requires 36 chromosomes to reach the desired orienta-
tion rate of 97% or more.

Looking at the simulation results, it can be said that the 
adapted genetic algorithm is working as intended and is 
suitable to react to fluctuating ambient conditions. A high 
orientation rate can thus also be realised in varying ambi-
ent conditions. Furthermore, it was observed that the cor-
rection of the parameter configuration converged faster in 
the performed simulation than in the initial identification 
of possible parameter values. With the randomly generated 
starting population, 67 chromosomes were required, whereas 
only 15 and 36 chromosomes were needed in the corrective 
algorithm run in the case being considered.

3.3  Evaluation on the aerodynamic feeding system

Having validated the adjustment method in the simulation 
environment, the corrective algorithm is experimentally 
evaluated on the real feeding system. To do so, the algo-
rithm is implemented in the control of the aerodynamic feed-
ing system. With this adaption, a test series is conducted 
to prove the developed approach. For the evaluation, the 
inspection interval is set to 200 workpieces to reduce the test 
effort. The desired orientation rate is set to 95% and the limit 
of the orientation rate, below which a re-parameterisation 
is necessary, is set to 90%. Analogous to the simulation, 
an option must be integrated to manipulate changes in the 
disturbance at the beginning of the test intervals. Therefore, 
variable offsets of the parameters p and v were implemented 
in the machine control to influence the velocity of the air 
jet when leaving the nozzle and the sliding speed of the 
workpieces. Additionally, the coefficient of friction on the 
guiding plane can be altered by applying paper with a higher 
coefficient of friction than the PTFE-film usually used. The 
changes are applied at a very high frequency and with great 
impact to observe the desired effects within a reasonable 
time. One exemplary result of the evaluation is shown in 
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Fig. 6  Simulation results of the adaptive adjustment of the aerody-
namic part feeding system to varying sliding friction coefficients and 
ambient pressures
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Fig. 7, analogous to Fig. 6. The initial configuration of the 
genetic algorithm needs 46 chromosomes to identify a suit-
able parameter combination leading to an orientation rate 
of 95% or above. After determining the initial parameters, 
the air pressure changes within test interval 1.1. Thus, a 
re-parameterisation of the part feeding system is triggered 
because the orientation rate Ocur of 67% drops below the 
required orientation rate Olim of 90%. Consequently, the 
corrective algorithm is triggered. To identify a new param-
eter configuration only 28 chromosomes are required. 
Compared to the randomly generated starting population of 
46 chromosomes, this is a reduction of approx. 40%. The 
increase of the transfer module speed in interval 2.1 does 
not reduce the orientation rate below 90%. In the following 
interval 2.2, there is a change in the sliding friction coef-
ficient, which triggers the corrective algorithm. This time, 
only four chromosomes are required to reach an orientation 
rate above 95%. The changes in intervals 3.1 and 3.2 do not 
lead to a re-parameterisation.

Looking at the results, it can be concluded that a high 
orientation rate can also be realised in varying ambient con-
ditions on the real feeding system. The re-parameterisation 
of the process is triggered whenever the orientation rates 
fall below the limit set beforehand. In addition, the results 
show that the correction of the parameter configuration 
converged more quickly than in the initial identification of 
possible parameter values where the starting population is 
defined randomly. In each of the 10 test runs, the corrective 
algorithm was triggered two to three times, depending on 
the system’s reaction to changes in conditions. Of the 27 
times the corrective algorithm was triggered, 19 executions 
were faster than the respective run of the starting algorithm. 
On average, the corrective algorithm required 30% fewer 
chromosomes than the starting algorithm. The duration of 
the reconfiguration depends on the centrifugal feeder’s per-
formance and the number of workpieces used to assess the 
chromosome’s fitness. Assuming that 100 workpieces are 
enough to do so and given the feeding input of up to 1000 
workpieces per min, the resulting duration for re-adjustment 
ranges between 0.4 and 6.4 min. It can be concluded that the 
use of a corrective algorithm often leads to a reduction of the 
needed chromosomes and thus to a decreased system down-
time. Furthermore, it can be observed that changing multiple 
factors simultaneously does not necessarily have a higher 
impact on the orientation rate than just changing one fac-
tor. This indicates that there are still unknown interrelations 
between the factors, partially compensating each other. This 
confirms the assumed disadvantage of the initially proposed 
adjustment method—using sensors to monitor the ambient 
parameters—that the interrelations would have to be known 
a priori to determine corresponding value ranges or even 
dynamically adapt to them (see Sect. 3.1). The approach 
developed in this article circumvents this problem, since the 

changes are triggered based on the actual feeding perfor-
mance and are therefore independent of the type of impact 
factors and their interrelations.

4  Discussion

Simulative and experimental investigations show that the 
aerodynamic feeding system can uphold a high feeding 
performance, even in changing ambient conditions. Com-
parison between the results obtained via simulation and in 
experiments on the real feeding system shows good congru-
ence. Nevertheless, while the parameters can be controlled 
in the simulation, it cannot be ruled out that additional, 
unknown parameters influence the actual feeding process. 
The investigation indicates that the reconfiguration of the 
system parameters can be accelerated by reusing previous 
configurations as starting population for the corrective algo-
rithm. Although ten test runs on the real feeding system 
have shown this clear tendency, long-term tests are neces-
sary to confirm the results. However, no adverse develop-
ments are expected, since the correction algorithm always 
starts with the previously best-rated configurations. If the 
ambient conditions change very strongly and suddenly, an 
algorithm with a random starting population might find a 
suitable configuration faster, by chance. While the corrective 
algorithm itself may be limited to the specific use-case of the 
aerodynamic feeding system, the underlying method can be 
implemented into existing production environments. Often, 
the reliability of a process and the detection of disturbances 
depend on the ability of workers or complex models to adjust 
the process accordingly. Using this method, performance 
fluctuations can be identified earlier and countermeasures 
can be initiated before the entire production system is dis-
rupted. The black-box approach of the method presented 
in this article simplifies an automatic adjustment approach 
because the process and the environment do not have to be 
modelled for each new workpiece. Instead, only the output of 
the process is considered. Regarding a production environ-
ment, this leads to a reduction of expensive downtime and, 
as a result, a reduced impact on downstream processes. At 
the same time, the black-box approach reduces the explain-
ability of performance fluctuations, since no process param-
eters are considered. Therefore, a minor, undetected distur-
bance might lead to frequent unnecessary reconfigurations 
in a fully automated environment. Further research may be 
conducted with regard to the parameters of the developed 
adjustment method such as the size of the inspection interval 
or the correction threshold Olim (see Fig. 5). The parameters 
used in this article are exemplary to keep the experiment 
time within reasonable limits and lead to good results for 
the considered workpiece. Therefore, it is necessary to deter-
mine the optimal parameters for general use, independent 
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from workpiece properties. A dynamic adjustment of those 
parameters based on current process parameters, such as the 
remaining batch size, could further reduce downtimes of 
the feeding system. Lastly, future work is to be done on the 
transferability of the described method to other plants and 
under different environmental conditions.

5  Summary and outlook

This contribution introduces a method designed to enable 
an aerodynamic part feeding system to respond to chang-
ing ambient conditions autonomously. This work draws on 
a genetic algorithm for identifying the optimal configuration 
of the part feeding system for new workpieces developed and 
validated in previous research. For the purposes presented 
here, an altered version of this algorithm was used to adjust 
the configuration of the feeding system in the case that the 
initial configuration no longer provides a satisfactory feed-
ing rate. According to extensive studies using a validated 
simulation model of the feeding system, the performance of 
the feeding system is influenced by changes in certain ambi-
ent conditions (see Fig. 4). To enable the system to coun-
teract these changes autonomously, an adjustment method 
was developed, based on monitoring the orientation rate in 
defined intervals and triggering the aforementioned, altered 
genetic algorithm if necessary (see Fig. 5). This corrective 
algorithm uses the best individuals from the initial con-
figuration as starting population instead of creating a new, 
random starting population. This alteration was expected to 
reduce the setting time of the corrective algorithm compared 
to the initial algorithm, ensuring efficient operation of the 
feeding system in changing ambient conditions. The func-
tionality has been demonstrated in this contribution, using 
offsets for the air pressure and the transfer velocity, as well 
as fluctuating coefficients of sliding friction as examples of 
changing ambient conditions. The benefit of the corrective 
algorithm has been proven in the simulation environment 
and validated by a test series on the actual aerodynamic 
feeding system. The continuous review of the orientation 
rate allows the detection of defined deviations that require a 
re-parameterisation, which is subsequently processed auto-
matically by triggering the corrective algorithm described 
above. This algorithm enables the system to adapt autono-
mously to any changes of ambient conditions—even if the 
impact factor or its specific influence is not known before. 
Thus, it may be assumed that the presented approach serves 
as a basis for developing a resilient part feeding system. To 
ensure the system’s efficiency in practical operation, further 
research activities must be carried out to determine the opti-
mal values for the length of inspection intervals and the limit 
of the orientation rate that triggers a re-parameterisation. 
In addition, current process parameters, like the remaining 

batch size, should be considered to decide whether a re-
parameterisation is more efficient than continuing the feed-
ing process with reduced performance.
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