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Resume
This study explores the significant role of three-wheelers (3W) on urban 
road traffic, focusing on the reduction in average vehicle speeds and its 
consequential impact on the Level of Service (LOS) of the road. Data 
collected from various traffic volumes reveal significant speed reductions 
ranging from 4 % to 35 % due to the movement of 3Ws on the road. To 
model this phenomenon, Artificial Neural Network (ANN) is employed. The 
resulting reductions in speed, induced by the 3W, trigger LOS degradation, 
leading to congestion and delays. A noteworthy finding is that the traffic flow 
naturally gravitates towards the LOS C, underscoring the substantial role 
played by the 3W in diminishing the overall LOS of the road. This research 
offers critical insights into the dynamics of urban traffic influenced by the 
3W, providing a valuable foundation for traffic management and urban 
planning efforts.
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India, being a developing country has seen a wave of 
rapid growth in the road infrastructure over the last few 
years [9-10]. The major objective of constructing new 
and wider roads is usually to reduce the time of journey 
between any two locations, while also keeping in view the 
safety of the road users. However, in developing countries 
like India, the problem of heterogeneity or mixed traffic 
acts as an obstruction in achieving these objectives 
completely [11]. On the roads of developing countries, 
various categories of vehicles like two-wheelers, cars, 
and heavy vehicles are observed. One such category, 
which is predominately observed as public transport in 
developing countries are the auto-rickshaws or three-
wheelers (3W). While these vehicles offer advantages 
such as affordability, maneuverability, and accessibility, 
they also raise concerns regarding their impact on traffic 
flow. The 3Ws have several advantages as they can 
easily change lanes [12], are much more affordable, and 
can provide door-to-door service, which is not possible 
for other public transportation systems. However, their 
frequent stop-and-go feature, along with less operating 
speed as compared to the traffic stream, along with 
an appreciable composition in traffic flow, makes it 
a potential cause for reducing the overall quality of 

1 Introduction

The world‘s urban landscapes are constantly 
evolving, with transportation playing a pivotal role in 
shaping the dynamics of cities and the flow of traffic 
[1]. Among the diverse array of vehicles that traverse 
the streets of bustling metropolises and tranquil towns, 
the three-wheelers hold a unique position. These small 
vehicles with three wheels are commonly found in 
parts of the world with a unique impact on traffic 
flow. Understanding how three-wheelers affect the 
traffic is essential for city planners, policymakers, and 
commuters alike. 

Urban transportation systems are continuously 
evolving, and one essential aspect of this transformation 
is the role of three-wheelers (3W) in influencing the 
traffic dynamics [2]. This study sets the stage for a 
comprehensive exploration of how the 3W impacts urban 
road traffic. The study delves into the reduction in 
average vehicle speeds caused by 3W and its subsequent 
repercussions on the Level of Service (LOS) of roads.

Increase in buildings over the years have increased 
pressure on the existing infrastructure leading to the 
building of new roads, flyovers, and expressways [3-8]. 

https://orcid.org/0000-0002-6116-782X
https://orcid.org/0000-0003-0835-9694
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are positive, however, unlike the study, in developing 
countries heavy vehicles are not the only slow-moving 
vehicles. Further, their study was limited to hilly terrain 
only. A similar study suggested providing passing bays 
every 2-4 km for slow-moving agricultural vehicles on 
2-lane rural roads [23]. Garvey (2003) [24] addressed 
the shortcomings of the SMV emblem that was used as 
a safety feature for more than 40 years in the US. He 
interviewed over 100 male and female drivers on the 
identification of the SMV emblem, which surprisingly 
showed that although older drivers understood the 
meaning of the safety emblem, the understandability of 
younger counterparts was under 30 %. The study was 
meant for developed countries and talked about poor 
driver education. Its utilization in developing countries 
seems to be sparse. Sylla (2021) [25] proposed a model 
to understand the effect of SMVs on traffic. However, 
the model although accurate was hugely dependent on 
the downstream traffic density. Further, the SMVs were 
defined as vehicles moving in bottlenecks only. Gaur 
and Sachdeva (2022) [26] opined that SMVs reduce the 
capacity of the road. The study reported that an increase 
in HVs from 5 to 15 % on the road reduces the capacity 
of the road by 20 %. Another literature [27] studied the 
effect of SMVs on young drivers at night in Malaysia. All 
the literature seems to address only HVs or agricultural 
vehicles as SMVs, whereas, in developing countries like 
India, selective 3Ws are also SMVs as their average 
speeds are usually less than 40 km/h. Similarly, machine 
learning (ML) and deep learning methods have not been 
used much to study the aspect of SMVs. 

A study at a small roundabout in Hlohovec, Slovakia 
[28], reflected that changing the traffic organization 
would result in shorter travel times, better traffic flow 
permeability, and fewer collision points. The study 
also highlighted the impact of the proposed changes on 
traffic characteristics, such as stop times, speed, and 
travel times. Lizbetin and Stopka (2016) [29] proposed 
a solution for a specific traffic operation in the city of 
Pilsen. They focused on analyzing traffic survey results 
in the field. The goal of their study was to increase 
traffic fluency, safety, and environmental protection 
in urban areas. Neural networks has also been used 
in a study to forecast the number of road accidents 
and the authors opined that neural networks are an 
effective tool to study traffic scenarios [30]. In a dated 
study [31], the authors reviewed and suggested various 
traffic scenarios/contexts, which should be studied in 
detail; and one of them was to address the travel time by 
various categories of vehicles. Another research studied 
the two types of behaviours exhibited by drivers: one 
being aggressive and another being cooperative. While 
aggressive behaviours might lead to crashes, excessive 
cooperative behaviours can lead to long queues and 
congestion [32]. These drivers need to be studied as 
they always slow down the traffic stream. Although the 
study by Metelski (2018) [33], examined various traffic 
events on the road, the researcher has opined that it 

service on roads, thereby increasing the probability of 
congestion and delays to road users [5, 13-16]. 

Therefore, in the present study, the effect of the 
3Ws as slow-moving vehicles (SMVs) has been assessed 
utilizing artificial neural network (ANN). Data is 
collected across various traffic volumes and proportions 
of vehicles influenced by 3W unveil a significant slowing 
of traffic, with cars and two-wheelers experiencing 
the most substantial speed reductions. The modelling 
of this phenomenon is facilitated by Artificial Neural 
Networks (ANN). Further, the consequences of these 
speed reductions reflect through congestion and delays, 
altering the LOS of roads. The present study leads to 
a deeper understanding of the role of three-wheelers 
in the broader traffic ecosystem, which is essential for 
crafting effective urban transportation policies and 
planning for a more sustainable and efficient future of 
mobility.

2 Literature review

Not many studies have been found to address the 
effect of 3W as slow-moving vehicles on the traffic 
stream in developing countries. However, there are 
some studies [11, 17-18], which have studied the traffic 
congestion in developing countries and have indirectly 
considered the effect of slow-moving vehicles (SMVs) 
like 3W, and heavy vehicles (HVs) while analyzing the 
congestion or calculating heterogeneity index. Pinzke 
and Lundqvist (2004) [14] conducted a comprehensive 
study on accidents involving slow-moving vehicles on 
Swedish roads. Another research studied the patterns 
of elephant racing at moving bottlenecks and explained 
the non-linear features of complex interactions among 
vehicles. However, the authors did not specify any 
single category of vehicle [19]. Slow-moving vehicles 
are defined as vehicles, which move at speeds between 
10-40 km/h [20]. The authors developed a macroscopic 
model to assess the effect of slow-moving vehicles on 
traffic congestion where the input parameters consisted 
of the flows in both directions, the percentage of trucks, 
the speed and journey length of the slow-moving vehicle; 
and the outputs provided by the model are number of 
overtakes; size and duration of disturbance; number of 
affected vehicles and their delay, etc. Although the speed 
is a better parameter to judge slow-moving vehicles, 
developing one model might not apply to different 
categories of vehicles. Wickes and Nelson (2000) [21] had 
described the complete physics behind the slow-moving 
vehicles, their requirement, the necessary emblems 
to be put on them to prevent hazards and their speed 
limits. However, since the study was conducted 23-25 
years ago, it considered only farm vehicles as slow-
moving vehicles. Recently, Del Serrone et al. (2023) 
[22] assessed the effectiveness of providing climbing 
lanes to slow-moving vehicles while climbing hills using 
VISSIM. Although the results exhibited by the authors 
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different time intervals for a comprehensive analysis. 
Temporary road markings were applied to the road 
section, as depicted in Figure 1. For the study, data 
were acquired through video recording techniques, and 
subsequently retrieved with the aid of Kinovea software, 
ensuring accuracy and efficiency in the extraction 
process. The recorded videos were played back on a 
monitor using Kinovea video editing software, and the 
following parameters were extracted.
a) Traffic Volume.
b) Operating speeds of vehicles
c) Composition of vehicles.

The extracted data were subjected to various 
statistical analyses to study the effect of 3W on other 
categories. The detailed methodology of the study is 
presented in the form of a flow chart in Figure 2. To 
identify vehicles following the 3-wheelers (3Ws) for the 
study, certain criteria were established. This included 
identifying vehicles that consistently followed 3Ws 
without the availability of space for overtaking them 
and exhibited a regular pattern of brake light usage, 
observed through the tail lamp lights. Additionally, in 
instances where a queue is formed, vehicles within the 
queue were considered only if the leading vehicle was 
a 3W. Analyzing the speeds of both regular vehicles 
and those following 3Ws offered valuable insights into 
the impact of 3Ws on the traffic flow, presenting an 
intriguing avenue for research.

3.1 Artificial neural network

Artificial neural networks (ANN), recognized as one 
of the foremost data mining techniques for addressing 
intricate challenges across diverse fields such as fluid 
mechanics, signal processing, transportation studies, 
nanotechnology, and atomic physics [36], serve 
as prevalent nonlinear estimation models [37]. The 
ANN methodology involves data processing through 

does not delve into all the types of traffic problems 
related to various categories of vehicles. Authors of [34] 
presented that cars emit maximum Carbon Di-Oxide 
to the environment. They also found that standing 
vehicles and at speeds below 15th percentile speeds 
produce much higher CO2 to the environment and the 
reason is attributed to intersections and SMVs. An 
increase in EVs and autonomous vehicles can decrease 
the proportions of SMVs like 3-wheelers, which impact 
the traffic flow, [35]. Therefore, it can be said that 
many researchers have directly or indirectly addressed 
the problems faced by SMVs on the road, but have not 
much assessed it as their objectives were different. 
Further, with advancements in active learning (AL) 
and machine learning, the studies need to apply them 
to make evaluation easier on roads. Therefore, the 
present study attempts to evaluate the effect of 3Ws 
in Indian conditions on urban road traffic scenarios  
utilizing ANN.

3 Site selection, data collection  
and methodology

Data from various mid-block sections on 6-lane 
divided urban roads within the city of Bhubaneswar, 
India, were gathered via video recording technique. 
Bhubaneswar, classified as a tier-II smart city, boasts 
a population of approximately 1.5 million residents. 
The selection of this city for our study is based on its 
representation of a typical tier-II city in India, sharing 
similar demographic characteristics with many other 
cities in this category. The test sections were specifically 
chosen to ensure that the traffic flow at these locations 
remains unaffected by factors such as horizontal 
curvature, the presence of intersections downstream 
or upstream, bus stops, parked vehicles, pedestrian 
activity, or any form of side friction. Data was collected 
from various locations at mid-block sections within the 
urban area, and these collections were carried out at 

Figure 1 Snapshot from one of the sites illustrating the temporary road markings
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and enhancing their capacity to model complex real-
world data. 

Given the intricate nature of the data handled 
by ANNs, introducing non-linearity into the model is 
crucial, which is achieved through activation functions. 
These functions facilitate the neural network in 
emphasizing pertinent information, while disregarding 
irrelevant data points. Various sigmoid activation 
functions, including TanH, linear, and Gaussian, can 
be utilized in developing ANN models. TanH non-
linearity is commonly favored, particularly when the 
data structure is entirely unknown. In the present 
study, ANN has been utilized to estimate the speed of 
the traffic stream at different traffic volumes, based on 
the categories of vehicles and the percentage of vehicles 
following 3Ws. This in turn can accurately determine 
how LOS is being affected due to the presence of slow-
moving 3Ws.

interactions among virtual neurons, arranged in 
a layered structure with numerous interconnections 
[38]. Each neuron’s output in each layer serves as 
input to multiple neurons in the subsequent layer, 
thus establishing the transfer functions applied to each 
neuron’s input signal.

Numerous studies attest to the ANN’s adeptness 
in accurately predicting various traffic incidents, 
establishing its reliability [39]. Typically, the ANN 
configurations with two hidden layers are widely 
employed in transportation engineering problem-solving. 
However, inappropriate neuron counts in hidden layers 
may result in over-fitting or under-fitting, compromising 
the network’s performance and accuracy. Shallow 
networks with one or two hidden layers represent the 
most fundamental ANN structures. With more than one 
hidden layer, ANN models transition into deep models, 
enabling the learning of multiple representation levels 

Figure 2 Flowchart for methodology



A54  M O H A N T Y  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

other 2 categories of vehicles, which is in similar lines 
with the objective of the present study. The proportion of 
HVs is much lesser (0.5-1 % of total traffic), as compared 
to other categories and HVs mostly comprises city buses 
and school buses in the present study. However, out of 
every 100 vehicles on the studied road, 11-12 vehicles 
are 3Ws, and therefore they affect the flow of other 
vehicles more, as compared to HVs due to their inherent 
lesser operating speed and higher traffic composition. 
Secondly, it is observed that due to bigger dimensions, 
buses are visible from a distance and that is why other 
road users take appropriate measures while driving, 
from a distance (like lane changing manoeuvres, or 
overtaking manoeuvres) based on the traffic condition. 
The same does not apply in the case of vehicles following 
the 3Ws. Moreover, due to their design of 1 wheel in 
front, they suddenly change their lane towards the 
curb side for picking up passengers or drop them off. 
Before divulging that assessment, Table 2 showcases the 
average change in speed as compared to 3W for various 
categories of vehicles across different volumes.

The positive values in Table 2 represent an increase 
in speed over 3Ws, while a negative value represents 
a decrease in speed. As can be seen from Table 2, the 
2W and cars and jeeps have higher speeds as compared 
to 3Ws at any traffic volume. The difference in speeds 
is bigger at lower traffic volumes. As the traffic goes 
towards higher volumes and congestion, the difference 
in speed decreases. Although the 3Ws are the slowest 
vehicles on the road, in 3 instances, HVs have shown 

4 Results and analysis

The study revolves around the assessment of 
operational effects of 3-wheelers on the flow of traffic on 
urban roads. To examine this effect, first the classified 
traffic volume along with speeds of various motorised 
category of vehicles have been extracted as mentioned 
in section 3. The data has been knowingly collected 
during the working hours of 8 AM to 8 PM, when the 
most of the public is active to ascertain the true effect of 
3-wheelers. During this time, the lowest volume on the 
studied locations has been found to be around 1500-2000 
v/h, which can reach up to 5000 v/h. The consolidated 
data of average speeds of various categories of vehicles 
during different traffic volumes is presented in Table 1.

The data provided in Table 1 is a compilation of 
more than 20000 vehicles across various traffic volumes 
at different times of the day. It can be observed that 
the average speeds remain statistically the same up to 
3500-4000 v/h (p > 0.05 for speed values from 1500-4000 
v/h in t-tests comparison). However, at traffic volumes 
above 4000 v/h, the road is moving towards congestion, 
therefore the average speeds decrease suddenly in the 
range of 25-37 %. The t-test comparing speeds of vehicles 
within 1500-4000 v/h and >4000 v/h also gave similar 
results as the p-value was obtained to be <0.05. The 
effect of traffic congestion is seen more in the case of 
cars, jeeps, and HV as compared to 2W and 3W due to 
the dimensions of vehicles. From Table 1 can be observed 
that the 3-W and HVs have lesser speed as compared to 

Table 1 Descriptive statistics of classified speeds at different traffic volume levels

Volume (v/h)
Average Speeds (km/h)

2W 3W Cars and Jeeps HV

1500-2000 34 27 40 27

2000-2500 33 26 39 26

2500-3000 35 28 40 27

3000-3500 35 30 41 30

3500-4000 36 32 41 27

4000-4500 29 24 29 23

4500-5000 27 24 26 23

Table 2 Percentage increase of operating speeds as compared to 3W

Volume (v/h)
% of increase/decrease of speed as compared to 3W

2W Cars and Jeeps HV

1500-2000 25.93 48.15 0

2000-2500 26.92 50 0

2500-3000 25.00 42.86 -3.57

3000-3500 16.67 36.67 0

3500-4000 12.50 28.13 15.63

4000-4500 20.83 20.83 -4.17

4500-5000 12.50 8.33 -4.17
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which follow the 3W, and are not able to overtake them. 
The speeds of various category of vehicles, which are 
exclusively following the 3W, at different traffic volumes, 
are presented in Table 4.

It is obvious that every category of vehicle shall 
move at a speed near to or slower than the average speed 
of 3W, for any specific traffic volume, and this is evident 
from Table 4. For example, at 2000-2500 v/h, the average 
speed of 3W was found to be 26 km/h and therefore the 
vehicles following 3W are observed to be moving at 
similar average speeds i.e., between 25-28 km/h. Now, if 
we see the average speed of a regular car (From Table 
1) is found to be 39 km/h at 2000-2500 v/h. Thus, the 
average reduction in speed of cars is around 11 km/h 
(39-28 km/h), which amounts to a reduction of 28.2 %. 
The reduction in speeds of each category of vehicles due 
to following a 3W is provided in Tables 5-8.

smaller speeds than 3Ws. However, this speed decrease 
of 3-4 % as compared to 3W is statistically insignificant 
at 5 % significance level. Moreover, the number of these 
HVs is very small due to which this observed smaller 
speeds can be analysed to be the same as that of 3Ws’ 
speeds. Post this initial analysis, Grubb’s outlier tests 
were performed to delete outliers (if any) present in the 
data. It is observed that only one speed variable in 2W 
(a speed of 80 km/h) was an outlier. Table 3 showcases 
the results of Grubb’s test where it can be observed that 
the p value > 0.05 for all the other categories except for 
2W. The result for the 2W after, removing the outlier, 
is also shown in Table 3. The outlier charts, based on 
Grubb’s test, are shown in Figure 3.

Since the present study has attempted to examine 
the effect of slow-moving vehicle (SMV) i.e., 3W, the 
data was extracted to calculate the speeds of vehicles, 

Table 3 Grubb’s test to determine outlier speed values for different categories of vehicles

Mean Speed (km/h) Std. Deviation Min. Max. G P

2W 34.05 9.80 14.75 80.00 4.69 0.001

3W 28.50 7.28 13.00 50.70 3.05 0.703

Cars and Jeeps 36.55 8.72 16.36 63.16 3.05 0.746

HV 31.11 9.22 8.43 54.55 2.54 0.406

2W (post outlier removal) 33.70 8.98 14.75 66.67 3.67 0.073

(a) (b)

(c) (d)

Figure 3 Outlier charts for speeds of different categories of vehicles



A56  M O H A N T Y  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

Table 4 Average speeds of vehicles exclusively following 3W

Volume (v/h)
Average Speeds (km/h) while following 3W

2W 3W Cars and Jeeps HV

1500-2000 28 26 29 25

2000-2500 28 25 28 26

2500-3000 26 28 29 27

3000-3500 28 28 29 26

3500-4000 27 30 31 26

4000-4500 22 23 23 23

4500-5000 21 23 22 22

Table 5 Comparison between speeds of regular 2W and 2W following 3W

Volume (v/h) Average Speeds (km/h)
2W regular speed 2W following 3W % reduction in speed

1500-2000 34 28 17.64

2000-2500 33 28 15.15

2500-3000 35 26 25.71

3000-3500 35 28 20.00

3500-4000 36 27 25.00

4000-4500 29 22 24.14

4500-5000 27 21 22.22

Table 6 Comparison between speeds of regular 3W and 3W following 3W

Volume (v/h)
Average Speeds (km/h)

3W regular speed 3W following 3W % reduction in speed

1500-2000 27 26 3.70

2000-2500 26 25 3.84

2500-3000 28 28 0.00

3000-3500 30 28 6.67

3500-4000 32 30 6.25

4000-4500 24 23 4.17

4500-5000 24 23 4.17

Table 7 Comparison between speeds of regular cars and jeeps and those following 3W

Volume (v/h)
Average Speeds (km/h)

Cars and Jeeps regular speed Cars and Jeeps following 3W % reduction in speed

1500-2000 40 29 27.50

2000-2500 39 28 28.21

2500-3000 40 29 27.50

3000-3500 41 29 29.27

3500-4000 41 31 24.39

4000-4500 29 23 20.69

4500-5000 26 22 15.38
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of 2W do not change much with increase in volume, 
therefore, the higher reduction in speeds is observed 
at higher volumes. However, due to bigger size, the 
regular speeds of cars and jeeps decrease with increase 
in volume. Therefore, their forced reduction is higher at 
lower traffic volumes. The HVs are usually not seen to 
be following the 3W. Even when the HVs follow 3W, due 

As can be seen from Tables 5-8, the vehicles are 
forced to slowdown when following a 3W. The cars and 
jeeps, being the fastest are affected the most, followed 
by 2W. While the cars and jeeps are forced to reduce 
their speeds in the range of 15-29 % while following a 3W 
forcibly, 2W have to reduce their speeds in the range of 
15-26 %. It is also observed that since the regular speeds 

Table 8 Comparison between speeds of regular HVs and those following 3W

Volume (v/h)
Average Speeds (km/h)

HV regular speed HV following 3W % reduction in speed

1500-2000 27 25 7.41

2000-2500 26 26 0.00

2500-3000 27 27 0.00

3000-3500 30 26 13.33

3500-4000 27 26 3.70

4000-4500 23 23 0.00

4500-5000 23 22 4.35

Figure 4 Proportion of various category of vehicles

Table 9 Proportion of vehicles affected by 3-Wheelers (forcibly following 3W)

Traffic volume
(v/h)

Percentage of vehicles affected (%)

2W 3W Cars and Jeeps HV

1500-2000 17.5 13.3 20.2 10

2000-2500 22.6 17.6 22.8 -

2500-3000 23.8 22.4 23.4 -

3000-3500 23.6 28.6 24.6 16.6

3500-4000 21.2 30.9 25.1 14.4

4000-4500 20.5 30.8 25.3 -

4500-5000 20.2 31.1 25.2 15.6

Average 21.3 25.0 23.8 8.1

NB - Since number of HVs are too small on the studied road, the percentage values of HVs affected by 3W is on a higher side.
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that with increase in traffic volume, the proportion 
of affected vehicles increases, as well. For 2W, this 
number increases with volume, but up to a certain 
extent. Thereafter, the number marginally decreases 
and remains constant. Since, the vehicles who follow the 
3W also affect the regular speeds and their proportion 
is not less, therefore, it can be noted that without 3W 
on the road, or the vehicles that are not following the 
3W, the average speeds of the vehicles shall increase, 
which can be calculated based on the available data. If 
the average regular speed of ith category of vehicle is Vir , 
the average forced reduced speed of same category of 
vehicle is Vi

f , and the proportion of affected vehicles is 
Pi , then the average unaffected speed of the ith category 
of vehicle Viu^ h  can be obtained by applying:

V P
V P V
1i

u

i

i
r

i i
f

$
= -

-d n  (1)

The regular and forced reduction in speed is already 
provided in Tables 5 to 8. Tables 10 to 13 provide an 
addition to the above data where the unaffected average 
speeds of each category of vehicles are also presented.

From Tables 10 to 13 can be observed that the 
average speed of each category of vehicles is affected 
by the presence of 3W. The speeds of 2Ws and cars and 
jeeps reduce in the range of 18 % to 35 % and are the 

to their regular speeds being smaller, they do not usually 
get affected by them. Similar is the case of 3W following 
3W. The present study is conducted on an urban arterial 
road where the highest allowable speed is marked at 50 
km/h for cars and jeeps, and 40 km/h for motorised 2W. 
For urban arterials, the LOS can be determined based 
on operating speeds (OS) as percentage of free flow 
speeds (FFS) [40-41]. 

It is evident from Tables 5 to 8 that due to the 
prevalence of 3W, the 2W, 3W, cars and jeeps are forced 
to reduce their speed to an extent, which will certainly 
cause a reduction in LOS leading to undesirable delays 
and congestion. However, the magnitude of the effect of 
this forced reduction on traffic flow completely depends 
on the number of vehicles that are getting affected/
have to forcefully follow 3W. If more vehicles are getting 
affected by 3Ws, then the regular speeds of 2W and 
cars and jeeps will also increase if 3W are removed 
from road or are provided a special lane. Therefore, the 
composition of traffic, the unaffected percentage, and 
the affected percentage (following 3W) must be obtained. 
Figure 4 showcases the average proportion of vehicles on 
the road. Next, Table 9 shows the percentage of affected 
vehicles, which forcibly follow 3W.

Table 9 provides an insight that on an average 
20-25 % of vehicles across all categories of vehicles 
(except HV) are getting affected by 3Ws. For 3W 
and cars and jeeps, general trend can be observed 

Table 10 Comparison of speeds for regular 2W, unaffected 2W, and 2W following 3W

Volume (v/h)
Average Speeds (km/h)

2W regular speed 2W following 3W 2W unaffected % Reduction in unaffected speed percentage as 
compared to following 3W speed

1500-2000 34 28 35.3 20.68

2000-2500 33 28 34.5 18.84

2500-3000 35 26 37.8 31.22

3000-3500 35 28 37.2 24.73

3500-4000 36 27 38.4 29.69

4000-4500 29 22 30.8 28.57

4500-5000 27 21 28.5 26.32

Table 11 Comparison of speeds for regular 3W, unaffected 3W, and 3W following 3W

Volume (v/h)

Average Speeds (km/h)

3W regular speed 3W following 3W 3W unaffected
% Reduction in unaffected speed 

percentage as compared to following 3W 
speed

1500-2000 27 26 27.2 4.41

2000-2500 26 25 26.2 4.58

2500-3000 28 28 28 0.00

3000-3500 30 28 30.8 9.10

3500-4000 32 30 32.9 8.81

4000-4500 24 23 24.5 6.12

4500-5000 24 23 24.5 6.12
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better performance for multi-layer neural networks [42-
43]. Random Holdback validation technique is used for 
the validation. Figure 5 showcases the general ANN 
framework followed by the statistics for training and 
validation in Table 14.

Values from Table 14 show how good the model is at 
predicting the reduction in speed. The R-square values 
are more than 0.95 for both training and validation. 
Similarly, the values of Root Average Squared Error 
(RASE) and mean absolute deviation are in the range 
of 1 and 2. While calculating the average percentage 
reduction in speed, the calculated error, as compared 
to the field data, is in the range of 1-2 % only. Figure 6 
shows a screenshot of the profiler for determining the 
percentage reduction in speed utilising the independent 
variables. The vertical red lines can be adjusted 
dynamically to get the speed reduction values. The 
figure also shows how Cars and Jeeps is the category 
that are forced to reduce their speed by a higher margin 
as compared to other categories. The first graph shows 
that at lower volumes the speed reduction is high since 
the regular vehicular speeds are high at low traffic 
volumes. The regular speed decreases with increase 
in volume, which reflects in the graph that the speed 
reduction also decreases. For example, a car travels 
at 45-50 km/h at 2000-2500 v/h whereas it travels at 
around 40 km/h at 3000 v/h. Thus, when following 3W 
in both volumes, if the car’s speed reduces to 30 km/h, 

most affected by the presence/movement of 3Ws on road. 
Even other 3Ws and HVs on the road also get affected 
by the slow moving 3Ws on few instances where they are 
forced to reduce their speeds to 15 % for HVs following 
3Ws and 9 % for 3Ws following 3Ws. The speeds of cars 
and 2W are drastically reduced as they usually travel 
faster on roads, while 3W and HV are affected less. 
This phenomenon not only affects their travel times and 
contribute to congestion, but also decreases the overall 
LOS of the road. Further, the results obtained are only 
for the present study area and will differ from place to 
place, with different proportions of 3W on the road. 

To present this reduction in speed via a model, 
Artificial Neural Network (ANN) has been used, where 
percentage reduction in speed for any category of vehicles 
can be predicted by knowing the average traffic volume 
on the road and how much percentage of that category of 
vehicles are affected by 3W (or following 3W). The JMP 
SAS software has been used to conduct the ANN. For 
the analysis, 3 hidden layers were considered. Shallow 
networks were not considered, since 3 independent 
variables, where one of them is nominal (category of 
vehicle), have been used for prediction. TanH activation 
function, which is the default activation function in the 
software has been directly employed. This is because the 
TanH provided very good prediction accuracies in the 
first attempt, and secondly TanH is usually preferred 
over other activation functions, like Sigmoid, as it gives 

Table 12 Comparison of speeds for regular Cars and Jeeps, unaffected Cars and Jeeps, and Cars and Jeeps following 3W

Volume (v/h)

Average Speeds (km/h)

Cars and Jeeps 
regular speed

Cars and Jeeps 
following 3W

Cars and Jeeps 
unaffected

% Reduction in unaffected speed 
percentage as compared to 

following 3W speed

1500-2000 40 29 42.8 32.24

2000-2500 39 28 42.3 33.81

2500-3000 40 29 43.4 33.18

3000-3500 41 29 44.9 35.41

3500-4000 41 31 44.4 30.18

4000-4500 29 23 31.0 25.81

4500-5000 26 22 27.4 19.71

Table 13 Comparison of speeds for regular HV, unaffected HV, and HV following 3W

Volume (v/h)
Average Speeds (km/h)

HV regular speed HV following 3W HV unaffected % Reduction in unaffected speed percentage 
as compared to following 3W speed

1500-2000 27 25 27.2 8.09

2000-2500 26 26 26 0.00

2500-3000 27 27 27 0.00

3000-3500 30 26 30.8 15.58

3500-4000 27 26 27.2 4.41

4000-4500 23 23 23 0.00

4500-5000 23 22 23.2 5.17
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as compared to higher volumes (4750 v/h). Similarly, 
though cars and jeeps are the ones whose speed reduces 
the highest, however at higher volumes, speed of 2W is 
reduced more as opposed to other category of vehicles. 
This is because of the flexibility to change lanes while 
manoeuvring is high for 2W, which significantly 
decreases with an increase in traffic volume. The same 
phenomenon is observed in the first graph of the second 
row of Figure 7.

The ANN can be used effectively to determine the 
average reduction in speed for each category, at different 
traffic volumes and the percentage of vehicles getting 
affected by 3W. Utilising this speed, and proportion of 

the reduction is higher at lower traffic volume. The last 
graph tells the major point that higher the vehicles that 
get affected by 3W, higher is the reduction in speed. 
Indirectly, it hints towards the fact that, higher the 
number of 3W on road, more vehicles will get affected by 
them, ultimately leading to higher reduction in overall 
speed of traffic. 

Figure 7 shows the interaction profilers, representing 
the trends in a very clear way. The figure shows the 
trends for 2 extremes of traffic volumes and percentage 
of vehicles getting affected by 3W/following 3W. As 
can be seen from the first row of Figure 7, at lower 
volumes (1750 v/h), speed reduction for vehicles is high 

Figure 5 ANN architecture for predicting percentage reduction in speed

Table 14 Statistical values for ANN training and validation

Training (70 % data) Validation (30 % data)

Measures Value Measures Value

R-Square 0.954 R-Square 0.968

RASE 2.262 RASE 2.150

Mean Absolute Deviation 1.861 Mean Absolute Deviation 1.332

Figure 6 Profilers to determine the reduction in speed
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where: 
ORS=  Overall percentage reduction in speed of traffic 
flow,
Pi =  Proportion of ith category of vehicle in the traffic,
RSANNi =  Percentage reduction in speed for ith category 
of the vehicle obtained from ANN model.

This reduction in speed due to 3W shall cause 

vehicles, the overall average reduction in speed on any 
road stretch, at any time of the day can be obtained by 
a simple equation as provided in:

ORS P RS P RS

P RS P RS&&

W W
ANN

Cars Jeeps

W W
ANN

Cars Jeeps
ANN

HV HV
ANN

2 2 3 3$ $

$ $

= + +

+ +_

^ ^

^

h

i

h

h
 (2)

Figure 7 Interaction Profilers to determine the reduction in speed

Table 15 LOS for urban roads

LOS Percentage of free flow speed

A > 84

B 83-76

C 75-59

D 58-41

E 40-22

F < 22

Table 16 Average LOS at different traffic volumes

Average Traffic Volume (v/h) Average operating speed (km/h) % of free flow speed (60 km/h) Designated LOS

1500-2000 36.9 0.62 C

2000-2500 35.9 0.60 C

2500-3000 37.6 0.63 C

3000-3500 38.4 0.64 C

3500-4000 38.9 0.65 C

4000-4500 30.0 0.50 D

4500-5000 28.0 0.47 D
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number of vehicles are affected by them, resulting in 
a more substantial overall reduction in traffic speed. 
This reduction in speed, attributable to the presence 
of 3Ws, invariably leads to a decrease in the Level of 
Service (LOS) of the road, resulting in congestion and 
undesirable delays. It is noted that the road typically 
operates at LOS C for most traffic volumes, gradually 
transitioning to LOS D at peak traffic volumes. Had 
there been less 3Ws on the road, the other categories 
could also have travelled at higher speeds (4-35 % higher 
than forced reduced speeds), and LOS levels would not 
have gone down so much.

6 Conclusion

The presence of three-wheelers in urban traffic 
systems is a phenomenon that warrants careful 
examination due to its multifaceted impact on traffic 
flow. The presented study explored the dynamic influence 
of three-wheelers on traffic flow, encompassing both the 
positive and negative repercussions of their integration 
into urban transportation networks. Three-wheelers 
often provide essential last-mile connectivity, reducing 
the need for private car usage for short trips and 
thereby potentially easing congestion. Additionally, their 
smaller footprint demands less parking space, which can 
alleviate the burden on urban parking infrastructure. 
However, a surge in the number of three-wheelers in 
certain regions can contribute to traffic congestion and 
safety concerns due to their lower engine capacities 
leading them to travel at a lower speed as compared to 
other categories. 

The present study has illustrated several key 
findings that shed light on the effect of 3W on the 
traffic ecosystem. The analysis, based on data collected 
at various traffic volumes and proportions of vehicles 
affected by 3W, has revealed substantial reductions in 
average speeds, ranging from 4 % to 35 % for the vehicles 
following 3W, which are unable to change their lanes. 
Notably, vehicles like cars and two-wheelers experience 
the most significant speed declines due to their typically 
higher speeds on the road. This phenomenon has 
been effectively modelled using the Artificial Neural 
Networks (ANN), exhibiting the high levels of prediction 
accuracy. By quantifying these speed reductions, it 
becomes possible to ascertain the broader implications 
on the on-road performance. The decrease in speed 
instigated by the presence of 3Ws invariably results in 
a degradation of the Level of Service (LOS), leading to 
congestion and delays.

These findings carry critical implications for the 
traffic management and urban planning. Recognizing 
the significant role of 3Ws in shaping the traffic 
dynamics enables policymakers to devise strategies that 
enhance the road efficiency, mitigate congestion, and 
improve overall transportation systems. As urban areas 
continue to evolve, understanding and addressing the 

a decrease in the Level of Service of the road leading 
to congestion and undesirable delay. According to [40], 
the LOS for urban roads can be determined using the 
operating speed as a percentage of free flow speed. Table 
15 presents the LOS levels for urban roads.

On the studied road, the safe speed limit or the 
85th percentile speed is 50 km/h. The observed free-flow 
speed on the road is around 60 km/h. Based on those 
numbers, it can be said that the road usually remains 
under LOS C for most traffic volumes, which slowly goes 
towards LOS D at very high traffic volumes. Details 
about the same is provided in Table 16.

Applying the unaffected speed data, it is observed 
that the traffic stream naturally goes to LOS C, but not 
worse, like up to LOS D, which proves the fact that 3Ws 
decrease the speed of whole traffic, thereby decreasing 
the overall LOS of the road.

5 Discussion

The focus of the present study lies in evaluating 
the operational impact of the three-wheelers on urban 
road traffic flow. To investigate this impact, the study 
initially extracted data concerning the classified traffic 
volume and the speeds of various categories of motorized 
vehicles across weekdays during the active hours of 8 AM 
to 8 PM, when the public is most engaged. Observations 
reveal that the average speeds exhibit consistency up 
to traffic volumes ranging from 1500 to 4000 vehicles 
per hour (v/h), with minor fluctuations likely attributed 
to the diversity of vehicles and varying times of the 
day. However, beyond the 4000 v/h threshold, as traffic 
congestion becomes more apparent, average speeds 
undergo a sudden decline within the range of 25 % to 
37 %. Notably, it becomes evident that three-wheelers 
(3Ws) and heavy vehicles (HVs) tend to operate at 
much lower speeds, compared to the other vehicle  
categories. 

It was observed that when vehicles follow a three-
wheeler, they are compelled to reduce their speeds 
forming a queue in the process if a lateral gap for 
overtaking is not available. Cars and jeeps, which are 
the fastest category, experience the most significant 
impact, with speed reductions ranging from 15 % to 
29 % when tailing a 3W. Similarly, two-wheelers (2W) 
need to reduce their speeds by approximately 15 % to 
26 % when following a 3W. These reductions inevitably 
result in a decrease in the Level of Service (LOS), 
causing undesirable delays and congestion. Artificial 
Neural Network (ANN) has been employed to model and 
quantify this speed reduction. The ANN model predicts 
the percentage reduction in speed for any vehicle 
category, based on knowledge of the average traffic 
volume on the road and the proportion of that category 
affected by 3W, with high accuracy (R-square > 0.95 for 
both training and validation). It is worth noting that 
as the number of 3Ws on the road increases, a larger 
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road. Further, the studies can be expanded to include 
the results for rural roads and roads with other lane 
configurations.
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complexities introduced by 3Ws will be instrumental in 
fostering efficient and sustainable mobility solutions for 
the future. Introducing more public buses can reduce 
the number of 3Ws on the road, which should help in 
improving road traffic conditions. Similarly, 3W can 
be given a specific lane towards the kerb side for their 
manoeuvres, so that they do not interfere with the 
general flow of traffic. Although the study has assessed 
all the vehicles following a 3W, which are not able to 
overtake the vehicle, the study has not talked about the 
queues, which might form because of more than one 
vehicle where the leader might not be a 3W but may be 
a direct follower is a 3W. Similarly, the congestion due to 
the presence of 3Ws is not directly measured and can be 
determined in future studies. Lane changing behaviour 
of 3Ws can also be studied in the future, which should 
provide more insights into their movement on the 
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Resume
The purpose of the article was to present the results of braking equipment 
testing and determination of the adequacy of compressed air production 
of the braking system when the train is loaded. Experimental tests of the 
braking system of TE33A diesel locomotive in a goods train are performed. 
According to the initial data the main parameters of the braking system 
in the empty and loaded train were evaluated. As a result of tests, and 
according to the calculated data, the dependences of the volume of the main 
reservoirs, and the dependences of the required compressor capacity, on 
the number of axles have been obtained. It has been established that the 
braking system operation in release modes for a 400-axle train corresponds 
to the operating conditions and the main requirements of the normative 
documents.
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line during the charging, braking, when releasing the 
brakes; rolling of the brake wheel on the rails under 
conditions of use of the wheel-rail coupling forces; 
interaction of rolling stock with each other with the 
occurrence of significant longitudinal forces in conditions 
of unsteady braking force, etc.). The combination of 
high reliability, brake safety with good controllability 
will increase passenger train speeds to 200-250 km/h 
in the near future, and freight trains to 140-160 km/h 
with an axial load of 18-20 tons (high-speed shuttle 
trains for container cargo transportation), and increase 
the weight of freight trains to 10-12 thousand tons, to 
increase transportation productivity. To successfully 
solve these problems, it is necessary to fully expand 
and strengthen the creative cooperation of engineering 
and technical workers of the brakes of construction 
plants, linear enterprises of the carriage industry, as 
well as researchers related to calculation and design 
of the braking equipment, in particular the pneumatic 
and mechanical parts of the rolling stock brakes. It is 
also necessary to comprehensively and critically study 
the modern experience of railways of foreign countries 
to enable and expediently use it on the railways of 
Kazakhstan, considering the modern conditions of their 
operation [3-4].

1 Introduction

According to the Rules for the technical operation 
of railways of the Republic of Kazakhstan [1], one of the 
main duties of railway transport workers is to meet the 
needs for the transportation of passengers and goods 
with unconditional provision of traffic safety and safety 
of transported goods. To fulfill this requirement, one 
needs not only powerful locomotives, but the advanced 
braking systems of the rolling stock, as well. 

The rolling stock brakes should have good 
controllability and operate reliably in different operating 
conditions. The braking systems must ensure smooth 
braking, and the slowing force of each unit of the rolling 
stock must be proportional to its mass.

With pneumatic braking of trains, problems arise 
related to the non-timeliness of switching the braking 
devices of the rolling stock from the release mode to the 
braking mode, due to the delay of this process on cars 
remote from the locomotive [2]. 

The braking equipment of the rolling stock operates 
under conditions of complex processes occurring in 
the moving train (dry friction of the brake pads of the 
friction shoe brake with the conversion of mechanical 
energy into thermal, gas-dynamic processes in the brake 

https://orcid.org/0000-0001-5028-8143


T H E  T E 3 3 A  S E R I E S  D I E S E L  L O C O M O T I V E  B R A K E  E Q U I P M E N T  T E S T S  B143

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

condensation. The Main Reservoir (Main Reservoir, 
MR) is tilted, so moisture flows to one of the ends (from 
where it is drained through the drain valve). Each MR 
tank has a separate drain valve, which is activated 
by a drain valve solenoid (Drain Valve Magnet Valve,  
DVMV) [4].

The safety valve is installed on outlet branch pipe 
of the first main tank. This valve is designed to protect 
the compressor and other components of the compressed 
air system from overpressure. The compressed air flow 
from the first main tank is divided into two parts. One 
part of the flow is supplied to the main tank pressure 
sensor (MR1), which provides a feedback signal on 
the compressed air pressure to the locomotive control 
system. The second part of the flow enters the air dryer, 
in which the compressed air is further purified from 
moisture. After the dryer, the air enters the second main 
tank and the auxiliary air filter. A reverse throttling 
valve with a diaphragm of about 8 mm (5/16 inch) is 
used to limit the air flow into the auxiliary equipment 
pipeline and to ensure priority filling of the MR2 tank. 

2 Main components of diesel locomotive brake 
system TE33A

The main component for compressed air compression 
in the compressed air system is a twin-screw compressor 
manufactured by Gardner Denver (Figure 1). Each 
compressor head has one AC motor to drive the screw 
rotor. For each locomotive 2 such units are installed. 
The location of the air compressors on the locomotive is 
shown in Figure 2.

Figure 3 shows a schematic diagram of the location 
of the main elements of the TE33A diesel locomotive 
braking system. To cool the air, compressed air coolers 
are used, which are activated after the compressed 
air temperature reaches 115 °C. One of the coolers is 
located on the compressor frame, the second in the 
refrigeration chamber. Cooling is due to convection, or 
due to the combined influence of convection and the 
operation of the fan of the diesel cooling system. After 
the compressor, the compressed air enters the first 
main tank, where the air is cooled by the moisture 

Figure 1 General view of the Gardner Denver air compressor

Figure 2 Location of the air compressors on the locomotive



B144  A B D U L L A Y E V

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

from MR tanks) is distributed among the components of 
the pneumatic brake system.

2.1 Main tanks of the compressed air system

The main tanks (Figure 4) serve to store compressed 
air intended for use in a locomotive. The locomotive 
has two tanks of a diameter of 394 mm and a length of 
3950 mm. Two tanks contain 960 liters of air under the 
pressure of the main tanks 10 MPa. The main tanks are 
fixed on the locomotive at a slight inclination, which 
ensures the drainage of moisture to one of the ends of 
the tank. Automatic blowdown devices (drain valves) 
are installed at the lower end of each tank to drain the 
moisture.

2.2 Safety valve L

Valve L is designed to protect the compressor and 
other components of the compressed air system from 
overpressure (Figure 5). If the air pressure exceeds 1.05 
MPa, the valve opens and releases excess air to the 
atmosphere. Safety valve is arranged between the two 
main tanks on locomotive A side [3].

The valve is installed between the outlet of the first 
main tank and the equalizing pipeline of the MR tanks  
[5-6].

The second check valve is installed between the 
outlet of the air dryer and the equalizing pipeline of the 
tanks MR. This check valve is designed to supply air to 
the second locomotive of the coupler. This arrangement 
allows air to enter the compressed air system of the 
second coupling locomotive only through the air dryer. 
Air passing into the second tank MR2 through the 
check valve enters the air filter of the main tanks. 
The presence of a check valve prevents the return 
movement of air into the first main reservoir. This is 
done in the case of air leakage from the first main tank. 
In such a situation, the air remaining in the second 
tank will be sufficient to provide emergency braking.  
The MR air filter and auxiliary air filter are also 
referred to as final air filters. These devices are used to 
filter air before it enters the pneumatic brake system 
and auxiliary equipment. Each filter is equipped with 
a drain valve. The valves serve to drain moisture 
from the filters. Filtered air from the auxiliary 
equipment air filter (auxiliary supply air) is supplied 
to the typhon, windshield wipers and sand supply  
valves [6].

Filtered air from the MR tank air filter (make-up air 

Air 
compressor

Air 
compressor

Check 
valve

Dehumidifier

Safety valve J1

The first Main 
Reservoir is MR1

The second Main 
Reservoir is MR2

Equalization pipeline of 
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To the 
Pneumatic 
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System

MR Tank 
air filter

Auxiliary air 
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Blinds and Flow 
Control Devices MR1
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Figure 3 Schematic diagram of the location of the braking system main elements 

Main tanks 

Figure 4 Main tanks (MR1 and MR2) typical arrangement
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also displayed on programmable displays to inform the 
driver [7].

The sensor MR1 is located on the inner wall of the 
CA9 zone in the refrigeration chamber. 

2.5 Principle of the braking system operation

The air discharged from the air compressor enters 
the main tank No. 1 (MR No. 1). At the exit of MR No. 
1, the air flows are separated: one air flow goes to the 
safety valve L, the other goes through the air dryer, 
and the third goes to the MR1 sensor. The safety valve 
L protects equipment located downstream of MR tank 
No. 1. The MR1 is used in the feedback loop to control 
the pressure in the main tanks. The air downstream 
of the dehumidifier passes through a 2” check valve 
with a 0.312” bypass [5]. This air is then routed to the 

2.3 Air dryer

Dryer is designed to separate the compressed air 
from moisture. When frozen, moisture can damage 
pneumatically controlled devices (Figure 6). The air 
dryer is located on the A side of the locomotive between 
the main tanks and trolley No. 1.

2.4 Main Tank Pressure Transmitter (MR1)

MR1 is used to measure the air pressure at the outlet 
of the main tank of the compressed air system. In the 
locomotive control system, this data is used to calculate 
the moment when the compressor motors are turned 
on and off, and to monitor its load. The ultimate goal 
of such monitoring is to maintain a constant pressure 
in the compressed air system. Pressure information is 

Figure 5 Safety valve L

Air dryer

Figure 6 Air dryer
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Brake main line control unit. Designed to control 
the brake line pressure, when the automatic brakes 
are activated in the CUT-IN full control mode, it allows 
one to adjust the CUT-IN/CUT-OUT full/partial control 
modes of the automatic brake application via SDIS and 
provides the possibility of emergency discharge of the 
brake line.

MC-13 control valve. It is a backup and allows 
braking in such situations when there is a complete lack 
of power supply, computers fail, the locomotive is hauled 
in an inoperative (cold) state in a coupling or as part of 
a train.

Quick-acting valve assembly. Ensures proper brake 
cylinder pressure in any automatic brake operation 
mode.

Brake cylinder control assembly. Provides control 
of air supply from the main reservoir No.2 to the brake 
cylinders and release of air from the brake cylinders to 
the atmosphere in all braking and release modes.

Idle (cold) towing assembly. Used when hauling 
a completely inoperable locomotive. 

Power supply. Provides redundant power supply 
for the FastBrake controller logic circuits and solenoid 
valve driver circuits, and is two separate 74 VDC power 
supplies.

3 Stationary test of a single diesel locomotive 
TE33A series brake equipment No. 0120

To check for compliance with the requirements of 
the Instruction on Operation of Rolling Stock Brakes 
of the Closed Joint Stock Company “National Company 
Kazakhstan tem‐r zholy” the condition and operation of 

main tank outlets located at the four corners of the 
locomotive (MRE air connections) and enters the main 
tank No.2 (MR No.2) via a 2» check valve. Each MR tank 
is provided with a drain valve, which opens to remove 
moisture at each on/off cycle of the air compressor 
(Figure 7). 

These drain valves are automatically controlled by 
the DVMV valve located in the compartment above the 
compressor. (The drain valves in “automatic” mode are 
opened to remove the moisture or they can be turned to 
“off” position when they do not perform this function). 
The normal operation of the locomotive is to work in the 
“auto” mode to remove moisture from the tanks. When 
the drain valves move from the “auto” position to the 
“off” position, or from the “off” position to the “auto” 
position at increased pressure MR, compressed air is 
released and a sharp sound is heard. Be careful and 
protect your eyes and ears when doing this.

The air injected from the main tank No. 1, after 
the air dryer, has a different path. This is an auxiliary 
airflow. There is a shut-off valve for venting air to the 
valve if work is needed, and a built-in filter for further 
removal of dirt and moisture [8]. 

The POU, or pneumatic control module, is located in 
the brake compartment on the A-side of the locomotive. 
The module consists of control components (electrical, 
pneumatic, mechanical and electronic) for adjusting the 
pressure in the brake line pipelines. The POU module 
is a central device for connecting the air ducts and 
electrical wiring to the locomotive. It consists of the 
following replaceable units: brake line control assembly, 
MC-13 control valve, quick-acting valve assembly, brake 
cylinder control assembly, idle (cold) towing assembly, 
and power supply.

Supply of auxiliary 
air flow

Air intake

Compressor 
discharge air

Control air 
flow of the 

DVMV valve

Figure 7 DVMV and DVMV pneumatic signals for MR drain valves
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braking processes and pressure in the brake line at the 
rear of the train.

During the stationary tests, the pressure in the 
brake cylinders of the diesel locomotive, the spare tank 
and the brake cylinder of the tail freight car (portable 
pressure gauges) was checked in various braking modes 
(brake line discharge stages, full service and emergency 
braking) [10].

According to the functioning tests of the TE33A 
locomotive No. 120 braking system - the volume of the 
main tank is 1900 liters, with a train consisting of 100 
units of rolling stock - 400 axles release of tailgate 
brakes:
1. after the step braking occurs in 1-3 minutes - the 

train is prepared to turn on the traction with no 
danger of breaking the train, and charging of spare 
tanks up to 95 % of the charging one (and according 
to the air flow meter reading on the TE33A) occurs 

the braking equipment of the locomotive was checked [9]. 
The results of the inspection of the braking equipment 
of the TE33A locomotive No. 0120 are given in Table 
1. Results of the braking equipment check of 2TE10M 
locomotive No. 3628 are given in Table 2.

3.1 Stationary tests of operation  
of the locomotive TE33A braking equipment 

To carry out the functional tests of braking 
equipment during the stationary tests, a test train of 
100 units of rolling stock (400 axles) was formed on the 
receiving tracks of station Almaty 1 according to the 
scheme in Figure 8.

Diesel locomotives TE33A No. 0120 and 2TE10M 
No. 3628 were delivered from both ends of the train, 
for testing the braking equipment and for recording the 

Table 1 Check of the condition and operation of the braking equipment of the diesel locomotive TE33A No. 0120

No. Measured parameter

Actual Standard

P T P T

MPa s MPa s

1. Brake line density 0.55 75 0.02 >60

2. Feed line density 0.8-0.78 200 0.02 >150

3. Capacity of 2 compressors 0.7-0.8 21 0.7-0.8 <45

4. Turning on the compressor 0.75-0.76 0.75

5. Compressor shutdown 0.99-1.0 0.9

6.
Overpressure in the equalization tank IV position 
(overlap with the power supply of the brake line) 
after the first stage of braking

0.45 standard

Not allowed

7.
Overestimation of pressure in the equalization tank 
to the IV position (overlap with the power supply of 
the brake line) after the full-service braking

0.39 standard

8. Service discharge rate 0.5-0.4 5.27 0.5-0.4 4-6

9. Rate of elimination of supercharge pressure 0.6-0.58 87 0.6-0.58 80-120

Table 2 Check of the condition and operation of the braking equipment of the diesel locomotive 2TE10M No. 3628 

No. Measured parameter

Actual Standard

P T P T

MPa s MPa s

1. Brake line density 0.55 72 0.02 >60

2. Feed line density 0.8-0.78 190 0.02 >150

3. Capacity of 2 compressors 0.7-0.8 46 0.7-0.8 <50

4. Turning on the compressor 0.74 0.75

5. Compressor shutdown 0.84 0.9

6.
Overpressure in the equalization tank IV position 
(overlap with the power supply of the brake line) 
after the first stage of braking

0.45 standard

Not allowed

7.
Overestimation of pressure in the equalization tank 
to the IV position (overlap with the power supply of 
the brake line) after the full-service braking

0.39 standard

8. Service discharge rate 0.5-0.4 5.01 0.5-0.4 4-6

9. Rate of elimination of supercharge pressure 0.6-0.58 92 0.6-0.58 80-120



B148  A B D U L L A Y E V

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

and loaded states of diesel locomotives, for the cases 
of brake release and charging after the full-service 
braking. To perform the calculation of the main devices, 
the main parameters of the braking equipment of 
TE33A diesel locomotive are given in Table 3 [9].

4.1 Compressor unit calculation

Calculation is carried out for the most unfavorable 
operating conditions of the locomotive (presence of the 
largest permissible air leaks and air flow rate).

The train braking network volume is determined 
according to Equation (1). Train Brake Network Volume  
RVBN.T consists of the volumes of the brake network of 
the locomotive VBN.L and rolling stock VBN.RS [13]:

RVBN.T = VBN.L+ VBN.RS , (1)

60 rolling stock - RVBN. T = 20+103.5×60=6230 liter,
71 rolling stock - RVBN. T = 20+103.5×70=7265 liter,
90 rolling stock - RVBN. T = 20+103.5×90=9335 liter,
100 rolling stock - RVBN. T = 20+103.5×100=10370 liter.

For one wagon unit the volume of the braking 
network is equal to:

VBN = VLINE + VST + VOT =13.5+78+12=103.5 liters, (2)

where: VLINE - brake line volume, 13.5 liter,
VST - spare tank volume, 78 liters,
VOT - volume of operating tanks, 12 liters.

4.1.1 Determination of the total hourly  
  air flow rate

The total hourly air flow rate in the train at frequent 
adjustment braking is determined by the equation:

QGEN.T = QL. T + QBRAKE + QO. L, (3)

where: QL. T - consumption of compressed air to replenish 
leaks from the brake line and braking devices in the 
train, l/h,
QBRAKE - air flow rate for braking, l/h,
QO. L - other air consumption, for electric locomotives and 
diesel locomotives can be accepted QO. L = 12000 l/h,
60 rolling stock: 
QGEN.T = 72 583+48 388+12 000= 132 971 l/h;

in 4-5 minutes - readiness of the braking system 
(95 %) for subsequent effective braking;

2. after the full-service braking and deep discharges 
of the brake line, the decompression takes 1-3 
minutes. Even faster than with small stages, since 
the decompression is carried out with overpressure 
above the train line - the train is prepared to turn 
on traction with no danger of breaking the train, 
and charging spare tanks up to 95 % of the charging 
(and according to the air flowmeter reading on 
the TE33A) occurs during 5-7 minutes - the brake 
system is ready (95 %) for subsequent effective 
braking;

3. after the emergency braking, the decompression 
takes 2-3 minutes. The train is prepared to turn on 
the traction with no danger of breaking the train, 
and the spare tanks are charged up to 95 % of the 
charging tank (and according to the air flowmeter 
reading on the TE33A) takes 8-14 minutes. - the 
brake system is ready (95 %) for subsequent effective 
braking.
Brake control at train pressure in the brake line 

0.50.52 MPa is considerably improved [11]:
• increasing the density of the brake line (reducing 

the intensity of leaks);
• the pressure difference between the head and the 

tail of the train decreases;
• reducing the time for releasing the brakes and 

charging spare tanks.

4 Calculation of diesel locomotive braking 
system TE33A

The braking system must have high reliability and 
ensure the safety of train traffic. Automatic brakes of 
the railway rolling stock should be maintained according 
to the established standards and have controllability 
and reliability of action in various operating conditions, 
provide smooth braking. To determine the performance 
of the braking system according to the results of the 
tests performed, it is necessary to assess the braking 
system. To perform the calculation of the brake system, 
the main parameters of the main elements of the 
braking equipment were obtained from the passport 
data of TE33A series diesel locomotives [12]. The value 
of barometric pressure in normal conditions is taken 
as 0.103 MPa. The compressor’s capacity and main 
reservoir’s capacity are obtained by measuring the 
indicators on the control panel instruments in empty 

Figure 8 Test diagram when forming a train of 100 rolling stock (400 axles)
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l/hour,
100 rolling stock: 

.
.Q 0 103

60 0 02 10370 120816MAD
$ $= =  

l/hour,
The air consumption for braking is determined by 

the equation:

Q P
P V K. .

BRAKE
BAR

BR L TBN$ $T R
= , (5)

ΔPBR.L. - reduction of air pressure in the brake line during 
braking (in the case of adjustment braking, it is accepted 
ΔPBR.L.= 0.08 MPa),
K - the number of adjustment brakes per 1 hour (in the 
most unfavorable case for a mountainous area with long 
descents K = 10/h),
60 rolling stock: 

.
.Q 0 103
0 08 6230 10 48388MAD
$ $= =

l/hour,
70 rolling stock:

.
.Q 0 103
0 08 107265 56427MAD
$ $= =

l/hour,
90 rolling stock: 

.
.Q 0 103
0 08 109335 72505MAD
$ $= =

70 rolling stock: 
QGEN.T = 84 641+56 427+12 000 = 153 068 l/h;
90 rolling stock: 
QGEN.T = 108757+72505+12 000 = 193 262 l/h;
100 rolling stock: 
QGEN.T = 120 816+80544+12 000 = 213 359 l/h.

The air flow rate in the main air duct is determined 
according to the Equation (4):

Q P
P V60

MAD
BAR

MAD TBN$ $T
=  (4)

where: ΔPMAD - permissible pressure reduction in the 
main air duct in 1 minute through leaks in the absence 
of its supply (0.02 MPa is accepted),
RVTBN - the volume of the train’s braking network, l,
PBAR - barometric atmospheric pressure, PBAR = 0.103 MPa, 

60 rolling stock: 

.
.Q 0 103

60 0 02 6230 72583MAD
$ $= =

l/hour,
70 rolling stock: 

.
.Q 0 103

60 0 02 7265 84641MAD
$ $= =

l/hour,
90 rolling stock: 

.
.Q 0 103

60 0 02 9335 108757MAD
$ $= =

Table 3 Initial data for calculation

Basic parameters Empty Loaded Empty Loaded

Number of rolling stocks, units 100 90 70 60

Locomotive main line volume, l 20.0 20.0 20.0 20.0

Car main line volume, l 13.5 13.5 13.5 13.5

Spare tank volume, l 78.0 78.0 78.0 78.0

Volume of working tanks of air distributors, l 12.0 12.0 12.0 12.0

Barometric pressure, MPa 0.103 0.103 0.103 0.103

Allowable pressure decrease in the brake line, MPa per minute (leak) 0.02 0.02 0.02 0.02

Required compressor capacity, m3/min 4.80 4.36 3.49 3.06

Required minimum volume of the main tank, l. 1688 1909 1181 1273

Selected volume of the main tank, l 1900 1900 1000 1000

Checking the performance of the compressor and the capacity of the main tank for cases  
of release and charging of brakes after the full-service braking

Decompression time, min 3.0 3.0 3.0 3.0

Pressure drop in working tanks, MPa 0.15 0.15 0.15 0.15

Charging pressure in the reserve tank, MPa 0.49 0.54 0.49 0.54

Pressure in the reserve tank after braking, MPa 0.34 0.39 0.34 0.39

Value of pressure decrease in TM (full-service pressure), MPa 0.15 0.15 0.15 0.15

Permissible pressure drop in the main tank 2.5 2.0 2.5 2.0

Selected compressor capacity, m3/min 5.8 5.8 5.8 5.8

Required compressor capacity, m3/min 5.0 4.7 3.8 3.3



B150  A B D U L L A Y E V

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

l/min,
100 rolling stock: 

.Q 1 3 0 135 4 010
213359 80COM $= + =b l

l/min.
The performance of the Garden Denver compressor 

is 5800 l/min, it satisfies the calculation results.

4.1.3 Determination of the volume of the main  
  reservoirs

The approximate volume of the main tanks is 
determined from the filling condition of the main 
air pipeline (without powering the spare tanks) after 
emergency braking [11].

V P
P V. .

MT
MT

BR L BR L$
T

T , (7)

where: ΔPMT - permissible pressure drop in the main 
reservoirs during the emergency braking in accordance 
with the Instructions for operation of railway rolling 
stock brakes [9]:
for loaded rolling stock ΔPMT = 0.9 - 0.55 = 0.35 MPa,
for empty rolling stock ΔPMT = 0.9 - 0.5 = 0.4 MPa,
VBR.L - the volume of the train’s brake line, l,
ΔPBR.L - reduction of air pressure in the brake line from 
charging to 0 MPa,
60 rolling stock (loaded): 

.
. .V 0 35
0 55 60 13 5 1273MT
$ $= =

liters,

l/hour,
100 rolling stock: 

.
.Q 0 103
0 08 0 101037 80544MAD
$ $= =

l/hour.

4.1.2 Determination of the compressor  
  performance

The compressor performance is determined by the 
equation:

.Q
Q

Q1 3 60
.

.COM
GEN T

LOK L$= +b l , (6)

where: 1.3 - a coefficient that takes into account the need 
to turn off the compressor for cooling,
QLOK.L- air consumption to compensate for locomotive 
leaks (take 135 l/min),
60 rolling stock:

.Q 1 3 60
132971 135 3060COM $= + =b l

l/min,
70 rolling stock: 

.Q 1 3 0
1 135 3 07
53068 49COM $= + =b l

l/min,
90 rolling stock: 

.Q 1 3 135 4 090
193262 36COM $= + =b l

the volume of the main tank is 1000 liters

the volume of the main tank is 1900 liters
required volume of the main tank (empty)

required volume of the main tank (loaded)

Figure 9 Dependence of the volume of the main reservoirs on the number of axes
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where: tR.BR - estimated time to release the brakes and 
recharge the reserve tank to full charging pressure. 

In calculating, the following values were taken:
for trains with a length of less than 200 axles tR.BR = 1.5 
min,
for trains with a length of more than 200 axes  
tR.BR = 3.0 min,
VMR - the total volume of the selected main reservoirs, 
VMR = 1900 liters,
ΔPWT - pressure drop in the working tanks (for FSB with 
air distributors, conl. No. 483-000- Δ PWT =0.15 MPa,
PST - pressure in the spare tanks (freight train  
PST = 0.54 MPa),
PST - pressure in the spare tanks after braking (freight 
train - PST = 0.39 MPa),
Δ PBR.L - the amount of pressure reduction in the brake 
line (with full service braking), Δ PBR.L = 0.15 MPa,
Δ PMT - permissible pressure drop in the main tanks 
(with full service braking Δ PMT = 0.75 - 0.55 = 0.2 MPa).

Solving Equation (8) with respect to QCOM, the 
compressor performance is determined [15]:
60 rolling stock: 

.Q 1 3 60
132971 135 3300COM $= + =b l

l/min,

70 rolling stock (empty): 

.
. .V 0
0 5 0 13 5 14

7 181MT
$ $= =

liters,
90 rolling stock (loaded): 

.
. .V 0 35
0 55 0 13 5 19 909MT
$ $= =

 
liters,
100 rolling stock (empty): 

.
. .V 0
0 5 0 13 5 14

10 688MT
$ $= =  

liters.
The volume of the main tanks on locomotive TE33A 

No. 120 is 1,900 liters, which satisfies the calculation 
results for both loaded and empty trains with a length 
of up to 400 axles, whereas the serial locomotives with 
a volume of 1000 liters of main tanks (Figure 9) do not 
satisfy even for trains with a length of 280 axles (70 
rolling stock) [8, 14].

4.2 Checking the compressor performance and 
the capacity of the main tanks

The calculated values of the compressor capacity 
and the volume of the main tanks must be checked for 
the cases of release and charging of the brakes after the 
full-service braking (FSB) [10]. The check is performed 
based on the compressed air flow balance equation 
according to:

required compressor capacity for loaded trains

required compressor capacity for empty trains

the maximum required pressure for braking a loaded train 
(the line of restriction)

Figure 10 Curve of required compressor capacity versus number of axes
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from damage (the appearance of sliders, metal shear on 
the surface of the wheels) are widely used in sections 
railway tracks with a low coefficient of wheel-to-rail 
coupling [18].

6 Conclusions

1.  According to the results of the brake tests, it was 
established that the modifications carried out to 
increase the volume of the main tanks to 1900 
liters showed the operation of the brake system in 
accordance with the standards of the “Instructions 
for the operation of rolling stock brakes, National 
Company, Kazakhstan temir Zholy” dated 17.10.2002 
No. 120-TsZ.

2. According to the results of stationary tests with trains 
on the site, it was revealed:

a. The operation of the brake system in braking modes 
complies with the operating conditions and the 
standards of the “Instructions for operating the 
brakes of rolling stock of the Closed Joint Stock 
Company, National Company, Kazakhstan temir 
Zholy” dated 17.10.2002 No. 120-TsZ.

b.  The operation of the brake system in the release 
modes for a train of 400 axles (flat mode) complies 
with the operating conditions and standards 
of paragraph 19.2.7 “Instructions for operating 
the brakes of rolling stock of the Closed Joint-
Stock Company, National Company, Kazakhstan 
temir Zholy” dated 17.10.2002 No. 120-TsZ. With 
a decompression time rate of 80 seconds, the actual 
tail car  decompression time was 57-60 seconds.

c.  Comparative stationary brake tests for the release 
of the train brakes in 400 axles by control from the 
diesel locomotive of the 2TE10M series No. 3628AB 
showed that at a rate of 80 seconds, the actual time 
of the tail car release was 75-80 seconds (volume 
GR 2000 L), and with the diesel locomotive TE33A 
(volume GR 1900 L) 57-60 seconds. 
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70 rolling stock: 

.Q 1 3 0
1 135 3 007
53068 8COM $= + =b l

l/min,
90 rolling stock: 

.Q 1 3 0
1 135 009
93262 47COM $= + =b l

 
l/min,
100 rolling stock: 

.Q 1 3 0 135 0010
213359 50COM $= + =b l

 
l/min.

Compressor capacity on a locomotive is 5.8 m3/min= 
= 5800 l/min. The resulting dependences of the required 
compressor capacity on the number of axles are shown 
in Figure 10.

5 Discussion of results

On Western European railways, slow-acting brakes 
are used on freight cars with a weak screw coupling in 
short trains, which can switch to accelerated braking 
in passenger trains. The design and research (study) of 
brakes are mainly carried out by the companies Knorr-
Bremse (Germany) and Oerlikon (Switzerland), DACO 
(Czech Republic). The highly sensitive braking systems 
developed by them with valve-diaphragm design air 
distributors with stepped release and with a braking 
wave speed of 250-280 m/s, have been adopted by the 
UIC as uniform on all the railways in Western Europe 
[16-17].

The braking devices and equipment manufactured 
in the USA are characterized by the lower braking 
efficiency and a longer braking distance compared to 
the braking devices of Western European railways. 
In the USA, Westinghouse brakes are used, which 
supplies brakes to all countries of North and South 
America and has branches in England, Germany, Italy, 
Spain and France [17]. These brakes have an air 
distributor that provides stepless accelerated release in 
long-length freight trains formed from the rolling stock 
with a powerful automatic coupling. The most common 
non-direct exhaust air distributors are air distributors of 
types AB, ABD, ABDW [18].

In the high-speed passenger trains, the creation 
of which is currently receiving the great attention in 
Kazakhstan and abroad, disc and magnetic rail brakes 
in combination with pad brakes, as well as electronic 
anti-skid devices to protect the wheels of wheelsets 
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Resume
This work describes the features and methods of measuring the forces 
of interaction between the wheel pairs and rails by measuring wheel 
deformations at control points. The work also contains recommendations for 
direct measurements of the forces of interaction between the wheels and rails 
to determine the actual margin of stability of wheel pairs from derailment. 
The result of the work is general requirements for the system of direct 
measurement of the strength of interaction of the high-speed rolling stock 
wheel pairs with rails and scientifically based recommendations for direct 
measurement of the interaction forces of wheels and rails. The problems of 
interaction between the wheel pairs and rails do not significantly depend 
on the track width and are general in nature for different countries of the 
world.
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frame structures of the running parts, the so-called 
“frame forces”. That is, the values of the forces of 
direct interaction between the wheels and rails, which 
depend on the ratio of the stability of the wheel pair 
in the rail track, are essentially not used. In addition, 
this method of determining the dynamic forces acting 
on the wheels at the points of contact with the rails, 
based on deformations of the side frames of the bogies, 
due to a number of assumptions, does not have high  
accuracy.

Therefore, this work substantiates recommendations 
regarding direct measurements of the forces of interaction 
between the wheels and rails to determine the actual 
margin of stability of wheelsets from derailment. This 
approach will improve the level of safety of train traffic 
and increase the effectiveness of forecasted evaluations 
of dynamic indicators of the rolling stock, which will 
generally improve the conditions for the prevention of 
traffic events associated with derailment of wheelsets.

Problems of interaction between the wheelsets and 
rails do not depend significantly on the width of the 

1 Introduction

The task of increasing the speed of passenger 
rolling stock requires new approaches to the assessment 
of the safety indicators of train movement and the 
smoothness of carriages. The conditions of stability on 
the track of rolling stock can be defined as the ratio of 
forces acting upon contact of the wheel with the rail. 
Determining these forces is an extremely difficult task, 
since the contact zone is constantly moving along the 
rolling surfaces of the wheels and rails. In addition, to 
assess the stability of the wheel against rolling onto 
the rail, it is necessary to constantly calculate the ratio 
of horizontal and vertical contact forces over a certain 
period of time, because even isolated cases of exceeding 
the permissible values of this ratio can cause a violation 
of traffic safety conditions.

It should be noted that the existing methods of 
the full-scale tests of rolling stock provide for the 
determination of traffic safety indicators based on 
the ratio of forces acting on the wheel pairs from the 

https://orcid.org/0000-0003-2387-9946
https://orcid.org/0000-0002-1631-6590
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namely fully loaded, partially loaded and empty wagons. 
The purpose of this work is to determine the best 
place for their location in a freight train where the 
smallest longitudinal forces occur, regardless of the 
wagon loading scheme. However, the work does not 
assess the influence of horizontal forces on the railway 
car, which significantly affect the safety of the movement 
of railway cars.

The article [6] presents a study of the freight wagons 
derailment in symmetrical turnouts. A dynamic model 
of the open wagon and a model of a flexible turnout, 
which undergoes derailment when the wheel flange is 
lifted, was created. In addition, a full-scale wheel-rail 
interaction test was conducted to verify the dynamic 
model. As a result of the simulation of derailment 
during the lifting, the wheels are consistent with the 
research data, and the safety of the bogie depends on the 
condition of both the front and rear wheels.

In the article [7], the authors describe the concept 
of a smart wagon consisting of various components. 
This concept meets the safety requirements of a modern 
railway system. Self-diagnosis functions in a wagon 
significantly reduce the risk of accidents. This paper 
also presents the concept and functional model of this 
railway wagon and illustrates the utility of this concept 
based on investigated railway accidents.

Research [8] describes the behavior of dynamic 
derailment caused by the failure of rail connections 
of a railway switch, as well as the assessment of 
the impact of such parameters on the safety of train 
operation. The developed model takes into account 
the transverse difference between the sections of the 
rail connection, which directly cause the lifting of 
the wheel. The conducted research indicates that the 
proposed derailment model is able to effectively evaluate 
operational safety as a result of various wheels and 
track defects, and thus provide a basis for providing a 
cost-effective platform for future optimization of railway 
track and rolling stock parameters.

In [9], the authors study the effect of gaps between 
the blocks, changes in the wheel-rail friction coefficient, 
and the radius of the track curve on the nonlinear 
critical speed of a railway vehicle. The influence of the 
gaps between the axle boxes on the wear of the wheels 
and the interaction of the wheels with the railway track 
was also investigated.

The paper [10] describes the dynamic behavior 
of the wheel-rail interaction under various surface 
contaminations of the rail track, using the methodology 
of experimental and numerical modelling. The results of 
the study showed that the wheel-rail creep force drops 
sharply when the wheel enters the low adhesion zone, 
and when the adhesion is restored, there is a sudden 
increase in the creep force, which negatively affects the 
dynamics of the railway car.

In the study [11], a refined wheel-rail contact 
formula was proposed for analysis of the nonlinear train-
track interaction, which takes into account the geometry 

track and are of a general nature for different countries 
of the world. 

2 Literature review

Railway transport is rapidly developing and is a 
component of the high-speed transport system. The 
safety of train operation is becoming a more acute issue. 
To assess the safety quality of the movement of wagons, 
locomotives and other types of rails rolling stock, there 
are various approaches to assessing the safety conditions 
and solving this problem.

The study [1] describes the development of a finite 
element model for simulating the descent of trains 
moving in a curved section of the track located on a 
bridge during earthquakes. The simulation results 
showed that the risk of derailment of trains moving on 
curved bridges is greater than that of trains moving 
on straight bridges. But this study does not take 
into account and does not describe determination of 
performance of the wheelset with rails along the entire 
train tracking route.

The work [2] gives the results of studying and 
establishing the mechanism of interaction between the 
railway wheel and a rail. The modeling is based on the 
fundamental theory of circular motion kinematics. The 
proposed method makes it possible to determine the 
characteristic of the interaction kinematics criteria of 
the wheel pairs tire cross-section of the rolling stock 
with the lateral sides of the rail heads. However, 
the work does not describe the process of interaction 
between the railway wheel and rail from the point of 
view of traffic safety.

In document [3], the authors propose a new strategy 
for improving the dynamics of railway cars and reducing 
the energy consumption during the transportation, by 
optimizing the position of the center of gravity of the 
car during the cargo loading. However, the authors do 
not indicate how the optimized center of gravity affects 
the general indicators of the safety of railway carriages.

The paper [4] presents a theoretical basis for 
modeling the interaction of a railway car and a track, 
in which the dynamic equations of motion of car-track 
systems are composed by effectively connecting linear 
and nonlinear dynamic characteristics. The result of this 
study is determination of the critical speed of a railway 
train and the localization of track irregularities through 
the effective integration of a dynamic modeling model, 
a probabilistic model of track irregularities and a time-
frequency analysis method. However, the work does not 
consider the possibility of developing a mobile system for 
determining the indicators of the interaction of a railway 
car and the track based on the conducted research.

The authors of the work [5] investigate the 
longitudinal forces acting on a railway car for different 
loading conditions of the cars in the train. Three 
different types of wagons are considered in the work, 
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devised to govern the air pressure supply to the brake’s 
frictional interface, determining the optimal diameters 
of friction lining holes and the velocity of air delivery.

According to the findings from the examination 
of literary sources [1-21], it can be inferred that the 
exploration of directly measuring the forces of interaction 
between the wheel pairs and rails through assessing 
the wheel deformations at specified control points is 
pertinent and necessitates further investigation.

3 Methodology

3.1 Systems for measuring the forces acting 
on the running parts of the rolling stock

As traffic intensity continues to rise and the 
inclination to increase the speed of passenger trains 
persists, there is a growing need to experimentally 
assess the power modes of wheel pair elements and the 
proportions of vertical and lateral forces at the points 
where wheels make contact with rails. These factors 
determine the resistance to rolling of the wheel on the 
rail head, a crucial aspect for ensuring traffic safety.

Measuring tools, currently used in testing the 
rolling stock, there are no standard systems suitable for 
determining the forces directly in contact between the 
wheels and rails. Instead, the force responses of the rail 
crew to the interaction of wheels and rails in the form 
of mechanical stresses are measured in the elements of 
the load-bearing structures, that is, in the rails, wheels, 
axles or axle assemblies.

There are two ways of measuring the interaction 
forces between the wheels and rails:
1 - due to deformations of the elements of the upper 

structure of the track;
2 - due to deformations of elements of running parts.

The first method is used mainly in tests regarding 
the effect of rolling stock on the track and consists 
in equipping a certain section of the rail track with 
measuring devices. That is, the measurements are 
carried out on a limited section of the track. A significant 
drawback of this method is the difficulty of ensuring 
sufficiently high insulation of measuring circuits, 
especially when they are used for a long time on sections 
of operating railway lines. However, this method has 
been improved in recent years. It became possible to 
continuously measure the vertical forces acting on the 
rail on a certain section of the track. It is successfully 
used to detect defects on the rolling surface of the 
wheels, which cause an increased effect of dynamic 
forces on the track and axle assemblies of cars. Thus, 
the localization of stationary means of measuring force 
action on the track is, in a certain sense, useful from the 
point of view of detecting defects on the rolling surfaces 
of the wheels, to evaluate them and make decisions 
regarding the removal, of wagons from trains for repair 
if necessary.

of the wheel and rail. While most of the existing methods 
consider contact forces as external forces, the work uses 
modeling of the behavior of the contact surface based on 
Hertz’s theory and Kalker’s laws. The proposed refined 
mathematical model is confirmed by experimental data.

In the article [12] three-dimensional numerical 
modelling of the moving load of the wheel-rail interaction 
for high-speed and heavy trains is investigated. 
Simulations were performed in ANSYS with a hybrid 
model involving a flexible wheelset moving on a pair 
of rigid rails, which helped in estimating the frictional 
stresses at the wheel-rail interface during the train 
motion. As a result of the work, it was found that contact 
pressure and frictional stress increase quadratically 
with increasing train speed.

In the article [13], the authors proposed a three-
dimensional (3-D) model of train-track interaction. 
As a result of the study of the developed dynamic 
model, it was found that this model demonstrates 
high computational stability, accuracy and efficiency 
in comparison to traditional solutions; in addition to 
some key parameters, such as bridge element length, 
the length of the track and bridge section in numerical 
integration can be conveniently refined using this model.

In work [14], the authors developed a dynamic model 
for studying the vertical interaction of a rail track and 
a system of cars. The developed model is verified using 
several test data and other numerical models.

In the article [15], the authors presented an analysis 
of the influence of creep paths on the contact forces of 
the wheel and rail. The simulation results showed that 
the maximum normal wheel-rail contact stresses are 
less than 1600 MPa in the range of typical conditions of 
normal operation.

The article [16] presents the features and results of 
the cataloging of the supporting system of semi-cars, the 
application of this approach for the end wall of one of the 
basic models of wagons.

In [17], the authors described the problem of various 
deformations at all the stages of operation of freight 
wagons. The main type of these deformations are 
residual deformations that occur during welding as a 
result of thermal exposure.

The authors of the article [18] describe the process 
of conducting the control tests of tank wagons for 
dangerous goods. The testing methodology described in 
this work was used during the research.

In the article [19], the author highlights the results 
of work on determining ways to increase the degree of 
ideality of freight wagons and forecasting the evolution 
of the chassis of new generation wagons. A review 
of examples of the idealistic strategy of improving 
the undercarriage of railway universal freight open  
wagons.

In the studies [20-21], the authors elucidate a 
method to enhance the efficiency of the braking system 
by regulating the cooling of friction surfaces through 
adaptive air supply. A mathematical model has been 
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The use of measuring wheel pairs gives a number 
of advantages. Such instrumentation provides direct 
measurement of instantaneous values of contact forces 
in the wheel-rail system. Direct measurement is opposed 
to indirect or approximate, which involves determining 
the forces of interaction of wheels with rails due to 
deformations of the supporting structures of the running 
parts.

Methods of measuring the forces of interaction of 
wheels with rails by wheel deformations can be divided 
into two technologies:
1 -  measurement of stresses in spokes of spoked  

wheels;
2 - measurement of stresses in the wheel disc, i.e. 

between the axle and the rim.
The method associated with the equipment of 

tensometric schemes of spoked wheels is not used 
often, mainly due to the need to manufacture wheels 
of a special design. At the same time, with proper 
design, manufacture and appropriate calibration, strain 
gauge wheel pairs with spoked wheels provide high 
measurement accuracy.

Among the methods of experimental determination 
of the wheel-rail interaction forces, the method based 
on the deformation measurements of the wheel discs is 
nowadays gaining widespread use. There are a number 
of different projects within this method. The basic 
principle is measurement of stresses in specific places 
on the wheels.

An important problem of force-measuring wheel 
pairs is the need to compensate for “parasitic” effects 
and to prevent mutual influences between forces acting 
in different directions. Parasitic effects include the 
influence of wheel rotation, temperature, and the 
position of forces on the wheels. It is also necessary 
to take into account the influence of magnetoelectric 
phenomena, since the very strong currents (1000-2000 
A) sometimes pass only at a distance of 50-100 mm 
from the wheels and cable lines. In addition, the effects 
of humidity, temperature and mechanical impact of 
a shock nature should be taken into account. Thus, the 
ultimate goal is to achieve output signals proportional to 

In contrast to measurements by stationary devices, 
which are carried out on a fixed section of the track at 
the same time, systems for measuring force actions by 
deformations (tensions) of the load-bearing elements of 
the running parts provide for the current collection of 
data on dynamic processes accompanying the movement 
of the crew.

3.2 Measurement of data of elements of load-
bearing structures

To measure the mechanical stresses in the surface 
layers of the elements of the load-bearing structures of the 
rolling stock, the methods and means of tensometry are 
used, that is, strain gauges and registration equipment. 
The operation of the strain gauge is based on the tensile 
effect of the conductor or semiconductor, which is 
attached to the surface of the supporting element of the 
structure with a special glue. Thus, deforming together 
with the metal element when it is loaded, the strain 
gauge changes its electrical resistance.

The change in resistance of the strain gauge during 
deformation is very small, usually of the order of several 
hundreds of Ω. One of the most convenient means of 
measuring such changes is the Wheatstone bridge. It 
includes four resistors connected to a DC power supply.

3.3 Direct measurements of the interaction 
forces between the wheels and rails

From the point of view of determining the dynamic 
properties of some researched rail crew and assessing 
the conditions of its safe operation, the most effective is 
the use of measuring wheel pairs, that is, wheel pairs 
equipped with devices for direct measurement of the 
interaction forces between wheels and rails. According 
to this method, the forces of interaction between the 
wheel and a rail are measured with the help of strain 
gauges installed on the elements of the wheel pair and 
combined in the corresponding strain gauge schemes.

Figure 1 General view of the tensometric wheelset
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the force in the other direction is as small as possible. 
Therefore, studies on the determination of the zones 
on the surface of the wheel disk, the deformations of 
which are caused by the action of purely vertical and 
horizontal contact forces, are necessary to substantiate 
the recommendations for equipment with strain gauge 
schemes.

To carry out calculations of the stress-strain state of 
the wheelset using the finite element method, 3D models 
of individual elements of the wagon wheelset and rails 
of the R65 type were created, from which a general 3D 
model of the wheelset installed on the rails was made.

The determination of the zones of deformation 
sensitivity of the wheel disc is carried out according to 
the following calculated cases of the wheel pair load:
a) vertical load;
b) loading by vertical forces and forces from the action 

of the tare system (horizontal load).
The vertical loads were set based on the mass of the 

wagon of 52 tons. The lateral load scheme simulated the 
application of horizontally directed forces from the tare 

the applied load with a minimum of mutual influences 
and parasitic effects.

The main advantage of this method is that it 
provides an opportunity to measure horizontal (Y) and 
vertical (Q) forces continuously and close to the wheel-
rail interface. It is also possible to measure fairly high-
frequency force processes (at least up to 100 Hz). The 
accuracy of measurements can be quite high (at least 
within 5-10%).

Figure 1 shows the general view of the tensometric 
wheelset for measuring miles of interaction between 
wheel pairs and rails.

3.4 Determination of zones of deformation 
sensitivity of the wheel disc to force load

Places of tensor resistors on wheel disks and ways 
of including them in the measuring scheme should 
be such that, with sufficient sensitivity of the scheme 
to the action of the measured force, the influence of 

Figure 2 Chart of wheel surface stresses under  
vertical load

Figure 3 Chart of wheel surface stresses under vertical 
load and under the simultaneous action of vertical and 

lateral forces

Figure 4 Schematics of stress gauge placement on the wheel disc
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scheme of the force of the other direction is excluded. 
To clarify the locations on the wheel disk of the points 
of sensitive zones to the action of vertical and lateral 
loads, appropriate experimental studies were conducted. 
Tensor resistors were placed on the wheel disc in the 
radial direction with a step equal to the base of the 
tensor resistor. The diagram of placing tensor resistors 
on the wheel disk is presented in Figure 4. A total of 
20 tensor resistors were installed along the diametrical 
direction of the wheel.

The vertical load of the wheel was created by 
the weight of the wagon body. Figure 5 shows the 
stress distribution from the vertical load of the wheel, 
measured at the placement points of each tensor. As 
can be seen, in this case the greatest stresses occur at 
points 9-12.

The results of stress measurements, when the wheel 
is loaded with lateral forces, are presented in Figure 6. 
Here, the stress distribution graphs correspond to the 
power-level values of the forces. As with vertical loading, 
points 9 to 12 turned out to be the most sensitive in this 
case.

The obtained experimental data allow to identify 
the zones of maximum stress that occur on the wheel 

device to the outer face of the wheel above the contact 
with the rail. In the calculations, the value of the lateral 
force was set at the level of 50 kN.

The results of the calculation of the surface stresses 
distribution of the wheel under vertical load (Figure 2) 
and simultaneous action of vertical and lateral forces 
(Figure 3) are presented. As can be seen, the greatest 
stresses in the wheel disc under vertical load occur in 
the transition zone of the disc to the rim (zone I), as well 
as in the place adjacent to the hub (zone III). In the case 
of lateral loading, deformations spread to the middle 
part of the disk (zone II) near the area of attachment 
to the hub.

Thus, according to the results of VAT calculations 
of the wheel disc, zone III was the most sensitive in 
terms of deformations to both vertical and lateral loads. 
Therefore, for the lateral load measurement, zone II 
should be chosen, which is practically sensitive only to 
lateral forces, and zone I should be chosen for vertical 
load measurement.

Places of tensor resistors on the disc of a wheel 
pair and methods of their inclusion in the measuring 
scheme should be such that, with sufficient sensitivity 
of the scheme to the measured force, influence on the 

Figure 5 Distribution of stresses from the vertical load of the wheel

Figure 6 Stress distribution from horizontal wheel load
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3.5 An experimental study on measuring  
the interaction forces of a wheel pair with 
rails

Experimental studies on the direct measurement of 
forces in the wheel-rail system were carried out on the 
carriage of a passenger car. Stress gauges were installed 
on the wheel pair of the experimental cart according 
to the proposed scheme (Figure 7). After installing the 
strain gauges on the wheel disc, measuring circuits 
were installed (Figure 8). The measuring equipment and 
batteries were mounted on the axle of the wheel pair 
using a special mount.

To establish the relationship between the readings 
of the strain gauges and the load in the vertical direction, 
the measurement system was calibrated.

The test trip was conducted on a section of the 
track with a length of about 20 km. The position of the 
wagon on the site and the speed of its movement were 

disc under the action of lateral (horizontal) and vertical 
loads. Experimental data, taking into account the 
results of computer modelling of the wheel load, provide 
the basis for the development of a refined tensometric 
scheme for direct measurements of the interaction forces 
between wheels and rails.

Based on the calculations and experimental data for 
determining the zones of deformation sensitivity of the 
disk of a standard wagon wheel to vertical and lateral 
loads, a scheme for placing strain gauges for determining 
the contact forces of the interaction of wheels and rails is 
recommended, which is shown in Figure 7.

Points 1-1*, 5-5*, 9-9* indicate the places where 
the greatest stresses occur. Points 2-2*, 6-6*, 10-10* are 
selected for measuring lateral forces, and 3-3*, 7-7*, 
11-11* for vertical ones. Measurement of deformations 
at points 4-4*, 8-8*, 12-12* is intended to determine the 
momentary position of the wheel during the carriage 
movement.

Figure 7 The diagram of placement of tensor resistors for determining  
the forces of interaction of wheels and rails

Figure 8 Measuring scheme on the experimental wheel pair
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4 Results and discussion

4.1 General requirements for the system of direct 
measurement of the interaction forces of 
wheel pairs of high-speed rolling stock with 
rails

A mobile system for measuring the interaction 
forces of wheel pairs of high-speed rolling stock with 
rails should include:
• sensors primary converters;
• GPS receiver;
• cables for signal transmission;
• system of collection and registration of measurement 

indicators;
• transfer of data about the location and status of the 

system to the server;
• determination and assessment of traffic quality and 

safety indicators in the modeexpress processing.

determined with the help of a GPS-Logger. The GPS 
survey was conducted once per second.

Strain measurement data was recorded using 
a software-hardware complex, which consists of 
a hardware part based on the NI cRIO 9012 controller, 
an eight-slot NI cRIO 9104 chassis with NI9237 
modules, and a software-virtual recorder developed in 
the LabView software shell.

The software of the complex performs the following 
functions:
a)  configuration of measuring channels;
b)  selection of the strain gauge connection scheme;
c)  autonomous registration of signals on the internal 

FLASH storage device;
d)  data recording in a text file (for further processing).

Signals were recorded on a local FLASH drive. 
Figure 9 and Figure 10 provide a complete record of the 
forces that occurred during the test ride.

Figure 9 Recording of vertical forces

Figure 10 Recording of horizontal forces
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The NI 9012 controller application software 
consists of two parts. The first part reads data from 
NI 9237 and NI 9205 ADC modules, performs data 
processing and writes to the non-volatile memory of 
the controller. The second part transmits data using 
the Transmission Control Protocol (TCP) to an external  
computer.

The general view of the system for the system of 
direct measurement of the forces of interaction of wheel 
pairs of high-speed rolling stock with rails is shown in 
Figure 11.

Results of the study are now analyzed in more 
details on measuring the forces of interaction between 
the wheel pair and the rails. Figures 12 and 13 show 

The mobile system for measuring the interaction 
forces of wheel pairs of high-speed rolling stock with 
rails based on National Instruments CompactRIO solves 
a wide list of tasks aimed at monitoring the technical 
condition of rolling stock during tests and in normal 
operation.

The software of the software-hardware logger is 
developed in the LabView FPGA software shell.

The application software is designed to read 
measurement data from channels selected by the user at 
the hardware level with a specified sampling frequency, 
select the type of connection of the outputs of the 
primary measuring transducers, and set the voltage 
measurement limits.

Figure 11 The direct measurement system for assessing the forces involved  
in the interaction between the wheel pairs and rails

Figure 12 A fragment of the vertical load record

Figure 13 A fragment of the lateral load record
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development of a refined tensometric scheme for 
direct measurements of the interaction forces 
between wheels and rails.

3. A scheme for placement of tensoresistors is proposed 
for determining the contact forces of the interaction 
of wheels and rails to determine the actual margin 
of stability of wheel pairs from derailment in 
a direct way.

4.  A comparison of the values of rms deviations 
obtained by computer simulation and from the 
experiment was carried out and it was established 
that the discrepancy in the lateral load is 0.22 %, 
and in the vertical - 9.34 %. Thus, these data 
confirm, on the one hand, the reliability of the 
developed computer model, and on the other, the 
effectiveness of the method of direct measurement 
of the contact forces of the interaction of wheels and 
rails.

5.  The developed general requirements for the system 
of direct measurement of the interaction forces of 
wheels with rails provide for the following:
5.1. For the high-speed passenger wagons, it is 

mandatory to assess the interaction forces 
using wheel pairs equipped with strain gauges;

5.2. Determining the locations of the strain gauges 
on the wheel discs must be accompanied by 
calculations of the stress-strain state of the 
wheel pairs under the complex loading by forces 
that correspond to the operating conditions in 
terms of magnitude and points of application;

5.3. Specialized devices should be used to calibrate 
the strain gauges placed on the wheels of the 
measuring wheel pairs - to implement the 
lateral load of the wheel in the part that is as 
close as possible to the zone of its contact with 
the rail, and to apply the vertical load.
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fragments of vertical and lateral load processes at a 
speed of 36 km/h, respectively.

Based on the results of taring, calculations and 
experimental research of the stress-strain state of the 
wheel disks, the actual value of the interaction forces 
was determined by the readings of those sensors that 
were in a vertical position relative to the track plane.

Representative parts of the records of dynamic 
processes at v = 36 km/h were subjected to statistical 
processing. The results of this processing are shown 
in Table 1. Here, the maximum values of the studied 
quantity are determined by the expression: 

x x ksmax = +r r , (1)

where:  
xr  - arithmetic mean (mathematical expectation),
s - root mean square deviation (RMS),
k - is a coefficient that depends on the given level of 

reliability.
For values ΣY and Y/Q, which are important for 

evaluation of the traffic safety, k = 3, for other calculated 
quantities, k = 2.2, except for quasi-static, for which k = 
0. Since the values of contact forces are important for 
evaluation of the traffic safety, then  is taken equal to 
three.

5 Conclusions

The outcomes of the research focused on directly 
measuring the forces between the wheel pairs and rails, 
support the following scientifically grounded conclusions:
1.  The approach to measuring the forces involved 

in the interaction between the wheels and rails, 
which relies on the deformation of elements in 
the upper track structure, is constrained to short 
track sections. Consequently, it does not facilitate 
continuous monitoring of the force exertion on the 
moving parts of rolling stock when traversing track 
sections that exhibit heterogeneity in terms of 
plan, profile, and condition. At the same time, this 
method is becoming widely used to identify wagons 
in trains with deviations in the technical condition 
of elements of running parts.

2. Theoretically and experimentally, the zones 
of dependence of the occurrence of stresses on 
the disk of a standard wagon wheel under the 
action of vertical and horizontal force load have 
been determined, which provide grounds for the 

Table 1 Results of statistical processing of contact force values

Estimation of magnitude
Q

(ton-force)
Y

(ton-force)

Mean square deviation 0.47 0.33

Maximum value 9.77 0.99
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Resume
The rail rolling stock undercarriage condition monitoring is proposed by 
using an automated measuring system, located on the railway track and 
measuring the specified parameters of the wheels directly, while the train 
is moving. Regular undercarriage condition monitoring reduces the costs of 
preventive maintenance of rolling stock without compromising the traffic 
safety. An algorithm has been developed for the operation of a special 
software package for visualizing and assessing monitoring data on the 
condition of the undercarriage of rail rolling stock. The software package 
consists of separate software modules that can be used independently of 
each other. It is possible to make short- or long-term predictions of the 
behavior of any of the monitored parameters using an proposed automated 
measuring system.
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2 Presentation of basic materials

The operation of the wheel-rail system is associated 
with significant wear of both components interacting 
in it [9-12]. This specially applies to wheels. The 
parameters of wheel pairs, controlled in operation, are 
the distance between the inner edges of the railway 
wheel flanges, rolling surfaces, thickness and vertical 
undercut of the wheel flanges [13-14]. To ensure the 
high reliability, measurements of these parameters are 
carried out at four points on the circumference of each 
wheel [15-17].

Manual measurements, using special templates, 
are associated with significant labour costs, as well 
as downtime of the rolling stock. Automation makes 
these measurements faster. This ensures the necessary 
measurement accuracy.

1 Introduction

With the increase in the speed of rail vehicles, 
the demands for the quality of both the track and 
rolling stock are growing. However, the situation in 
the transportation services market does not allow for 
a significant increase in expenses for the technical 
maintenance of rolling stock. Therefore, it is necessary 
to ensure optimal utilization of funding without 
compromising the safety level of transportation [1-4].

Increasing the traffic volumes and train speeds 
require greater attention to monitoring the condition of 
the rail rolling stock. To solve this problem, measuring 
devices are created that are located on or near the 
railway track and are capable to measure the necessary 
parameters directly while the train is moving, by their 
dimensions, weight and other parameters [5-8].
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do this (Figure 2), two lasers, with the V-shaped beams 
diverging in one plane, are placed beneath the wheel 
under the study. These rays are recorded by a digital 
video camera located on the side.

Images of pictures are transferred to the 
microprocessor module using appropriate transformation. 
For this process to be carried out without disturbing the 
scale, the transformation parameters are calibrated on 
a wheel segment of known diameter [25-26]. Guaranteed 
accuracy of the wheel diameter measurements with 
a range from 600 to1300 mm is 0.6 mm.

The distance between the inner edges of the 
wheelset wheels flanges is determined using an optical 
measuring system. The triangulation device used for 
measurements sends a laser beam to the inner edge of 
the wheel flange, where the beam trace is observed as 
a luminous point. An optical system, mounted on the 
side, records the location of this point. The error, when 
measuring the distance between the inner edges of the 
wheel flanges, can reach the value of 0.4 mm.

To use an automated measuring complex for other 
types of rail vehicles (subway cars, trams, etc.), it is 
necessary to select the diameter of the probing laser 
beam experimentally, and adapt the location of the 
complex measuring elements.

The change of the wheel profile is caused by its wear 

Monitoring wheels to detect out-of-roundness and 
sliders is a basic condition for ensuring the traffic 
safety [18-20], especially for high-speed trains. Having 
accepted that the wheel flange apex has a sufficiently 
accurate circularity and concentricity with respect to 
the axis of rotation, it is supposed that the deviation 
from the nominal wheel flange height is identical to the 
deviation of the rolling circle from the ideal circle and 
carries information about the size of non-roundness 
and the depth of the sliders. In the proposed automated 
measuring complex, to control this parameter, a 
measuring beam is used, the lowering of which, when 
pressed with the top of the flange, is counteracted by 
the pressure of compressed air [21-22]. When the wheel 
rolls, the vertical stroke of the beam is measured using 
an electromechanical sensor. The signal from the sensor 
is transmitted to the micro-processor of the module, 
where it is processed and recorded as a change in the 
beam stroke for at least one wheel revolution [23-24]. 
Using the curve of changes in the height of the flange 
per revolution, the presence of non-roundness or a slider 
is determined (Figure 1). The error of sliders depth, or 
the size of out-of-roundness measuring, do not exceed 
0.2 mm.

The wheel diameter is determined by the radius of 
one wheel segment curvature using the laser beams. To 

Figure 1 Changing the flange height

Figure 2 Measuring the wheel diameter and the distance between the inner edges



I N C R E A S I N G  T H E  T R A F F I C  S A F E T Y  L E V E L  O F  R O L L I N G  S T O C K  B Y  W H E E L  C O N D I T I O N . . .  B169

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

diameter (Figure 4). To do this, one laser with a flat 
V-shaped beam is installed below the rolling wheel such 
that the plane of the beam is strictly perpendicular to 
the direction of the wheel movement. All the specified 
parameters that determine the profile are measured 
with an accuracy of 0.2 mm. For repeated measurements 
of the same parameter, the accuracy is 0.1 mm.

The condition of the metal adjacent to the wheel 
tread is examined using ultrasonic pulses of a frequency 

due to the loss of material from the tread surface [27-30]. 
The quality of a wheelset is determined by the following 
main parameters: height and thickness of the flange, 
transverse size (qr) used as the basis for calculating 
the amount of flange trimming, the distance between 
the inner edges of the wheel flanges and the equivalent 
conicity (Figure 3).

Measurement of a wheel tread surface profile is 
performed using the same method as measuring its 

Figure 3 Parameters of the measured wheel profile: Ar - the distance between the inner edges of the wheel flanges;  
Sr - track width; Sd - flange thickness; Sh - flange height; Dl - diameter of the rolling circle: MK - surface of the measuring 

circle; qr - transverse dimension used to calculate the amount of flange trimming

Figure 4 Measurement of the wheel tread surface profile

Figure 5 Propagation of pulses in a wheel during the ultrasonic flaw detection
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To ensure the high reliability of the presented 
method, wheel parameters are measured at four points 
on the circumference of each wheel. To check the 
measurement accuracy of the automated measuring 
system, they are compared to manual measurements 
using special templates. Errors were determined and 
possible deviations were investigated.

3 Findings and discussion

Based on the assigned tasks, the structure of 
the automated measuring complex was determined. 
Measuring sensors consist of 16 units installed evenly at 
the ¼ distance of the wheel circumference on both sides 
of a rail. The operating principle of the sensors is laser 
triangulation. The functional diagram of the automated 
measuring complex is shown in Figure 6.

of 400 kHz, which are sent to the wheel tread by the 
transceiver head. The impulse is being propagated in 
the wheel in the form of surface waves, which repeatedly 
circle the wheel in both directions (Figure 5). A defect in 
the wheel generates a reflected echo.

A crack located perpendicularly to the direction of 
the ultrasonic pulse propagation causes the signal to 
be reflected. The echo signal, reflected from the defect, 
and the so-called bottom signals that run around a full 
circle, are recorded by the transceiver head. In this 
case, the useful signal is amplified, passes through an 
electronic filter, and then enters the micro-processor 
of the module [31-32]. Here it is assessed according to 
various criteria, and the ratio of the amplitudes of the 
signals reflected from the defect and the bottom signals 
serves as a measure for assessing the depth of the crack 
in the metal layer adjacent to the wheel tread (Figures 
4 and 5).

Figure 6 A functional diagram of an automated measuring complex with feedback on radiation intensity: 1 - wheel,  
2 - laser, 3 - photodetector, 4 - measuring cell, 5 - computing module, 6 - controller

Figure 7 Dependence of the reflected signal intensity on the position of the laser beam on the rolling surface: 1 - laser beam 
with a diameter of 0.7 mm; 2 - laser beam with a diameter of 3.5 mm; 3 - laser beam with a diameter of 5 mm
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to check the wheels of all the passing trains without 
significantly reducing the speed of movement. In this 
case, the entire measurement cycle, together with the 
delivery of information to the operator’s console of the 
TIP, occurs in real time. All measurements of train’s 
wheelsets with the length of 400 m, which moves at a 
speed of about 10 km/h are performed within 3 minutes. 
All the measurement results, which provide complete 
information about the condition of each wheel and wheel 
pairs, are stored in the digital media.

All elements of the automated measuring complex 
are combined into a network (Figure 8). The measurement 
results make it possible to identify wheelsets for wheel 
turning or replacement of wheelsets. Having the data 
on the condition of the profile of each wheel, the mode of 
turning it on a wheel lathe can be preset.

A special software package is used to visualize 
and analyze the obtained data. It consists of individual 
software modules that can also be used independently 
of each other. The main mandatory data showing the 
train configuration, maximum dimensions and types of 
measurements are contained in the database. To obtain 
the necessary information, the computer connects the 
system database via a network. All the measurement 
results stored in the database can be quickly accessed 
using this software package.

Reducing the railway transport maintenance costs 
(percentage or quantity) depends on the specific car fleet, 
the availability of equipment for maintenance and repair 
and many other factors. The main costs of servicing the 
railway transport are associated with a reduction in 
labour costs, downtime of rail vehicles and other factors. 
Specific figures for costs reduction may vary depending 
on operating conditions and several other factors. The 

As the wheel moves, it crosses a beam of laser 
radiation, and the wheel tire is scanned. The image of 
the radiation spot on the rolling surface is projected 
through the lens onto a matrix of linear photosensors.

The position of the spot on the matrix corresponds 
to the distance from the sensor to a certain point on the 
rolling surface.

Due to the large inertia of the train, the movement 
of the wheel during measurement can be considered 
uniform. The running speed is determined using an 
inductive axle number sensor. Based on the known 
values of the distance from the wheel tread to the sensor 
and the train running speed, the controller calculates 
the profile and other parameters of the wheel.

The optimal diameter of the probing laser beam 
for the average wheel tread surface roughness was 
experimentally selected. The results of measurements 
performed at different laser beam diameters are shown 
in Figure 7. Analysis shows that the maximum dynamic 
range and maximum intensity burst occur with focused 
laser beam radiation. Increasing the beam diameter 
from 3 mm to 4 mm does not lead to a decrease in 
dynamic range. Therefore, the optimal beam diameter 
value can be considered in the range from 3 mm to 4 
mm.

The introduction of a second feedback channel 
made it possible to increase the accuracy and speed 
of measurements, as well as to expand the range of 
applicability of sensors under external illumination 
conditions.

The automated measuring system is designed for 
installation directly on the railway track in the area 
of the entrance to the technical inspection point (TIP). 
This arrangement of the complex makes it possible 

Figure 8 Networking of measuring and testing modules, base module and operator workstations:  
EW - external workplace; NA - network device; LWL - fiber optic cable; Central PC - central PC;  

DBS - Database server; AMC - Automated measuring complex; Bm - basic module;  
Im - identification module; Rmrs - module for detecting non-roundness and sliders;  

Dm - wheel diameter measurement module; Pm - profile measurement module;  
Rmcd - crack detection module
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are, e.g. changes in the flange height of a certain 
wheelset within two weeks. The prediction makes it 
possible to determine the remaining service life of each 
wheel pair and plan measures for its repair.
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idea of the presented method is to show that the use 
of an automated measuring system can reduce the 
servicing railway transport costs by several percent.

4 Conclusions

Regular registration of critical vehicle parameters 
with their subsequent assessment and analysis is the 
basis for organizing the reliable and cost-effective 
condition-based maintenance. Similar technologies are 
already widely used in air transport. Under operating 
conditions of rail rolling stock, regular parameters 
monitoring of wheel pairs, reduces the costs of 
preventive maintenance work without compromising 
traffic safety. Of course, the potential for savings in 
operating costs with increased the traffic safety can 
only be achieved with regular monitoring of the bogie  
parameters.

When using the proposed automated measuring 
system, a short- or long-term prediction of the behavior 
of any monitored parameters can be performed, which 
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Resume
In the paper, some selected results concerning the ellipses of adhesion for 
various conditions of motion of a vehicle model, have been presented. The 
analysis, regarding the phenomena between the road and the wheels of 
the given motor vehicle’s model, was previously carried out in the earlier 
paper by the author. However, they proved useful for the second part of 
research based on determination of the ellipses of adhesion. This can 
enable answering the question whether the road conditions may affect the 
maximum longitudinal and lateral forces combining such ellipses in the 
contact plane between the road and the wheels. The analysis has been 
presented based on the previously obtained results.
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considered problems was the influence of the icy road on 
the friction between the tire and a surface.

Of course, it seems important to be acquainted 
with the problems of road irregularities, especially 
when the randomness is taken into account. Some 
works, including, e.g., [15-17], have been devoted to 
these problems. Some papers have been devoted to more 
specific aspects, such as determining the road conditions 
via a signal obtained from the vehicle [18], using 
measurements for vehicle dynamics simulations [19], or 
nonlinearity included in the problem of the wheel - road 
contact phenomena on a randomly uneven road [20].

The aim of this paper was to present the possibility 
of determining the ellipses of adhesion between the 
wheels and the road with the use of results obtained for 
a specific maneuver of vehicle’s acceleration simulated 
in MSC/Adams environment. The selected results of the 
simulations have previously been presented in [21] by 
the author and were used as a basis to determine the 
ellipses of adhesion between the wheels and the road for 
various adopted conditions of motion. The paper [21] is 
a source for the research presented here and the main 
question is whether the longitudinal and the lateral 
forces, occurring between the wheels and the road, 
can combine to produce such ellipses and whether the 

1 Introduction

The ability of a motor vehicle to develop a full 
adhesion between its wheels and the road is one of 
the most crucial feature, among others in terms of the 
road traffic safety. One of the maneuvers requiring the 
adhesion is accelerating when, depending on the road 
conditions, it may not be fully developed and the wheels 
may either slip or partially lose contact with the road, 
especially with the random irregularities occurring. 
Multiple researches on the adhesion between the wheels 
and the road have so far been conducted, both form the 
point of view of the rubber ingredients, e.g. in [1-2] and 
the road conditions, e.g. in [3-5].

However, research on the adhesion does not consider 
only the above mentioned aspects. Determining the 
characteristics useful for further research also plays an 
important role which has been presented, e.g. in [6-8]. 
Moreover, determination of the adhesion coefficient 
in various conditions of motion of road vehicles can 
give answers, e.g., which road conditions tend to be 
the least beneficial for safe driving. This has been 
undertaken, among others in [9-12] up to the wheel 
blocking conditions [13] and analysis of the discussed 
phenomena for the electric vehicles [14]. One of the 
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deviation after loading were calculated by Adams/Car in 
relation to the so-called “origo” point (Figure 1), which 
is a point moving along with the vehicle but located on 
the road.

The vehicle’s double seater model used in [21] had 
the FTIRE (flexible) tires because they allowed running 
the simulations on the randomly uneven road. This 
means that a single irregularity can be shorter than the 
length of the contact area between the wheel and a road. 
The springs in the MacPherson columns in the vehicle’s 
suspension was linear and the dampers were non-linear. 
The vehicle’s body was assumed rigid to provide the 
analysis of a multibody without any deformations or 
micro deformations within its structure.

The simulations in [21] were run for various road 
conditions with the initial speed 20 km$h-1 and the 
road conditions adopted as configurations presented 
in Table 2, mainly regarding the road surface (dry 
or icy) and the maximum amplitudes of the random 
irregularities, which were specified by the intensity 
parameter. Moreover, the difference between the road 
profiles for the left and the right wheels was specified by 
the corrl parameter, which, in this case, provided almost 
different profiles for both sides of the vehicle enabling 
greater reality. The most difficult conditions of motion 
were adopted for the configurations 7 and 8 as in Table 
2, which was more exactly discussed in [21].

The road was randomly uneven in each configuration, 

random irregularities and the icy road surface have any 
influence on these ellipses.

The significance of research presented below 
is focused on understanding if the lateral and the 
longitudinal forces in the area of a mutual contact 
between the road and the wheels can compose an 
ellipse of adhesion and if such an ellipse can be a factor 
determining the nature of the wheel - road cooperation, 
as well as to what degree it could be a feature specifying 
the road traffic safety.

2 Assumptions for the adopted maneuver

In order to present the discussed problem in a proper 
way it is fair to recall the basic assumptions made in [21] 
so that determination of the adhesion ellipses would be 
presented for the specific conditions of motion and the 
specific maneuver.

A double seater model was used (Figure 1) in the 
simulations performed in Adams/Car. This model has 
previously been used in several works by the author for 
various maneuvers. Although the general assumptions 
remained the same, e.g., as in [21] the whole mass 
of a vehicle was changed by adding different masses 
representing a driver, a passenger, and a baggage. In 
[21] they were altered as in Table 1. The new coordinates 
of the center of mass and the moments of inertia and 

  

Figure 1 The vehicle’s model used in simulations and the location of the “origo” point [based on MSC Adams/Car]

Table 1 Mass - inertia parameters of the unladen simulated vehicle model [21]

Unladen vehicle Laden vehicle

Mass 1528kg 1686kg

Center of mass location relative to the “origo”
xc = 1.75m,

yc = -0.0014m, zc = 0.43m
xc = 1.73m,

yc = -0.007m, zc = 0.435m

Moment of inertia (Ix) relative to the X axis 583kg∙m2 618kg∙m2

Moment of inertia (Iy) relative to the Y axis 6129kg∙m2 6550kg∙m2

Moment of inertia (Iz) relative to the Z axis 6022kg∙m2 6409kg∙m2

Moment of deviation (Ixy) versus the XY axes -1.9kg∙m2 1.95kg∙m2

Moment of deviation (Ixz) versus the XZ axes 1160kg∙m2 1276kg∙m2

Moment of deviation (Iyz) versus the YZ axes -1.3kg∙m2 0.51kg∙m2
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mark the differences caused in the profiles by intensity, 
three exemplary road profiles were presented in [21] 
and repeated here in Figures 2, 3 and 4 for three values 
of intensity, 0.5, 1 and 1.5, respectively. Although it is 
not clearly specified how the intensity is related to the 
road profile in MSC/Adams Car, in several tutorials it 
has been marked that these profiles are prepared in 
accordance with the ISO standards. One of the aims 
of this paper was to examine whether the greater 
intensity would alter the ellipses of adhesion and that 
is why it was increased even to 1.5, given that [21] is 
a background for the analyses presented here.

As for the random irregularities in a stochastic 
uneven road, their generation has been described in many 
MSC/Adams tutorials (e.g. [22]). These irregularities are 
easily dealt with by Adams/Car thanks to the FTIRE 

except for 1 and 2. Moreover, the icy road means that the 
coefficient of adhesion between the wheels and the road 
was set to 0.3 and the dry road had its value set at 0.8. 
In all the configurations it was the same for each wheel. 
The assumed values reflect the average coefficient on 
a dry and an icy road.

Although the acceleration maneuver was performed 
for the initial speed of 20 km‐h-1, the vehicle started 
accelerating after the first 2s of the simulation (which 
lasted for 10 s) as if it was moving with the initial speed 
for the first 2s. After the next 0.5 s the vehicle had the 
full throttle on, and it meant only a short period to start 
fully accelerating.

The intensity parameter used specifically in MSC/
Adams Car is a coefficient determining the amplitudes 
of the road irregularities in the random profiles. To 

Table 2 The configurations of the road conditions adopted for the simulations [21]

Road Road condition Intensity Corrl Initial V [km$h-1]

Configuration 1 flat dry - - 20

Configuration 2 flat icy - - 20

Configuration 3 uneven dry 0.5 0.2 20

Configuration 4 uneven icy 0.5 0.2 20

Configuration 5 uneven dry 1.0 0.2 20

Configuration 6 uneven icy 1.0 0.2 20

Configuration 7 uneven dry 1.5 0.2 20

Configuration 8 uneven icy 1.5 0.2 20

Figure 2 Road profile for the selected road section between 20th and 95th meter  
at the intensity = 0.5 [21], based on Adams/Car

Figure 3 Road profile for the selected road section between 20th and 95th meter  
at the intensity = 1 [21], based on Adams/Car
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where: 
µix - the coefficient of adhesion in the longitudinal 
direction (along the direction of motion of a vehicle) for 
the i-th wheel,
µiy - the coefficient of adhesion in the lateral direction 
(perpendicular to the direction of motion of a vehicle) for 
the i-th wheel,
Fix - the maximum absolute contact force in the 
longitudinal direction (along the direction of motion of 
a vehicle) for the i-th wheel,
Fiy - the maximum absolute contact force in the lateral 
direction (perpendicular the direction of motion of 
a vehicle) for the i-th wheel,
Gi - the force loading the i-th wheel and normal to the 
contact plane between this wheel and the road.

The second formula was used to specify the equation 
of each ellipse of adhesion to use the obtained coefficient 
to calculate this ellipse, e.g., in Excel. It is also simply 
used to build an ellipse based on the maximum values of 
its axes only. It is worth noticing that the paper presents 
the ellipses of adhesion as a maximum available areas 
of a contact between the wheels and the road for various 
conditions of motion.

, ,cos sinx yi ix i iyn a n a= =  (2)

where: 
µix - the coefficient of adhesion in the longitudinal 
direction (along the direction of motion of a vehicle) for 
the i-th wheel,
µiy - the coefficient of adhesion in the lateral direction 
(perpendicular to the direction of motion of a vehicle) for 
the i-th wheel,
xi - the values along the longitudinal axis of the ellipse 
of adhesion for the i-th wheel,
yi - the values along the lateral axis of the ellipse of 
adhesion for the i-th wheel,
α - the angle used in specifying the ellipses of adhesion, 
ranging from 0° to 360°.

The first set of results was related to braking on 
a flat and dry road (configuration 1). In Table 3 the 

(flexible tire) model, also described in, e.g. [22], which 
allows recognition of the holes and bumps in the road, 
which are up to twice shorter than the length of the 
area of the mutual contact between the wheels and the 
road (let us call it the contact patch as, e.g. in [22]). For 
the purpose of this paper it was assumed that the holes 
shorter than half of this contact patch can be omitted in 
the analysis, but the bumps can influence the vehicle’s 
behavior.

More on the intensity and its relation to the 
maximum amplitudes of the irregularities of the road 
profiles used for the purposes of this paper, one can read, 
e.g., in [21].

In [21] it was also stressed that the discussed 
example of the acceleration maneuver was performed 
for the steering wheel locked to maintain the 
straightforward direction, which seems obvious when 
driving on a straight part of a road. However, another 
possibility taken into account for further research 
may involve free (no handling) motion with the acting 
disturbances causing the vehicle to deviate from the 
assumed straightforward direction.

3 Analysis of results related to the road - wheel 
adhesion

During each simulation one of the components 
calculated by Adams/Car were the contact forces 
between the wheels and the road. The measurement 
was conducted with the use of the virtual sensors, which 
are located at various points in the vehicle’s model. 
Hence, the maximum absolute values of these contact 
forces were determined based on the internal measuring 
system of Adams.

To draw some necessary conclusions, some simple 
formulas should be introduced at first. The ellipse of 
adhesion should be based on the maximum values of the 
coefficient of adhesion in two directions: longitudinal 
and lateral in relation to the direction of motion of the 
vehicle’s model. Therefore, the first formula used here 
allows determination of these coefficients. This formula 
is ok, typical for each book on motor vehicle dynamics.

Figure 4 Road profile for the selected road section between 20th and 95th meter  
at the intensity = 1.5 [21], based on Adams/Car
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extra loaded, the maximum coefficient µx here was only 
about 0.04 with about 0.95 for the rear wheels. The µy 

coefficient was also more than twice the magnitude for 
the rear (about 0.35) than for the front wheels (about 
0.15).

The maximum absolute forces for configuration 2 
are presented in Table 4, while in Figure 6 are shown 
the ellipses for this configuration. Here the ellipses for 
the front wheels show that the µx coefficient was twice 
greater than in the case of configuration 1, despite 
braking on the icy road. However, the µy coefficient was 
about 0.12, which is less than in the case of configuration 
1. For the rear wheels the maximum µx coefficient 
was about 0.6, which is far less than in the case of 
configuration 1, whereas the µy coefficient was about 
0.2, also less than for the dry road. It can be seen that 
braking on the icy road worsened the effectiveness for 
the rear wheels. Of course, both configurations (1 and 2) 
were adopted for a flat road surface.

The differences between the left and the right 

maximum absolute values of the forces acting on each 
wheel are presented based on the results obtained in 
[21], whereas in Figure 5 is shown the ellipse of adhesion 
based on the determined coefficients in Equation (1) and 
the Equation (2).

The markings in Table 1 denote the selected wheels 
for which the ellipses were determined, i.e., LF - left 
front, RF - right front, LR - left rear and RR - right rear. 
These markings were also used in Figure 5. The rest of 
the presented results have been marked in the same 
way.

It is important to stress that the calculated ellipses 
presented in this part of the paper, have been obtained 
for the maximum absolute values of the forces tangential 
and normal versus the plane of a mutual contact 
between the wheels and the road.

As it can be observed in Figure 5 the ellipse of 
adhesion has greater values of its axes for the rear 
wheels as the engine is located at the back of a vehicle. 
Despite braking, where usually the front wheels are 

Table 3 The forces between the road and the wheels for configuration 1 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 166.08 604.31 3874.66 167.57 634.3 3946.36

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 5289.13 2010.29 5564.94 5400.4 2003.81 5653.86

 
Figure 5 Ellipses of adhesion between the wheels and the road for configuration 1

Table 4 The forces between the road and the wheels for configuration 2 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 317.05 481.68 3734.42 325.09 488.95 3827.46

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 3357.03 1060.93 5783.71 3434.92 1148.62 5856.73
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and the right wheels than in the case of configurations 
1 and 2. However, the µy coefficient was different for the 
front wheels by about 0.05, which can be explained by 
the almost different road profiles adopted with the use 
of the corrl coefficient (Table 2). For the rear wheels the 
difference in the µx and µy coefficients was marginal 
and both wheels of the rear axis had almost the same 
maximum values (about 0.9 with little differences). This 

wheels were marginal for the both configurations.
Let now analyze what effect the low amplitude 

irregularities (Figure 2, intensity 0.5) may cause in 
terms of the ellipses of adhesion. In Table 5 the results 
for the configuration 3 have been presented with the 
respective ellipses shown in Figure 7.

The ellipses for the front wheels show that the 
maximum µx coefficient was greater for both the left 

 
Figure 6 Ellipses of adhesion between the wheels and the road for configuration 2

Table 5 The forces between the road and the wheels for configuration 3 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 995.51 723.65 4816.76 1051.4 452.45 5134.61

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 7141.09 1296.05 7615.85 6474.63 1223.14 7636.4

 
Figure 7 Ellipses of adhesion between the wheels and the road for configuration 3
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As for the rear wheels, the maximum µx coefficient 
was about 0.45, which was twice less than for the dry 
road in configuration 3, and about 0.05 less than for 
the icy road in configuration 2. The µy coefficient was 
about 0.15 with almost no differences between the left 
and the right wheel, which means that the icy road, 
in combination with the low amplitude irregularities, 
had reduced the adhesion even more than in the case of 
configuration 2.

As for the motion on the more randomly uneven 
road, let move to the next results, i.e. configurations 5 
and 6, where some additional observations can be made. 
In Table 7 the maximum forces between the wheels and 
the road have been shown, along with the ellipses of 
adhesion (Figure 9) obtained for them.

The µx coefficient for the front wheels was similar 
to that in configuration 3 on the dry road, i.e., about 0.2 
with marginal differences between the left and the right 

can be understood such that the engine acts as a mass 
loading the rear axle, which in these circumstances 
provided the understeering nature of a vehicle.

It is also necessary to mention that the motion 
during the braking, according to configuration 3, was 
performed on the dry road surface.

As for configuration 4 the additional factor was the 
icy road. The maximum values of the selected forces 
are presented in Table 6 and the ellipses of adhesion in 
Figure 8.

The µx coefficient for the front wheels was about 
0.15 which is lower than in the case of configuration 
3, with little differences between the left and the right 
wheels. The µy coefficient was about 0.1 and there were 
also some marginal differences between the left and the 
right wheel. It seems that in this case the icy road had 
also reduced the influence of the almost different road 
profiles.

Table 6 The forces between the road and the wheels for configuration 4 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 867.39 565 5413.73 840.36 514.98 5653.29

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 3156.29 1000.58 7009.33 3440.19 1157.3 7624

 
Figure 8 Ellipses of adhesion between the wheels and the road for configuration 4

Table 7 The forces between the road and the wheels for configuration 5 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 1470 768 6700 1430.18 597.07 6868

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 5761.58 1135.63 8935.27 7167.79 1146.32 9400
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higher amplitudes (intensity = 1.0). The maximum µx 
coefficient was about 0.12 for both rear wheels, similar 
as in configuration 5.

The last pair of results is presented in Tables 9 and 
10, where the maximum absolute forces between the 
wheel and the road have been shown for configurations 
7 and 8, respectively. The road conditions included the 
highest adopted amplitudes of the irregularities (Figure 
4) in configuration 7 with the additional icy road in 
configuration 8.

The ellipses of adhesion for both configurations are 
presented in Figures 11 and 12 and discussed below.

The last set of results corresponds with the harshest 
of the adopted road conditions with the intensity of the 
road irregularities 1.5. Taking into account the almost 
different road profiles for the left and the right wheels, 
the µx coefficient in Figure 11was about 0.22 for the left 
front and 0.26 for the right front wheel, which is similar 
to the values obtained for configuration 5, also on a dry 
road. The µy coefficient was about 0.11, which is also 
similar to the results for configuration 5. For the rear 
wheels, however, the maximum µx coefficient was almost 
0.8 for the left and almost 1 for the rear wheels, which 
is higher than in the case of configuration 5. The µy 

coefficient was similar to that obtained for configuration 

wheels. As for the differences in the µy coefficient, they 
were also marginal and amounted to about 0.12 for the 
left and 0.09 for the right wheel.

As for the rear wheels, the maximum µx coefficient 
was about 0.6 for the left and almost 0.8 for the right 
wheel, which seems strange when considering the 
motion on a dry, yet randomly uneven road. However, 
the almost different road profiles may have affected the 
vehicle’s motion along with the slightly disturbed center 
of mass affected by loading the vehicle with a driver, 
a passenger and a baggage. The µy coefficient was almost 
the same for the left and the right wheel (about 0.12).

In Table 8 the maximum absolute forces for 
configuration 6 are presented, while the corresponding 
ellipses are presented in Figure 10. In this case the 
random irregularities of higher amplitudes (Figure 3) 
were covered with ice as an additional factor, which may 
have caused the disturbances of the vehicle’s motion.

The ellipse for the front wheels shows that the µx 
coefficient was about 0.17, which was lower than for 
the dry road (configuration 5), and the µy coefficient 
0.1 for the left and 0.08 for the right wheel. As for the 
rear wheels the µx coefficient was about 0.35, which 
was twice lower than in configuration 5, indicating the 
influence of both the icy road and the irregularities with 

 
Figure 9 Ellipses of adhesion between the wheels and the road for configuration 5

Table 8 The forces between the road and the wheels for configuration 6 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 1151.32 677.93 6703.52 1244 562.24 7218.32

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 3012.9 1051.38 8560.18 2927.14 1036.44 8487.15
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coefficient for the rear wheels was close to 0.11 for the 
left and about 0.09 for the right one. This was less than 
in the case of configuration 6.

4 Conclusions

From the presented results it can be concluded that 
the adopted road conditions, used in all the simulations, 
did not affect the lateral phenomena between the 
wheels and the road to any significant extent. However, 
when it comes to analyzing their influence on the 
longitudinal coefficient of adhesion the differences are 

5 (about 0.14 for the left and about 0.11 for the right 
wheel).

As for configuration 8 (the icy road included with the 
same intensity of the irregularities), the µx coefficient in 
the ellipse of adhesion (Figure 12) was about 0.21 for 
the left front and 0.23 for the right front wheel, which 
is greater than in the case of configuration 6 (lower 
amplitudes of the road irregularities). The µy coefficient 
was about 0.09, which is also similar to the results for 
configuration 6.

As for the rear wheels, the maximum µx coefficient 
was about 0.35 for the left and 0.3 for the right wheel, 
which is not entirely similar to configuration 6. The µy 

 
Figure 10 Ellipses of adhesion between the wheels and the road for configuration 6

Table 9 The forces between the road and the wheels for configuration 7 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 1708.59 848.5 7734.13 2062.91 862.01 7878.1

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 8049.54 1408.92 10251.4 9764.48 1149.82 10013.7

Table 10 The forces between the road and the wheels for configuration 8 [21]

Left front wheel (LF) Right front wheel (RF)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 1629.48 717.01 7679.95 1822.09 722.8 7863.34

Left rear wheel (LR) Right rear wheel (RR)

FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]

Max absolute 3678.81 1111.65 10318.8 3525.51 1062.44 11779.8
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The rear wheels however, tended to lose their 
adhesion for the more harsh road conditions, especially 
when the icy road was included. On the dry road the 
highest amplitudes of the irregularities provided the 
increase in the maximum coefficient of longitudinal 
adhesion (µx), which seems weird when one thinks of 

visible, especially for the rear wheels. 
The low values of the coefficient of adhesion for the 

front wheels of a vehicle, despite the braking maneuver, 
indicate that the front of a vehicle was too light and 
laden too poorly, versus the rear where the engine is 
located to generate the greater adhesion.

 
Figure 11 Ellipses of adhesion between the wheels and the road for configuration 7

 
Figure 12 Ellipses of adhesion between the wheels and the road for configuration 8
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and other loading of a vehicle, along with different 
values of the intensity parameter.

Acknowledgements

The authors received no financial support for the 
research, authorship and/or publication of this article.

Conflicts of interest

The authors declare that they have no known 
competing financial interests or personal relationships 
that could have appeared to influence the work reported 
in this paper.

the potential tendency to lose contact between the road 
and the wheels. However, maybe the higher amplitudes 
caused the increase of adhesion, when the contact 
between the road and the wheels was regained, and the 
normal force increased rapidly.

The higher amplitude of the random irregularities 
(up to 0.022m for the intensity 0.5, up to 0.035m for the 
intensity 1 and up to 0.055m for the intensity 1.5) along 
with the icy road caused the maximum values of the 
coefficient of adhesion decrease significantly, especially 
for the rear wheels of the vehicle. This was also caused 
by the uneven spread of mass in the vehicle’s model.

One of the important indicators in such analyses 
seems to be the corrl coefficient, providing almost similar 
or almost different road profiles.

Further research will include some other maneuvers 
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Resume
In this article, improvements in assembly workplace layouts in an industrial 
context are investigated to enhance productivity and efficiency. The 
installation of the Cleaner M300 device is focused on, existing layout 
challenges are identified, and targeted improvements are proposed. 
Data collection, analysis, and real-world experimentation are employed 
to evaluate current workplace conditions and potential enhancements, 
including material flow dynamics and transport cart utilization. Proposed 
solutions are aimed at streamlining assembly processes, minimizing material 
transportation time, and boosting operational efficiency. The effectiveness of 
these improvements is validated through qualitative feedback from workers 
and supervisors. The importance of improving workplace design to enhance 
manufacturing operations, increase productivity, and improve transport 
efficiency is underscored by the study.
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overview of the current workplace layout and strategies 
for reducing the number of transport carts required for 
efficient operations [7-10].

Specific subtopics outlined in subsequent sections, 
such as the current and proposed layout of the assembly 
workplace, and the reduction in the number of transport 
carts with material, are explored in this study to offer 
valuable insights and actionable recommendations for 
improving assembly workplace layouts and enhancing 
operational efficiency.

A combination of data analysis, software utilization, 
and real-world experimentation is employed in this 
research to provide practical solutions for enhancing 
workplace productivity and performance. [11-13].

2 Material and methods

This section presents an outline of the methodology 
employed in workplace design aimed at enhancing 
transportation, workplace layout, material flows, 

1 Introduction

Efficient workplace design is crucial for maximizing 
productivity and improving operational performance 
in various industries, particularly in manufacturing 
environments [1-3]. The layout of assembly workplaces 
significantly influences workflow efficiency, material 
handling, and overall productivity [4-6]. This scientific 
article is focused on the comprehensive evaluation and 
proposed enhancements of assembly workplace layouts 
within an industrial context.

A thorough analysis of the current state of a selected 
workplace is entailed by the study, with a specific focus 
on the installation of the Cleaner M300 device.

Through meticulous examination, existing layout 
challenges and inefficiencies are identified, providing 
the groundwork for targeted improvement measures.

The proposed solutions aim to streamline assembly 
processes, minimize material transportation time, and 
enhance the overall ergonomic design of the workplace. 
Key aspects of the proposed measures include a detailed 
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production system, particular facets of the production 
process were scrutinized in this investigation, with 
a specific focus on the flow of production and layout 
within the company. The objective was to enhance the 
transformation of inputs into valuable outputs for the 
clientele. Considering that customers typically have 
restricted insight into the realization of these outputs, 
their paramount interest lies in the end product or 
service [17-20].

3.1 Revealing the analyzed firm: comprehensive 
company overview

The establishment located in Slovakia, established 
in December 1995, sustains an employee count of 
approximately 270 individuals. Its primary objective 
entails the fabrication and processing of comprehensive 
systems for the global semiconductor and electrotechnical 
sectors. Its product portfolio encompasses solar energy 
resources and the assembly of machinery for solar 
cell manufacturing. The engineering division has 
spearheaded numerous projects upon the request of 
client enterprises, inclusive of developmental initiatives 
and structural designs tailored for the electrical 
industry. The organization has delineated objectives 
for each division annually, with the overarching aim of 
attaining a preeminent stance within the energy-solar 
industry domain by delivering high-caliber output at 
a competitive pricing tier. Presently, the focus of the 
company lies in the production and assembly of diverse 
equipment varieties tailored for both the electrotechnical 
sector and the burgeoning energy solar market.

In Figure 1, one can see selected production 
equipment that is manufactured by the company. The 
M 600 Cleaner device is used to clean or maintain 
certain components or parts in the production process. 
The Cleanroom 10’000 device is designed to protect 
sensitive processes and products from contamination 
from the environment. A wafer sorter is a device used 
in semiconductor manufacturing to sort and arrange 
silicon wafers, also called “wafers”, according to specified 
criteria.

3.2 Description of the investigated selected 
device

The configuration of the assembly environment 
dedicated to fabricating the Cleaner M 300 apparatus is 
endeavored to be enhanced by the research. This device 
can be seen in Figure 2. This semi-automated device 
is integral to the “wet” process, specifically designed 
for cleansing wafer transport enclosures utilized in 
board carrier manipulation. Board carriers serve 
as conduits for silicon boards (wafers), fundamental 
components in semiconductor manufacturing employed 
across diverse electronic sectors, including computer 

and productivity augmentation. The study employed 
a blend of data collection, analysis, software utilization, 
and real-world data obtained from an industrial entity.

The current state of the workplace and subsequent 
proposals for their enhancement were determined 
through material flow analysis using the assessments 
delineated in the third section and the fourth case study.

The company for the investigation was selected due 
to its alignment with the research goals and feasibility 
of collaboration. Data acquisition encompassed the 
compilation of data concerning the current workplace 
arrangement and manufacturing procedures via onsite 
observations, interviews, and document scrutiny.

The AutoCAD and Delmia software packages were 
employed for evaluating the existing conditions and 
suggesting remedies. Those aided in generating visual 
representations of the workplace and production system, 
as well as assessing various solution alternatives. Data 
visualization was utilized for result interpretation and 
trend identification.

The investigation yielded a notable decrease in 
transportation duration, underscoring the efficacy of 
the recommended layout enhancements. Substantive 
input from employees and supervisors offered insightful 
perspectives on the usability and feasibility of the novel 
layout proposals.

In essence, the significance of refining workplace 
design to improve material flows and elevate operational 
efficiency, particularly concerning transportation, is 
underscored by the study.

3 Case study

The primary aim of this investigation was to suggest 
enhancements to the configuration of the working 
environment. The arrangement of the workplace has 
been addressed within the chosen organization, which 
specializes in the manufacturing of components.

The sub-objectives of the case study include:
• Research the company from the manufacturing 

sector and examine the range of activities and 
services provided by the company.

• Analyze the current state of the selected company, 
in which the case study is being implemented, in the 
field of production system deployment.

• Examine the layout of the equipment assembly 
workplace.

• Analyze transportation and transport of material 
within the production system.
A production process encompasses a series of 

orchestrated activities involving human resources, 
production facilities, and physical operations, 
necessitating one or more forms of inputs to yield an 
output of value to the consumer. Such activities involve 
the conversion of raw materials into a finished product 
or the fulfillment of a customer service request [14-16].

To optimize the operational efficiency of the 
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the thorough cleansing of transport containers, 
rendering them impeccably prepared for the conveyance 
of compatible materials. These devices are fabricated to 
exacting standards of quality, representing some of the 
most widely utilized and distinctive machinery within 
this domain.

The intricately structured device comprises 

technology, consumer electronics, telecommunications, 
and automotive industries, among others. 

The transportation of this material necessitates 
a highly pristine and dust-free environment. The 
company’s apparatus undergoes a rigorous cleaning 
process utilizing pressurized deionized water, coupled 
with rotational motion and subsequent drying, ensuring 

Figure 1 Crafted precision: Company’s cutting-edge production equipment 

Figure 2 Visual Representation of Engineered Machinery Cleaner M 300 
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cart with material, small cart with material, trash  
and chair.

4 Proposal for assembly workplace layout 
improvement
 
In the process of design, it is imperative to consider 

all facets comprehensively to mitigate the time losses, 
diminish the risk of material degradation during the 
transportation, and curtail material costs. Consequently, 
two prospective configurations for the workplace layout 
have been proposed. 

In response to the requirements, the following 
principles, governing material flow and workplace 
arrangement in assembly have been delineated:
• Proximity of the warehouse to the assembly, 

workplace is essential,
• Assembly workstations should be configured to 

minimize material transit distances and prevent 
crossflow,

• For mobile assembly setups, ensuring the timely 
supply of input materials to workstations and 
facilitating inter-operational transport is paramount,

• Concluding operations such as inspection, testing, 
surface treatment, packaging, and shipping should 
follow the final assembly operation,

• The improved layout of mounting points is 
contingent upon factors including the type, 
complexity, and dimensions of assembled products 
and the seriality and repeatability of the production  
processes,

• Spatial arrangement considerations may commence 
concerning a catalog of standard assembly locations, 
which addresses mounting site allocation, access to 
assembly units, equipment handling, and worker 
positioning.
Additionally, an ergonomic approach is integral to 

the design of manual assembly workstations:
• Tools should be organized based on the sequence of 

assembly tasks,
• Tools and aids should be stored according to their 

frequency of use and weight,
• Storage of tools should be so oriented to accommodate 

right or left-handed workers,
• Dedicated fixed locations should be designated for 

the storage of tools and aids,
• Tools and aids should consistently be stored within 

the worker’s reach zone.

4.1 Proposal of measures leading to an improved 
layout of the assembly workplace

This section provides a detailed decription of both 
the existing and proposed arrangements of the Cleaner 
M300 assembly workspace. Subsequently, an alternative 
approach, aimed at minimizing the quantity of material 

numerous components, necessitating its categorization 
into five primary segments, specifically:
• Structural Component,
• Electrical and Propulsion Components,
• Process Component,
• Pneumatic and Water Components,
• Complete Encasement.

3.3 Description of the selected workplace: 
comprehensive overview

Presently, the majority of products encompass 
intricate mechatronic apparatuses, such as the 
Cleaner M300 device. Consequently, the assembly 
process encompasses not only mechanical component 
integration, but the interconnection of electrical, 
hydraulic, or pneumatic circuits, as well. The equipment 
is incorporated into piece (small-batch) production, 
characterized by a diverse range of products, each 
manufactured in quantities ranging from 1 to 50 pieces 
(e.g., Cleaner M204, Wafer sorter M20, Reticle stocker 
M1990). The assembly process adheres to stationary 
assembly principles, characterized by: 
• Assembly conducted at a single location by one or 

more workers, 
• Adherence to established assembly protocols with 

predefined time constraints (time standards), 
dictating the sequence of assembly operations.
The primary advantage of this assembly approach 

lies in its adaptability to changes in the production 
schedule. The mounting system for the Cleaner M300 is 
classified as a nest mounting system, distinguished by 
its solitary or partially isolated placement from other 
nests. Installation of this equipment typically involves 
2 or 3 highly skilled workers, responsible for overseeing 
all aspects of the work. Worker roles are specialized in 
two professions: electrical assembly and mechanical 
assembly.

The cumulative assembly duration amounted to 
588 hours, delineated across various stages. Foundry 
and welding operations accounted for 207 hours, while 
electrical assembly required 168 hours. Mechanical and 
pneumatic assembly tasks consumed 201 hours, with 
an additional 27 hours dedicated to IBN (In-Bonded 
Inspection) inspection and testing procedures.

Figure 3 illustrates the layout of the assembly 
facility within the company premises using the AutoCAD 
software. 

Figure 3 provides an overview of the complete 
configuration of the production system, with a focused 
depiction delineated within the green circumscription, 
offering detailed elucidation of the assembly workspace 
dedicated to the Cleaner M 300 apparatus, inclusive 
of comprehensive annotations regarding its constituent 
devices. The assembly workplace, as can be seen 
explained in the lower part of the picture, contains 
the device Cleaner M300, assembly table, side table, 



T R A N S P O R T  E F F I C I E N C Y  S T R A T E G I E S  I N  A S S E M B L Y  W O R K P L A C E :  A  C A S E  S T U D Y  B191

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

• Difficult access to the used material (carts are lined 
up tightly),

• Inappropriate arrangement of pre-assembly parts,
• The carts are located at an inappropriate distance 

from the equipment, which forces the employee to 
move away from the assembly workplace and thus 
leads to time losses that could have been used more 
efficiently for work on the given operation,

• Improper arrangement of carts with material 
results in limited movement of workers around the 
equipment,

• There is material at the workplace that is not 
necessary for assembly in the current state 
of development of the device.
Figure 4 shows the current layout of the workplace.
The design of the workplace also took into 

account the storage and subsequent inspection of 

transport carts, is delineated, including an analysis of 
both the current status and the proposed design. 

In the process of layout design, it is imperative 
to consider spatial dimensions meticulously to ensure 
optimal placement of the workplace. This entails 
providing adequate distances between assembly tables, 
equipment, and material carts to facilitate efficient 
workflow. Material transport carts are utilized for 
the conveyance of materials and constitute integral 
components in material flow management.

4.1.1 Current layout of the workplace for the  
 installation of the Cleaner M300 device

The layout of the assembly workplace is currently 
placed in an inappropriate way, which results in:

Figure 3 Graphic representation of the workplace layout 
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The first proposed variant entails an L-shaped 
configuration of assembly trolleys, occupying minimal 
space and arranged around the device at an appropriate 
distance. This setup features two carts - a supplementary 
cart and a smaller cart housing materials - both 
maneuvering around the device without designated 
fixed locations. The number of material carts has been 
reduced from six to either one or two, contingent upon 
the requirements of the assembly operator. The first 
variant can be seen in Figure 5.

In the second variant, assembly tables were arranged 
in a U-shaped configuration, with the intervening 
spaces filled by mobile carts (auxiliary cart, small cart 
with material). This positioning ensures unimpeded 
movement for workers around the equipment, thereby 
enhancing workplace safety. Through the reduction of 
material carts and consequent space savings, additional 
room was made available for the installation of another 
Cleaner M300 device. The second variant can be seen in 
Figure 6.

Upon presentation of the proposals to the company, 
it was assessed that the optimal arrangement for the 
new layout would be the first variant. This decision was 
reached based on the rationale that the small mobile 
carts, being in constant motion around the facility, do not 
require dedicated permanent space. Consequently, the 
allocation of space for them in the second variant 
unnecessarily occupies valuable space that could be 
utilized more efficiently. Therefore, the first variant 

the Cleaner M300 device. These two aspects were 
not of much importance, since the warehouse and 
control have well-defined areas that are conveniently  
located.

 Particular attention was paid to the arrangement 
of the assembly workplace itself. The dimensional 
arrangement according to the catalog of typical 
mounting points was taken into account. Important is 
the used space, which will be created in this design by 
rearrangement. In this way, the free capacity would 
be created for the assembly of a second device of 
the same type, which would increase production. By 
suitably organizing the workplace, the accident rate 
at the workplace would be reduced and sufficient 
spaces will be created for the movement of the worker 
around the equipment. Appropriate arrangement of 
the tools and used material according to the principles 
of ergonomic design would facilitate and speed up the 
assembly of the device, thereby reducing the overall 
assembly time.

4.1.2 Design layout of the workplace  
  for installation of the cleaner M300 device
 
Upon thorough review of pertinent documentation, 

regarding layout alternatives and appropriate workplace 
dimensions, two layout variants were proposed for the 
company.

Figure 4 Current layout of the assembly workplace

Figure 5 The first variant of the L-shaped arrangement of assembly trolleys 
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4.2.1 The current state of transport trucks  
  with material

Presently, a defined sequence of individual 
operations is lacking, necessitating the simultaneous 
movement of 6 material carts from the warehouse 
to the workplace by the worker. Additional carts are 
consistently in stock, as carts for other equipment are 
also being retrieved. The worker is obliged to seek out 
suitable carts for assembly, resulting in time losses that 
could otherwise be allocated to the assembly process on 
the designated equipment.

Currently, during the initial phase of assembly, 
the worker transports 6 material carts to the device, 
consuming approximately 15 minutes. The carts, being 
relatively heavy, necessitate careful transportation, 
requiring approximately 2.5 minutes per cart to traverse 
the 100-meter distance from the warehouse to the 

stands as an enhanced solution and recommendation for 
the company. 

4.2 Reduction in the number of transport carts 
with material

The basic task of material handling is the temporal 
and spatial connection of the production process and 
material consumption. It was decided to reduce the 
number of carts, which will reduce the area of the 
entire assembly workplace and thus create space for 
the assembly of a second device of the same type, 
increase the quality of the material, and shorten the 
time of transporting the material and the time of the 
overall assembly of the Cleaner M300 device. View of the 
workplace before the new layout and after processing the 
design of the new layout can be seen in Figure 7.

Figure 6 The second variant of the U-shaped arrangement of assembly trolleys 

Figure 7 View of the workplace before the new layout and after  
processing the design of the new layout 
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reaching €301.30. The highest cost was recorded in 
September, amounting to €790.45. In October, the cost 
decreased to €224.96, followed by a further reduction to 
€186.91 in November. Remarkably, December exhibited 
optimal conditions with no cost of poor quality reported, 
amounting to €0. The cost in January was €19.40, which 
then increased to €271.55 in February.

4.2.2 The design state of transport trucks  
  with material

By implementing an appropriate technological 
procedure, it is feasible to reduce the number of original 
6 trolleys to 1-2 trolleys.

With the assistance of the company’s personnel, 
we conducted an in-depth examination of the entire 
procedure, which was previously established but 
lacked a specified sequence. The procedure underwent 
meticulous analysis, inclusive of individual operation 
times, leading to the development of a new material-
picking technological procedure with the requisite 
sequence. Subsequently, it was segmented into four 
main groups based on material retrieval from the 
warehouse. The picking procedure was ultimately 
partitioned into a technological framework, utilized 
for designing an enhanced layout in DELMIA Process 
Engineer. By implementing the new picking procedure, 
material carts would be selected based on the component 
of the equipment being assembled, enabling employees 
to select a cart labeled with the appropriate number  
(1 to 4) without wasting time searching for a suitable 
cart.

This approach ensures that the material required 
for assembly at any given moment consistently arrives 
at the workplace, thereby reducing the truck transport 
time and the time spent selecting suitable trucks. 
Whereas the original technological procedure involved 

workplace. Following the completion of equipment 
assembly, the carts must be returned to the warehouse, 
a process taking approximately 9 minutes. Notably, this 
duration is shorter since the carts being empty, allowing 
for the transportation of two carts simultaneously. 
The cumulative time for transporting material carts 
to and from the warehouse totals 24 minutes. Most 
of the worker’s time is spent selecting a suitable cart 
from the warehouse, a duration included in the cart 
transportation time. Six carts are present at the 
workplace, constraining the movement of the worker or 
workers currently engaged in assembling the respective 
component. Furthermore, these carts occupy valuable 
workspace.

Material retrieval occurs at the initiation of 
Cleaner M300 assembly, requiring 0.25 hours, and after 
assembly, when carts are returned to the warehouse, 
necessitating 0.15 hours.

The materials required for assembling the polished 
parts of the device (carousels) must remain undamaged 
and flawless throughout the transportation. Damage to 
the materials often arises due to prolonged stationary 
positioning and frequent manipulation around them, 
or when materials intended for other operations are 
extracted from the cart. Given the considerable expense 
associated with these materials, any damage incurred 
leads to significant losses, subsequently elevating costs 
and compromising quality. Moreover, the necessity to 
replace the damaged materials further exacerbates time 
and cost burdens.

The company provided data related to the cost 
of poor quality. Figure 8 shows the current state 
of the costs of poor quality. The fluctuations shown 
in Figure 8 were caused by the changing volume of 
production in individual months. Figure 8 demonstrates 
a notable fluctuation in the cost of poor quality across 
the examined months. Specifically, in July, the cost was 
€31.79. This figure escalated significantly in August, 

Figure 8 Figure of costs for the poor quality of the Cleaner M300 device 
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After the introduction of the new procedure, the 
transportation of the material was divided 4 times, 
while the cart with the material was brought to the 
workplace only when the material was mounted on the 
equipment at that moment. The possible time saving is 
calculated for one cart from the original 2.5 minutes to 
1.8 minutes, where 0.7 minutes were saved.

Figure 10 illustrates the reduction in material 
transportation time from the warehouse to the workplace, 
where the time was decreased from the original 0.40 
hours (24 minutes) to 0.12 hours (7.2 minutes), resulting 
in a savings of 0.28 hours (16.8 minutes).

Thanks to the new picking procedure, it is possible 
to mitigate the material degradation, particularly for 
polished parts. The material cart will only be dispatched 
from the warehouse to the workplace when the specific 
part is being assembled on the device.

Figure 11 illustrates the costs associated with poor 
quality for February 2023, amounting to € 271.55, with  
€ 200 attributed to the cost of damaged polished 
material. This damage occurred due to prolonged storage 
in one location and constant manipulation, or when the 
material was removed from the cart for other operations.

Therefore, cost savings can be achieved if the cart 
is prepared for the job site when the relevant part is 

the simultaneous retrieval of all the carts by the employee, 
the modified approach involved carts being retrieved 
one at a time and prepared in the warehouse for the 
employee according to numerical order. Consequently, 
the employee retrieves a single cart without the need for 
a search, reducing retrieval time from 2.5 minutes to 1.8 
minutes. Upon completing the installation of relevant 
materials on the device, the employee returns with an 
empty cart to the warehouse and immediately retrieves 
another pre-prepared cart. This process repeats until 
the final assembly of the device.

This method reduced material transport time by up 
to 70% and a 6% decrease in total assembly time, while 
reducing the transportation time for a single truck by 
25%. The distribution of individual cart transport and 
the color-coded cart picking can be observed in Table 1. 

In Figure 9, is shown the comparison of a material 
transport before and after the modification of the 
technological procedure, distinguished by colors. Before 
the creation of the new picking procedure, the material 
was transported at the beginning of the assembly of 
the device, which took 0.25 hours (15 minutes), and at 
the end of the assembly with a time of 0.15 hours (9 
minutes), which together makes up a time of 0.40 hours 
(24 minutes).

Figure 9 Comparison of material transport before and after the modification  
of the technological procedure 

Figure 10 Representation of time savings for material transport 
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access, suboptimal arrangement of pre-assembly tables, 
improper cart positioning about equipment, restricted 
worker mobility, surplus material accumulation, and 
protracted material transport times.

Moreover, this study introduces partial digitization 
of the company, leveraging Delmia software to craft 
visualizations of proposed solutions. In response to 
identified challenges, various strategies were proposed. 
These include adopting improved methods for material 
storage to mitigate damage risks, expanding space 
around the assembly workplace to enhance safety, 
optimizing cart placement to streamline assembly 
processes, and rationalizing material distribution to 
minimize worker movement.

A key proposal involves reducing the number of 
material carts from six to one or two, affording several 
advantages. This reduction optimizes space utilization, 
potentially accommodating additional equipment 
while curbing material damage and associated 

promptly mounted on the equipment. The estimated 
cost savings amount to approximately € 200, leading to 
a reduction in material costs by 73.65 %.

5 Conclusion

In conclusion, the layout of the Cleaner M300 
assembly workplace is endeavored to be enhanced 
through a meticulous analysis of its current state. 
Comprehensive documentation was meticulously 
prepared to facilitate the design of improved variants. 
To facilitate comprehension, the assembly workplace 
was succinctly depicted using the AutoCAD graphics 
program, subsequently integrated into the broader 
company layout. This integration allowed for a gradual 
examination of problematic areas within the workplace, 
which served as the focal point of this case study. 
Identified issues encompassed challenging material 

Table 1 Modified technological procedure for assembling the device with new transport times 

Operation 
number

Description of the operation Transport - 
current state (h)

Transport - design 
state (h)

Type of trolley for design state

1 Bringing the supporting part 0.25 0.03 Trolley

2 Preparation of electric plate

3 Installation of electric plate

4 Preparation of pneumatic plate 0.03 Trolley

5 Installation of a pneumatic 
plate

6 Installation of moving parts of 
the door

7 Assembly of the chemical part 0.03 Trolley

8 Installation of water nozzles 
and heating elements

9 Pre-assembly of polished parts 0.03 Trolley

10 Installation of polished parts

11 Carousel and door installation 0.15

12 Casing assembly

Total transport time 0.40 h = 24 min 0.12 h = 7.2 min

Figure 11 Cost of poor quality for February and estimated cost savings 
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costs. Additionally, it promises to expedite material 
transportation, thereby augmenting overall efficiency. 

Anticipated benefits of these interventions 
encompass diminished material damage and costs, 
heightened workplace safety, reduced spatial 
requirements for assembly, shorter transport durations, 
heightened productivity, and enhanced operational 
efficiency. Through meticulous analysis and strategic 
proposals, the Cleaner M300 assembly workplace is 
endeavored to be improved, offering a pathway to 
enhanced performance and resource utilization within 
the company’s operational framework.
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Resume
The research presented in this article consisted of analysis of the ship 
structural accidents at low temperatures and the effect of carbon percentage 
in various classifications of carbon steel, compared to the high tensile 
strength steel materials. The objective of this research was to fill the 
knowledge gap by expanding the understanding of the influence of low 
temperature, material, and structure on the axial compression test of tubes. 
The simulations as idealization of the compression test were conducted with 
variations in temperature, material carbon percentage, and geometry shape, 
using Finite Element Analysis (FEA). The results showed that at -100 °C, 
the material had the best ability to resist compression energy; high carbon 
steel had the highest strength at various carbon percentages, and the square 
geometry showed the best ability to absorb energy before failure.
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maritime traffic accidents. Figure 1 shows the high 
frequency and severe consequences of collisions, both 
practitioners and researchers have paid attention to 
related research, and various types of techniques aimed 
at preventing accidents and reducing the risks resulting 
from accidents have been developed [8-11].

For the safety of ship structures, predicting the load-
carrying capacity of these types of members is crucial. 
There are several methods to estimate the collapse 
behavior of ship structures, including experiments, 
numerical analysis, analytical methods, and so on 
[13-15]. Huhne et al. [16] conducted 4000 tests; the 
test results and numerical analysis showed that the 
approach used has the potential to provide better 
and less conservative designs. This approach is used 
in designs that show that imperfect buckling loads 
must be maximized to determine a realistic optimal 

1  Introduction

Throughout history, people and goods have 
moved between continents and across oceans. Ocean 
transportation effectively and efficiently moves almost 
all goods across a wide range of expedition needs 
[1]. Ocean transportation is responsible for moving 
thousands of goods daily, contributing to global trade 
[2]. Media and scientists predict that an increase in ship 
traffic will occur [3]. Results introduced by scholars in 
[4-5] indicate that the consequences of large volumes 
of global ocean transportation are also associated 
with negative environmental impacts on the marine 
environment. In pioneer researaches, such as [6-7], it is 
also stated that accidents at sea pose significant risks 
to individuals and society in various fields, and ship 
collisions are one of the main contributors to frequent 
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results showed that the interaction behavior of stainless 
steel under the load can be represented by interaction 
testing of the same structure as for carbon steel. The 
study conducted in [18] covers a wide range of practical 
sections. However, a number of other parameters have 
not been investigated, which suggests that further 
research is needed to compare the interaction behavior of 
carbon steel to other types of steel. In axial compression 
testing, low-carbon steels tend to have lower strength 

design. Another study, conducted by McGregor et al. 
[17], showed the success of modelling in numerical 
simulation helps in the achievement of good design for 
future integration of composites into collision-resistant 
structures, good calculations contribute to the design 
objectives of the parts safely and efficiently for final 
integration into collision structures. Another study, was 
presented by Greiner et al. [18], which discussed the 
interaction of bending and axial compression. The study 

Figure 1 Number of marine casualties and incidents [12]

Table 1 Material parameters of the mild steel

Parameter Notation, unit Mild Steel

Density ρ (kg/m3) 7850

Modulus of elasticity E (N/m2) 203 x 109 

Poisson’s ratio v 0.33

Johnson-Cook flow stress parameters

Initial yield stress A (N/m2) 304.33 x 106 

Hardening coefficient B (N/m2) 422 x 106 

Hardening exponent n 0.345

Strain rate constant C 0.0156

Thermal softening constant m 0.87

Reference strain rate s0 1f -o ^ h 0.0001

Melting temperature Tmelt (K) 1800

Transition temperature T0 (K) 293

Johnson-Cook fracture strain parameters

Fracture strain constant D1 0.1152

D2 1.0116

D3 - 1.7684

D4 - 0.05279

D5 0.5262
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Figure 2 Force-Displacement comparison diagram to Pratama et al. [24]; C = Cylinder, S = Square, and T = Triangle

Table 2 Error percentage comparison to research of Pratama et al. [24]

Output Geometry Pratama et al. [24] Current Study Error (%)

Maximum Displacement 
(mm)

Cylinder 90.53 91.00 0.519165

Square 103.54 103.14 0.386324

Triangle 111.39 111.32 0.062842

Total Energy Absorption (J)

Cylinder 2707.64 2665.86 1.543041

Square 2271.06 2285.92 0.65432

Triangle 2031.69 2036.89 0.255945

Peak Force (kN)

Cylinder 60.09 60.10 0.016642

Square 64.40 64.40 0

Triangle 72.62 72.58 0.055081

Average Force (kN)

Cylinder 29.66 28.48 3.978422

Square 21.10 21.29 0.900474

Triangle 17.62 17.68 0.340522

Average 0.726

Figure 3 Geometrical design; (A) Cylindrical Tube, (B) 
Square Tube, (C) Triangular Tube, and (D) Impactor

Figure 4 Dimensions of geometrical design; in (mm)
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this study can be used to validate computational models 
for structural accident analysis under low temperature 
conditions, [19]. The researchers recommended further 
studies in computational models for structural accident 
analysis at low temperatures, since then the high tensile 

with good ductility; medium-carbon steels balance the 
strength and ductility, while the high-carbon steels 
have high strength but may lack ductility. Paik et 
al. in 2020 conducted tests experimentally for ship 
structural requirements, the test database developed in 

Figure 5 Comparison of engineering stress-strain curve to results introduced by Paik et al. [19]; (A) at 20 °C, (B) at -40 °C, 
and (C) at -160 °C

Table 3 Variation of the AH32 input parameters at low temperature [19]

Property
Temperature (°C)

20 -40 -80 -100 -130 -160

Yield strength, σy (MPa) 359.65 369.06 381.01 386.22 387.20 411.51

Fracture strain, εft 0.376 0.423 0.430 0.448 0.409 0.336

Table 4 Material parameter of used steels ASTM A36 [31-33]; AISI 1045 [34-36] and AISI 52100 [34, 36]

Parameter Notation ASTM A36 AISI 1045 AISI 52100

Density
ρ (kg/m3) 7850 7850 7810

Modulus of elasticity
E (N/m2) 200 x 109 205 x 109 200 x 109 

Poisson’s ratio v 0.26 0.29 0.3

Johnson-Cook flow stress parameters

Initial yield stress A (N/m2) 250 x 106 506 x 106 774.48 x 106 

Hardening coefficient
B (N/m2) 477 x 106 320 x 106 134 x 106

Hardening exponent n 0.18 0.28 0.37

Strain rate constant C 0.012 0.064 0.018

Thermal softening constant m 1 1.06 3.171

Reference strain rate s0 1f -o ^ h 0.0001 0.0001 0.0001

Melting temperature Tmelt (K) 1811 1733 1424

Transition temperature T0 (K) 300 300 300

Johnson-Cook fracture strain parameters

Fracture strain constant D1 0.403 0.1 0.0368

D2 1.107 0.76 2.34

D3 - 1.899 - 1.57 - 1.484

D4 0.00961 0.005 0.0035

D5 0.3 -0.84 0.411



S T R U C T U R A L  A N A L Y S I S  O F  D E S I G N E D  T U B E S  U N D E R  A X I A L  C O M P R E S S I O N :  V A R I A T I O N S . . .  B203

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

to [24], as well. The research aim was to comprehend 
how the mild steel materials, which are frequently used 
in shipbuilding, behave when subjected to compression. 
The computational methods were employed to investigate 
thin-walled metal tubes response to static and dynamic 
loads. The three-dimensional computational models 
were used to examine the thin-walled metal tubes with 
varying sizes and forms, under the static and dynamic 
loads. The ABAQUS software was employed to create 
the model, and the impact response of the tube was 
examined in terms of its diameter and form. Simulations 
were run to comprehend the tube‘s deformation and 
energy absorption under varied load situations. The 
research method was carried out using the design 
of empty tube structure, validation of the numerical 
method, variation of tube design, and explicit dynamic 
simulation. The parametric study was conducted by 
varying the geometric shape of the tube, load angle, and 
corrosion location to understand the axial deformation 
and energy absorption. Results showed that round tubes 
had the best resistance. 

The Johnson-Cook model [25] can be used to 
characterize the material of the model to be used in the 
simulation. In this model the material flow is made as 
a combination of the linear thermo-elasticity, von Mises 
yield criterion, isotropic strain hardening, strain rate 
hardening, and softening due to adiabatic effects. The 
equivalent von Mises stress σ of the Johnson-Cook model 
is expressed as:
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where, A, B, n, C and m are material parameters obtained 
from various tensile tests. 0fo  is the reference strain 
rate, plfr  is equivalent plastic strain, plfro  is equivalent to 
plastic strain rate, and Tt  is dimensionless parameter. 
The equivalent fracture strain in the Johnson-Cook 
model is given as:
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where D1, D2, and D3 represent the stress triaxiality 
parameters, D4 is the parameter of strain rate-dependent 
damage, D5 is temperature-dependent fracture strain 

parameter, m

v
v
r  is the stress triaxiality ratio, mv  is the 

mean stress, and vr  is the equivalent von Mises stress.

2.2 Benchmark results

As validation was needed in this research, the 
results conducted by [24] on the output of maximum 
displacement, peak force, average force, and total energy 

strength steel materials tend to decrease in strength and 
elastic modulus, which can affect the increase in material 
stress at low temperatures. At low temperatures, ship 
structures need to be designed, taking into account the 
material‘s potential fragility, dimensional changes, and 
the need for thermal insulation to ensure optimal safety 
and performance.

The Northern Sea Route (NSR) is one of the sea 
trade routes connecting Asia and Europe. According to 
studies, for examples [20-21], the NSR cuts emissions, 
fuel consumption by around 40 %, and shipping distances. 
The location is unsuitable for maritime transit due to 
the exceptionally low temperatures, which also pose a 
hazard to ships [22-23]. Consequently, a more thorough 
analysis of ship structural mishaps at low temperatures 
is required. The impact of low temperatures on the 
strength of materials suitable for use in ship structures 
is explored in this study. Furthermore, the authors delft 
into the impact of carbon percentage on every carbon 
steel classification, drawing comparisons to high tensile 
strength steel material.

In the available literature, there is limited 
research on the effect of low temperature, material, 
and structure on the axial compression test of tubes. 
So far, several studies have focused on the effect of low 
temperature but on tensile testing, as well as studies 
focusing on axial compression tests but with different test 
variations such as corrosion and test angle. Therefore, 
there is still a significant lack of information on the 
reaction of tubes when exposed to axial compression 
loads. Thus, the objective of this research was to fill the 
testing gap by expanding the understanding of the effect 
of temperature, material composition, and geometry on 
the strength of a structure.

2  Benchmark particulars

2.1 Model references 

Before conducting research using numerical 
analysis, it is necessary to conduct methodology 
verification to ensure the fidelity of the deployed 
numerical method. Therefore, benchmark analysis is 
performed with an objective to obtain numerical method 
that results similar output compared to the benchmark 
reference. In this study, numerical model was built by 
adopting same methodology as in the reference, i.e., 
model size, FEA configuration, and loading conditions. 
The research geometry variation was equalized with the 
study conducted in [24], namely cylinder of a diameter of 
40 mm, square of a length of each side of 35.45 mm, and 
triangle of a length of each side of 53.87 mm, each tube 
has the same height of 200 mm, using the direction of the 
impactor load angle adjusted to 0 ° as an illustration of 
deformation caused by ship collisions. The use of a mesh 
was also adjusted to a value of 1 mm. Table 1 shows that 
in this study were used the material parameters adapted 
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steels except that they contain from 0.30 % to 0.60 
% carbon, and the increase in carbon content allows 
medium carbon steels to be used in quenched and 
tempered conditions. The high-carbon steel contains 
carbon from 0.60 % to 1.00 %; it is used for some hand 
tools, spring materials, high-strength wires, etc. The 
high-strength low-alloyed (HSLA) is a micro-alloyed 
steel designed to improve mechanical properties. It 
may also have more excellent resistance to atmospheric 
corrosion and low temperatures than the conventional 
carbon steels. The HSLA steels have low carbon content 
(0.05 % - 0.25 %) to produce adequate formability  
and weldability [26]. 

In this study, the ASTM A36 steel was used as the 
applied material in the low-carbon steel classification, 
because it has a carbon content of 0.25 %, as stated by 
[27]. The AISI 1045 steel is in the medium carbon steel 
classification because it has a carbon content of around 
0.312 %, as stated by [28]. The AISI 52100 steel is in the 
high carbon steel classification because it has a carbon 
content of around 0.95 %, as [29] stated. The AH32 
steel is in the HSLA steel classification because it has 
material characteristics by this classification and has a 
carbon content of around 0.12 %, as stated by [30]. Table 
4 shows the used material parameters. 

3.3 Finite element setting

In this study, the placement and setting of boundary 
conditions were critical to ensure the reproduction 
of physical test conditions, prevent unwanted wave 
reflections, maintain the numerical stability, enable 
correlation with experimental data, and support 
structural design optimization. Displacement/rotation 
and encastre boundary conditions were the boundary 
conditions used. Encastre boundary conditions were 
placed on the side of the hollow tube that had no 
contact with the impactor. Displacement/rotation 
boundary conditions were placed on the side of the tube 
that contacted with the impactor. Figure 6 shows the 
boundary condition setup. The loading is carried out 
using an impactor in an axial direction towards the tube.

The mesh arrangement in the hollow tube model 
uses the S4R shell element settings in the ABAQUS 
software. The mesh used in the simulation is 1 mm. 
As presented in Figure 7, the first and second major 
peaks are shown in the convergence study a starting 
from mesh size 2.5 mm and larger, which is noted by 
the limit line. Based on stability criteria for the mesh 
convergence, i.e., (1) the fluctuation between two closest 
mesh sizes is less than 10%, and (2) no rise or decline on 
the results more than one mesh size; it can be concluded 
that the recommended mesh sizes are in the range of 
0 - 2.5 mm. The indication of the recommended mesh is 
highlighted by red lines in Figure 7.

The displacement/rotation boundary condition 
restricts the movement of the selected degrees of 

absorption, were compared. The result comparisons, 
as a validation step, are shown in Figure 2 where the 
comparison of the Force-Displacement diagram had 
conformity with the reference, and Table 2 shows a 
comparison of output values with an average percentage 
error of 0.72 %.

3  Methodology

3.1  Geometrical model

In this numerical analysis-based research, the 
component design consists of two parts, namely the 
tube and the impactor. Shown in Figures 3 and 4, the 
tube used had three geometry variations: Cylinder, 
Square, and Triangle, with their respective dimensions, 
equated with those of reference. In this research, the 
three geometries used the same material properties; the 
variation was conducted to analyze the effect of tube 
geometry on material strength. The impactor is defined 
as a rigid object that would not deform.

3.2 Applied material

3.2.1 Low variations

In this study, validation of applied material in 
numerical analysis with previous testing was also 
carried out by comparing the output of the last 
experimental testing results to production of the results 
in the numerical analysis corresponding to this test. 
Specifically, as shown in Figure 5, a comparison was 
made between the Engineering Stress-Strain output 
of the experimental test conducted in study by Paik et 
al. [19] and the output obtained from this numerical 
analysis. Comparisons were made between several 
tests since they were considered representative of the 
numerical analysis results. Temperature variations were 
performed on the AH32 Steel material by adjusting the 
experimental testing of reference, namely 20 °C, -40 °C, 
-80 °C, -100 °C, -130 °C, and -160 °C. Table 3 shows that 
for each temperature variation performed, the difference 
in parameter input is adjusted to experimental testing, 
as well, namely in the yield strength and fracture strain.

3.2.2 Carbon steel classifications

The American Iron and Steel Institute (AISI) defines 
carbon steel as a steel that has no specified minimum 
content or requirements for chromium, cobalt, niobium, 
molybdenum, nickel, titanium, tungsten, vanadium, or 
zirconium, or special requirements for other elements. 
The low-carbon steel contains up to 0.30 % carbon; it 
has high formability due to its shallow carbon content. 
The medium carbon steels are similar to low carbon 
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were conducted on tube geometry, temperature, and  
material.

4  Results and discussion

The content of this research discusses the effect 
of different shapes and material compositions on axial 
compression testing as a numerical analysis intended as 
a ship structure material. The research is also intended 
to determine the effect of temperature on the material.  
The output of numerical analysis results in the form of 
maximum displacement, total energy absorption, peak 

freedom. The degrees of freedom are in the Y-axis 
direction and parallel to the impact axis direction. The 
encase boundary condition allows structural degrees of 
freedom on the side of the tube without contact with the 
impactor to be considered fixed. The interaction between 
the tube and the impactor is constrained and coupled at 
one geometric point. The contact between the impactor 
and the tube is modelled with a friction coefficient 
of 0.05, as shown by previous research conducted 
in [37]. The impact velocity was set with a constant 
velocity value of 5 m/s since in [38] was mentioned 
that ship collisions can be assumed with this value. 
Table 5 shows the finite element simulation variations 

Figure 6 Boundary conditions setting
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Figure 7 Mesh convergence diagram

Table 5 Scenario of simulations

Material Temperature (°C) Geometrical

Low carbon (ASTM A36) 20 Cylinder, square, and triangle

Medium carbon (AISI 1045) 20 Cylinder, square, and triangle

High carbon (AISI 52100) 20 Cylinder, square, and triangle

HSLA (AH32) 20 Cylinder, square, and triangle

-40 Cylinder, square, and triangle

-80 Cylinder, square, and triangle

-100 Cylinder, square, and triangle

-130 Cylinder, square, and triangle

-160 Cylinder, square, and triangle
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Table 6 Finite element simulation output with temperature variations; C = Cylinder, S = Square, T = Triangle,  
and Av = Average

Temp. (°C) Maximum displacement (mm) Total energy absorption (J)

C S T Av C S T Av

20 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68

-40 82.79 98.49 93.55 91.61 2799.91 2382.42 2545.22 2575.85

-80 81.11 97.35 92.97 90.48 2798.40 2399.74 2567.45 2588.53

-100 82.08 97.33 86.81 88.74 2785.68 2413.91 2642.51 2614.03

-130 82.61 96.98 87.08 88.89 2776.13 2404.35 2586.82 2589.10

-160 79.73 94.94 87.14 87.27 2826.91 2455.39 2658.75 2647.01

Av 82.07 97.07 89.95 2786.49 2408.41 2597.21

Temp. (°C) Peak force (kN) Average force (kN)

C S T Av C S T Av

20 68.27 73.36 85.03 75.55 31.37 23.03 26.93 27.11

-40 69.65 74.85 86.85 77.17 32.67 22.93 26.04 27.21

-80 71.56 76.89 89.37 79.27 33.45 23.21 26.54 27.73

-100 72.18 77.55 90.18 79.97 32.65 23.36 28.33 28.11

-130 72.32 77.71 90.37 80.13 32.29 23.30 27.41 27.67

-160 75.88 81.57 95.09 84.18 33.99 24.09 29.14 29.07

Av 71.64 76.99 89.48 32.74 23.32 27.40

Table 7 Tube deformation contour of cylindrical geometry at several temperatures

Temp. (°C) Cylinder Geometry Temp. (°C) Cylinder Geometry

20 -100

-40 -130

-80 -160
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Table 8 Tube deformation contour of square geometry at several temperatures

Temp. (°C) Square Geometry Temp. (°C) Square Geometry

20 -100

-40 -130

-80 -160

Table 9 Tube deformation contour of triangle geometry at several temperatures

Temp. (°C) Triangle Geometry Temp. (°C) Triangle Geometry

20 -100

-40 -130

-80 -160
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Figure 8 Force-displacement diagram of finite element simulation results  
with temperature and geometry variations
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Table 10 Finite element simulation output with carbon content variations; C = Cylinder, S = Square, T = Triangle,  
and Av = Average

Class Maximum displacement (mm) Total energy absorption (J)
C S T Av C S T Av

HSLA 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68
Low 81.60 90.50 103.02 91.71 2782.38 2597.08 2354.95 2578.14

Medium 55.56 67.64 80.29 67.83 2824.38 2823.34 2722.20 2789.97
High 44.49 46.16 62.39 51.01 2818.60 2772.72 2785.53 2792.28
Av 66.44 75.41 84.46 2789.31 2646.95 2611.29

Class Peak force (kN) Average force (kN)
C S T Av C S T Av

HSLA 68.27 73.36 85.03 75.55 31.37 23.03 26.93 27.11
Low 70.98 74.12 83.89 76.33 32.67 26.97 22.20 27.28

Medium 91.44 100.01 114.08 101.84 37.48 38.41 31.61 35.83
High 120.21 135.78 153.24 136.41 37.73 38.08 38.59 38.13
Av 87.72 95.82 109.06 34.81 31.62 29.83

Table 11 Tube deformation contour of cylinder geometry at 
material types

Material Type Cylinder Geometry

HSLA

Low-carbon

Medium-carbon

High-carbon

Table 12 Tube deformation contour of square geometry  
at material types

Material Type Square Geometry

HSLA

Low-carbon

Medium-carbon

High-carbon
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simulation was varied by inputting different material 
characteristics according to the material characteristics 
when subjected to temperatures of 20 °C, -40 °C, -80 
°C, -100 °C, -130 °C, and -160 °C. This test was also 
validated on different geometries. As shown in Figure 
8, it is found that at -100 °C, there are the most peaks 
and valleys in the force-displacement graph, which can 
be interpreted that the material can withstand greater 
compression energy at that temperature. Table 6 shows 
the output of the finite element simulation results, 

force, and average force are obtained in each simulation 
variation performed. 

4.1 The effect of low temperatures 

In this numerical analysis, the material selected in 
the test with low temperature variation was AH32 steel, 
because such is considered in accordance with previous 
study conducted by Suryanto et al. [39]. The numerical 

Table 13 Tube deformation contour of triangle geometry at material types

Material Type Triangle Geometry

HSLA

Low-carbon

Medium-carbon

High-carbon
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results, where in Maximum Displacement the highest 
value was in Triangle geometry, namely 87.2 mm, which 
indicates that in that geometry the simulation object 
was able to absorb more energy before reaching the 
point of failure. The Total Energy Absorption highest 
value was in Cylinder geometry, namely 2787.9 J, which 
indicates that in that geometry the material had good 
resistance to deformation and failure. The highest 
Peak Force value was found in the Triangle geometry 
namely 99.27 kN, which indicated that in that geometry 
the material had good strength and can withstand 
significant external loads before failure, and the 
highest Average Force value was found in the Cylinder 
geometry, namely 33.77 kN, which indicates that in 
that geometry the material was consistently deformed. 
Tables 7 and 9 show the comparison of the contour 
shape of the final deformation of the tube with geometry  
variations.

5 Conclusions

In this research, the authors examined the 
impact of low temperature and carbon percentage, 
validated by geometry variation, on the strength of 
materials used in ship structures, focusing on numerical 
idealization and analysis of axial compression testing. 
Then, investigations were conducted using a numerical 
approach to understand how low temperature, carbon 
percentage variation, and geometry shape affect the 
material‘s response to axial compression. Based on 
this understanding, this study could contribute to 
development of knowledge about material behaviour 
and helps to formulate safer and more efficient design 
strategies for future ship structures.

The results of this study using a numerical approach 
through ABAQUS software found that overall, in terms 
of the effect of low temperature effects, the displacement 
value decreases with decreasing temperature. In these 
terms, it means that the lower the temperature or the 
closer to the low temperature (-160 °C) will cause an 
increase in the strength of the material used. On the other 
hand, this results in an insignificant increase in total 
energy absorption, peak force, and average force. Then, 
regarding the effect of the percentage of carbon content, 
the HSLA-type material is the least strong. This is 
indicated by the many peaks and valleys produced in the 
force-displacement graph. Meanwhile, the more robust 
materials are high, medium, and low-carbon steels. 
In addition, the effect of the compression numerical 
specimen‘s geometric shape was also examined in this 
study. The square shape was the least strong because it 
experienced the most considerable deformation, followed 
by the triangular and cylindrical shapes.

This study has limitations related to the simplified 
representation of the mathematical model and factors 
that may occur in actual experimental testing, such 
as temperature changes during the testing process 

where at Maximum Displacement the highest value 
was at -40 °C namely 91.61 mm, which indicates that at 
that temperature the specimen can absorb more energy 
before reaching the failure point. The Total Energy 
Absorption had the highest value at -160 °C namely 
2647.01 J, indicating that at that temperature the 
material had good resistance to deformation and failure. 
The Peak Force highest value was at -160 °C namely 
84.18 kN, which indicates that at that temperature 
the material had good strength and can withstand 
significant external loads before failure. The Average 
Force highest value was at -160 °C namely 29.07 kN, 
which indicates that at that temperature the material 
underwent consistent deformation. Table 7 to 9 shows a 
comparison of the final deformation contour shape of the 
tube with temperature variations.

4.2 The effect of carbon content

In this research, the materials used in the finite 
element simulation were ASTM AH32 in HSLA 
classification, ASTM A36 in low carbon steel classification, 
AISI 1045 in medium carbon steel classification, and 
52100 in high carbon steel. The simulation was also 
validated using several geometries. Figure 9 shows that 
it was found that the HSLA steel had the most peaks and 
valleys in the force-displacement graph, which can be 
interpreted that at that temperature the material is able 
to withstand greater compression energy. In Table 10, 
one can see the output of the simulation results, where 
the highest Maximum Displacement value was found in 
the low carbon steel, namely 91.71 mm, indicating that 
the simulation specimen was able to absorb more energy 
before reaching the failure point. The highest Total 
Energy Absorption value was found in the high carbon 
steel, namely 2792.28 J, indicating that the material had 
good resistance to deformation and failure. The highest 
Peak Force value was found in the high carbon steel, 
namely 136.41 kN, indicating that the material had 
good strength and can withstand significant external 
loads before failure, and the highest Average Force value 
was found in the high carbon steel 38.13 kN, indicating 
that the material underwent consistent deformation. 
Tables 11 to 13 shows a comparison of the final 
deformation contour shape of the tube with temperature  
variations.

4.3 The effect of geometry

In this research, the geometries used in the numerical 
simulation were cylinder, square, and triangle. Figures 
8 and 9 show that the cylinder geometry had the most 
peaks and valleys on the force-displacement graph, 
which can be interpreted that at that temperature the 
material can withstand greater compression energy. 
Table 14 shows the output of the numerical simulation 
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Figure 9 Force-displacement diagram of finite element simulation  
results with carbon content and geometry variations
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and dimensional changes due to temperature 
changes. Although the various factors affecting the 
test were taken into account, this study remains an 
idealistic representation, hence, the results need to be 
verified with real experiments. However, this study 
provides important insights into the response of the 
system to variations in temperature, material composition, 
and geometry in axial compression tests. To improve the 
safety and effectiveness of marine transportation in the 
future, this study is expected to contribute greatly to 
our understanding of the safety challenges faced by ship 
structures in harsh environments. 

Table 14 Finite element simulation output with geometry variations; C = Cylinder, S = Square, and T = Triangle

Maximum displacement (mm) Total energy absorption (J)

C S T C S T

Temperature 82.07 97.07 89.95 2786.49 2408.41 2597.21

Carbon 66.44 75.41 84.46 2789.31 2646.95 2611.29

Average 74.25 86.24 87.20 2787.90 2527.68 2604.25

Peak force (kN) Average force (kN)

C S T C S T

Temperature 71.64 76.99 89.48 32.74 23.32 27.40

Carbon 87.72 95.82 109.06 34.81 31.62 29.83

Average 79.68 86.40 99.27 33.77 27.47 28.61
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Resume
Rail transport has been the leading sector of the whole transport network. In 
order to improve the efficiency of its functioning, it is important to develop 
measures that may help reduce the maintenance cost. To improve the open 
wagon hatch door strength, it is proposed to make it with rectangular 
corrugations. The results of calculations show that, taking into account the 
proposed solution, the weight of the improved hatch door is almost 10% lower 
than the weight of a typical one.
The strength of the hatch door under static loads was calculated. The results 
of calculations show that the strength of the hatch door under the diagrams 
considered is ensured. 
The study will contribute to the development of best practices for modern 
structures of railway vehicles and increase their cost-effective operation.
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measures aimed at improving the strength of the hatch 
door sheet under operating load conditions.

Analysing modern publications on improved hatch 
doors of open wagons, we have come to the conclusion 
that at present this problem is quite relevant. A new 
design of the hatch door for an open wagon with convex 
configuration is proposed in [4]. This design increases 
the payload of the open wagon by one tonne compared 
to the payload of standard hatch doors. This solution is 
scientifically justified. However, the authors considered 
only one design mode for the hatch door of an open 
wagon. Moreover, it is rather costly in manufacture and 
maintenance.

The hatch door proposed in [5] has similar 
disadvantages. It consists of two corrugated sheets with 
energy-absorbing material in-between. The strapping of 
the hatch door has a W-shaped profile. Although this 
hatch door design has certain advantages over standard 
ones, its widespread implementation is constrained by a 
number of factors.

To improve the strength of the hatch door, the 
authors of [6] propose to reinforce it with additional 
belts with the rectangular profile which facilitates the 
production and installation. The authors substantiate 
this hatch door design by means of strength calculations. 

1 Introduction

The competitive struggle in the transport market 
makes it necessary to increase the efficiency of railway 
transport operation in order to maintain its leading 
positions [1-3]. It is known that one of the most common 
types of freight transported by rail is bulk cargo. It is 
transported in open wagons and unloaded through the 
discharge hatches (Figure 1), which form its floor, or by 
using mechanised unloading equipment.

A typical hatch door of an open wagon consists of 
a metal sheet to which strapping, locking brackets, and 
hinges are attached (Figure 2).

The sheet of a typical hatch door is a 5-mm thick 
metal plate with six longitudinal corrugations for higher 
rigidity (Figure 3).

It is important to note that under operating 
conditions, such a sheet does not have sufficient strength, 
and may be damaged (Figure 4).

The most common damages to the sheet are rupture 
and deformation, which cause the freight to spill out of 
an open wagon on the move, thus causing losses to the 
railway. In addition, these damages require additional 
capital investments due to unscheduled repairs of 
the wagon. In this regard, there is a need to develop 
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                                              a) general view                                  b) unloading process

Figure 1 Open wagon with discharge hatches

1 - sheet; 2 - strapping; 3 - locking brackets; 4 - hinges 

Figure 2 Hatch door of an open wagon

Figure 3 Typical hatch door sheet

               
a) rupture                                                                                       b) deformation

Figure 4 Damage to the hatch door sheet
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An improved hatch door for an open wagon is also 
proposed in [10]. Its structural feature is sandwich-type 
components. The hatch door consists of two smooth 
sheets with an energy-absorbing material in-between. 
The strapping has the Ω-shaped profile. The strength is 
calculated under static and dynamic loads on the hatch 
door. However, among the disadvantages of this hatch 
door are high cost, complexity of maintenance, etc.

 The analysis of publications has shown that the 
issue of how to improve the hatch door of an open wagon 
is relevant and requires extensive research. The purpose 
of this study is to scientifically substantiate the design 
of the hatch door for an open wagon and determine the 
main strength indicators under static loads.

2  Materials and methods

Higher strength of the hatch door of an open wagon 
can be achieved by increasing the rigidity of the door. For 
this purpose, several possible variants of corrugations 
were studied and different corrugation angles were 
taking into account (Figure 5).

The moment of resistance depends on the corrugation 
profile (Table 1) and for rectangular corrugations it is 
the highest.

However, this improvement increases the hatch door 
weight and, consequently, the wagon tare. 

An improved hatch door reinforced with additional 
belts is also proposed in [7]. Here, the hatch door sheet 
is made of smooth sheet metal, and the reinforcing belts 
have the form of struts. The hatch door has moulded 
hinges. The study presents the calculations of the 
static strength for the hatch door, that confirm the 
feasibility of the proposed solution. However, widespread 
implementation of such hatch doors requires substantial 
capital investments.

To ensure the durability of the hatch door, materials 
with improved physical and mechanical properties, 
rather than steel, can be used for the door’s components. 
For example, in [8], the authors propose to improve 
the wagon strength by using composite materials for 
the floor. The research proved the rationality of this 
solution. However, the authors did not consider the use 
of these materials in the hatch door for an open wagon.

Work [9] investigates the feasibility of using 
composite materials for the hatch door sheet for open 
wagons. The results of strength calculation of the hatch 
door proved the possibility of this implementation. 
However, these materials will increase the production 
costs, moreover, this will require an appropriate 
maintenance and repair system.

a)

b)

c)

d)

a) α = 30°; b) α = 45°; c) α = 60°; d) α = 90°

Figure 5 Different corrugations of the sheet

Table 1 Inertia moments and resistance moments of cross-sections of the sheet

Corrugation angle (α) Moment of inertia (I), mm4 Moment of resistance (W), mm3

30° 3.79 ∙ 104 3.64 ∙ 103

45° 12.52 ∙ 104 6.95 ∙ 103

60° 4.66 ∙ 104 4.48 ∙ 103

90° 19.53 ∙ 104 10.85 ∙ 103
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The moment of resistance is determined by Equation 
(1). The sheet weight is calculated using the sheet 
volume. The calculation results are shown in Figure 7.

An analysis of Figure 7 shows that a rational 
solution is corrugations with a height of h = 60 mm 
and a thickness of δ = 3 mm. The total sheet weight 
is about 110 kg. Importantly, the calculated sheet 
weight is almost 10% lower than the weight of a typical  
sheet.

3 Results 
 
The strength of the hatch door sheet with rectangular 

corrugations is studied by means of the spatial model 
built in SolidWorks [13-14] (Figure 8).

The strength of the hatch door is determined using 
the FEM in SolidWorks Simulation [15-17]. The model is 
built with tetrahedra (Figure 9), the number of which is 
determined graphically and analytically [18-20]. Thus, 
the finite element model has 180,572 elements and 
566,450 nodes. 

The strength is calculated based two design 
diagrams [21]:
• the effect of a uniformly distributed load of 69.9 kN 

on the hatch door area; this force includes the gross 
weight force of the hatch door and the dynamic load 
(diagram I); and

• the effect of a load of 50 kN distributed in the 
hatch door centre across an area of 250x250 mm 
(diagram II).

Therefore, this study deals with the feasibility of 
rectangular corrugations for the hatch door used in open 
wagons.

The geometrical parameters of sheet corrugations 
are determined provided that its moment of inertia is 
higher than that of a typical hatch door sheet (W= 200.8 
∙ 103 mm3). 

The moment of resistance of the sheet is determined 
by dividing its cross-section into elementary rods  
(Figure 6).

Here, the moment of resistance is calculated based 
on the known moment of inertia. Thus, for a vertical rod 
[11-12] it is:

,W
h
I2 $

=   (1)

where h is the rod height.

Herewith, 
  

,I h
12

3$d=  (2)

where δ is the rod width.
The rational parameters of corrugations are 

determined with variational calculations. The target 
function of these calculations is the minimum weight 
of the sheet with such variational parameters as the 
corrugation height h and the corrugation thickness δ. 

 The calculation has the following constraint: 
the moment of inertia of the sheet must be higher than 
that of a typical sheet. 

Figure 6 Cross-section of the hatch door sheet

Figure 7 Dependence of the sheet weight on its parameters
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The maximum displacements in the hatch door 
occur in the locking brackets and amount to 2.27 mm 
(Figure 13). This distribution of displacement fields can 
be explained by the fact that the vertical reactions to the 
load Pv on the sheet are applied to the middle part of the 
bracket, while the end part of the bracket is free.

The following stage of the study included the 
determination of the hatch door strength under the 
vertical load Pv distributed in the centre across an area 
of 250x250 mm, which is equal to 50 kN. The design 
diagram of the hatch door is shown in Figure 14. The 
reactions P‘v to the vertical load Pv are applied to the 
locking brackets.

The results of calculations for the hatch door 
are shown in Figures 15-17. The maximum stresses 
are 161.5 MPa (Figure 15); they are 23% lower than 
permissible [21]. The safety factor of the hatch door 
under specified load conditions is 1.3. The resulting 

The design diagram of the hatch door under the 
action of the evenly distributed load Pv is shown in 
Figure 10.

The hatch door is secured with the hinges, and the 
locking brackets are subject to the reactions P‘v to the 
vertical load Pv. The hatch door is made of Steel 09G2S.

The calculation results are shown in Figures 11-13. 
The maximum stresses in the hatch door are 145.3 MPa 
(Figure 11). However, they are lower than permissible by 
30% [21]. This means that the safety factor of the hatch 
door is about 1.4 under specified load conditions. It 
should be noted that the resulting stresses in the hatch 
door are 23% lower than those in a typical structure. 
From Figure 12 it can be seen that the maximum 
stresses occur in the areas of interaction between the 
hinges and the strapping, because the model is secured 
by the hinges, and the load is applied to the sheet and 
the locking brackets.

                                        
a) view one                                                                        b) view two

Figure 8 Spatial model of the hatch door

Figure 9 Finite element model of the hatch door

(Load diagram I)

Figure 10 Design diagram of the hatch door
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a) view one;                                                                                   b) view two

(Load diagram I)

Figure 11 Stress state of the hatch door 

(Load diagram I)

Figure 12 Most loaded areas of the hatch door 

(Load diagram I)

Figure 13 Displacements in the hatch door

(Load diagram II)

Figure 14 Design diagram of the hatch door
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4 Discussion

In order to increase the strength of the hatch door 
for an open wagon, it is proposed to use rectangular 
corrugations to improve the hatch door sheet. In 
addition, possible corrugation profiles for the hatch 
door sheet are analysed (Figure 5). It is found that the 
cross-section of the sheet with rectangular corrugations 
has the maximum moment of resistance (Table 1). The 
geometrical parameters of corrugations are determined 
by means of the moment of resistance of the cross-section 
of the sheet. The results of calculations demonstrate that 
corrugations with a height of h=60 mm and a thickness 

stresses in the hatch door are 23.5% lower than those 
in a typical structure. The maximum stresses are also 
concentrated in the areas of interaction between the 
edge hinges and the strapping. This is explained in the 
same way as for design diagram I.

The maximum displacements in the hatch door 
occur in the locking brackets (Figure 17); they amount 
to 2.1 mm. This distribution of displacement fields can 
be explained in the same way as for the previous design 
diagram.

The research shows that, taking into account the 
proposed improvement, the hatch door strength under 
the static loads is ensured. 

    
a) view one;                                                                                   b) view two

(Load diagram II)

Figure 15 Stress state of the hatch door

(Load diagram II)

Figure 16 Most loaded areas of the hatch door 

(Load diagram II)

Figure 17 Displacements in the hatch door
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using the moment of resistance of the cross-section, 
the sheet being considered as a set of rods. The 
calculation results show that the corrugations with 
a height of h =60 mm and a thickness of δ =3 mm 
is a rational solution. The sheet weight is about 110 
kg, which is almost 10% lower than the weight of a 
typical sheet.

2.  The strength of the hatch door for an open wagon 
under static loads is calculated. The calculation 
results show that the maximum stresses in the 
hatch door are 145.3 MPa when it is subject to a 
load evenly distributed across its area; they are 30% 
lower than permissible. It is important to note that 
the calculated stresses are 23% lower than those in 
a typical structure. The safety factor of the hatch 
door is about 1.4. The maximum displacements 
occur in the locking brackets and are 2.27mm.
The calculation results show that the maximum 

stresses in the hatch door are 161.5 MPa under a 
vertical load distributed in its centre across an area 
of 250x250 mm; they are 23% lower than permissible. 
The stresses obtained are 23.5% lower than those in a 
typical structure; the safety factor is 1.3. The maximum 
displacements in the hatch door are 2.1 mm and occur in 
the locking brackets. Using the results obtained it can be 
concluded that the strength of the hatch door subjected 
to static loads is ensured.

The research will contribute to the development of 
best practices for modern designs of railway vehicles and 
increase their operational efficiency.
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of δ = 3 mm are a rational solution. The sheet weight is 
about 110 kg, which is almost 10% lower than the weight 
of a typical sheet (Figure 7).

The following stage of the calculation included the 
determination of the main strength indicators of the 
hatch door under static loads, namely, the action of a 
load of 69.9 kN uniformly distributed on the hatch door 
and the action of a load of 50 kN distributed in the 
centre of the hatch door on an area of 250x250 mm. 

The calculation results show that the hatch door 
strength is ensured under the load diagrams in question. 
The maximum stresses in the hatch door are 145.3 MPa 
for load diagram I (Figure 11). These stresses are lower 
than permissible by 30%. The maximum displacements 
in the hatch door occur in the locking brackets and are 
2.27 mm (Figure 13). 

The maximum stresses in the hatch door at 
load diagram II are 161.5 MPa and they are lower 
than permissible by 23% (Figure 15). The maximum 
displacements in the hatch door occur in the locking 
brackets and they amount to 2.1mm (Figure 17). 
Therefore, the hatch door strength under static loads 
is ensured.

The restriction of this study is that the strength 
calculation of the hatch door included a rigid interaction 
between the hinges and the centre sill of an open wagon.

Moreover, it did not include the welds between the 
individual components of the hatch door. Thus, the 
hatch door was considered monolithic.

The advantage of this study in comparison with [4] 
is that the technical maintenance of the improved hatch 
door can be carried out at existing repair enterprises. 
Unlike the hatch door designs presented in [5, 7-10], 
the design proposed is less expensive in production 
thanks to lower costs of the structural materials used. 
In addition, unlike the solution described in [6], the 
proposed hatch door design does not increase the open 
wagon tare.

It is important to note that the proposed improved 
hatch door can be not only manufactured but also 
modernized at wagon building and repair enterprises.

The further research of the authors may include the 
determination of the hatch door strength under dynamic 
loads and experimental research into the hatch door 
strength. 

5 Conclusions

1. The geometrical parameters of the corrugations of 
the hatch door of an open wagon are determined 
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Resume
The quadcopter persist as important roles across diverse applications, and 
the enhancement of their control efficacy has been the subject of extensive 
research.
In this work, the authors proposed optimal Proportional Integral (PI) 
controller based Fuzzy Logic Control (FLC) for the roll, pitch, altitude, and 
yaw motions of the quadcopter system.
The proposed technique uses the Particle Swarm Optimization (PSO) 
algorithm to tune the parameters of the FLC and enhance the quadcopter 
performance. The simulation results show that the proposed technique 
achieves smoothness of control and significant improvement over classical 
techniques, as the rise time and the settling time are reduced by 61 % and 
66 %, respectively. These times are important for stabilizing the system’s 
response speed and avoiding overshooting or oscillating. This indicates 
that the FLCPI-PSO can achieve the desired roll and altitude angles more 
rapidly and effectively.

Article info
Received 21 September 2023
Accepted 18 March 2024
Online 4 April 2024

Keywords: 
quadcopter model
fuzzy logic controller
optimization
FLCPI-PSO

Available online: https://doi.org/10.26552/com.C.2024.027
ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

output coordinates reveals a strongly coupled dynamic 
system [5].

Advancements in control methods have been 
applied across diverse fields, including electric cars 
[6-7], power electronics [8], and hybrid electric systems 
[9-10]. To meet the increasing performance demands 
of quadcopters, enhancements in controller design 
have been implemented, such as Feedback Linearity 
(FBL) [11-12], Sliding Mode Control (SMC) [13-14], and 
backstepping methods [15-16]. Comparative analyses 
of various controllers, including Proportional Integral 
Derivative (PID), linear quadratic regulator (LQR), and 
modified PID with LQR control, are well-documented 
[17-18].

Fuzzy logic models, specifically the Takagi-Sugeno 
(TS) and Mamdani types, are the two fundamental 
and distinct approaches in intelligent control systems 
that have been integrated into electrical systems 
alongside Neural Networks (NN) [4, 19-21], Neuro-

1 Introduction

Quadcopter drones, as autonomous aerial 
vehicles, have garnered significant attention from 
both researchers and manufacturers due to their 
versatility in exploration and study. Their compact 
size and unique capabilities for spatial monitoring and 
infrastructure inspection have spurred the evolution of 
such systems. Among the various drone configurations, 
Vertical Take-Off and Landing (VTOL) models are 
particularly noteworthy for their lightweight motors 
and efficient propeller arrangements that eliminate 
the need for a tail rotor, thus simplifying the control  
mechanism [1].

The topology of quadcopters typically involves front 
and rear motors of the same diameter rotating in 
opposite directions to their diametric counterparts, 
which negates gyroscopic effects and facilitates stable 
flight [2-4]. The study of the input forces influence on 

https://orcid.org/0000-0002-8644-3253
https://orcid.org/0000-0001-7230-5792
https://orcid.org/0000-0003-4911-8694
https://orcid.org/0000-0003-3313-2571
https://orcid.org/0000-0001-9303-4880
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to understand the concept of six degrees of freedom, 
which represents the location and orientation of the 
quadcopter in three-dimensional (3-D) space. The six 
degrees of freedom are defined using two reference 
frames as illustrated in the quadcopter structure shown 
in Figure 1:
1. The inertial or earth frame, a fixed coordinate 

system represented by the x, y, and z coordinates, 
corresponding to the cardinal directions of north, 
east, and down. This frame serves as the initial 
reference point.

2. The body frame, a movable coordinate system 
centered around the quadcopter’s center of gravity, 
described by the angles ({ ), ( i ), and ( ] ) in 
relation to the inertial frame.
Given that the quadcopter has four inputs and six 

outputs, it is classified as an underactuated nonlinear 
system. To facilitate the controller design, sensible 
assumptions are made to model the system dynamics of 
the quadcopter effectively [29]. 

2.1 Kinematic model

To derive a model for the quadcopter motions it 
is necessary to examine different moments and forces 
acting on the quadcopter.

We assume XYZp= 6 @  to be the position and the 
linear velocity V uvw= 6 @ , and let h zi]= 6 @  to be 
rotational angles and angular velocity is pqr~= 6 @ .

 Using the Newton-Euler equations and the 
information proaccesseded in Equation (1), one can 
determine the forces and moments acting on the 
quadcopter [30]:

F mI m

I0

0

1
3 3 #

#x
~ p
~ h

= +
#; ; =E E G , (1)

Fuzzy methodology [22-23], and Iterative Learning 
Control (ILC) [24-25]. These intelligent control methods 
are adept at managing unpredictable, non-linear, time-
varying, and non-deterministic systems [26]. Fuzzy logic, 
in particular, is capable of handling the disturbances 
and noises (rotor vibrations) that quadrotors frequently 
encounter [27].

It has been noted that fuzzy control necessitates 
precise technology for selecting input constants [28]. The 
modular architecture of the fuzzy controller facilitates 
its integration with various optimizers to circumvent 
limitations.

In this paper, the mathematical model was developed 
using the Newton-Euler method to control altitude Z, 
roll ({ ), pitch ( i ), and yaw ( ] ) angles. 

To accurately and steadily navigate the quadcopter, 
a FLC and an optimized fuzzy PID controller (FLCPI-
PSO) are utilized for the control component, representing 
the core contribution of this work. The novelty of this 
paper lies in evaluating the quadcopter’s behavior and 
performance through the optimization of a basic FLC 
with a swarm technique. This proposed control technique 
endows the quadcopter with acceptable response times, 
thereby enhancing its behavior—a facet not previously 
explored in other studies.

The remainder of this research paper is organized 
as follows: Section 1 presents the mathematical model, 
Section 2 discusses the control strategy, Section 3 
contains the simulation results and discussion, and 
the paper concludes with the conclusions and future 
perspectives of this study.

2 Mathematical model

A quadcopter is an aerial vehicle equipped with 
four rotors that enable 360-degree maneuverability. To 
accurately describe the system dynamics, it is essential 

Figure 1 The structure of quadcopter
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U F bi iii1
2

1

4

1

4 X= =
==

|| , (8)

where b N s26 @  is the thrust coefficient and sec
radX9 C  is 

the angular velocity of the rotor i.
From Equation (1) and the Newton-Euler formalism, 

we obtain the rotational motion equations:

I I I0 0 r r# #h x h h h X= - -o o op 6 @ , (9)

where I is an inertia matrix of the quadcopter, Ir is the 
inertia of the rotors, rX  is the relative speed and x  is 
the moment acting on the quadcopter in the body frame.

r 1 3 2 4X X X X X= - - + +^ h , (10)
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where d [N m s2] is the drag coefficient and l [m] is the 
distance between the center of the quadcopter and the 
center of a propeller. 

From Equation (7) and Equation (9), the equations 
motion of the quadcopter are given as follows:

sin sin cos sin cosX m
U1] { ] i {= +p ^ h , (12)

sin sin coscos sin m UY 1
1] { ] i {= - +p ^ h , (13)

cos cosZ g m U1
1i {=- +p ^ h , (14)

I
I I

I
J

I
U

xx

yy zz

xx

r
r

xx

2{
i]

iX=
-

- +
o

op
^ h

, (15)
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3 Control strategy

3.1 Fuzzy logic controller (FLC)

The FLC is the consequence of Zadeh’s fuzzy set 
notion in 1965. Fuzzy set theory was graded from non 
membership to membership. Thus, the boundaries of 
fuzzy sets might be unclear and ambiguous, making 
them suitable for approximation systems. If correct 
mathematical formulations are problematic, the FLC is 
the best accessible solution. Other FLC benefits include:

where; F and x  represent the force and torque vector, 
respectively, generated by the four motors‘ rotation acting 
on the quadcopter, m is the mass of the quadcopter, Vo  
and ~o  represent linear and angular acceleration vector, 
respectively, all with respect to the body frame, and 
I3 3#  represents the moments of inertia matrix and is 
given as:

I

I

I

I

0

0

0

0

0

0
xx

yy

zz

=

R

T

SSSSSSS

V

X

WWWWWWW
. (2)

Typically, the angular positions and velocities above 
are in a different frame, so we need some kind of 
transformation matrix to go from one reference frame 
to the other. The rotation R and transfer T matrices, 
respectively, are used to derive the translational and 
rotational kinematic equations [31]. Equations (3) and 
(4), respectively, proaccesseded the expressions for the 
rotation R and transfer T matrices.

R
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where, , ,cos sinc si i i i= = and tanti i= .
• The translational kinematics:

RVp=o , (5)

where po  are linear velocity vector with respect to the 
earth frame E and V is the linear velocity vector with 
respect to body frame B.
• The rotational kinematics: 

T~ h=o o ,  (6)

where ~o  is the angular velocity vector with respect to 
the earth frame E and ho  the angular velocity vector 
with respect to body frame B.

2.2 Dynamic model

The translational dynamic equations of the 
quadcopter are given as follows in accordance with the 
Euler’s first rule of motion for rigid body dynamics:

m

X

Y

Z mg

RU

0

0 1=

-

+

p

p

p

R

T

SSSSSSS

R

T

SSSSSSS

V

X

WWWWWWW

V

X

WWWWWWW
, (7)

where g is the gravity acceleration and U1 is the total 
thrust generated by the four rotors:
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they are often categorized. The most prevalent fuzzy 
control architectures, in which a nonlinear PID-like 
performance is anticipated from the controller, are often 
two- and three-input fuzzy controllers. Figure 3 shows 
a few of the most widely utilized structures. It should be 
noted that the fuzzy controllers’ input/output variables 
are normalized to fall between [1-1]. As a result, the 
first two structures (see Figure 3.a and 3.b) need the 
appropriate selection of six scaling factors, while the 
last two structures (see Figure 3.c and 3.d) require the 
proper selection of four scaling factors [28].

Throughout this study, a different structure is used; 
it is shown in Figure 4. The proaccesseded structure 
has one single two-input fuzzy controller, which makes 

1. It may seek to proaccessed less precise outcomes.
2. There is no requirement for rapid processors.
3. It does not take as much data storage in the formula 

of rule and membership function MF as compared to 
typical controllers.
The structure of the FLC is given in Figure 2.
The direct action fuzzy controller structure is simply 

referred to as PID-type fuzzy controller or PID-FLC. 
However, the term fuzzy PID controller (or FLCPI) refers 
to the so-called gain scheduling-type PID controllers, 
which are not covered in this work. In these controllers, 
fuzzy logic is employed to generate the necessary KP, KI, 
and KD gains for the linear PID controller. The amount 
of inputs to the fuzzy PID controllers determines how 

Figure 2 The structure of the Fuzzy Logic Control

(a) (b)

(c). (d)

Figure 3 Common PID-type fuzzy logic controllers [28]
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Figure 4 Alternative fuzzy PID controller

Figure 5 The MF for the input variable error of altitude and three angle roll, pitch, yaw

Figure 6 The MF for the input variable (de) derivative 
error for roll and pitch angle and altitude

Figure 7 The MF for the input variable (de) derivative 
error for the yaw angle

Figure 8 The MF for the output variable (U1, U2, U3) Figure 9 The MF for the output variable (U4)
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is determined after the subtraction. Those two signals 
are sent as inputs to the controller. Table 1 shows the 
rules base for each controller.

3.1.3 Defuzzification

Fuzzification’s counterpart is known as 
defuzzification. The fuzzy set generated by the FLC 
inference engine must be transformed to actual value 
(crisp output) in line with the real-world requirements. 
Defuzzification implies the weighted average approach. 
The weighted average strategy becomes the illustrating 
point, which is the centre of the region generated by the 
curve and abscissa of the fuzzy membership function. 
Theoretically, the centre of gravity of a set of sites within 
the output scope must be computed [32].

3.2 Particle swarm optimization algorithm

Finding the best solutions involves using a variety 
of optimisation techniques. Evolutionary and meta-
heuristic approaches work best when employed for route 
planning.

Numerous evolutionary techniques have been 
demonstrated to be useless when route planning 
procedures have an excessively wide search area. The 
exciting findings from this vast area of study may 
help the meta-heuristic systems to overcome these 
limitations. 

The population-based stochastic optimisation 
method, known as the particle swarm optimisation (PSO), 
is very similar to evolutionary computing methods like 
genetic algorithms (GA). The PSO has been effectively 
used in several research and application domains over 
the last few years because it produces better results 
more quickly with fewer parameters to alter.

The PSO uses particles to represent possible 
solutions, which follow the current optimal particles 
as they move around the problem space. According to 
their prior behaviours, particles move around the search 
space at velocities that are dynamically changed.

The system starts out with a population of 
random solutions and updates generations in an 
effort to find the best option. The location of a point 

, , ,X x x x S, , ,i i i i d1 2 f != ^ h  in an S-dimensional space 
serves as the representation of the i-th particle. Each 
particle keeps track of three values during the process: 
its best position in previous cycles; its present position,  

it computationally more efficient for the real-time 
implementation when compared to that in Figure 3. 
In comparison to three-input architectures, the fuzzy 
controller only needs two inputs, hence fewer rule bases 
need to be constructed.

This study is thus limited to fuzzy controllers of the 
Mamdani-Type. 

3.1.1 Fuzzification

The total control system for the quadcopter with 
the Fuzzy PID controllers for the four fundamental 
quadcopter movements thrust, roll, pitch, and yaw is 
depicted in Figure 4. The triangle membership function 
has been utilised for each of the inputs and the outputs 
and for all of the controllers. The inputs, errors are 
defined by five membership functions MF: NB (negative 
big), NS (negative small), Z (zero), PS (positive small), 
and PB (positive big), and the error derivative is defined 
by three membership functions: P(positive), Z(zero), 
N(negative). On the other hand, each of the outputs is 
specified by five membership functions: NB (negative 
big), NS (negative small), Z (zero), PS (positive small), 
and PB (positive big). The range of the fuzzy set for 
the error input for all controllers (altitude, roll, pitch, 
and yaw) has been chosen as [-2, 2], and for the error 
derivative for (altitude, roll, and pitch controllers) as [-4, 
4], and [-20 20] for the error derivative of yaw controller. 
Figures 5 to 7 show the membership functions for the 
inputs.

The range for the outputs fuzzy set has been chosen 
as follows: 
• [-20, 20] for U1, U2, U3, and as indicated in Figure 8,
• [-40, 40] for U4 and as indicated in Figure 9.

3.1.2 Rules base

After specifying the inputs and outputs for each 
fuzzy controller, we established the rules base.

The fuzzy rules suggest that “if error is Ei and error 
change is DEi, then production is Ui”. The fuzzy inference 
procedure of the controller parameters leverages the 
Mamdani approach. Five variables refer to errors, and 
three error changes are added to the 15 rules.

If the change in error is NB and the error is NB, 
then the outcome will be NB, as well. The response 
signal is fed back and subtracted from the set value to 
generate the error signal, and then the change in error 

Table 1 The rules base for the four fuzzy logic controllers (altitude, roll, pitch, and yaw Controllers)

 e
 de 

NB NM Z PM PB

N NB NM NM Z PM

Z NB NM Z PM PB

P NM Z PM PM PB
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T1, T2, T3, and T4. The optimisation approach is used to 
reduce many common time domain objective functions, 
including the integral time absolute of error (ITAE). 

The structure of the FLCPI-PSO controller is 
depicted in Figure 10.

4 Simulation results and discussion

In the design process and simulation studies, 
a 1-step unit is applied to each height and roll, pitch, 
and yaw angle concurrently at t = 0 s. The simulation is 
carried out with Matlab 2017 programme and Simulink 
Toolbox. The simulation was done on an SGRE laboratory 
computer with a Intel(R) Core(TM) i7-5820K, 3.30 GHz, 
64 GB of RAM, and Windows 10.

The MATLAB Simulink is used to mimic two 
type of controllers, FLCPI and FLCPI-PSO. These 
controllers were employed to control the quadcopter 
systems. The FLCPI with a one-of-a-kind configuration 
that is adjusted manually and FLCPI-PSO that is tuned 
via the PSO method Integral Time Absolute Error 
(ITAE) is used as a criterion for the control performance 
assessment as in Equation (20).

ITAE t e t dt= ^ h# . (20)

Figure 11 displays the objective function of PSO 
algorithm.

As a result, the tuned scaling factors and parameters 
of four controllers are presented in Table 2.

The quadcopter system response, after an occurrence 
of step-unit changes is depicted in Figures 12 to 15. 
The responses quadcopter system characteristics are 
summarized in Table 3.

The control signals (U1 through U4), which represent 
the desired thrust force and torques, are shown in 
Figures 16 to 19.

The results presented in Figures 12-15 and Table 
3 illustrate the comparative performance of the FLC 

Xi. , , , ,pbest pbest pbest pbest pbest S, , , ,i i i i i d1 2 3 f != ^ h ; 
and the speed of its flight Vi  = (vi,1, vi,2, vi,3,..., vi,d). To 
catch up to the leading particle, each particle modifies 
its location and velocity, such as:

X t X t V t1 1i i i+ = + + +^ ^ ^h h h , (18)
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The best track value for each particle in iteration t 
is denoted by pbesti, and the best position of the entire 
swarm is denoted by gbest. The cognitive and social 
parameters are denoted, respectively, by c1 and c2, two 
positive constants (acceleration coefficients), and ri,1 and 
ri,2, two random functions in the [0, 1] range.

The following is a summary of an approach to 
determine the optimal placement vector for the PSO 
with n Agents:
1. Using the random numbers, the initial positioning 

vector X [n] and velocity vector V [n] are created.
2. Using Equation (1), agent i’s velocity vector 
V t 1i +^ h  is determined.

3. Equation (2) is used to determine agent i’s new 
positioning vector, X ti ^ h .

4. The positioningVector Xi  is set to pbesti if  F X t^ ^ hh  
is superior than F pbesti^ h . The positioning vector 
gbest is set to pbesti if F(gbestj) is superior than 
F(gbest).

5. When the required number of iterations has been 
reached, stop. If not, go to step 2.
The first design is a Mamdani-type two-input PID-

type fuzzy controller, as shown in Figures 2 and 3. 
The membership functions in the first level of tuning 
are uniformly distributed, and the meta-heuristic 
techniques must be used to tune the scaling factors and 
parameters T1, T2, T3, and T4. PSO is employed at this 
point to identify the ideal scaling factors and parameters 

Figure 10 Structure of FLCPI-PSO controller
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Figure 11 Objective function of PSO algorithm

Table 2 Scaling factors and parameters optimized by the PSO

Scaling factors Parameters

T1 T2 T3 T4

Altitude 6.1868 55.9443 88.8980 40.2961

Roll 100.0000 99.0577 23.0000 0.2000

Pitch 1.0000 99.1495 77.0602 1.0000

Yaw 9.2101 45.8878 9.0000 0.2300

Figure 12 The altitude signal response for the FLC and 
the FLCPI-PSO controllers

Figure 13 The roll signal response for the FLC and the 
FLCPI-PSO controllers

Figure 14 The pitch signal response for the FLC and the 
FLCPI-PSO controllers

Figure 15 The yaw signal response for the FLC and the 
FLCPI-PSO controllers
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Figure 16 Control signal U1 for the FLC and the FLCPI-
PSO controllers

Figure 17 Control signal U2 for the FLC and the FLCPI-
PSO controllers

Figure 18 Control signal U3 for the FLC and the FLCPI-
PSO controllers

Figure 19 Control signal U4 for the FLC and the FLCPI-
PSO controllers

Table 3 Responses to a step function with different control

Controllers

Altitude Roll Pitch Yaw

Performances FLC FLCPI-
PSO

FLC FLCPI-
PSO

FLC FLCPI-
PSO

FLC FLCPI-PSO

RiseTime (s) 1.0839 0.1157 1.0869 0.0605 1.0801 0.2143 1.0924 0.4257

SettlingTime (s) 1.9395 0.2094 1.9429 0.0954 1.9334 0.3851 1.9492 0.6632

Overshoot (%) 0 1.9000 0 31.6100 0 0 0 64.1100

Figure 20 Quadcopter control performance evaluation between the FLC and FLCPI-PSO
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settling time for altitude and roll control compared to 
the FLC. This indicates that the FLCPI-PSO can achieve 
the desired altitude and roll angles more efficiently and 
with quicker response times. The FLCPI-PSO offers 
advantages in terms of faster response times and 
shorter settling times for altitude and roll control in the 
quadcopter system. The trade-off is a potential increase 
in overshoot, particularly in the roll and yaw control. 
These findings highlight the importance of considering 
the specific requirements and trade-offs when selecting 
the appropriate controller for the quadcopter systems. 
Future research could focus on further optimizing 
the FLCPI-PSO to reduce the overshoot, while 
maintaining its performance advantages and its real-
time implementation.
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and FLCPI -PSO controllers in managing the altitude, 
roll, pitch, and yaw of a quadcopter. It is evident that 
the FLCPI -PSO controller consistently outperforms 
the FLC controller across all parameters. The rise time 
for altitude, roll, pitch, and yaw is significantly reduced 
with FLCPI -PSO, indicating a quicker response to 
changes. Similarly, the settling time is also lower for 
all the inputs under the FLCPI -PSO control, denoting 
faster stabilization.

In terms of overshoot percentage, the FLC 
controller exhibits a 1.9000 % overshoot in altitude and 
a substantial 31.6100 % in roll but none in pitch and 
yaw. In contrast, the FLCPI -PSO controller effectively 
eliminates overshoot in all parameters except for yaw 
where it records a 64.1100 % overshoot.

These findings underscore the enhanced efficiency 
and reliability of the FLCPI -PSO controller over its 
FLC counterpart in ensuring the rapid response times 
and minimal overshoots during quadcopter operation. 
The data suggests that the integrating PSO with fuzzy 
logic control (FLCPI) yields superior control precision 
and responsiveness. 

Comparison of the quadcopter performance 
evaluation using the KPIs indexes between the FLC and 
FLCPI-PSO, is shown in Figure 20.

5 Conclusion

Based on the comparative analysis of the FLC 
and FLCPI-PSO for altitude, roll, pitch, and yaw in 
the quadcopter system, the FLCPI-PSO demonstrates 
superior performance in terms of faster rise time and 
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Resume
The article deals with the power analysis of semiconductor devices nowadays 
commonly used in perspective traction inverter topologies suitable for 
automotive industry applications.  The power analysis is devoted to 
topologies, which are the Voltage Source Inverter (VSI) topology and 
perspective three-level alternatives, which are the Neutral Point Clamped 
(NPC) and T-type Neutral Point Clamped (T-NPC) traction inverter 
topologies. The main part of the power analysis of the proposed topologies is 
done on multi-phase versions (specifically six-phase). Mentioned topologies 
are modelled through the use of the simulation environment PLECS, while 
the focus is given on the accurate determination of semiconductor devices' 
power losses. Collected data of each analyzed topology are then processed 
using the MATLAB environment. The analysis of power parameters aims 
to find out which of the mentioned topologies achieves the highest efficiency 
as an VSI system at various power levels using the same input parameters.
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improvements is needed across the entire traction drive 
of electrified vehicles [5]. 

There are several traction inverters possibility to 
enhance the power parameters. A traction inverter 
is a part of the traction drive of electrified vehicles 
and there are several possible ways to improve its 
power parameters. Since the commonly used traction 
drive now uses, mostly IGBT (Insulated gate bipolar 
transistor) - based, two-level Voltage Source Inverter 
topology (one leg contains the half-bridge connection of 
the semiconductor switching devices) [2], which can be 
seen in Figure 1, the first possible change that occurs, 
which can improve the power parameters of the inverter, 
is to replace the IGBT with wide-bandgap (WBG) 
devices as SiC MOSFETs. These WBG devices have 
several advantages compared to Si IGBT. Operation 
at higher temperatures, higher breakdown voltages, 
lower switching losses at higher frequencies, and lower 
chip size are the reasons why Silicon Carbide (SiC) and 
Gallium Nitride (GaN) MOSFETs are suitable for IGBT 

1 Introduction

At this moment, the sales of electrified vehicles 
are rising due to political support, battery technology 
improvements, growing charging infrastructure, and 
more and more new models from vehicle manufacturers. 
Electrification of the automotive industry is also 
spreading to new divisions of the road transport, which 
sets the new possible changes across the automotive 
industry. In the year 2022, electrified vehicles had 
a 14 % share of sales in the passenger cars category. This 
percentage number has risen every year since 2015, and 
it is predicted that this trend will continue. The global 
sales of electrified passenger cars in 2022 have grown 
by around 40 % compared to 2021. The largest share of 
the increase in global sales of electrified vehicles was 
recorded in China. Their global sales share doubled as 
compared to 2021 [1-4].

Due to targets for reaching the carbon neutrality 
in road transport by 2050, research on the new possible 
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topology provides higher efficiency than both mentioned 
topologies. Apart from that the three-level topologies 
offer lower harmonic distortion of the output voltage 
and offer reduced requirements for the EMI filter. 
However, the volume of DC-Link capacitors is twice that 
big compared to the VSI topology. In addition, the costs 
of producing three-level inverters are higher and the 
control is more complex [15-18].

This study is devoted to analyzing the power losses 
of the semiconductor devices of the three-phase VSI, its 
six-phase version, and six-phase three-level topologies 
NPC and T-NPC, at the same power levels. The power 
analysis performed in the PLECS software deals with 
the power losses of the semiconductor switching devices, 
from which the all analyzed traction inverter topologies 
are composed. Output power parameters obtained from 
the analysis are compared to each other to investigate 
the highest efficiency of the traction inverter system 
topology.  

2 Operational parameters of the simulation 
models of investigated VSI alternatives

All the analyzed topologies are built based on 
the same input parameters, semiconductor switching 
devices (ones that are directly connected to a DC-Link), 

replacement [6-10]. 
Apart from that, there are other options for 

achieving the higher efficiency of the traction inverter. 
For example, a change in the number of phases of the 
traction inverter from three-phase drives to multi-
phase ones. In the case of automotive traction drives, 
the closest development step would be six-phase drives. 
Multi-phase drives split the power into a higher number 
of phases, which means that the power ratings per phase 
are lower [4]. Improved current handling, enhanced fault 
tolerance, reduced DC-Link capacitor requirements, 
as well as modularity are the main strengths of the 
multiphase inverters [11-14].

Another possible traction drive enhancement is to 
change the two-level VSI topology with an alternative 
topology. Three-level inverters were, based on advanced 
studies, presented as the most viable alternative for the 
nowadays used VSI architecture. There were studies, 
that suggested that the two most competitive three-
level topologies that have been developed are T-type 
Neutral Point Clamped (T-NPC) and Neutral Point 
Clamped (NPC). The efficiency of the VSI topology 
is higher than the mentioned two topologies only at 
lower switching frequencies than 10 kHz. At a higher 
switching frequency than 10, but lower than 30 kHz, 
T-NPC topology is expected to be more efficient, while at 
the higher switching frequencies than 30 kHz the NPC 

Table 1 Common input parameters for all the analyzed traction inverter topologies

Electrical variable/unit value

DC-Link input voltage [V] 800

DC-Link capacitor [µF] 300

Switching frequency [kHz] 20

Continuous output power [kW] 10 - 100

Power factor [-] 0.75

Estimated efficiency [%]  98

Figure 1 Thermal model of the NTBG020N120SC1 - Turn on switching losses
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using this software are considered accurate, which 
enables fast-analyzing power losses of any circuit, 
that contains semiconductor devices. Since the PLECS 
works with thermal modelling of the semiconductor 
devices, it is possible to analyze the power losses of 
each semiconductor device of each proposed traction 
inverter topology suitable for automotive applications. 
The example of the thermal model of the switching 
device used in majority of the analyzed topologies 
NTBG020N120SC1 SiC MOSFET by onsemi can be seen 
in Figure 1 to Figure 3.

Any other semiconductor device, used in power 
parameters analysis in PLECS, must have its thermal 
model. This is what the thermal models of all used 
semiconductor devices in the power parameters analysis 
look like. These thermal models can be created based on 

simulation model of the cooling system, control 
technique, and parameters of the AC load. The input 
parameters are shown in Table 1.

These input parameters were selected based on the 
literature that deals with future trends in automotive 
traction drive systems described in [3-5]. The value of 
the DC-Link capacitor was determined based on the 
calculations using the method mentioned in [7]. In all 
the proposed analyses of the topologies, discrete silicon 
carbide semiconductor devices from onsemi were used. 
To be able to reach the high-power levels, such as 100 
kW, with the use of discrete packages of semiconductor 
devices, their parallel connection is necessary to be 
applied.

Based on the previous work with the PLECS 
simulation software, the power loss calculations 

Figure 2 Thermal model of the NTBG020N120SC1 - Turn-off switching losses

Figure 3 Thermal model of the NTBG020N120SC1 - Conduction losses
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and T-NPC topologies of the traction inverter. The 
block scheme of the modified SinePWM for three-level 
topologies can be seen in Figure 5, where the division 
algorithm for the A-Legs switching devices of the three-
level inverter topology is also shown.

3 Power loss analysis of the traction inverter 
topologies simulation models

The analyzed topologies of the traction inverter 
suitable for automotive applications are the three-phase 
Voltage Source Inverter (nowadays commonly used 
across the automotive industry), its six-phase version, 
and the three-level six-phase topologies, which are NPC 
and T-NPC. These topologies were analyzed in PLECS, 
where based on the input parameters the power loss 
calculation was performed.

the datasheet information, or some of the manufacturers 
nowadays offer these thermal models already created 
on their website or the PLECS website. Apart from the 
loss’s waveforms, the PLECS thermal models contain 
information about the change of switching losses based 
on the change of the gate resistance or the thermal chain 
table.

Apart from the common input parameters, the 
used control technique, for all the analyzed topologies, 
is a sinusoidal pulse width modulation (SinePWM). 
It is because of its simplicity. The SinePWM control 
method is the most often used across the industry  
 [19-21].

The block scheme of the two-level SinePWM, which 
is used as a control technique for the three-phase VSI 
topology analysis in PLECS can be seen in the block 
scheme in Figure 4. The same control technique, but 
modified to a three-level one, was used for the NPC 

Figure 4 Block scheme of the two-level three-phase SinePWM control technique

Figure 5 Block scheme of the three-level six-phase SinePWM control technique with  
the example of comparison for each switching device
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level of these diodes is the same as the MOSFETs. So, 
based on these key parameters of the clamping diodes, 
the FFSH5065B-F085 from onsemi was selected.

For the estimation of efficiency of individual VSI 
alternatives, the calculation scheme was used (Figure 
6). As is seen from the figure, the circuit connection 
contains Fourier transformation blocks, in order to 
evaluate individual power components, i.e. the active 
power, reactive power and apparent power. Instead of 
evaluation of the total system efficiency, power factor 
is evaluated, as well. The power losses of the inverters 
are estimated for active and passive (filter components) 
devices of the main circuit, while built-in block of 
the simulation environment have been used (Switch 
Loss Calculator for power semiconductors and periodic 
averaging scheme for passive components). 

3.1 The three-phase voltage source inverter 
topology

Voltage Source Inverter topology is commonly used 
topology in automotive traction inverters due to its 
reliability, robustness, and relatively high efficiency at 
lower costs [3]. 

A simulation model of the three-phase Voltage 
Source Inverter topology, assembled by the discrete 

As it was mentioned in the previous section, SiC 
MOSFET NTBG020N120SC1 is used in the majority 
of analyzed topologies. This MOSFET blocking voltage 
is 1200 V. Since the selected input voltage is 800 V, the 
closest suitable power SiC MOSFET value of the blocking 
voltage category is 1200 V. MOSFETs with a blocking 
voltage of 900 V are also commercially available, but 
in order not to damage the given switching device with 
overvoltage, it is necessary to take into consideration 
a 20% margin of the blocking voltage, which at the 
value of the input voltage of 800 V is 160 V above its 
limit value. It means that these 900 V blocking voltage 
MOSFETs are not suitable for this application. The 
1200 V blocking voltage switching device is used in both 
versions of the VSI topology and T-NPC as a switching 
device connected to the DC-Link (TOP and BOT ones).

The required blocking voltage level of the 
semiconductor devices used in the NPC topology is 
the half value of the DC-Link input voltage plus 
a 20 % reserve. For this reason, 650 V blocking voltage 
MOSFETs NTBG015N065SC1 were selected. Their 
value of continuous drain current varies based on the 
temperature but even at 100 °C does not drop below 103 
A. These MOSFETs are also used as a bipolar switch in 
the T-NPC topology.

The NPC topology also contains clamping Schottky 
diodes, which should be zero recovery ones. The voltage 

Figure 6 Calculation scheme for the efficiency evaluation of the investigated VSI alternatives
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output waveforms of line voltages and phase currents 
of the AC Load can be seen, which demonstrate the 
correct functionality of the three-phase VSI topology 
system. The RMS value of the AC load line-to-neutral 
voltage, at all power levels, was on average 234.39 V. 
The two-level character of the line-to-line voltages is 
easily observable in Figure 8. The AC load current RMS 
value at the highest power level (100 kW) was 190.18 A. 
As can be seen in Figure 9, the total harmonic distortion 
(THD) of the phase current is low. The value of the phase 
current THD, at all power levels, for the three-phase VSI 
topology is 0.19 %.

Power losses of the three-phase VSI topology at the 
different power levels are shown in Figure 11. In this 
figure, it can be noticed that at output power values 
lower than 30 kW, the switching losses form most of 
the total power losses. From the 30 kW conduction 
losses form most of the power losses. When using 
these semiconductor devices, the power losses reach 

switching devices, is shown in Figure 7. The VSI 
topology consists of a half-bridge connection of two 
switching devices for each phase.

Figure 8 shows a closer look at the one phase of the 
three-phase VSI topology. As can be seen, one switch 
consists of four parallel connected NTBG020N120SC1 
SiC MOSFETs to be able to reach the current 
requirements for the maximum of 100 kW output power, 
at an acceptable junction temperature of SiC MOSFETs 
(lower than 175 °C). At 20 kHz switching frequency, 
the RMS value of junction temperature of each parallel 
connected SiC MOSFET was at 74.4 °C. A parallel 
connection of the switching devices is needed because 
the maximum value of NTBG020N120SC1 continuous 
drain current is only 98 A, where the value is lowered by 
circa 20 A when the 20 % reserve rule is applied.

Before the power parameters analysis (determination 
of power loss values), it is important to verify the 
system’s functionality. In Figure 9 and Figure 10. the 

Figure 7 Three-phase Voltage Source Inverter topology

Figure 8 A-Leg of the analyzed circuit of the three-phase VSI topology
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Figure 9 Line-to-line voltage waveforms of the three-phase VSI at 100 kW output power

Figure 10 Phase current waveforms of the three-phase VSI at 100 kW output power



C28  Š I M Č Á K  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

Figure 11 Power losses of the three-phase VSI topology

Figure 12 The six-phase Voltage Source Inverter topology

Figure 15 Phase current waveforms of the six-phase VSI at 100 kW output power
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Figure 13 A-Leg of the analyzed circuit of the six-phase VSI topology

Figure 14 Line-to-line voltage waveforms of the six-phase VSI at 100 kW output power
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V). Since these first two topologies are the same apart 
from the number of phases, the character of the line-to-
line voltage is the same, but the output phase current is 
significantly lower, as it was predicted to be.

In numbers, compared to the three-phase VSI 
topology the RMS value of the six-phase VSI topology’s 
phase current at the highest power level (100 kW) is 
94.94 A, which proves that the statement about half the 
phase current in a doubled number of phases is correct. 
The total harmonic distortion of the phase current of the 
six-phase VSI topology is also the same as for the three-
phase version, around 0.19 %.

The power loss values at different power levels and 
stabilized heatsink temperatures, which are shown in 
Figure 16, are the almost same as the power losses of 
the three-phase one. That is because the number of 
semiconductor devices, their method of connection, and 
their use in these two analyzed circuits are the same. 
This fact means that the costs of both versions would be 
the same.

There is no difference between the two VSI topologies 
in the case of the stabilized temperature of the modeled 
heatsink. Both three-phase and six-phase topologies 
reached the maximal temperature of 61.5 °C. 

3.3  The six-phase neutral point clamped topology

The first analyzed three-level topology is Neutral 
Point Clamped (shown in Figure 17). This topology uses 
the clamping diodes to connect the half-bridge outputs 
and neutral point, which generates an additional voltage 
level [8]. The three-level topologies were introduced as 
a possible successor of the VSI topology in the automotive 
industry, because of lower harmonic distortion, reduced 
demands of EMI filters, and improved motor efficiency. 
These are the superior features compared to the VSI 
topology. The disadvantages are that the volume of 

a maximum value of 730 W at a maximum output power 
of 100 kW. 

These values of power losses are obtained when 
the temperature of the thermal domain is stable. 
The maximum temperature of the modelled heatsink 
reached a value of 61.5 °C at 100 kW. 

3.2 The six-phase voltage source inverter 
topology

This topology (shown in Figure 12) is the same 
as the previous one, from the point of view of the 
configuration of the switching devices, but it is enhanced 
by the number of phases, which is doubled. This change 
was also made based on the future trends, which were 
mentioned in the section dedicated to input parameters 
of simulation models.

The multi-phase topologies have several advantages 
over the three-phase ones. One of them is, for example, 
half the phase current (which can be observed by 
comparing Figure 10 and Figure 15) or lower DC-Link 
current ripples, which lower the requirements for 
selection of a DC-Link capacitor [4].

Since the current requirements of the switching 
devices are lowered, the number of parallel connected 
SiC MOSFETs is also reduced. As shown in Figure 13, 
the one switching device contains two parallel connected 
SiC MOSFETs. The selection of switching semiconductor 
devices for this six-phase application was based on the 
same criteria as for the three-phase version, which 
means that the same MOSFETs with a blocking voltage 
of 1200 V are used. The junction temperature of each 
MOSFET is also almost the same as in the three-phase 
version, which is around 74.3 °C. All the analyzed 
topologies have almost the same values of the RMS line-
to-neutral voltage (Figure 14) as was mentioned in the 
three-phase VSI topology subsection (on average 234.4 

Figure 16 Power losses of the six-phase VSI topology
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voltage waveforms differ. As the category name of this 
topology implies, the character of the line-to-line voltage 
waveforms is enhanced to three levels.

The output line-to-line voltage and phase current 
waveforms of NPC topology at 100 kW are shown in 
Figure 19 and Figure 20. Despite the change in the 
characteristics of the line-to-line voltage waveforms, 
the output phase current remains unchanged and could 
be considered identical compared to the previously 
analyzed circuit (six-phase VSI). However, its total 
harmonic distortion is slightly higher compared to the 
mentioned VSI topology, at the level of 0.24 %.

Power losses of the NPC topology contain apart 
from MOSFETs conduction and switching losses, the 
conduction losses of the diodes (Figure 21). These three 
categories make the total power losses of the NPC 
topology. Conduction losses of the clamping diodes 
make up a large part of the total power losses of the 
NPC topology, where at the maximum analyzed power 

the DC-Link capacitor is doubled, and the number of 
semiconductor components is higher [3].

One phase of the NPC topology contains four 
switching devices and two clamping diodes. The 
voltage level compared to VSI topology is halved, which 
means that the demands on the blocking voltage of 
the switching devices, used in the NPC topology are 
reduced. A detailed look at one phase of this topology is 
displayed in Figure 18.

Two NTBG015N065SC1 MOSFETs, with a blocking 
voltage level of 650 V, are connected in parallel 
as one switching device, and two Schottky diodes 
FFSH5065B-F085 are connected in parallel as one 
clamping device. The junction temperature of each TOP 
and BOT MOSFET was 71.5 °C, each MID1 and MID2 
one had a higher temperature of 2 °C, and the junction 
temperature of each Schottky diode was 77.4 °C.

As shown in Figure 19, compared to the two-level 
VSI topology the characteristics of the line-to-line 

Figure 17 The six-phase Neutral Point Clamped topology

Figure 18 A-Leg of the analyzed circuit of the six-phase NPC topology
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the switching losses of the MOSFETs are much lower 
than the switching losses of rhe VSI topology MOSFETs. 
It creates just 3 % at the maximum of the total power 
losses of this topology.

level of 100 kW their share is up to 41 %. Compared to 
the previously analyzed topologies, the total power loss 
values of the NPC topology, due to the conduction losses 
of the diodes, are higher. As it can be seen in Figure 21 

Figure 19 Line-to-line voltage waveforms with closer look of VFA waveform  
of the six-phase NPC at 100 kW output power

Figure 20 Phase current waveforms of the six-phase NPC at 100 kW output power
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The T-NPC topology is considered to be the most 
competitive solution for an automotive traction inverter. 
Compared to its three-level previously analyzed 
alternative, the number of semiconductor devices is 
lower, because of the clamping diodes absence. This 
results in the prediction that the power losses are 
expected to be lower than for the NPC topology. This 
three-level topology uses a bipolar switch as a connection 
between the output and neutral point. A close-up view of 
one phase of the T-NPC traction inverter topology is 
displayed in Figure 23.

The TOP and BOT in this topology are the switching 
devices with a 1200 V blocking voltage level. The 

The power losses were calculated at the stabilized 
modeled heatsink, with its maximum temperature at an 
output power of 100 kW of 68.2 °C, which is an increase 
of almost 7 °C compared to the VSI topology.

3.4 The six-phase T-type neutral point clamped 
topology

The last analyzed perspective automotive traction 
inverter topology is a three-level T-type Neutral Point 
Clamped topology. This topology’s circuit can be seen in 
Figure 22.

Figure 21 Power losses of the six-phase NPC topology

Figure 22 The six-phase T-type Neutral Point Clamped topology
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compared to all the other analyzed topologies at the 
maximum power level (100 kW). The output line-to-line 
voltage and phase current waveforms of NPC topology at 
100 kW are shown in Figure 24 and Figure 25.

The output waveforms, with their parameters such 
as RMS values of line-to-neutral voltage or phase 
current of the T-NPC topology, are identical compared to 
the previously analyzed three-level topology.

The total power losses of the T-NPC topology are 

NTBG020N120SC1 as TOP and BOT MOSFETs are 
used. The bipolar switch (MID1 and MID2 MOSFETs) 
are built with the NTBG015N065SC1 which has a 650 
V blocking voltage. For the same reason, as in the 
previously analyzed topologies, the switching device 
consists of two parallel connected MOSFETs. The 
junction temperature of each TOP and BOT MOSFET 
was 63.1 °C and for the bipolar switch MOSFETs (MID1 
and MID2) it was 61.2 °C. These values are the lowest 

Figure 23 A-Leg of the analyzed circuit of the six-phase T-NPC topology

Figure 24 Line-to-line voltage waveforms with closer look of VFA waveform  
of the six-phase T-NPC at 100 kW output power
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on the results of the total power losses of each analyzed 
traction inverter topology, the efficiency evaluation was 
performed.

The evaluation of the efficiency of each analyzed 
traction inverter topology is shown in Figure 27. The 
efficiency values at each power level of both analyzed 
versions of the VSI topology are the same. After 
analyzing these two versions of the VSI topology, it 
can be concluded that increasing the number of phases 
does not increase the efficiency of the traction inverter. 
However, the current requirements per phase, which 
are important when choosing the switching devices, 
and their involvement, were reduced. More specifically, 
the number of parallel connected switching devices 
were reduced, but the number of switching devices 
of the inverter stayed the same. The lowest reached 
efficiency was achieved by the NPC topology due to high 
power losses due to the high number of semiconductor 
devices (double the number of MOSFETs and additional 
clamping diodes compared to VSI topology), even 

shown in Figure 26. These power losses are the lowest 
compared to all the other analyzed topologies. The 
three-level topologies are well known for their reduced 
switching losses. At the maximum power level of the 
analysis of T-NPC topology, the switching losses form 
only 7 % of the total 635 W power losses. 

What makes this topology even superior to the other 
analyzed topologies, apart from the lowest power losses, 
is that the maximum value of the modeled heatsink 
temperature at the maximum power level reached  
56.7 °C.

4 Efficiency evaluation of proposed traction 
inverter topologies

To be able to determine the best traction inverter 
topology suitable for automotive applications based on 
the power parameter analysis, it is necessary to express 
the efficiency of each topology at each power level. Based 

Figure 25 Phase current waveforms of the six-phase T-NPC at 100 kW output power

Figure 26 Power losses of the six-phase T-NPC topology
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The device’s pricing information is obtained from 
the official manufacturer’s website. The costs of the 
whole topologies, which are determined in Table 2, were 
calculated based on the manufacturer’s pricing stated 
on their official website, and the calculations were made 
only for the used semiconductor devices. The price per 
unit of the 650 V MOSFETs NTBG015N065SC1 was 
$15.08, the 1200 V MOSFETs NTBG020N120SC1 was 
$20.08, and 650 V Schottky diodes was $4.05. The price 
of these semiconductor devices is higher at retail stores.

The topology used nowadays in the automotive 
traction drives Voltage Source Inverter’s cost is the 
lowest compared to the perspective alternative three-
level topologies. The cost of the most efficient T-NPC 
topology is almost double the cost of VSI. These cost data 
are key to the practical implementation of traction drive’s 
mass production of electrified vehicles. The higher the 
traction drive’s efficiency, the longer the driving distance 
range of the electrified vehicle, and to achieve this, it 
would be necessary to enhance the traction inverter, for 
example by the change of switching devices from IGBTs 
to SiC MOSFETs, or the very topology of the connection 
of these devices. However, this comes at the expense of 
a higher price.

though the switching losses were significantly reduced 
compared to both versions VSI topology. The most 
perspective topology for automotive applications based 
on the power parameters analysis is a three-level 
T-NPC topology. The number of switching devices of 
the six-phase T-NPC topology is doubled compared to 
the six-phase VSI topology, but the power losses are 
lower. This is mostly because of reduced switching  
losses. 

These data on efficiencies of individual topologies 
at different power levels were built on the fact that the 
individual topologies were assembled using discrete 
WBG (SiC) devices. To achieve the maximum power of 
100 kW, it was necessary to connect these devices in 
parallel, which increased the number of these devices in 
the circuit. Although the two-level topologies contained 
the same switching devices and in the same number, 
which was twice as low compared to the three-level 
ones, their achieved efficiency was not the highest at 
any power level. The three-level topologies contained 
twice the number of switching devices compared to the 
two-level VSI topology. However, only with the T-NPC 
topologies was the efficiency higher compared to the 
other analyzed topologies. 

Figure 27 Efficiency evaluation of all analyzed traction inverter topologies

Table 2 The costs of the analyzed traction inverter topologies

Topology/Device 650 V MOSFET 1200V MOSFET 650V Diode Cost of topology

3-ph VSI 0 24 0 $481.92

6-ph VSI 0 24 0 $481.92

6-ph NPC 48 0 24 $821.04

6-ph T-NPC 24 24 0 $843.84
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other evaluated topologies, even the higher amount of 
switching devices is presented within the main circuit of 
the NPC converter compared to standard VSI converter. 
Another advantage of multilevel inverter is better 
quality of electrical variables, thus lowering the negative 
impact on the electrical machine operation. The design 
technique that is being described makes it possible to 
evaluate the outcomes of different operational trials 
and offers a quick and dependable way to investigate 
multi-phase, multi-level power converter topologies. The 
6-phase T-NPC inverter (100 kW) laboratory prototype is 
presently being developed. More thorough and in-depth 
analysis of the efficiency estimation using various 
methods (mathematical calculations, simulations, and 
laboratory experiments) is intended to be provided in 
future studies. 
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5 Conclusions

A description of the input parameters that were 
defined based on the automotive future trends for the 
power loss analysis of the semiconductor devices of 
traction inverter topologies suitable for automotive 
applications was determined. All the necessary parts 
of the thermal model of the semiconductor device, 
which is necessary for the power loss calculations, were 
created in PLECS, where the power loss analysis was 
performed. A closer look at sinusoidal PWM control 
algorithms was used for the two-level (VSI) and three-
level (NPC and T-NPC) inverter topologies expressed by 
block diagrams. Before the actual analysis of the power 
losses, the selection procedure of discrete semiconductor 
devices that were used in the given topology was defined. 
For each of the analyzed topologies (VSI, NPC, and 
T-NPC) a simulation model was created in PLECS, 
the key properties of which were described. A close-up 
look at one phase of the inverter was displayed for 
each topology. The power loss analysis of all proposed 
topologies was performed at multiple power levels, but 
its line-to-line voltage and phase current waveforms 
were shown only at maximal power level. The results of 
the analysis of power losses were graphically displayed 
for each topology separately. The comparison of the 
analyzed topologies was based on the highest reached 
efficiency and on the costs of purchasing semiconductor 
devices.

It is seen from the results, that NPC converter 
exhibits the highest efficiency within the whole power 
range that was evaluated. Approximately 0.1% up 
to 0.3% efficiency value is higher compared to the 
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Resume
Logistic regression has been a widely used prediction technique to analyze 
categorical variables. However, if the assumptions are violated the results 
may be biased. The study in this paper applied an analytical technique 
namely generalized ordered logit model. A case study of using urban light 
rail under pandemic conditions was applied for the analysis. The results 
suggested that logistic regression should not be applied before exploring the 
multicollinearity and applying the test of parallel lines. If the assumptions 
are violated, generalized ordered logit model should be considered. 
Regarding the predictive variables, sociodemographic, socioeconomic and 
travel pattern, related variables were found to have a statistically significant 
impact on the perception of safety and infrastructure of urban light rail. The 
outcomes of the study would provide a deeper understanding of developing 
regression models for categorical variables for future studies.

Article info
Received 20 December 2023
Accepted 16 March 2024
Online 29 April 2024

Keywords: 
public transport
comparison tests
Covid-19
assumption

Available online: https://doi.org/10.26552/com.C.2024.028
ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

is not achievable [7]. In addition, the lack of emergency 
readiness in the public transport sector for a pandemic 
situation is an important reason for decreased ridership 
[8]. These cause unsustainable transportation modes to 
be used more than the public transport [9]. Using the 
public transport should be encouraged to reduce the 
level of private motor vehicle use [6]. It was suggested 
[4] that a deeper investigation should be carried out to 
understand the reason behind the low level of public 
transport use due to the pandemic effects. Several socio-
economic groups of people have experienced travel mode 
shifts to varying degrees [10-11]. Therefore, this reason 
should be examined by considering survey-based socio-
economic parameters such as gender, age, education, 
travel pattern, household size, and personal values, 
such as perceptions of the mobility system [3, 12]. In 
addition, study [13] explored the long-term impact of 
a pandemic on travel behavior and it was suggested that 
safety concerns should be investigated to reduce the 
significant and permanent influence on public transport  
users.

1 Introduction

The Covid-19 pandemic has changed urban travel 
behaviors in many countries [1-2]. The travel distance 
was reduced by approximately 60 % [3]. Not only the 
need for travel, but the mode choice behavior has 
changed significantly, as well

. A shift from public transport use to private motor 
vehicle use, cycling, and walking was observed [4]. 
Transport authorities claimed that a 95 % reduction 
in public transport use was observed during the peak 
period of the pandemic [5]. Although there has been 
a significant decrease in travel distance during the first 
months of the pandemic, it increased gradually during 
the post-pandemic period [6]. The study [4] suggested 
that private motor vehicle use and walking came back to 
normal levels during the post-pandemic period. However, 
public transport use could not reach the pre-pandemic 
level [3]. Due to the remote working option and the 
discomfort in crowded spaces, a straightforward return 
to the pre-pandemic status of the public transport use 
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or societies [28]. Particularly, metro and bus modes 
were affected more than other public transportation 
options. Environmental and economic concerns are 
also determinants of people’s preference for public 
transportation [14]. For instance, the UK based study 
found that users in poor neighborhoods return to public 
transport faster than people living in more affluent 
areas [29]. In addition, the regional differences can 
be influential such as the study [30] suggested that 
a decrease in the use of public transportation was 
observed in American and European cities at a similar 
level, while this rate was found to be less in Asian 
countries.

Concerning this given information in the literature, 
there have been several studies, which were conducted 
in different regions to investigate the reasons behind the 
decrease in using public transport and not returning to 
its former levels. One of the major reasons for reduced 
public transport usage was the sociodemographic 
background of road users. Women and elder road users 
exhibited higher susceptibility to using public transport 
during the pandemic situation [31-32]. The effects of 
the pre- and post-pandemic on public transport users 
have been investigated in three different Scandinavian 
cities; Stockholm, Bergen and Oslo [20]. The results 
suggested that women experienced more stress and had 
less confidence while using public transportation during 
the pandemic period. In addition, elderly individuals 
significantly reduced their use of public transport. 
This situation was reduced but not fully recovered 
post pandemic period. This cannot be explained by the 
negative service level but by the decrease in the number 
of individuals who prefer public transportation [20]. The 
study [33] carried out in Lahore, Pakistan indicated 
that elderly individuals were less likely to use public 
transport in the absence of necessary precautions, while 
individuals with lower levels of education exhibited 
higher usage, highlighting the potential for attitude 
change through the implementation of sanitation 
measures and informative activities [34]. The decrease 
in public transport use occurred among mid-high age 
users, however, people under the age of 30 had to keep 
using public transportation because the majority of the 
young road users did not have access to private vehicles 
in India [35]. Mostly elder groups tended to switch their 
travel mode from public transport to private motor 
vehicles, and this preference has not been recovered 
yet. The study carried out in Germany suggested that 
women and those living in the suburbs tended to use 
private vehicles more during the pandemic period [36]. 
Total of 19 % of the participants, who did not own a car, 
were tempted to buy a car even though they could live 
without a car. These results clearly showed that the 
public transport behavior has been changing among 
different sociodemographic and socioeconomic groups 
[37]. Consequently, a permanent modal shift behavior 
was observed.

In a comprehensive study [38], conducted in 

The study in this paper aimed to fill this gap by 
investigating the influence of the social, travel pattern, 
and perception-related parameters on urban light rail 
use under pandemic concerns. The objectives of the 
study are given as follows: i) examining the level of 
change in travel patterns before and after the pandemic, 
ii) selecting the most appropriate prediction model by 
testing the statistical assumptions, iii) developing the 
model to explore the impacts on participants’ perceptions 
on urban light rail after the pandemic period.

2 Literature review

Depending on the measures taken by the 
governments to prevent the spread of the pandemic, 
there has been a change in the public transportation 
habits of people trying to deal with this situation 
[14]. During the peak period of the pandemic-related 
disturbances, the number of passengers using public 
transportation decreased by 50 % to 90 % worldwide [15]. 
Particularly, there were substantial reductions in metro 
service durations, with up to a 40 % decrease in travel 
times [16]. The decrease in the use of public transport 
was in correlation with the rising number of Covid-
19 cases [17-19]. It is stated that the most important 
challenge after the Covid-19 pandemic is to re-establish 
trust in public transportation [20-22]. Travel behavior, 
sociodemographic and latent characteristics of the road 
users were found to be significant for the reason of 
switch from public transport to other modes during 
the pandemic [23]. In a study [24], focused on the 
effectiveness of incentives aimed at promoting public 
transport usage in China after the pandemic, it was 
found that while there was a minor increase in public 
transport use, the impact of the incentives remained 
limited in achieving significant behavioral change. The 
safety of individual or social transportation needs can be 
achieved with sustainable transportation systems [25]. 
To achieve this goal, the factors affecting the perceptions 
of users regarding transportation safety should be 
carefully evaluated at the planning stage [26].

As stated in the United Nations Agenda 30, prepared 
for sustainable development, it is a human right to feel 
safe in public [20]. The Great Walk of Athens (GWA) has 
been determined that the use of public transportation 
has decreased due to the decrease in the desire to share 
indoor space after the pandemic and the public did not 
show the expected interest in the GWA project, and the 
most important reason for this was that the public was 
not sufficiently included in the planning stage [27]. This 
outcome supports the emergency of understanding the 
reason behind the preference change and planning the 
transportation system including users’ perceptions. 

Before exploring the applied studies in this research 
area, it should be noted that the influence of emergencies 
on public transportation use may not be at the same 
level in different regions or among different modes 
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transportation, it was revealed that users modified their 
public transportation routes and opted for destinations 
where the pandemic-induced isolation policies were 
not implemented [47]. Through a study [48] tracking 
48 users with GPS before and during the pandemic, 
it was discovered that the key considerations in the 
selection of transportation mode and route were the 
avoidance of crowds and travel time. The study [49] 
emphasized the importance of commissioning bus lines 
with small crossing distances to alleviate overcrowding 
concerns during the pandemic and prevent potential 
inconvenience to passengers who may be skipped at 
stops. According to a study [50] analyzing data from the 
local public transportation service provider in Tampere, 
Finland, it was found that the public transportation 
usage declined across the country during the pandemic, 
and specifically in the eastern part of the city, the 
crowdedness ratio was higher compared to other areas. 
The survey conducted with the participation of 420 
public transport users in Addis Ababa, Ethiopia revealed 
that approximately one-third of the participants were 
found to have symptoms indicative of general anxiety 
disorder related to the pandemic [31]. Another study [51] 
conducted in India, which examined the factors affecting 
the choice of public transport mode, revealed that the key 
consideration for individuals is the capacity of the mode 
of transport to provide social distancing. In a study [52] 
addressing policies for managing public transportation 
systems during the epidemic periods, several measures, 
including vehicle disinfection and mask usage, were 
recommended as a part of a transportation emergency 
response plan to prevent the spread of the epidemic 
while ensuring continued service to meet the demand. 
The study [53] conducted in Gdansk, Poland revealed 
that the Covid-19 pandemic could lead to subjective 
safety concerns regarding public transport, resulting 
in a significant proportion (25 %) of participants 
losing confidence in its safety. The survey conducted 
in Germany with the participation of 918 individuals 
revealed that users are expected to experience lingering 
fear of infection related to public transport even after  
the pandemic [54].

Regarding the information given in the literature, 
investigating the factors affecting the perception of 
public transport use emerges to be carried out. The 
previous studies mainly carried out a survey and aimed 
to explore the importance of the parameters by applying 
several analysis methods, such as structural equation 
modelling [20, 39], exploratory factor analysis [33], 
binary logistic regression [36], multivariate regression 
analysis [37], two-parameter probit model [40], Mann 
Whitney U test [44], multi-group analysis method 
[45] and multinomial logit model [23]. The analysis in 
this paper aimed to focus not only on examining the 
factors, but also on applying a deeper methodology 
for investigating categorical variables. The following 
section explains the case study area, data collection and 
analytical approach of the analysis.

Warsaw, it was found that there was a substantial 
transition away from traditional public transportation 
towards individual modes of transportation. Individuals 
in the high-income group, and those who primarily 
use motorcycles as their mode of transportation, 
exhibited a strong preference against using public 
transportation due to their significant dependency on 
private means of transportation, regardless of adherence 
to pandemic safety protocols [39]. The outcomes of the 
study [40], conducted in Scotland, suggested that the 
post-pandemic preference for private vehicle usage over 
public transportation was likely to result in adverse 
environmental consequences, while the adoption of 
remote working arrangements and increased bicycle 
usage was expected to have positive environmental 
effects. In a survey based comprehensive study [41] 
conducted in Greece, it was uncovered that the 
transportation behaviors adopted during the pandemic, 
specifically walking and cycling, were anticipated to 
persist among individuals even after its resolution, 
particularly in the short term. The data obtained from 
the public transport service providers in Spain was 
analyzed and it was found that in the post-pandemic 
“new normal,” there has been a notable increase in the 
use of bicycles as shared transportation and a higher 
overall traffic density compared to the utilization of 
public transport [42]. The study [23], conducted in 
Athens, suggested that self-employed individuals and 
owners of private cars were less inclined to revert to 
using public transport after the pandemic. During 
the two waves of the pandemic in Australia, surveys 
indicated that the use of public transport was influenced 
by the adoption of remote work practices, and it was 
further concluded that government incentives would 
be a determining factor in shaping public transport 
behavior [43].

Further studies focused on the road users’ 
perception of public transport use under comprehensive 
health issues. A survey was conducted online with the 
participation of 700 people across Sicily island of Italy. It 
was concluded that policymakers should investigate the 
psychological and emotional aspects of using the public 
transport against private motor vehicle mode shift [44]. 
A survey-based study [45], covering 8 cities in China, 
suggested that taking temperature measurements 
in public vehicles can be useful in reducing health 
concerns caused by Covid-19. Through an examination 
conducted during the Covid-19 pandemic in Santiago, 
a comprehensive analysis was performed using 455 
valid survey responses obtained from both an online 
survey conducted on the Qualtrics platform and a face-
to-face survey [46]. The data were investigated to 
assess users’ perceptions of mask-wearing and their 
attitudes toward crowded vehicles. The results indicated 
a heightened reluctance towards crowded vehicles, even 
when all occupants were wearing masks, in comparison 
to the pre-pandemic period [46]. Based on the data 
obtained from the smart card system used in public 
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4 railcars with 8 doors total. The railcar length, width 
and height are 28.20 m, 2.65 m, and 3.88 m, respectively. 
The number of passenger seats located in one railcar  
is 50. 

The transportation network in Bursa primarily 
relies on the Bursaray rail system, serving as the 
backbone of public transit in the city. Bursaray is the 
preferred mode of transportation for many residents, 
offering linear accessibility to various parts of the 
city. Notably, the Acemler station serves as a major 
interchange point, where the rail lines diverge and 
connect with minibuses heading to outlying districts 
such as Harmancık, Buyukorhan, and Keles.

Additionally, it is important to note that the 
University, Emek, and Kestel stations serve as key 
launch points for the Bursaray system, facilitating 
connections to different transportation modes. While 
buses and minibuses complement the Bursaray lines, 

3 Methodology

The case study area in this paper is Bursa city, 
which has approximately 2 million populations. The 
south part of the city is narrowed by Uludag mountains 
and the north part is covered with agricultural lands. 
Therefore, the city form has a linear structure and the 
majority of the daily travel movement occurs on the east-
west line. Accordingly, the most used public transport 
mode in the city is the Bursa urban light rail system 
(i.e., Bursaray) (see Figure 1). Bursaray consists of 2 
lines with a total length of 39 km. It has 38 stations and 
the platforms for each station are 120 m in length. The 
lines are merged at 13 stations. The system has a 70 
km/h operating speed with a fixed blocked signalling 
system. Average travel times are 34 min and 55 min, for 
line 1 and line 2, respectively. Station waiting time is 
between 20 s and 40 s for all platforms. Each train has 

Figure 1 Bursa urban light rail system

 Figure 2 The daily number of passenger data for Bursaray
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and November 2021 (see Figure 2). Before the Covid-19 
pandemic, the daily number of passengers was up to 
300.000; however, the demand dropped significantly 
during the first phase of the pandemic. The demand 
increased in the third quarter of year 2020; but it dropped 
slightly during the second phase of the pandemic. 
During 2021, the demand has increased slowly; however, 
it could not have reached the pre-pandemic conditions. 

they are often hampered by traffic congestion, leading 
to inconsistent travel times. This has been a common 
concern among the public transport users, highlighting 
the need for improved efficiency and reliability across all 
modes of transportation in Bursa. 

The daily number of passenger data for Bursaray 
was obtained from the Bursa Municipality Department 
of Transportation for the period between January 2019 

Table 1 Descriptive statistics for sociodemographic and working status 

Parameters Units (frequency)

Gender Female (489); Male (498)

Age group 18-25 (538); 26-40 (374); 41-55 (62); 56-70 (13) 

Education Primary (11); High school (461); Undergraduate (416); Post-graduate (99)

Employment Unemployed (54); Part-time employed (43); Full-time employed (385); Self-employed (33); 
Student (472)

Working status Unemployed (54); Office (452); Flexible (481)

Table 2 Descriptive statistics for travel pattern 

Parameters Units (frequency)

Daily average commuting distance Less than 2 km (288); 2-5 km (192); 5-10 km (166); Over 10 km (341)

Travel mode before Micromobility (17); Private motor vehicle (348); Taxi (5); Public 
Transport (573); Walking (44)

Travel mode after Micromobility (26); Private motor vehicle (564); Taxi (15); Public 
Transport (272); Walking (110)

Frequency of using public transport 
before

Less than 5 days (461); 5 days (236); 6 days (142); 7 days (148)

Frequency of using public transport 
after

Less than 5 days (827); 5 days (100); 6 days (41); 7 days (19)

Frequency of using private motor 
vehicle before

Less than 5 days (690); 5 days (93); 6 days (32); 7 days (172)

Frequency of using private motor 
vehicle after

Less than 5 days (563); 5 days (102); 6 days (63); 7 days (259)

Frequency of walking before Less than 5 days (449); 5 days (191); 6 days (90); 7 days (257)

Frequency of walking after Less than 5 days (647); 5 days (128); 6 days (55); 7 days (157)

Motivation of choosing the travel 
mode before

Environmental concerns (51); Costs (393); Travel time (444); Social 
distance (99)

Motivation for choosing the travel 
mode after

Environmental concerns (31); Costs (133); Travel time (132); Social 
distance (691)

Table 3 Descriptive statistics for perceptions on urban light rail

Parameters Survey questions Units (frequency)

Infrastructure What is your perception on URL infrastructure? Likert 
Scale 1-6, where 6 corresponds to the best possible 
score and 1 to the worst.

1 (127); 2 (155); 3 (245); 
4 (286); 5 (145); 6 (29)

Safety What is your health-related safety perception on using 
URLs after the pandemic?

Definitely unsafe (469); Unsafe 
(384); Moderate (107); Safe (23); 
Definitely safe (4)

Stress/anxiety Do you feel stressed/anxious while using URLs after 
the pandemic? Likert scale 1-5, where 1 corresponds to 
completely yes and 5 to completely no

1 (18); 2 (31); 3 (67); 4 (383); 5 (488)

Improvement on 
infrastructure

Do you prefer using URLs after the pandemic condition 
if the infrastructure improves? Likert scale 1-5, where 
1 corresponds to completely no and 5 to completely yes

1 (99); 2 (158); 3 (260); 4 (380); 5 (90)
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e is the margin of error,
|  is the value of the chi-square distribution having 

a degree of freedom of one at a certain confidence level,
p is population proportion.

The method for analyzing the categorical variables 
was carried out in four steps (see Figure 3). After 
gaining a fundamental understanding of the dataset by 
descriptive statistics in step 1, before-after comparison 
analysis was conducted in step 2 and step 3. Wilcoxon 
signed rank test is a non-parametric analysis for 
comparing pairs of data for the ordinal variables [57]. 
In this study, the variables, namely frequency of using 
public transport, frequency of using private motor 
vehicle and frequency of walking were analyzed with 
Wilcoxon signed rank test. When the variables are in 
a nominal structure, McNemar-Bowker test should 
be conducted [58]. Therefore, before-after comparison 
analysis for the variables, namely the travel mode and 
motivation of choosing the travel mode, were analyzed 
with McNemar-Bowker test.

In step 4, a prediction model was developed. The 
investigated dependent variables were on a categorical 
Likert Scale from 1 to 5. Therefore, the ordered logit 
model was selected to be applied to develop a prediction 
regression [51]. The assumptions of the ordered logit 
model should be met: i) the dependent variable is 
ordinal categorical, ii) independent variables are 
either categorical or continuous, iii) ignorable or no 
multicollinearity and iv) parallel lines [59]. Meeting 

As mentioned in the literature review, passengers had 
significant hesitations or concerns about using the 
public transport during the pandemic crises. Therefore, 
the study in this paper has surveyed to understand 
passengers’ perceptions.

The survey was conducted with randomly selected 
987 local participants in December 2020. The participants 
had been using the light rail at least once a week before 
the pandemic. The questions were distributed via the 
Google survey platform. The minimum sample size for 
the study area was calculated using the Krejcie and 
Morgan formula [55] (Equation (1)). In this study, the 
population size was 2,056,140 [56] and the p-value 
was 0.5 (maximum variability). The confidence level 
was decided at 95 % .3 8412| =_ i  and the margin of 
error was ±5 %. The minimum required sample size was 
calculated as 384, which was less than the sample size 
of 987 in this study. The survey questions were divided 
into three categories: sociodemographic variables, 
travel patterns and perceptions of public transport. The 
frequency analysis for each variable is given in Tables 
1, 2 and 3.
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where: N is the population size,
n is the sample size,

Figure 3 Methodological framework
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for private motor vehicle frequency after compared to 
before. The participants had a model shift from public 
transport and walking to private car use (see Table 
4). This outcome has been supported by the results of 
McNemar-Bowker test that there has been a statistically 
significant travel mode change comparing before and 
after the pandemic. In addition, the motivation for 
choosing the travel mode has been different before and 
after the pandemic (see Table 5). Before the pandemic, 
the participants tended to choose their daily travel 
mode regarding mostly costs and travel time. However, 
after the pandemic period, the participants started to 
prioritize social distancing.

The results from the comparative analysis suggested 
that the pandemic has changed the participants’ daily 
travel behavior. The further step of the analysis was 
exploring the perceptions of the participants on public 
transport, to identify the impacts on their modal shift. 
A prediction analysis was carried out by applying an 
ordered logit model with examining the four assumptions. 
The analysis started with checking the first assumption 
which was “the dependent variable should be ordinal”. 
The study in this paper had four prediction models 
for each dependent variable, namely perception on 
infrastructure (Model 1), safety (Model 2), stress/anxiety 
(Model 3), and improvement on infrastructure (Model 4). 
These dependent variables were collected on the Likert 
Scale (from 1 to 5); therefore, the dependent variables 
in the models were in ordinal structure and the first 
assumption was approved. The second assumption was 
“there should be one or more predictor variables and 
these should be continuous, ordinal or categorical”. 
The predictor variables in this study were gender, 
age group, education, employment, working status 
and daily average commuting distance. Therefore, the 
second assumption was approved. The third assumption 
was “there should be ignorable or no multicollinearity 

these assumptions is compulsory for applying the 
ordered logit regression; however, they are frequently 
violated in studies [60]. If the assumptions are violated, 
generalized ordered logit model should be applied to 
relax the assumptions [61]. The study in this paper 
examined each assumption of the ordered logit model 
in step four and developed the prediction model based 
on the results. The equation generalized ordered logit 
model is given as follows [59]:
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where M is a number of categories of the ordinal ranked 
responses of the dependent variable, and j is a number of 
compared categories. If M = 3, the number of compared 
categories is two: for j = 1 category 1 is contrasted with 
categories 2 and 3, and for j = 2 categories 1 and 2 are 
contrasted with category 3. The probability Y can be 
estimated as given below:
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4 Results

Wilcoxon signed rank test showed that there has been 
a statistically significant decrease in public transport use 
and walking frequency after the pandemic, compared 
to before. However, a reverse outcome was observed 

Table 4 Wilcoxon signed-rank test

Variables Z Negative mean 
ranksc

Positive mean 
ranksd

Asymptotic 
Significance 

(2-tailed)

Public transport use frequency before vs. after 
the pandemic 

-17.273a 215.63 125.26 0.00*

Private motor vehicle use frequency before vs. 
after the pandemic

-8.778b 122.97 150.66 0.00*

Walking frequency before vs. after the pandemic -10.054a 211.13 172.80 0.00*
abased on positive ranks; bbased on negative ranks; cfrequency after < frequency before; dfrequency after > frequency before; 
*statically significant at 95 % confidence level

Table 5 McNemar-Bowker test

Variables Value Degrees of 
freedom

Asymptotic Significance 
(2-sided)

Travel mode before vs. after the pandemic 251.394 8 0.00*

Motivation of choosing the travel mode before vs. 
after the pandemic

590.378 6 0.00*

*statically significant at 95 % confidence level
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found the ULR system infrastructure of lower quality. 
In addition, the level of perception on infrastructure 
reduced for the higher age groups. On the other hand, 
one unit increase in safety perception increased the 
perception on infrastructure by 93 %.

Generalized ordered logit was applied in the Model 
2, Model 3 and Model 4. In these three models, the 
dependent variables were road users’ perceptions in 
Likert Scale from 1 to 5. Therefore, the number of 
comparison groups was four (j = 1,2,3 and 4). As 
shown in Model 2, higher quality of infrastructure had 
a consistent positive impact on feeling safer while using 
the ULR (p=0.00) (see Table 9). 

The other consistent impact for all the comparison 
groups was observed for education. The participants, 

between predictor variables”. The VIF analysis was 
carried out to explore multicollinearity (see Table 6). 
The VIF values less than 10 for each predictor suggested 
that there has been no multicollinearity and the third 
assumption was approved. 

The fourth assumption was test of parallel lines, 
which was given in Table 7. The results suggested 
that the assumption was violated for Models 2, 3 and 
4. Therefore, ordered logit model was applied only for 
the Model 1. Generalized ordered logit model was used 
for the Models 2, 3 and 4 in order to relax the fourth 
assumption of ordinal regression. The Model 1 suggested 
that an increase in daily average commuting distance 
reduces the level of perception on infrastructure (see 
Table 8). The road users who travel longer distance 

Table 6 Testing multicollinearity for predictor variables with Variance Inflation Factors (VIF)

Predictor variables
VIF Values

Model 1 Model 2 Model 3 Model 4

Gender 1.05 1.05 1.04 1.04

Age group 1.36 1.37 1.37 1.35

Education 1.39 1.38 1.38 1.37

Daily average commuting distance 1.25 1.25 1.25 1.17

PT frequency 1.06 1.06 1.06 -

PT infrastructure - 1.06 1.13 -

PT safety 1.27 - 1.10 -

PT stress/anxiety 1.29 1.05 - -
PT = public transport

Table 7 Test of parallel lines

Modela Dependent variable Chi-Square Degrees of freedom Significance

Model 1 PT infrastructure 104.64 84 0.06

Model 2 PT safety 1321.09 66 0.00*

Model 3 PT stress/anxiety 126.61 66 0.00*

Model 4 Improvement on PT 
infrastructure 63.24 30 0.00*

athe null hypothesis stated that the location parameters (slope coefficients) were the same across response categories
*statistically significant at 95 % confidence level

Table 8 Model 1 - Ordered Logit Model

Variables Coefficient P- Value Odds ratio
95 % confidence interval 

for odds ratio

Lower Upper

Infrastructurea dependent variable

Gender -0.07 0.56 0.93 0.74 1.17

Age group -0.31  0.00* 0.77 0.61 0.89

Education -0.06 0.52 0.94 0.78 1.14

Daily average commuting distance -0.13  0.01* 0.88 0.80 0.97

ULR using frequency  0.07 0.48 1.07 0.88 1.30

Safety  0.66  0.00* 1.93 1.64 2.27

Stress/anxiety -0.10 0.20 0.91 0.79 1.05
*statistically significant at 95 % confidence level
aoutcome variable
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Table 9 Model 2 - Generalized Ordered Logit Model

j = 1 j = 2 j = 3 j = 4

Variables Coefficient P- Value Coefficient P- Value Coefficient P- Value Coefficient P- Value

Safety perceptiona 

Gender  0.39  0.01** -0.20 0.34 -0.95  0.04** -0.47 0.70

Age group  0.05  0.68  0.05 0.68  0.05 0.68  0.05 0.68

Education  0.21  0.06*  0.21  0.06*  0.21  0.06*  0.21  0.06*

Daily average 
commuting 
distance

 0.02  0.77  0.02 0.77  0.02 0.77  0.02 0.77

PT frequency -0.08  0.47 -0.08 0.47 -0.08 0.74 -0.08 0.47

PT infrastructure  0.41  0.00**  0.41  0.00**  0.41  0.00**  0.41  0.00**

PT stress/anxiety -1.07  0.00** -0.97  0.00** -1.53  0.00** -1.86  0.00**
*statistically significant at 90 % confidence level
**statistically significant at 95 % confidence level
aoutcome variable

Table 10 Model 3 - Generalized Ordered Logit Model

j =1 j =2 j =3 j =4

Variables Coefficient P- Value Coefficient P- Value Coefficient P- Value Coefficient P- Value

PT Stress/Anxietya 
 

Gender 4.06  0.00** 0.13 0.69 0.19 0.39 0.59  0.00**

Age group -2.95  0.00** 0.13 0.61 0.02 0.91 -0.24  0.05**

Education 0.16  0.15 0.16 0.15 0.16 0.15 0.16 0.15

Daily average 
commuting 
distance

1.29  0.00** -0.01 0.96 0.09 0.33 0.10 0.11

PT frequency -0.13  0.24 -0.13 0.24 -0.13 0.24 -0.13 0.24

PT infrastructure -0.07  0.21 -0.07 0.21 -0.07 0.22 -0.07 0.21

PT safety 0.22  0.57 -1.36  0.00** -1.27  0.00** -1.44  0.00**
*statistically significant at 90 % confidence level
**statistically significant at 95 % confidence level
aoutcome variable

Table 11 Model 4 - Generalized Ordered Logit Model

j =1 j =2 j =3 j =4

Variables Coefficient P- Value Coefficient P- Value Coefficient P- Value Coefficient P- Value

Improvement on 
PT infrastructurea 

Gender  0.73  0.00**  0.37  0.01**  0.02 0.89 -0.76  0.00**

Age group -0.26 0.09* -0.27  0.02** -0.10 0.37 -0.57  0.01**

Education  0.05  0.65  0.05  0.65  0.05 0.65  0.05 0.65

Daily average 
commuting 
distance

 0.02  0.64  0.02  0.64  0.02 0.64  0.02 0.64

*statistically significant at 90 % confidence level
**statistically significant at 95 % confidence level
aoutcome variable
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the role of sociodemographic factors in shaping travel  
behavior. 

The importance of rebuilding trust in public 
transportation was a recurrent theme in the literature 
[13, 23-25, 54], and our study underscores this 
challenge. The observed mode shift has significant 
implications for urban planning and transportation 
policies. Policymakers need to address the newfound 
emphasis on social distancing in travel mode choices and 
consider measures that enhance the perceived safety of 
public transportation to encourage to use. The literature 
emphasized the impact of governmental measures on 
public transportation habits and creating different 
strategies [44], and our study corroborates these trends.

A shift in motivation for choosing the travel modes 
before and after the pandemic emerged from our results, 
echoing the findings from the literature [1-4]. The change 
from cost and travel time considerations to prioritizing 
social distance suggests a fundamental shift in public 
perceptions and priorities. This aligns with the study 
[27] conducted in Athens, which found that the use of 
public transportation decreased due to a decrease in 
the desire to share indoor space after the pandemic. As 
clearly seen in the discussion, unexpected and traumatic 
health conditions can deeply affect the travel behavior, 
preferences and perceptions. A further study focused 
on sustainable transportation design after Covid-19 for 
Melbourne and it was stated that the infrastructure of 
electric vehicles was insufficient and reducing carbon 
emission was not achievable due to the shift from public 
transport to private motor vehicles [62]. Associating 
this result with the outcomes in this paper suggests 
that future studies should focus on improving the 
sustainable transport infrastructure to reduce the safety 
concerns under the health issues. It is also noted here 
that governmental authorities should consider income 
support program in ensuring the continuity of public 
transportation services [63].
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who had lower education level, perceived less safe while 
using ULR (p = 0.06). In addition, the participants 
tended to feel less stressed when they feel safer (p = 
0.00). In addition, the same result was observed in 
the Model 3 (see Table 10). The participants in higher 
age groups tended to not prefer using URL after the 
pandemic condition even if the quality of infrastructure 
would be improved (see Table 11). The influence of each 
variable, namely gender in Models 2, 3 and 4, age groups 
and daily average commuting distance in Model 3, on the 
dependent variables were not found consistent between 
comparison groups. Therefore, a further investigation 
should be carried out by considering the limitations of 
the study in this paper.

5 Discussion

Logistic regression has been a widely used prediction 
technique to analyse the categorical variables. However, 
if the assumptions are violated, the results may be 
biased. Therefore, the assumptions should be checked 
carefully. The study in this paper applied a deeper 
analytical technique namely a generalized ordered logit 
model to analyse the categorical dependent variable. 
The results suggested that logistic regression should 
not be applied before exploring the multicollinearity and 
applying the test of parallel lines.

Regarding the outcomes of the statistical tests 
and prediction models, the literature review revealed 
a global decrease in public transportation use during 
the peak of the Covid-19 pandemic [6], which aligns 
with our findings indicating a statistically significant 
decrease in public transport use and walking frequency 
after the pandemic compared to before. These changes 
were further supported by the results demonstrating 
a shift in travel behavior among participants. However, 
the observed reverse outcome for private motor vehicle 
frequency after the pandemic highlights a noteworthy 
mode shift that warrants a detailed examination. 
This shift was more pronounced than suggested 
in some studies [10, 16], emphasizing the need to 
explore the nuances of travel behavior changes in 
different contexts. It was highlighted that the regional, 
sociodemographic and socioeconomic variations occurred 
in public transportation use during the pandemic [15]. 
Our results support these findings, indicating that 
participants exhibited a model shift away from the public 
transport and walking, particularly notable among 
certain sociodemographic groups. This aligns with the 
studies [24, 34], which indicated that elderly individuals 
were less likely to use public transport, emphasizing 
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Resume
In this study, the effect of five geometric design features, including radius, 
superelevation, longitudinal grade, lane and shoulder width, on the average 
speed in the horizontal curve on a two-lane undivided rural road was 
investigated. The standardized regression coefficients showed that the most 
important factor affecting the speed was the radius (10.47) followed by the 
longitudinal grade (4.46). Superelevation and lane width had little effect. 
Shoulder width had no significant effect. This would be due to the wide 
width of the lanes. It was found that the relationships between speed and 
radius, longitudinal grade, superelevation and lane width were radical, 
quadratic, linear and linear, respectively. Increasing the longitudinal grade 
has increased the speed of the drivers. Increasing the superelevation was 
effective when its value changed from negative to positive.
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by a car going off the road and hitting fixed objects 
such as trees [3]. Studies in other countries have also 
confirmed it [4]:
• The rate of crashes in curves was 1.5 to 4 times than 

that of straight segments.
• 25 to 30 % of injury accidents occur in horizontal 

curves.
• Approximately 60 to 70 % of fatal crashes in curves 

are single-vehicle crashes.
Among all the features of horizontal curves, factors 

such as small radius, narrow lane width and cross section 
(including lanes and shoulders) can be mentioned [5]. 
Andjus and Maletin studied speed in horizontal curves. 
Nine horizontal curves on rural two-lane roads with 
radii in the range of 50 to 750 m were examined. The 
curves were more than 2 km away from any intersection 
and free flow speed were extracted from data with a 
time headway of more than 7 sec. The results showed 
that with the increase in the radius, not only does the 
average speed increase, but the range between the 
85th and 15th percentile speeds increases as well [6]. 
Dell’Acqua provided equation (1) for environmental 
speed (VENV) that depended on two variables: curvature 

1 Introduction

Improper driving strategy is one of the main causes 
of accidents (roughly 65 %). In general, speed, changes in 
acceleration and vehicle trajectory are a reflection of the 
driving strategy. Researches have shown that horizontal 
curves are a critical location on rural two-lane roads 
due to the possibility of skidding or overturning [1]. 
Improper perception and expectation of horizontal curve 
sharpness also affects the driver’s strategy and can 
lead to dangerous speeds and accidents. Investigating 
the effect of horizontal curve properties on driver 
performance has remained a major road safety issue [2].

Accidents are more likely to occur in horizontal 
curves than on straight segments, as the need for the 
driver attention is increased and the drivers may take 
the wrong speed and path. The average number of 
accidents reported in the United States indicates that 
the number of accidents in horizontal curves is higher 
than straight segments. In 2008, the rate of accidents 
on horizontal curves has been 3 times higher than 
accidents on other segments of highways.

About 75 % of road fatal crashes have been caused 
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summarized.
These studies have used the field data to study the 

horizontal curves. Driving simulator is another source 
of data that has been used in many researches, some 
of which are mentioned below. Calvi investigated the 
features of horizontal curves such as radius, transition, 
sight distance and cross-section. He examined 34 drivers 
in 72 different curves under 3 different scenarios in both 
directions using a driving simulator. The results showed 
that by improving the geometric conditions, the speed 
has been also increased [5].

Wang et al. built a highway in China in a driving 
simulator. They recruited 22 drivers who drove 4 
different types of curves (horizontal curve with positive 
and negative longitudinal grade, horizontal curve with 
crest and sag vertical curve). For each type of the 
curves, a model for estimating the maximum lateral 
acceleration was proposed, in which the radius, the 
longitudinal grade and the length of the segment were 
examined. According to the models, the radius was 
the only affecting factor in all the cases. The length of 
the road was effective in horizontal curves with crest 
vertical curve [17]. Shuo et al. examined the effects of 
lane width, lane position, and shoulder width on driving 
behavior on a three-lane urban highway tunnel. By 
using a driving simulator, 24 volunteers were examined. 
The results showed that lane and shoulder width had 
significant effect on driving speed [18].

Mecheri et al. investigated the effect of shoulder 
and lane width and their combinations on drivers. 34 
drivers of an average age of 30 years (range of 25-52) 
participated in the experiment. Their research showed 
that the best combination of shoulder and lane width 
was 0.5 and 3 m, respectively, which allowed the driver 
to find and adjust her/his position in the road properly. 
The lane width could also be reduced to 2.75 m, where 
the passage of heavy vehicles such as trucks and buses 
was very low [19].

Melo et al. investigated the effect of lane and shoulder 
width on free flow speed using a driving simulator by 15 
participants. The results demonstrated the minimum 

change rate (CCR) in terms of gradient per kilometer 
and road width (L) in terms of meter:

. . .V CCR L82 84 0 1033 3 44ENV ) )= - + . (1)

It should be noted that the environmental speed 
defined as a maximum velocity of 85 % in straight 
segments or curves with a high radius [7]. Dhahir and 
Hassan used naturalistic driving study (NDS) data 
prepared by the second strategic highway research 
program (SHRP2) to examine driver behavior on curves. 
They selected 24 curves in flat areas and 25 curves in 
mountainous areas for study. They presented Equation 
(2) for the speed in the middle of the horizontal curve. 
The dependent variable of this model was the operating 
speed in the middle of the curve (V85MC) and the 
independent variables included the radius (R), the speed 
limit (VL) and a dummy variable T (0 for flat, 1 for 
mountainous areas) [8]:

. . .

. . .

V R V

T R

80 352 3289 296 0 261

5 969 0 829

MC L

adj

85

2

)

)

= + + +

+ =^ h
 (2)

Malaghan et al. equipped a vehicle with GPS device 
to study driving behavior in curves. The participants 
in this study were 49 people in the age range of 21 to 
59 years. Six undivided two-lane roads in India were 
examined. The absolute grade of all curves was less than 
4 %. They modeled operating speed (V85) by applying 
radius (R) and degree of curvature (DC). Equations (3), 
(4) and (5) show the regression models [9]:

. . . ,lnV R R11 68 10 37 0 8785
2)= + =^ ^h h  (3)

. . . ,lnV D R84 72 10 37 0 87C85
2)= + =^ ^h h  (4)

. ,. . .V RR D 0 8771 7 0 01 1 12 C85
2)= + + + =^ h  (5)

There are other papers estimated the operating 
speed in horizontal curves that the Table 1 has 

Table 1 Relationship between operating speed in horizontal curves and geometric design features

Researcher(s) Estimated relationship

Castro at al. [10] 
. . ,V R R m102 048 3990 26 40085 #= -  

Camacho et al. [11] 
,V R f R

e R m127 7085
2 ) #= +a k

Kanellaidis at al. [12] 
. .V

R
129 88 623 1

85 = -

Abbas at al. [13] 
. . .V

R
V129 88 623 1 0 307MC AT85 85= - +

Misaghi and Hassan [14] . .V R94 3 8 67 10MC85
6 2) )= + -

Jacob and Anjaneyulu [15] . ..V R CL5 739 21 0 0346 7585 )= - -

Dilling [16] . .V V5 32 1 12 AVG85 )= -

. . . .V b R CCR25 1 5 57 0 05 0 05AVG = + + -

V85MC: 85th speed in the middle of the curve, V85AT: 85th speed in straight segment, CCR: curvature change rate, b: lane width, 
VAVG: Average of speed in the curve, R: Radius, e: superelevation, f: skid resistance, CL: length of curve
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Furthermore, the presence of curves on the simulated 
road, as a parameter in geometric design, encourages 
drivers to slow down [25].

One of the applications of studying the effect of 
geometric characteristics on driving behavior is the 
investigation of fuel consumption and environmental 
effects, which is important in sustainability studies. A 
study using real-world driving data in Madrid, Spain, 
showed that traffic conditions, driving behavior and 
the road topology were effective on fuel consumption 
[26]. Another study in Spain showed that vehicle 
CO2 emissions decreased as the consistency level of a 
homogeneous road segment increased. In other words, 
when the parameters of the geometric design were 
considered consistent in different road segments, the 
fuel consumption was reduced [27].

As aforementioned, various studies have been 
conducted to determine the effect of geometric design 
features on driver behavior and speed. However, they 
have considered two or three features of the geometric 
design. In this research, the simultaneous effect of 5 
geometric design features on mountain roads has been 
investigated. The effect of superelevation has also been 
studied, which has been rarely addressed in previous 
research.

In the next section, the methodology and design 
of experiments has been explained. The third section 
describes the data collection, apparatus and materials. 
The properties of the applied driving simulator have 
been introduce in this section. The fourth section has 
been devoted to analyze of the results and discussion. 
The research has been concluded in the fifth section.

2 Methodology

In this research, a driving simulator is used to 
study the driver behavior in different geometric designs. 
Features of the geometric design that are studied are: 
longitudinal grade, superelevation, radius, lane width 
and shoulder width. Each geometric design is made of a 
combination of different levels of features or factors. The 
levels of a feature divide it into different intervals, so its 
effect can be examined. Table 2 shows the features and 
levels are used in this research.

After determining the number of features and 
levels to be tested, the required number of tests must 
be determined. If a study with all the levels of factors is 
required, all permutations must be considered in which 

lane-shoulder width combination, after which no further 
increase in free-flow speed was observed, was 3.6 and 0.8 
m for lane and shoulder, respectively [20]. Rosey et al. 
examined the difference between the effect of lane width 
reduction on speed and lateral position in real-world 
and simulation conditions. One of their purposes was 
to driving simulator validation in this area. The results 
showed that reducing the lane width has no effect on 
speed. Furthermore, by comparing the simulator results 
and reality, the results were relatively valid [21].

Ben-Bassat et al. studied the effects of a combination 
of three road design features, including shoulder width, 
barrier (guard rail) and horizontal curve, on driving 
behavior (speed and position in the lane) and mental 
measures (understanding safe driving speed and 
estimating road safety) by recruiting 22 drivers. The 
results showed that there was a significant effect of 
road geometry on driver behavior. Shoulder width had 
significant effect on speed and position on the lane, but 
this effect was only apparent when there was a barrier 
or guardrail. These findings demonstrated the role of 
a barrier in determining the perceived safety margin 
across different shoulder widths. When there was no 
guardrail, shoulder width lost many of its benefits and 
effects on driving behavior [22].

Using the high-fidelity driving simulators, Wang 
et al. examined the effect of lane width in mountain 
highways on driving behaviors (lateral positions and 
speed). First, the validity of the driving simulator was 
studied. 46 drivers (20 women and 26 men, age range of 
23-56 years) were participated in the experiment. Due to 
the fact that there are many curved segments, including 
horizontal and vertical curves in mountain roads, they 
studied the lateral positions and speed in curves. The 
results showed that the effect of radius on speed was 
statistically significant and showed that the simulator 
can be used for mountain road studies. In addition, 
vehicle trajectory and speed analysis showed that lane 
width and horizontal curve radius had significant effects 
on driving behavior. The wider the lane, the greater 
the speed deviations [23]. Wang et al. used a driving 
simulator to investigate the amplitude of the effect of the 
horizontal curves on driver behavior on mountain roads. 
They found that curves could affect driver behavior, 
including speed and lateral position, at a distance of 300 
m [24]. Zolali et al. studied the effect of experience, sight 
distance and geometric design on the average speed on a 
suburban road. It was observed that sight was the most 
important factor influencing the choice of average speed. 

Table 2 Levels of geometric design features of the driving simulator tests

Feature
Level

Radius (m) Lane width (m) Longitudinal grade 
(%)

Superelevation (%) Shoulder width (m)

1 20 2 0 -2 0.5

2 40 2.5 -10 0 0.8

3 60 3 -15 2 *

4 80 * -20 4 *
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Table 3 shows the combination of levels of factors for 
each geometric designs in 3 routes. In the first column 
of Table 3, the first and second numbers represent the 
route number and the geometric design number in that 
route.

Finally, statistical analyses are performed on 
the speed data that were obtained directly from the 
driving simulator experiments and the speed data that 
estimated by the Taguchi method. The relationship 
between the speed and each of the geometric design 
features (factors) is first examined separately, then 
relationship between the speed and all the features is 
investigated by regression models. Figure 1 depicts the 
flowchart of methodology. All the speed data recorded 
in a curve of participants are averaged and it is used in 
further analyses (each participant drove the experiment 
path twice).

384 (4 * 4 * 4 * 2 * 3) tests are needed. Performing this 
number of experiments by using driving simulator is 
impractical. Therefore, the number of experiments is 
reduced to 16 using the Taguchi method. The efficiency 
of the Taguchi method has been tested in comparison to 
the full factorial in transportation studies [28]. Using 
the Taguchi method, only 16 geometric designs are 
needed to be tested in the driving simulator, and the 
speed of other geometric designs can be estimated by 
Taguchi method.

It is not appropriate to put all the geometric 
designs in one route, because it may make the drivers 
tired and it is possible to affect the results. Therefore, 
the geometric designs are divided into three groups 
and three routes are built accordingly. The geometric 
designs are randomly distributed between the routes. 
By doing so, the numbers of geometric designs in routes 
are 5, 5 and 6.

Table 3 The geometric designs selected for testing

Road-Geometric 
design

Radius 
(m)

Lane width 
(m) Longitudinal grade (%) Superelevation (%) Shoulder width (m)

1-1 80 3 -20 -2 0.5

1-2 60 2.5 0 2 0.5

1-3 40 2 -15 4 0.5

1-4 20 2.5 -20 4 0.8

1-5 20 2.5 -10 0 0.5

2-1 80 2.5 0 4 0.8

2-2 80 2.5 -15 0 0.5

2-3 60 2 -20 0 0.8

2-4 40 3 0 0 0.8

2-5 20 2 0 -2 0.5

3-1 80 2 -10 2 0.8

3-2 60 3 -10 4 0.5

3-3 60 2.5 -15 -2 0.8

3-4 40 2.5 -10 -2 0.8

3-5 40 2.5 -20 2 0.5

3-6 20 3 -15 2 0.8

Figure 1 Flowchart of methodology Figure 2 The simulated two-lane undivided rural road
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Figure 3 depicts one of the experiment roads, in 
which there are straight segments (S1, S2…) between 
curves (C1, C2…). The straight segments were added 
to the experiment to avoid the effect of curves on each 
other. The effect of curves was found 300 m in Wang et 
al.`s research [24], to ensure that the straight segments 
were considered 500 m. There was no vertical curve in 
the road.

4 Results and discussion

The effect of each geometric design feature on 
the speed in the horizontal curve was investigated 
by using box plot and one-way ANOVA (Analysis  
of variance).

3 Apparatus and materials

Thirty men between 21 and 33 years old were 
recruited to drive a personal car in driving simulator. 
Driving simulator are accepted tool for the driving 
behavior studies that has been used in many articles 
and its validity has been demonstrated [29-30]. Male 
drivers recruited in driving test to omit the effect of 
gender, which is out of scope of this paper. The scope 
of this study was two-lane undivided rural roads in 
mountainous area (Figure 2).

The weather was sunny with no precipitation and 
there was no other vehicle on the road. Amirkabir 
University driving simulator was used for the 
experiments, which has been used in previous researches 
[31-33].

Figure 3 The scheme of a simulated experiment roads

Table 4 Speed of different radius levels

Radius (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)

20 26.93 4.146 (25.687, 28.172)

40 39.926 4.808 (38.684, 41.169)

60 42.942 4.256 (41.700, 44.184)

80 49.112 4.212 (47.870, 50.355)

Figure 4 Boxplot of speed based on the radius
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higher speed because of the car dynamics. In other 
words, increasing the longitudinal grade simultaneously 
can have positive and negative effects on the driver’s 
safety and speed in the curve. Table 6 and Figure 6 
demonstrate that the longitudinal grade has had a direct 
relationship with the speed. Due to the high similarity 
of speed data of the two levels of longitudinal grade of 0 
% and -10 %, it can be concluded that the drivers have 
not been significantly sensitive to longitudinal grade 
less than -10 %.

4.4 Lane width

The lane width can influence the safety perceived 
by the driver, and the speed data for each lane width 
level have been depicted in Table 7 and Figure 7. It can 
be seen that the driving speeds recorded at different 
lane width levels were similar. It can be due to the 
features of routes and traffic. The drivers could use 
two lanes as the road was undivided with no traffic. 
AASHTO (American Association of State Highway and 
Transportation Officials) [34] mentions that standard 
lane width for highways is 3.65 m, while here the total 
width of the road was at least 4 m (excluding shoulders), 
so it can be said that the road width has been always too 
large to affect and limit the driver’s speed. Therefore, its 
increase has not had a significant effect on the driver’s 
speed.

It is worth noting that if the road is undivided and 

4.1 Radius

Radius can be considered as the most important 
factor affecting the speed in the horizontal curve. Table 
4 and Figure 4 show the speed data for each radius level. 
As can be seen, the speed has increased by increasing 
the radius, which is logical. Furthermore, it can be seen 
that the radius of less than 20 m has been critical for the 
drivers, and has had a significant effect on the speed. 
It is obvious from Figure 4. Also, it can be seen that by 
reducing the radius from 80 to 40 m, the speed mean has 
reduced by 9.84 km/h while the speed mean has reduced 
by 13 km/h by reducing the radius from 40 to 20 m.

4.2  Superelevation

Table 5 and Figure 5 show the speed data for each 
superelevation level. Intuitively, there was no direct 
relationship between them and indicates an irregular 
pattern. It is discussed by using a regression model in 
next sections. 

4.3 Longitudinal grade

Increasing the longitudinal grade can affect the 
speed in two ways, on the one hand, it would increase 
the risk of the car fall that may lead to speed reduction. 
On the other hand, it would encourage the driver to 

Table 5 Speed of different superelevation levels

Superelevation (%) Speed mean (km/h) Standard Deviation Confidence interval (95 %)

-2 38.25 9.09 (36.417,40.091)

0 40.70 9.14 (38.865,42.540)

2 37.83 9.14 (35.995,39.669)

4 41.35 9.24 (39.508,43.182)

Figure 5 Boxplot of speed based on the superelevation
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more space to control the car, so the driver can achieve 
higher speeds in horizontal curves. Although a direct 
relationship is expected between the speed and the 
shoulder width, Table 8 and Figure 8 demonstrate that 
the speed difference between the shoulder widths was 
negligible in this study. As seen earlier, lane width had 
no significant effect on drivers’ speed, so the shoulder 
width is not expected to be effective, since both of them 
determine the width of the road. So, when the lane 
width was sufficient (or even large), the driver would 
not use the shoulder width. It can be due to the specific 
experimental conditions of current study including 
absence of oncoming traffic, lack of guardrails along 

there is no traffic, then all lanes (even the opposite 
direction) can be used by the driver. In other words, the 
effect of the road width was examined by changing the 
lane width as the road width is equal to the sum of the 
lanes and shoulders. The road width is directly related 
to the lane width, and the road width was checked by 
the lane width.

4.5 Shoulder width

As the shoulder width increases, the car is less 
likely to deviate from the road and the driver has 

Table 6 Speed of different longitudinal grade levels

longitudinal grade (%) Speed mean (km/h) Standard Deviation Confidence interval (95%)

0 36.26 8.36 (34.58, 37.95)

-10 35.42 8.39 (33.74, 37.11)

-15 41.35 8.38 (39.66, 43.03)

-20 45.11 8.45 (43.42, 46.79)

Figure 6 Boxplot of speed based on the longitudinal grade

Table 7 Speed of different lane width levels

Lane width (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)

2 38.85 9.31 (37.244, 40.461)

2.5 39.74 9.20 (38.128, 41.345)

3 40.01 9.25 (38.403, 41.619)

Figure 7 Boxplot of speed based on the lane width
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In the first step of modelling, the shoulder width 
was found insignificant (p-value > 0.005), so it was 
removed from the model. Three goodness of fit criteria 
MEA (mean absolute error), RMSE (root mean square 
error) and coefficient of determination (R-sqr), were 
used to compare regression models (Table 10).

It can be seen that model 4 has the best fit, so the 
coefficients of this model are analyzed (Equation 6).
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To show the order of importance of the variables, 
model with standardized coefficients was applied. 

the edges, and the absence of lateral distractions in the 
peripheral vision.

4.6 Statistical analysis of geometric design 
features

To examine the differences in experiment levels 
more accurately, ANOVA was used for each of the 
geometric factors (Table 9).

4.7 Regression models

Four regression models were applied to 
simultaneously examine the effect of geometric design 
features, is given by:
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Table 8 Speed of different shoulder width levels

Lane width (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)

0.5 39.276 9.29 (37.963, 40.589)

0.8 39.791 9.214 (38.478, 41.103)

Figure 8 Boxplot of speed based on the shoulder width

Table 9 ANOVA of geometric design features

Feature P-value

Radius 0.000

Longitudinal grade 0.016

Superelevation 0.000

Lane width 0.579

Shoulder width 0.586

Table 10 Comparison between different speed models

Model Num. R-sqr (%) RMSE MAE

1 61.2 6.9 5.7

2 63.4 6.3 5.2

3 63.8 6.3 5.2

4 65.9 5.4 4.5
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5. Conclusions

Horizontal curves are one of the most important 
segments of the roads because crash rate is high 
and can also affect driving behavior. Therefore, it 
is important to study the effect of curve geometric 
design features on driving behavior such as speed 
selection. In this research, a driving simulator has 
been used to investigate the effect of five features 
of the geometric design of horizontal curves of an 
undivided two-lane mountain road, including: radius, 
longitudinal grade, superelevation, lane width and 
shoulder width. The experiments were determined 
using the Taguchi method. The results indicated that 
the radius was the most important factor affecting the 
speed, followed by the longitudinal grade. The two other 
features, lane width and superelevation, had very small 
effect. Shoulder width did not have a significant effect, 
which would be due to the large lane width, so drivers 
did not use the shoulder width to cross or maintain  
safety.

Regression demonstrated that the relationships 
between the speed and radius, longitudinal grade, 
superelevation and lane width were radical, quadratic, 
linear and linear, respectively. Although increasing the 
longitudinal grade can be dangerous, it has increased 
the speed of the drivers. Increasing the superelevation 
was effective when its value changed from negative to 
positive.

In this article, it has been tried to study the 
average speed in the curves. However, it is interesting 
to investigate other driving behaviors, such as lateral 
position or speed profile. Furthermore, it is better to 
investigate validity of the Taguchi method for human 
behavior such as speed. It suggests studying the effect 
of gender and age groups. This research helps managers 
and decision makers to estimate the ratio of improvement 
of geometric criteria to increase the speed of drivers and 
to choose the optimal point in terms of road construction 
cost. Also, the results of this research can be used in 
traffic safety by determining speed reduction in sharp 
curves.
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The greater the absolute value of the standardized 
coefficient of each variable, the greater the importance 
of that variable. The absolute standardized coefficient 
for radius, longitudinal grade, superelevation and lane 
width were 10.47, 4.46, 0.96 and 0.44, respectively. It 
shows that the radius was the most effective factor, 
followed by longitudinal grade. The other two factors 
have had very small effect on the speed.

The estimated model showed that shoulder width 
was not effective in determining the driver’s speed. 
However, there are some researches by driving simulator 
that demonstrated the effect of shoulder width on 
the drivers` behavior [18-19]. Melo et al. examined 
shoulder width by driving simulator and real data, 
simultaneously. They found the shoulder width as one 
the effective factors [20].

Ben-Bassat and Shinar found that the shoulder 
width had a significant effect on speed and lane position, 
but this effect was only evident when there was a 
guardrail [22]. Dixon et al. showed that the shoulder 
width was significant when the adjacent lane was 3.35 
m wide, and had no effect on the 3.65 m lane width, 
indicating that the shoulder width was less important 
as lane width increased [30]. Their research can confirm 
the results of this paper. Here, although the width of 
one lane was less than 3.65 m, considering that the 
driver could use both lanes, the shoulder effect became 
meaningless.

Other factors, such as sight distance, can also affect 
the driver’s speed in horizontal curves. 

It is obvious that the sight distance is one of the 
important factors in determining the driver’s speed. In 
this research, the presence of a mountain (continuously) 
has reduced the sight distance, so the effect of sight 
distance cannot be examined directly, and instead, other 
factors, such as the radius and the width of the lane and 
shoulder, have been studied. These factors can affect the 
sight distance.

In this research, very high or low values of geometric 
design criteria have been investigated because there are 
roads that must have an extreme and unusual geometric 
design due to environmental conditions. For example, 
we can refer to military roads and access roads to 
mines or residences in the mountains. These types of 
roads have very little traffic, but in critical conditions 
and also at sometimes, they have a lot of function, so 
it is necessary to study the speed of the cars in them. 
In other words, these types of roads are not normal 
because there are many limitations for their geometric  
design.

It should be mentioned that if female drivers were 
also checked, then the number and time of experiments 
would have to be doubled, which was not practical. It can 
be said about different age groups. So, this study has 
focused only on young male drivers, while women and 
other age groups should be examined as well.
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Resume
In this article, the authors present a study on artificial intelligence (AI) 
integration in transportation and storage SMEs, focusing on research 
questions, literature reviews, hypotheses, sample selection, and data 
analysis. They explored current AI support and perceptions and plans of 
SMEs in this sector. The authors addressed the lack of literature on AI use 
in transport SMEs and investigated factors, such as AI adoption, benefits 
perception, company size correlation, and investment willingness. Data 
was collected from 163 SMEs in Serbia and Slovakia, revealing challenges 
in participant identification due to low AI use. Declining AI adoption rates 
authors attributed to financial, technological, regulatory, and awareness 
issues. The research aims to enhance the AI adoption in transportation and 
storage SMEs and give some directions for future work.
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the small businesses (SMEs)1 lagging in AI adoption [3], 
the accessibility of AI suggests a potential narrowing of 
this gap in the future, offering automation, improved 
customer experiences, and support for business growth.

The AI in small businesses automates tasks, 
enhances customer experience, and supports growth. 
For instance, platforms like ChatGPT aid in customer 
service, marketing, and sales [4]:
• Customer Experience: Chatbots improve service by 

mimicking human conversations, reducing wait 
times, and offering personalized support, fostering 
loyalty.

• Marketing: AI enables personalized campaigns, 
recommendations, and targeted offers across various 
platforms. As AI advances, investing in AI-powered 
marketing solutions offers a competitive edge.

• Content Creation: As in large businesses, in 
SMEs, AI assists in generating content, analyzing 

1  There is no single definition for SMEs [22], and we used the 
European SME definition in our work [32].

1 Introduction

The transport and logistics sectors face challenges 
like congestion, delays, and traffic accidents leading 
to time, cost, and environmental impacts, which affect 
economic sectors and overall growth. The AI innovations 
effectively address these challenges by leveraging 
generative artificial intelligence (AI) technology. Recent 
advancements include OpenAI’s ChatGPT and GPT-4, 
Anthropic’s generative AI, Claude, and Google’s new 
AI-driven features, [1]. The AI plays a crucial role in 
combinatorial optimization for transport and logistics 
problems, solving various issues such as vehicle routing 
and warehousing location. The AI applications, as seen 
in Drydakis’s research [2], are predominantly used 
in recruitment (~ 14 %), customer communication (28 
%), and online targeting (30.54%). The number of 
applications used per company is 1.6, while 52.72 % 
of SMEs do not use a single AI application.  Despite 

https://orcid.org/0000-0002-9984-2632
https://orcid.org/0009-0001-6579-5321
https://orcid.org/0009-0008-0568-5121
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• Public administration: The integration of AI and 
automation boosts efficiency, streamlines tasks for 
civil servants, and enhances the comprehension 
of user requirements. Policymakers can leverage 
machine learning techniques for improved decision-
making [10].

• Tax compliance: The adoption of AI empowers tax 
authorities to combat tax evasion and implement 
a proactive “tax compliance by design” strategy 
tailored for SMEs [11].

• Courts: AI-driven efficiencies in case analysis, law 
enforcement processes, and dispute resolution 
mechanisms can reduce the resources SMEs allocate 
to resolving commercial conflicts [12].

• Market competition: Given the significance of 
market competitiveness for SMEs, algorithms 
wield influence over market dynamics, potentially 
fostering tacit collusion practices and sustaining 
profits beyond equitable competitive levels [13].

• Infrastructure: While the AI fortifies digital security 
measures for information and communication 
technology (ICT), transportation, and energy 
infrastructure, it introduces vulnerabilities to cyber-
attacks, as well.

• Access to finance: AI tools enhance credit assessment 
procedures, mitigate default risks, and streamline 
SMEs’ access to credit facilities, even catering to 
those lacking established credit histories [14].

• Labor markets: The advent of AI and “people 
analytics” will reshape recruitment, termination 
practices, occupational health guidelines, data 
privacy protocols, performance evaluations, and 
skills alignment processes within SMEs [15].

• Knowledge and innovation access: The AI 
automation accelerates scientific breakthroughs, 
curtails experimentation costs, and bolsters data-
sharing practices and reproducibility standards 
within the realm of SME operations [8].

2 Background to the study

Artificial intelligence is currently a highly relevant 
topic, with experts examining it from diverse angles, 
ranging from technology to practical application, 
encompassing security and societal implications.

Sustainable practices play a pivotal role in defining 
the growth within the AI transportation market. 
Emphasizing environmental stewardship, societal 
impact, and ethical governance has emerged as critical 
benchmarks for success in this dynamic market space, 
fostering innovation, collaboration, global engagement, 
and sustainability to propel progressive advancement 
[16].

The TNO/TKI [17] position paper (from 2020) 
underscores the three key dimensions of implementing 
artificial intelligence within the transportation and 
logistics sectors:

preferences, and maintaining quality and brand 
alignment.
The AI is a crucial technological component that 

enhances existing productivity methods in Industry 4.0, 
without replacing them [5]. It empowers companies, 
enabling smart task performance, strategic decision-
making support for managers, and real-time remote 
operations management. Notably, sectors such as 
transportation, logistics, automotive, and technology are 
early adopters of AI, as evidenced in the literature [6].

While many associate AI with autonomous vehicles, 
its application extends deeper into the transportation 
processes and logistics chains. The integration of AI 
has revolutionized decision-making in transport and 
logistics, leading to improved efficiency, safety, and 
sustainability. Key impacts include predictive analytics 
for demand forecasting, optimized route planning, 
enhanced freight security, real-time tracking, and 
intelligent inventory management [7]. The MHI/Deloitte 
research indicates that only 12 % of businesses currently 
utilize AI in warehouses, highlighting opportunities for 
further adoption and growth.

Transportation SMEs can leverage AI differently, 
including services and low-tech solutions, to enhance 
their operations and participation in supply chains [8]. 
The AI-powered tools optimize efficiency in autonomous 
vehicles and ride-sharing services, improving traffic 
forecasting and route optimization through sensor 
networks. Transport and logistics SMEs specifically 
benefit from transforming practices, reducing accidents, 
and savings in maintenance, insurance, and fuel 
consumption [9].

However, the SMEs exhibit slower adoption rates 
of data analytics compared to larger enterprises, as 
evidenced by OECD data, indicating that big data 
analysis was conducted by 34.1 % of large firms, 18.8 % 
of medium-sized enterprises, and only 10.6 % of small 
enterprises in OECD countries in 2018. A significant 
gap in data analytics adoption between the large and 
small businesses is especially evident in countries like 
Belgium, Denmark, the Netherlands, and Slovenia, 
where large corporations position themselves as late 
majority adopters [8].

The business environment impact of AI on SMEs is 
profound due to their reliance on business ecosystems 
and resource allocation strategies. The SMEs dedicate 
more resources to administrative tasks and trade smaller 
volumes to manage fixed costs, making them susceptible 
to framework constraints, market deficiencies, and 
economic instabilities. Limited infrastructure hampers 
their market access and availability of critical resources, 
hindering their ability to secure funding, skilled 
workforce, and innovation support. Public policies and 
governance play a pivotal role in influencing the SME 
performance outcomes [8].

The AI, such as Generative Pre-trained Transformers 
(GPT), can have a profound impact on several facets of 
the SME business landscape. These include:
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elucidating the potential time and cost savings can aid 
SMEs in effectively embracing AI to enhance operational 
efficiency and effectiveness [20].

A considerable portion of SMEs operate in the 
transport and logistics sector, with a particular focus 
on last-mile delivery. Despite its criticality, the SMEs 
in this sector are often overlooked. Hence, exploring 
the applications of AI in transport SMEs becomes an 
imperative.

The analysis of big data forms a pivotal aspect 
of artificial intelligence, enabling machines to derive 
insights from vast volumes of data and identify 
patterns and trends. Table 1 displays the percentages 
of SME companies, as well as companies involved in 
transportation and storage, in 2023 that engaged in big 
data analysis. The data indicates that, across fifteen 
countries, the reported values for transport and storage 
companies are slightly higher than those for small 
companies, but notably lower than those for medium-
sized enterprises. The average value for transport 
companies in the analyzed countries closely aligns with 
that of small companies, with a similar pattern observed 
for the median values. Medium-sized companies exhibit 
a more advanced standing in both categories.

The implementation of artificial intelligence in 
transport and storage companies lags behind big data 
analysis. The adoption of AI within the industry across 
just ten countries exceeds that of small businesses. 
Furthermore, the average and median rates of AI 
adoption are significantly lower (4.7 and 4.6 times 
less, respectively). This disparity stems from the 
timing of widespread artificial intelligence deployment. 
Additionally, various factors influence AI adoption 
among SMEs, including cost and resource limitations, 
skill gaps, data quality and availability issues, 
change management challenges, integration hurdles 
with existing systems, ethical and privacy concerns, 
scalability issues, and a lack of awareness. 

To tackle these obstacles, SMEs are embracing 

1. Sense: Building a data fusion-based worldview 
to interpret the environment poses challenges 
in system communication and interaction with 
external entities during the development of AI 
systems.

2. Think: Analyzing the world model with AI systems 
to forecast the future scenarios and outcomes entails 
complexities, particularly in intricate mobility and 
logistics scenarios. For instance, in predicting the 
traffic congestion, leveraging real-time roadwork 
status, traffic flow data, radar imagery, and 
historical information could prove beneficial.

3. Act: Recognizing potential actions, envisioning 
outcomes, and delivering decision-making guidance 
autonomously or under human oversight. The 
current constraints of fully autonomous decision-
making AI systems encounter uncertainties.
The SMEs are progressively integrating AI into 

their operations, utilizing it for enhancements across 
multiple functions, such as automating customer service, 
extracting data insights, and facilitating decision-
making. Despite facing challenges like cost implications 
and skill gaps, the availability of user-friendly AI 
tools is fueling increased adoption rates. Successful 
SMEs are positioning themselves for expansion and 
competitiveness in today’s technology-driven realm. In 
the domain of logistics and supply chain management, 
AI systems streamline route optimization, monitor 
shipments, oversee inventory, and predict demand, 
leading to cost efficiencies and heightened delivery 
effectiveness [18].

According to Eurostat [19], SMEs account for 99.8 % 
of European non-financial companies, illustrating their 
significant presence in the economy. Therefore, the 
economic growth of any country hinges on development 
of SMEs and their adoption of technology. While the AI 
presents a competitive advantage for SMEs, there exists 
a lack of acceptance and understanding. Simplifying 
the utilization of AI, quantifying its benefits, and 

Table 1 SMEs and transportation and storage businesses having performed big data analysis and using AI in 2023 [21] 

Activity → Big data analysis Application of artificial intelligence

Indicator → Small and Medium Businesses 
having performed big data 

analysis (%)

Transportation 
and storage 
companies 

performing big 
data analysis 

(%)

Small and medium businesses 
using artificial intelligence (%)

Transportation 
and storage 
companies 

using artificial 
intelligence 

(%)

Breakdowns→ Small - 
10 to 49 

employees

Medium - 
50 to 249 
employees

Small - 
10 to 49 

employees

Medium - 
50 to 249 
employees

↓Country

Denmark 44.09 69.28 43.80 12.37 22.56 15.16

Hungary 51.11 62.58 52.14 2.98 5.54 2.23

Slovak Republic 25.16 44.27 25.18 5.95 8.57 3.32

Croatia 47.67 69.84 59.20 6.98 11.17 7.58

Romania 19.10 30.99 26.45 1.07 2.38 0.36

Average 28.55 48.34 28.17 6.42 12.96 6.03

Median 29.83 50.38 25.81 5.77 11.17 5.61

Data extracted on 17 Feb 2024 from OECD.Stat [21]

http://stats.oecd.org/OECDStat_Metadata/ShowMetadata.ashx?Dataset=ICT_BUS&Coords=%5bCOU%5d.%5bDNK%5d&ShowOnWeb=true&Lang=en
http://stats.oecd.org/OECDStat_Metadata/ShowMetadata.ashx?Dataset=ICT_BUS&Coords=%5bCOU%5d.%5bHUN%5d&ShowOnWeb=true&Lang=en
http://stats.oecd.org/OECDStat_Metadata/ShowMetadata.ashx?Dataset=ICT_BUS&Coords=%5bCOU%5d.%5bSVK%5d&ShowOnWeb=true&Lang=en
http://stats.oecd.org/OECDStat_Metadata/ShowMetadata.ashx?Dataset=ICT_BUS&Coords=%5bCOU%5d.%5bHRV%5d&ShowOnWeb=true&Lang=en
http://stats.oecd.org/OECDStat_Metadata/ShowMetadata.ashx?Dataset=ICT_BUS&Coords=%5bCOU%5d.%5bROU%5d&ShowOnWeb=true&Lang=en
https://stats-1.oecd.org/index.aspx?DatasetCode=ICT_BUS


I M P A C T  O F  A I  T E C H N O L O G I E S  O N  O P E R A T I O N S  O F  S M A L L  A N D  M E D I U M  T R A N S P O R T  B U S I N E S S E S  E15

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

3.1 Defining research questions, reviewing 
literature, and setting scientific hypotheses

Research Question
The study delves into the multidisciplinary nature 

of transport SMEs and their varied activities. Current 
AI implementations in this sector reflect a diverse range 
of applications, with no singular dominant technology 
in use among SMEs. In 2021, only a small percentage, 
around 1 to 2%, of transportation and storage companies 
have integrated artificial intelligence, with a focus on 
areas such as ICT security (28%), logistics (24%), and 
operational efficiency [3]. 

The convergence of artificial intelligence and 
management in small and medium-sized enterprises 
operating within logistics chains was investigated in this 
study. Specifically, investigated were the managerial 
functions and evaluated how the AI can potentially 
enhance the SME operations and outcomes.

Objective of this study was to address the following 
questions: 

RQ1. To what extent does AI currently support 
transport and storage SMEs?

RQ2. What are the perceptions of transport and 
storage SMEs regarding AI applications, and what are 
their plans for the future AI implementation?

Literature review 
In 2021, 293.48 thousand papers about AI were 

published in journals, and 85.09 thousand at conferences. 
The number of AI repository publications was 65,210 
[23, p. 32, 36, 40]. To address the research question, 
we selected key terms (such as Artificial Intelligence, 
SMEs, Transport*, and Management) and conducted 
a thorough review of the available literature from the 
WoS database, Scopus Source List (1-4 quartile), the 
EBSCO database, and the OECD iLibrary. Additionally, 
we utilized official reports and statistics from reputable 
organizations and leading institutions available online 
when appropriate. Most of our sources were of open-
access type.

For the keywords “Artificial Intelligence + SME*,” 
the Clarivate Master Journal List (MJL) offered 286 
academic journals (103 with open access). For “Artificial 
Intelligence + Transport*,” MJL provided access to 426 
academic journals (163 with open access), and for “SME* 
+ Transport,” 150 academic journals are available on 

proactive and strategic approaches, such as meticulous 
budgeting, exploring cost-effective solutions, engaging 
in pilot projects, seeking expert guidance, collaborating 
with industry associations, and drawing insights 
from successful AI implementations in other SMEs. 
Those who can navigate these challenges ahead 
of the curve will stand at a significant competitive  
advantage.

3 Research methodology and sample

This research was motivated by a keen interest 
in exploring the impact of artificial intelligence on 
the operational dynamics of small and medium-sized 
enterprises (SMEs) operating within the realm of 
transportation and supply chain management. The 
methodological framework employed in this study is 
outlined in Figure 1.

One of the inherent challenges in investigating 
social phenomena lies in the absence of controlled 
laboratory settings. Consequently, researchers often 
resort to statistical analysis to mitigate this limitation, 
striving to minimize extraneous variables that could 
potentially confound their results. Despite the thorough 
preparations, unforeseen factors may still influence 
the outcomes, accentuating the importance of cautious 
interpretation and generalization of findings to ensure 
reliability. Therefore, a prudent approach involves 
beginning with the study of simpler phenomena before 
delving into more complex subjects, recognizing distinct 
patterns within each research phase and methodological 
strategy [22].

This study delves into how the integration of 
artificial intelligence impacts the performance and 
sustainability of SMEs at the microeconomic level. 
An empirical approach was adopted in this research, 
as a synthesis of theoretical and empirical insights 
is imperative for generating meaningful and relevant 
data. Categorized under the integral research group, 
this investigation encompasses logical, epistemological, 
technical, and scientific-strategic components reflective 
of the scientific method. Primarily exploratory, this 
research also comprises elements of explanatory and 
descriptive analyses, shedding light on the “what,” 
“why”, ”how much,” and ”how” aspects underpinning the 
integration of AI in SME operations.

Figure 1 Methodological approach to the creation of the paper
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level of artificial intelligence implementation in 
business operations.

HA,3:  Transportation and storage SMEs are willing to 
adopt artificial intelligence in their operations, as 
they believe it will bring benefits.

HA,4:  There is a strong correlation between a company 
having a defined strategy for integrating artificial 
intelligence into business processes and utilizing 
some form of artificial intelligence in its operations.

HA,5:  Transportation and storage SMEs enthusiastically 
invest in artificial intelligence.

3.2 Defining the sample and the questionnaire 
and data processing

Sample
We interviewed a balanced number of respondents 

from all the SME categories in the transportation and 
storage sector without differentiation based on their 
primary focus, as their shared sectoral similarities and 
activities justified this approach. We conducted the 
study in Serbia and Slovakia, with 210 SMEs surveyed. 
Of these, 163 SMEs responded to the survey, including 
47 medium-sized enterprises, 54 small enterprises, and 
62 micro-enterprises. Challenges we faced in identifying 
suitable survey participants due to low levels of artificial 
intelligence utilization. For instance, in Serbia in 2021, 
only 1.1 % of companies used AI, with the transportation 
and storage sector representing 6 % of this figure [3]. 
In 2023, Slovakia reported a 3.3 % utilization rate 
of AI technologies [27]. Unexpectedly, there was a 
decline in AI adoption rates in 2023 compared to 2021, 
with Denmark experiencing a decrease from 21.3 % 
to 15.2 % and Slovenia from 12.5 % to 7.5 %. Factors 
contributing to this decline include financial constraints, 
technological challenges, regulatory issues, and the 
impact of the pandemic. One significant factor was the 
lack of awareness regarding the benefits of artificial 
intelligence. However, the introduction of ChatGPT and 
other technologies has sparked increased interest in 
AI. By 2024, there was a noticeable improvement in AI 
adoption, although official data for 2024 is pending. In 
Slovakia, the utilization rate of AI among transportation 
and storage companies stood at 3.32 %.

Questionnaire
For the experiment, we developed a structured 

questionnaire with 26 questions and 16 sub-questions. 
It included predefined answer options and open-ended 
questions to ensure unbiased feedback from diverse 
SMEs and avoid unintentional bias. The questionnaire 
was designed to collect company information, digitization 
level, AI relationship, past experiences, elements used, 
plans, and investment size. The target group included 
owners (6.75 %), directors (3.07 %), PR (11.04 %), 
and other high-ranking employees (49.08 %), with 
one respondent per company. A total of 49 (30.06 %) 

MJL (65 with open access), [24].
Of the academic journals from the Scopus list 

that dealt with artificial intelligence, less than 4% 
simultaneously dealt with management, and less than 
1 % dealt with logistics and transportation [25].

For the keywords AI + SMEs, the EBSCO database 
offered 115 peer-reviewed journals with 117 papers. 
Only one paper included the “logistics and supply chain 
management” criterion, and another corresponded to 
the third keyword, “Transport*.” From such a modest 
result, we concluded that the application of AI in SMEs 
dealing with transport services, for now, is insufficiently 
researched.

Based on the analysis, we also concluded that 
very few academic journals deal with the problems of 
applying artificial intelligence to the needs of transport 
and SMEs. As a result, the number of published works 
in this area is small, and this work should contribute to 
improving the understanding of the potential impact of 
artificial intelligence on SMEs.

Hypotheses
In setting hypotheses, how a hypothesis is formulated 

is crucial. When drawing statistical conclusions, it is 
expedient to start with the null hypothesis (H0), which 
essentially serves as a general statement or default 
position positing no association between two measured 
phenomena or no differences between the observed 
groups [26]. 

Based on the research question, study area, studied 
literature, defined variables, limit values, and our 
expectations, we have set the null hypotheses. To answer 
the first research question, we set null hypotheses H0,1 
and H0,2. 
H0,1: Transportation and storage SMEs have not 

widely adopted the implementation of artificial 
intelligence in their operations. 

H0,2: There is no strong correlation between the size of 
transportation and storage SMEs and the adoption 
level of artificial intelligence implementation in 
business operations.

To answer the second research question, we set the 
null hypotheses H0,3 to H0,5

H0,3: Transportation and storage SMEs are hesitant to 
adopt artificial intelligence in their operations, as 
they doubt its potential benefits.

H0,4:  There is no strong correlation between a company 
having a defined strategy for integrating artificial 
intelligence into business processes and utilizing 
some form of artificial intelligence in its operations.

H0,5: Transportation and storage SMEs are reluctant to 
invest in the application of artificial intelligence.

We also set the alternative hypotheses:
HA,1: Transportation and storage SMEs have widely 

adopted the implementation of artificial 
intelligence in their operations.

HA,2:  There is a strong correlation between the size of 
transportation and storage SMEs and the adoption 
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• Companies in the transportation and storage sector 
using AI applications place among the top 0.48 % in 
successful AI implementation.

• Companies employing AI for autonomous decision-
making in machine movement rank among the top 
1 % of most automated companies in the EU.

• Companies utilizing AI software/systems in logistics 
are among the top 10 % of advanced companies.

4.2  Literature review findings

The AI technology and machine learning can support 
small and medium-sized enterprises by enhancing their 
data comprehension and automating intricate and 
routine tasks [28].

A recent McKinsey Global Survey indicates a 
growing adoption and significant benefits from AI. 
As businesses increasingly utilize AI, tools and best 
practices are more refined. Companies experiencing 
the highest AI-driven earnings boost employ a core and 
advanced practices combination, including machine-
learning operations, allocate the AI spending more 
effectively, leverage cloud technologies, and actively 
address the AI-related risks (a shortfall in many AI 
strategies). Most companies prioritize data science and 
make significant investments in it. This study shows an 
increase in the adoption of artificial intelligence across 
various functions, rising from 50 % in 2020 to 56 % in 
2021. Additionally, 27 % of respondents reported that at 
least 5 % of earnings were driven by AI applications, up 
from 22 % in the previous year [29].

McKinsey’s latest survey from 2023 affirms the 
rapid growth of generative artificial intelligence (gen AI) 
tools. In less than a year since their introduction, a third 
of respondents report regular gen AI use in business 
functions. The AI has transitioned from a tech-focused 
topic to a leadership priority, with C-suite executives 
and boards increasingly leveraging gen AI. As advances 
in gen AI drive investment, 40 % of organizations plan 
to boost their overall AI funding. However, managing 
gen AI risks is still in its early stages. Less than half 
of respondents indicated sufficient mitigation efforts 
within their organizations. Even the risk they consider 
the most relevant: inaccuracy [30]. The survey results 
demonstrate widespread business adoption and personal 
use of gen AI across regions, industries, and job levels. 
A total of 79 % of respondents have interacted with 
genetic artificial intelligence, with 22 % regularly 
incorporating it into their professional tasks. One-third 
of respondents, representing 60 % of organizations 
with AI adoption, regularly employ generative AI in a 
business function. Additionally, 40 % of AI adopters 
expect increased overall investments into generative AI, 
and 28 % have board discussions on its implementation. 
Common functions for these tools align with broader AI 
usage, including marketing, sales, product development, 
and service operations. This focus on high-value areas 

of the surveyed did not give data about who filled the 
questionnaire out. Potential risks include respondent 
comprehension and availability of information, as well 
as variations based on the specific nature of each SME. 
Despite the individual variances, the sample size aimed 
to provide a general overview.

Data processing
The survey data have been organized in an 

Excel spreadsheet and can be requested via e-mail 
from interested parties. Statistical analysis of the 
experimental data was conducted using the Excel 
ANOVA tool.

3.3  Analysis of results with discussion

We grouped the analysis results into two categories: 
literature review findings and experimental research 
results. Within the experimental research category, we 
further divided the data into two subgroups based on 
research questions RQ1 and RQ2. Statistical methods 
were then applied to test and determine the rejection of 
null hypotheses using predefined limits. 

3.4 Defining conclusions

The study’s conclusions were derived from the 
analysis and interpretation of collected data and 
research findings, following these key steps:
1. Review relevant results to identify trends, patterns, 

and deviations.
2. Interpret results within the research question 

framework, linking them to existing theories.
3. Discuss implications, emphasizing research 

significance, practical applications, theoretical 
contributions, and future research directions.

4. Confirm or reject hypotheses based on results, 
guiding subsequent research efforts.

5. Formulate conclusions summarizing main findings, 
addressing research questions, and providing 
guidance for future studies.

4  Results and discussion

4.1 Benchmarking criteria for successful 
implementation of AI in SMEs

The application of artificial intelligence in logistics, 
transportation, and other industries is still in its early 
stages. To assess the success of AI implementation 
in SMEs engaged in transportation and storage, the 
following criteria can be used:
• Companies using at least one AI application rank 

among the top 8 % of companies in the EU in terms 
of AI implementation success.
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SMEs [3]. Out of 163 surveyed SMEs, 17 of them (10.4 %) 
use some artificial intelligence applications. The reason 
for this result may lie in the current mass availability 
of ChatGPT to which business individuals turn for 
help and advice on matters related to the company’s 
current operations. The situation would be different 
when looking at strictly dedicated AI applications. 
However, the use of AI is even more intense considering 
that many business software applications are powered 
by artificial intelligence (e.g. MS Office, Grammarly, 
Google Translate, etc.). In that case, 130 respondents 
(79.8%) declared that they use artificial intelligence. 
The obtained results provide sufficient evidence to reject 
the null hypothesis H0,1 that “transportation and storage 
SMEs have not widely adopted the implementation of 
artificial intelligence in their operations.”

4.4 Research according to the null  
hypothesis H0,2

There is no clear definition of the readiness of an 
enterprise to accept or not to accept the implementation 
of AI. To be able to gain insight into the company’s 
readiness to accept AI, we created a coefficient (KAI) that 
included three significant elements:
• Use of decision support tools (ξD)
• Having a strategy for applying AI (ξS)
• Use of artificial intelligence (at least one AI 

application) (ξA).
• Given that these criteria have different weights, we 

weighted them and created an expression:

KAI = 0.4 ξD + 0.2 ξS + 0.4ξA. (1)

Table 2 shows the results obtained by analyzing the 
entire sample to determine the correlation between the 
company size and AI adoption coefficient.

In the observed sample, 116 companies have KAI 
equal to 0, which significantly affects the obtained 
results. One company did not provide enough data to 
create the KAI coefficient. The analysis of the sample 
where the KAI is greater than zero (46 cases) gave the 
results shown in Table 3.

In this case, the obtained P-value was close to zero, 

reflects the potential for significant annual value from 
generative AI. The share of reported gen AI uses in 
companies participating in supply chain management 
was only 3 %. The situation is better with service 
operations (10 %), product and service development 
(13 %), and marketing and sales (14 %) [30].

There is a high optimism about the impact of gen AI. 
Three-quarters of respondents anticipated significant 
competitive changes in the next three years, particularly 
in the tech and financial sectors. The level of impact is 
projected to vary across industries, with knowledge-
intensive sectors likely to experience greater disruption 
and value creation. Tech firms are poised to benefit the 
most, potentially increasing global revenue by up to 
9%, followed by knowledge-driven industries (up to 5 %) 
and education (up to 4 %). Conversely, manufacturing 
sectors, like aerospace, automotive, and advanced 
electronics may see more modest effects, compared 
to past technological shifts focused on production 
improvement [1, p. 3]. 

The generative AI is revolutionizing work structures 
by automating tasks that currently absorb 60 to 70 % 
of employees’ time. With the advancements in natural 
language understanding, the generative AI can now 
streamline activities that involve speech comprehension, 
accounting for 25 % of work time. Industries requiring 
higher education levels will experience a more significant 
impact as automation potential increases. The workforce 
transition will intensify over time, with predictions 
suggesting that up to half of all work activities could be 
automated between 2030 and 2060 [1, p- 3].

However, the SMEs have encountered challenges 
in the AI project preparation and implementation. 
Oldemeyer, Jede, and Tauteberg [31] identified lack of 
knowledge, costs, and inadequate infrastructure as the 
most common barriers to implementation, emphasizing 
social, economic, and technological aspects.

4.3 Research according to the null  
hypothesis H0,1 

As a criterion for the reference level of 
implementation of artificial intelligence, a limit of 8 % 
was adopted, which corresponds to the EU average for 

Table 2 Results of the regression analysis of the company size and KAI coefficient correlation

ANOVA
 df SS MS F Significance F

Regression 1 0.402505 0.402505 13.43214 0.000335
Residual 161 4.824489 0.029966

Total 162 5.226994    

 Coefficients
Standard 

Error t Stat P-value Lower 95% Upper 95%
Intercept 0.056884 0.017206 3.306131 0.001166 0.022906 0.090863

X Variable 1 0.0007 0.000191 3.664989 0.000335 0.000323 0.001077
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in SMEs and the lack of knowledge or resources for 
artificial intelligence is random. Therefore, there 
are no grounds for rejecting the hypothesis that the 
lack of knowledge or resources is independent of the  
SME size.

In addition, 113 companies (69.8 %) expressed 
readiness for outsourcing in the implementation of 
AI. The survey showed that the vast majority consider 
the application of AI to be useful, which created 
the conditions to reject the null hypothesis H0,3 that 
”transportation and storage SMEs are hesitant to adopt 
artificial intelligence in their operations, as they doubt 
its potential benefits” at the expense of the alternative 
hypothesis HA,3.

4.6 Research according to the null  
hypothesis H0,4

Within the sample of 162 SMEs, 27 of them had 
a strategy for application of AI, and 17 used at least 
one AI application in practice. Based on the results of 
the analysis, the findings presented in Table 5 were 
obtained.

A P-value of 0.957 indicates a very strong correlation 
between these two values. However, due to the existence 
of many businesses that neither have a strategy nor 
use AI, the P-value is exaggerated. If we exclude those 
companies from the analysis and look only at companies 
that have at least one element, 42 SMEs remain for 

as well, which means that for this sample there is no 
linear correlation between the size of the company and 
the coefficient of acceptance of AI and that there is no 
basis for rejecting the null hypothesis H0,2 that “there is 
no strong correlation between the size of a transportation 
and storage SMEs and the adoption level of artificial 
intelligence implementation in business operations.”

4.5 Research according to the null  
hypothesis H0,3

The value of 66.6 % supports the application of 
artificial intelligence we adopted as a reference criterion. 
We believe that a two-thirds majority would strongly 
separate belief and disbelief in AI applications. Out of 
162 answers, 133 SMEs (82.1 %) believed that the use 
of AI would be beneficial for the company’s work. This 
means that companies would like to use AI, and why 
they do not use it yet, the reasons we sought in the lack 
of IT experts (in 71 out of 162 surveyed companies, or 
43.8 %), lack of AI experts (in 146 out of 162, or 90.1 %), 
and lack of funds (in 146 out of 162, or 90.1 %). 

For a deeper analysis, we analyzed the impact of 
SME size on the use of AI in SMEs. We started with the 
hypothesis that the lack of knowledge or resources is not 
correlated with the size of the SME. Regression analysis 
of the survey data gave the results shown in Table 4.

The P-value of 0.4299 indicates a high probability 
that the relationship between the number of employees 

Table 3 Results of the regression analysis of the company size and KAI coefficient correlation for cases when KAI>0

ANOVA

 df SS MS F Significance F

Regression 1 0.115485 0.115485 3.866825 0.055577

Residual 44 1.314081 0.029865

Total 45 1.429565    

 Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.289347 0.035919 8.05546 3.36E-10 0.216956 0.361737

X Variable 1 0.000619 0.000315 1.966424 0.055577 -1.5E-05 0.001254

Table 4 Results of the regression analysis of the correlation between SME size and lack of knowledge or resources for 
artificial intelligence applications.

ANOVA

 df SS MS F Significance F

Regression 1 0.138566 0.13856613 0.626164 0.42993

Residual 161 35.62831 0.22129382

Total 162 35.76687    

 Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.6520689 0.046757 13.9459409 1.72E-29 0.559733 0.744405

X Variable 1 0.0004107 0.000519 0.79130499 0.42993 -0.00061 0.001436
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the SMEs would clearly express their willingness to 
finance in AI. Processing the sample according to the 
first criterion, we saw that 54 of the 157 companies that 
answered this survey question plan to invest in AI in 
the next year. Unlike them, 103 companies (65.6 %) do 
not plan investments in the next year. A total of 86 out 
of 152 companies, or 56.6 %, indicated their intention to 
invest in artificial intelligence over the next three years. 
Based on the analysis of the answers received it can be 
concluded that the SMEs are still hesitant to invest in 
the application of AI. The results are more favorable in 
terms of investing in AI in the next three years. They 
are still lower, but they are closer to the set criterion. 
However, they should be taken with a grain of salt, as 
they may be the result of optimistic expectations and 
planning. 

Based on the obtained results, we can conclude that 
there is no evidence to reject the null hypothesis H0,5 
that “SMEs doing business in transportation and storage 
are reluctant to invest in the application of artificial 
intelligence”, and that it can be considered that SMEs 
are still hesitant to invest in AI.

For a more in-depth analysis of AI investments, we 
analyzed the impact of the SME size on the decision to 
invest in AI. We started from the assumption that SME 
size does not affect the AI investment planning. Through 
the regression analysis of the data from the survey, we 
obtained the results shown in Table 7.

A P-value of 0.489 suggests a high probability that 
the relationship between the willingness to invest in 

analysis. In this case, the statistical analysis gave the 
results shown in Table 6.

The obtained results show that the P-value is very 
close to zero, indicating no linear correlation (higher-
order correlation not excluded). The number of companies 
with an AI deployment strategy is significantly higher 
than those using AI. Furthermore, 14 companies using 
AI have no strategy. From this, we can infer that 
SMEs need to put considerable effort into translating 
their strategies into practice and that AI deployment 
is currently more responsive to immediate needs and 
opportunities rather than pre-planned strategies.

Based on the results, we can conclude that the 
analysis of this reduced sample does not provide 
sufficient evidence to reject the null hypothesis H0,4 that 
‘there is no strong correlation between a company having 
a defined strategy for integrating artificial intelligence 
into business processes and utilizing some form of 
artificial intelligence in its operations.’

4.7 Research according to the null  
hypothesis H0,5

To assess the readiness of SMEs to invest in 
AI applications in their business, we considered two 
criteria. The first criterion was the company’s plan to 
invest in AI in the next year, and the second criterion 
was the company’s plan to invest in the next three years. 
We adopted 66.6 % as the threshold value by which 

Table 5 Results of the regression analysis of the correlation between a having strategy and using AI applications. 

ANOVA

 df SS MS F Significance F

Regression 1 0.000274 0.000274 0.0029 0.957119

Residual 161 15.22672 0.094576

Total 162 15.22699    

 Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.103704 0.026468 3.918058 0.000132 0.051434 0.155973

X Variable 1 0.003439 0.063861 0.053853 0.957119 -0.12267 0.129553

Table 6 Results of the regression analysis of the correlation between a having strategy and using AI applications when an 
SME has at least one of the parameters not equal to zero.

ANOVA

 df SS MS F Significance F

Regression 1 7.440476 7.440476 111.1111 4.14E-13

Residual 40 2.678571 0.066964

Total 41 10.11905    

 Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 1 0.06916 14.45914 1.77E-17 0.860222 1.139778

X Variable 1 -0.89286 0.084704 -10.5409 4.14E-13 -1.06405 -0.72166
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making. It improves the customer service, marketing, 
content creation, and overall competitiveness, as well. 
This research addressed the readiness of SMEs to 
leverage these advantages.

RQ1. To what extent does AI currently support 
transport and storage SMEs?

Based on the survey results and discussion of 
application of artificial intelligence in SMEs in today’s 
conditions, in sections 4.2, 4.3.1, and 4.3.2, one can 
conclude that it is still at an early stage when individual 
initiatives are more pronounced than the planned 
approach. Many SMEs (89.6 % of surveyed) do not use 
AI as a specific application, although 79.8% use AI 
indirectly as a part of their business software; 16.67 % 
of surveyed SMEs have created strategies for application 
of artificial intelligence.

RQ2. What are the perceptions of transport and 
storage SMEs regarding AI applications, and what 
are their plans for future AI implementation?

Most of the transport and warehousing SMEs are 
now recognizing the potential of AI applications, but 
are currently hesitant to fully leverage them. Various 
factors contribute to this hesitation, ranging from 
limited financial resources for AI utilization, shortage 
of AI experts, and inadequate IT support. Moreover, the 
reluctance to invest in necessary equipment and software 
to implement AI cannot be understated. These decisions 
are often influenced by fragile business conditions 
and insufficient management and owners’ commitment 
toward AI adoption.

Future of AI application in transport and storage 
SMEs

The rapid advancement of artificial intelligence (AI) 
is paving the way for its extensive integration across 
various sectors, including transportation and storage. 
The potential implementation of AI in these industries 
presents significant opportunities for transformation. AI 
technologies can optimize route planning and logistical 
operations, leading to more streamlined transportation 
networks and decreased fuel consumption. The AI 
can enhance inventory management by accurately 
forecasting demand trends and maximizing storage 

artificial intelligence and the number of employees in 
the company is not significant. Therefore, we cannot 
reject the hypothesis that the size of SMEs does not 
affect the company’s willingness to invest in AI.

We can conduct a χ2 test for SMEs’ willingness to 
invest in AI by classes, separately for small and medium 
enterprises. Assuming that the company size does not 
affect the willingness to invest in AI, we get a value of 
χ2 = 0.05933. In our case, it corresponds to a P-value 
of about 0.80494. Therefore, there are no grounds 
for rejecting the hypothesis that company size and 
willingness to invest are mutually independent.

However, we must mention that statistical 
significance does not necessarily mean practical 
significance. It is possible that although there is 
a statistically insignificant relationship, it may be 
practically significant in a real business context. The 
most common reasons for this can be:
1. Sample size: It may happen that the statistical 

test does not show significance because there is not 
enough data to confirm the relationship even if it 
exists.

2. High variability: This may lead to a smearing of the 
effect and may result in statistically insignificant 
results.

3. Measurement error: Improperly filling out the 
survey form can cause statistically insignificant 
results.
In our case, the main risk is related to the fact that 

the implementation of AI in SMEs is still in its initial 
phase. The relations of SMEs to application of AI have 
not yet been established, so it is difficult to establish 
the interdependencies of individual parameters. The 
more massive application of AI would stabilize results, 
so possible inaccuracies in conclusions would be lower.

5 Conclusions

Artificial intelligence (AI) and machine learning 
analyze traffic data, predict behavior, optimize flow, 
and enhance transport efficiency, particularly in urban 
settings, crucial for SMEs. The AI technology benefits 
small businesses by optimizing operations, reducing 
costs, enhancing safety, and supporting decision-

Table 7 Results of the regression analysis of the correlation between MSP size and readiness to invest in AI applications.

ANOVA

 df SS MS F Significance F

Regression 1 0.107488 0.10748875 0.480674 0.489116

Residual 161 36.00294 0.22362075

Total 162 36.11043    

 Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.31122685 0.047002 6.6215549 5.05E-10 0.21841 0.404047

X Variable 1 0.00036173 0.0005217 0.6933068 0.489116 -0.00067 0.001392
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• Implement artificial intelligence systems for 
predictive maintenance,

• Utilize data analytics and machine learning for data 
analysis,

• Use artificial intelligence to optimize business 
operations, track inventory, and find more efficient 
solutions,

• Invest in training employees on how to use the AI 
tools and technologies, and most importantly,

• Immediately initiate these activities.
These recommendations can help all the SMEs 

leverage artificial intelligence to enhance the efficiency 
and competitiveness of their transport and warehousing 
operations. As we are still in the early stages of AI 
adoption, these recommendations could be universally 
applicable and are relevant for companies in Slovakia 
and Serbia, as well.
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space efficiency within storage facilities. 
Furthermore, the AI-powered predictive maintenance 

systems can preempt equipment malfunctions, limiting 
downtime, enhancing overall operational efficiency, and 
reducing operational costs. The AI-driven analytics hold 
the potential to deliver invaluable insights into supply 
chain operations, empowering companies to make the 
real-time data-informed decisions.

Transitioning from sporadic instances, the adoption 
of AI is on track to become pervasive, necessitating 
the integration of this technology within small and 
medium-sized enterprises for their survival. The 
willingness of managers and proprietors to outsource 
AI-related tasks may hasten the uptake of AI in SMEs 
within the transportation and warehousing sectors. 
Early implementation positions these businesses more 
competitively in the market. One can expect that SMEs 
will leverage AI for diverse purposes, even for operations 
not demanding advanced technological acumen.

Nevertheless, the successful integration of AI 
hinges on its harmonization with human cognition 
and collaboration, as AI serves as a complementary 
tool to personal reflection, societal norms, and cultural 
values. Apart from the willingness to adopt the AI, 
ensuring essential prerequisites for its application is 
imperative. Key among these is proficient employee 
training in AI system operations. Before widespread 
implementation, addressing ethical considerations is 
crucial to preclude potential conflicts. Consequently, 
taking a multidisciplinary and all-encompassing 
approach towards these matters in the forthcoming 
years is fundamental. States and large-scale enterprises 
will undoubtedly play pivotal roles in these endeavors, 
while the SMEs stand to reap the benefits from these 
ongoing discussions.

Finally, if we would like to provide some 
recommendations to SMEs involved in transport and 
storage regarding the future application of artificial 
intelligence, they could be summarized as follows:
• Utilize AI to automate as many routine tasks as 

possible,

References

[1] CHUI, M., HAZAN, E., ROBERTS, R., SINGLA, A., SMAJE, K., SUKHAREVSKY, A., YEE, L., ZEMMEL, R. 
The economic potential of generative AI: the next productivity frontier [online]. McKinsey and Company, 2023. 
Available from: https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/the-economic-potential-of-
generative-ai-the-next-productivity-frontier#business-and-society

[2] DRYDAKIS, N. Artificial intelligence and reduced SMEs’ business risks. a dynamic capabilities analysis during 
the COVID-19 pandemic. Information Systems Frontiers [online]. 2022, 24, p. 1223-1247 [accessed 2024-03-01]. 
ISSN 1387-3326, eISSN 1572-9419. Available from: https://doi.org/10.1007/s10796-022-10249-6

[3] Eurostat. Use of artificial intelligence in enterprises [online] [accessed 2024-03-01]. Available from: https://ec.europa.
eu/eurostat/statistics-explained/index.php?title=Use_of_artificial_intelligence_in_enterprises#Enterprises_
using_artificial_intelligence_technologies

[4] Paysafe. 3 ways small businesses can use AI to drive growth [online] [accessed 2024-03-10]. Available from: 
https://hbr.org/sponsored/2023/03/3-ways-small-businesses-can-use-ai-to-drive-growth



I M P A C T  O F  A I  T E C H N O L O G I E S  O N  O P E R A T I O N S  O F  S M A L L  A N D  M E D I U M  T R A N S P O R T  B U S I N E S S E S  E23

V O L U M E  2 6  C O M M U N I C A T I O N S    3 / 2 0 2 4

[5] RUESSMANN, M., LORENZ, M., GERBERT, P., WALDNER, M., ENGEL, P., HARNISCH, M., JUSTUS, J. 
Industry 4.0: the future of productivity and growth in manufacturing industries [online] [accessed 2024-03-
01]. Available from: https://www.bcg.com/publications/2015/engineered_products_project_business_industry_4_
future_productivity_growth_manufacturing_industries

[6] KUEPPER, D., LORENZ, M., KUHLMANN, K., BOUFFAULT, O., WYCK, J. V., KOECHER, S., SCHLAGETER, 
J. AI in the factory of the future: the ghost in the machine [online] [accessed 2024-03-01]. Available from:  
https://www.bcg.com/publications/2018/artificial-intelligence-factory-future

[7] BROWN, T. V. The impact of artificial intelligence on freight transportation [online] [accessed 2024-
03-02]. Available from: https://medium.com/@teressavbrown/the-impact-of-artificial-intelligence-on-freight-
transportation-ef8d865f29f0

[8] OECD. Artificial intelligence: changing landscape for SMEs [online] [accessed 2024-03-02]. Available from: 
https://www.oecd-ilibrary.org/sites/01a4ae9d-en/index.html?itemId=/content/component/01a4ae9d-en

[9] OECD. OECD digital economy outlook 2020. Paris: OECD Publishing, 2020.
[10] CORBETTA, M. An insight into the innovative start-up landscape of Friuli-Venezia Giulia: a tale of two sub-

regions? OECD Local Economic and Employment Development (LEED) Papers [online]. 2020, 2020(8), p. 1-68. 
eISSN 2079-4797. Available from: https://doi.org/10.1787/20794797

[11] BERRYHILL, J., HEANG, K. K., CLOGHER, R., MCBRIDE, K. Hello, world: artificial intelligence and its use 
in the public sector. OECD Observatory of Public Sector Innovation (OPSI), 2019. 

[12] OECD. OECD SME and entrepreneurship outlook 2019. Paris: OECD Publishing, 2019. 
[13] OECD. Algorithms and collusion: competition policy in the digital age. Paris: OECD, 2017. 
[14] OECD. Financing SMEs and entrepreneurs 2020: an OECD scoreboard. Paris: OECD Publishing, 2020. 
[15] OECD. OECD employment outlook 2019: the future of work. Paris: OECD Publishing, 2019. 
[16] MIG. 2024-2030: artificial intelligence in transportation market share, by product, by application and forecast. 

Frankfurt, DE: Market Insight Group, 2024. 
[17] OMMEREN, C. V., WILLEMS, F., PAARDEKOOPER, J.-P., BAKRI, T., BEEKELAAR, R. Artificial intelligence 

in mobility and transport / Artificiele intelligentie in mobiliteit en transport (in Dutch) [online] [accessed 
2024-03-08]. Available from: https://nlaic.com/wp-content/uploads/2020/07/Position-Paper-AI-in-Mobiliteit-en-
Transport-1.pdf

[18] KARANPURIYA, H. The AI revolution: how SMEs are harnessing the power of artificial intelligence to 
supercharge their businesses [online] [accessed 2024-03-08]. Available from: https://www.linkedin.com/pulse/
ai-revolution-how-smes-harnessing-power-artificial-karanpuriya

[19] Eurostat. Small and medium-sized enterprises: an overview [online] [accessed 2024-03-06]. https://ec.europa.eu/
eurostat/web/products-eurostat-news/-/ddn-20200514-1

[20] RAFIQUE, S., MUJAWINKINDI, F. Changing the future. Umea: Umea School of Business, Economic and 
Statistics, 2023.

[21] OECD. ICT access and usage by businesses [online] [accessed 2024-03-06]. Available from: https://stats.oecd.org/
Index.aspx?DataSetCode=ICT_BUS#

[22] BOGAVAC, M. Research of the influence of digitalization on small and medium enterprises. Doctoral dissertation. 
Belgrade: Faculty of Business and Law, 2019. 

[23] MASLEJ, N., FATTORINI, L., BRYNJOLFSSON, E., ETCHEMENDY, J., LIGETT, K., LYONS, T., MANYIKA, 
J., NGO, H., NIEBLES, J. C., PARLI, V., SHOHAM, Y., WALD, R., CLARK, J., PERRAULT, R. The AI index 
2023 annual report. Stanford, CA: AI Index Steering Committee, Institute for Human-Centered AI, Stanford 
University, 2023. 

[24] Clarivate. Master journal list [online] [accessed 2024-03-06]. Available from: https://mjl.clarivate.com/search-
results

[25] Scopus. Sources [online] [accessed 2024-03-06]. Available from: https://www.scopus.com/sources.uri
[26] EVERITT, B. The Cambridge dictionary of statistics. Cambridge, UK New York: Cambridge University Press, 

1998. 
[27] EC. Artificial intelligence by NACE Rev.2 activity [online] [accessed 2024-03-29]. Available from:  

https://ec.europa.eu/eurostat/databrowser/view/isoc_eb_ain2__custom_10370113/default/bar?lang=en
[28] Oracle. What is AI? Learn about artificial intelligence [online] [accessed 2024-03-06]. Available from:  

https://www.oracle.com/artificial-intelligence/what-is-ai/
[29] CHUI, M., HALL, B., SINGLA, A., SUKHAREVSKY, A. The state of AI in 2021 [online] [accessed 2024-03-20]. 

Available from: https://www.mckinsey.com/capabilities/quantumblack/our-insights/global-survey-the-state-
of-ai-in-2021

[30] CHUI, M. The state of AI in 2023: generative AI’s breakout year [online] [accessed 2024-03-29]. Available 
from: https://www.mckinsey.com/capabilities/quantumblack/our-insights/the-state-of-ai-in-2023-generative-ais-
breakout-year#research

https://www.mckinsey.com/capabilities/quantumblack/our-insights/global-survey-the-state-of-ai-in-2021
https://www.mckinsey.com/capabilities/quantumblack/our-insights/global-survey-the-state-of-ai-in-2021


E24  N I Ć I N  e t  a l .

C O M M U N I C A T I O N S    3 / 2 0 2 4  V O L U M E  2 6

[31] OLDEMEYER, L., JEDE, A., TEUTEBERG, F. Investigation of artificial intelligence in SMEs: a systematic 
review of the state of the art and the main implementation challenges. Management Review Quarterly. 2024, 
2024, p. 1-43. ISSN 2198-1620, eISSN 2198-1639. Available from: https://doi.org/10.1007/s11301-024-00405-4

[32] 2003/361/EC. Commission recommendation concerning the definition of micro, small and medium-sized 
enterprises. Official Journal of the European Union. 2003, p. L 124/36 - L 124/41.


