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Low-Cost Attitude Determination Using Two GPS Antennas and IMU Data 

Habib Kanberoğlu (Habib Ghanbarpourasl)*, Mukaddes Bolat 

Abstract: This study explores methods for precise attitude estimation using carrier phases within global positioning systems (GPS). Carrier phase data is preferred over 
pseudorange data for short baseline distances due to its lower noise levels. However, resolving ambiguities through integer ambiguity resolution methods is essential for effectively 
utilizing carrier phases. One widely adopted approach, the LAMBDA method, is introduced, alongside a solution tailored for low-cost GPS systems and receivers with higher error. 
The novel method primarily focuses on utilizing only the fractional parts of the carrier phases while integrating constraints such as pitch and baseline constraints to enhance 
ambiguity detection accuracy. Comparative analysis with the LAMBDA approach demonstrates that the proposed method achieves remarkable accuracy, even in environments 
characterized by multipath interference. 

Keywords: Attitude determination; GPS carrier phase; Integer ambiguity; LAMBDA method 

1 INTRODUCTION 

Satellite-based global positioning systems (GPS) boast 
diverse applications, ranging from providing precise 
navigation solutions for aircraft and maritime vessels to 
facilitating kinematic positioning across varying scales, from 
short distances to several kilometers. Moreover, rotation 
estimation becomes attainable with the appropriate 
configuration of GPS antennas within a unified system. GPS 
antennas are used to detect yaw, pitch, and roll by using 
measurements representing the distance between the receiver 
and satellites. Pseudorange measurements, which involve 
measuring the time it takes for the satellite signal to travel 
from the satellite to the receiver, can provide distance 
measurements. However, they are subject to errors caused by 
factors such as atmospheric delays and receiver clock errors. 
Carrier phase measurements, on the other hand, offer much 
higher precision because they directly measure the phase of 
the carrier wave. While carrier phase measurements offer 
higher precision, they pose the challenge of resolving the 
integer ambiguity [1]. The integer ambiguity arises because 
the receiver cannot directly determine how many complete 
cycles the carrier wave has traveled [2]. Instead, it measures 
the total phase change since the signal was transmitted. This 
total phase change includes both the fractional part (which 
can be accurately measured) and the integer part (which 
cannot be directly measured). Various methods have been 
developed to resolve these integer ambiguities and enable 
accurate positioning and rotation using carrier phase 
measurements in GPS applications. 

These methods are typically categorized into two main 
groups. Motion-based techniques require the accumulation of 
data over a specific period during which significant changes 
occur either in the visible GPS constellation or in the 
observable platform rotations. Conversely, search-based 
methods rely on single epoch measurements to identify the 
most probable ambiguity combination, acknowledging that 
noise levels may sometimes lead to incorrect ambiguity 
identification [3]. 

Some of the earliest applied integer ambiguity resolution 
methods are the LSAST [4], FASF [5] and AFM [6], 

methods. LSAST and FASF are search-based methods that 
rely on sequential least squares estimation and operate under 
the assumption of normally distributed errors within a 
properly defined ambiguity search space. As stated by [7], 
these methods always include the correct set of ambiguities 
within the search space and obtain the least squares solution. 
D. Kim and R. B. Langley applied the OMEGA method by 
modifying the LSAST method to follow a more efficient 
process. It adopts two search space reduction processes (a 
scaling and a scanning process) to transform the search space 
and filter ambiguity candidates at multiple search levels. To 
achieve maximum efficiency, an optimization procedure is 
applied in a closed form before the search-validation step, 
determining parameters that minimize candidates under 
specific conditions [8]. 

On the other hand, the AFM method is a motion-based 
technique that utilizes only the fractional components of 
instantaneous carrier phase measurements. As a result, the 
ambiguity function values remain unaffected by full-cycle 
changes or cycle slips in the carrier phase. The adaptive 
nature inherent in AFM is characterized by a nonlinear and 
highly complex structure. Consequently, the process of 
searching for its maximum value demands a significant 
amount of computational capacity, creating a bottleneck in 
GPS attitude determination [9]. To reduce the computational 
burden, some enhanced AFM methods have been developed. 
Ref. [10] aims to minimize the number of grid points that 
need to be tested and determine the optimal search step size 
while [11] focuses on minimizing the number of test points 
to reduce computational load. 

The ARCE method, or Ambiguity Resolution with 
Constraint Equation, is a sophisticated motion-based 
technique utilized to establish the connection between integer 
ambiguities. This correlation can be established separately 
from the user’s location. These ambiguities consist of three 
distinct elements that are utilized to derive the user’s 
position. Upon determining the independent elements, the 
remaining dependent elements can be calculated using the 
constraint equation. This technique provides a direct method 
for determining the dependent elements without requiring 
knowledge of the user’s location. Furthermore, the 
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covariance information obtained from these ambiguities can 
be used as an additional criterion for rejection [12]. 

The aforementioned techniques exhibit both merits and 
demerits. Among the primary challenges encountered with 
integer ambiguity resolution methods are the computational 
overhead and intricate structures. These limitations often 
translate into inaccuracies within real-time attitude 
determination applications. Presently, the widely adopted 
LAMBDA method effectively mitigates this computational 
burden. LAMBDA method [13], which stands for "Least-
squares Ambiguity Decorrelation Adjustment". LAMBDA 
involves a two-step process to compute integer least squares 
(ILS) ambiguity estimates. In the first step, the LAMBDA 
method employs Z-transformation to decorrelate 
ambiguities. This decorrelation step is crucial as it facilitates 
the effective search for the integer candidate solving the 
integer minimization problem. The second step in the 
LAMBDA method involves the search process, which is 
facilitated by the elimination of correlations obtained in the 
first step [14]. Test results for rotation estimation using the 
LAMBDA method can be found in [15].To enhance the 
success rate of the LAMBDA method, several baseline-
constrained versions have been proposed [16–18]. While the 
original formulation of the LAMBDA method is applicable 
to both unconstrained and linearly constrained GNSS 
models, its baseline-constrained version, MLAMBDA [19], 
can be applied to second-order constrained GNSS models as 
well [2]. 

In this study, as observed, the LAMBDA method yields 
superior results in expensive GPS devices and suitable 
environments, while its accuracy diminishes in cheaper GPS 
devices and multipath environments. It is well known that 
other search-based and motion-based methods struggle with 
computational overhead and complex structures, as 
mentioned above. This study aims to achieve low-error 
attitude estimation even in multipath environments. To 
accomplish this, a New method has been developed, 
incorporating constraints such as baseline constraint and 
rotation constraint to accurately determine integer 
ambiguities.  

1.1 GNNS Observation Model 

It is important to note that there are multiple sources of 
error in carrier phase and pseudorange measurements, 
including ionospheric, tropospheric, satellite clock, receiver 
clock, and multipath errors. The undifferenced code and 
carrier phase measurements can be modeled as [20]: 

𝑝𝑝𝑎𝑎𝑠𝑠 = 𝜌𝜌𝑎𝑎𝑠𝑠 + 𝑐𝑐(𝑑𝑑𝑡𝑡𝑎𝑎 − 𝑑𝑑𝑡𝑡𝑠𝑠) + 𝐼𝐼𝑎𝑎𝑠𝑠 + 𝑇𝑇𝑎𝑎𝑠𝑠 + 𝑀𝑀𝑎𝑎,𝑃𝑃
𝑠𝑠 + 𝜀𝜀𝑎𝑎,𝑃𝑃

𝑠𝑠 𝜙𝜙𝑎𝑎𝑠𝑠       (1) 

𝜙𝜙𝑎𝑎𝑠𝑠 = 𝜌𝜌𝑎𝑎𝑠𝑠 + 𝑐𝑐(𝑑𝑑𝑡𝑡𝑎𝑎 − 𝑑𝑑𝑡𝑡𝑠𝑠) + 𝐼𝐼𝑎𝑎𝑠𝑠 + 𝑇𝑇𝑎𝑎𝑠𝑠 + 𝑀𝑀𝑎𝑎,𝜙𝜙
𝑠𝑠 + 𝜀𝜀𝑎𝑎,𝜙𝜙

𝑠𝑠 + 𝜆𝜆𝑁𝑁𝑎𝑎𝑠𝑠 
(2) 

Where superscript 𝑠𝑠 stays for representation of s-th 
satellite, and subscript 𝑎𝑎 stays for a-th receiver. 𝑝𝑝𝑎𝑎𝑠𝑠 and 𝜙𝜙𝑎𝑎𝑠𝑠 
are the pseudorange and carrier phase measurements from s-
th satellite to a-th receiver, 𝜌𝜌𝑎𝑎𝑠𝑠 is the geometric range, 𝑑𝑑𝑡𝑡𝑎𝑎 and 
𝑑𝑑𝑡𝑡𝑠𝑠 are clock biases of the a-th receiver and the s-th satellite, 
𝐼𝐼𝑎𝑎𝑠𝑠 and 𝑇𝑇𝑎𝑎𝑠𝑠 are the ionospheric and trophospheric delay 
between the s-th satellite and the a-th receiver, 𝑀𝑀𝑎𝑎,𝑃𝑃

𝑠𝑠  and 𝑀𝑀𝑎𝑎,𝜙𝜙
𝑠𝑠  

are the multi-path errors for the code and carrier phase of the 
a-th receiver, 𝜀𝜀𝑎𝑎,𝑃𝑃

𝑠𝑠  and 𝜀𝜀𝑎𝑎,𝜙𝜙
𝑠𝑠  are the errors that cannot be 

modeled and are assumed to be white Gaussian noises, 𝜆𝜆 is 
the wavelength and 𝑁𝑁𝑟𝑟𝑠𝑠 is the unknown integer ambiguity. 

To elimination the clock difference of satellites, we can 
compare signals from two antennas. Atmosphere and satellite 
errors are eliminated by single difference of measurements 
between receivers for short baselines. After a single 
difference (SD) between receivers a and b, the model can be 
written as: 

∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠 = 𝑝𝑝𝑟𝑟𝑠𝑠 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠 + 𝑐𝑐(∆𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟) + 𝑀𝑀𝑟𝑟𝑟𝑟,𝑃𝑃
𝑠𝑠 + 𝜀𝜀𝑟𝑟𝑟𝑟,𝑃𝑃

𝑠𝑠   (3) 

∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠 = 𝜙𝜙𝑟𝑟𝑠𝑠 − 𝜙𝜙𝑏𝑏𝑠𝑠 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠 + 𝑐𝑐(∆𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟) + 𝑀𝑀𝑟𝑟𝑟𝑟,𝜙𝜙
𝑠𝑠 + 𝜀𝜀𝑟𝑟𝑟𝑟,𝜙𝜙

𝑠𝑠 −
𝜆𝜆∆𝑁𝑁𝑟𝑟𝑟𝑟𝑠𝑠           (4) 

Where Δ𝑝𝑝𝑎𝑎𝑎𝑎𝑠𝑠  and Δ𝜙𝜙𝑎𝑎𝑎𝑎𝑠𝑠  represents the SD pseudorange and 
carrier phase measurements between a-th and b-th receiver 
respectively. Moreover, to eliminate receiver's clock biases, 
we perform double difference between two satellites 
measurements, resulting in the following double differenced 
(DD) measurements 

∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠 − ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑘𝑘 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 + 𝑀𝑀𝑟𝑟𝑟𝑟,𝑃𝑃
𝑠𝑠𝑠𝑠 + 𝜀𝜀𝑟𝑟𝑟𝑟,𝑃𝑃

𝑠𝑠𝑠𝑠   (5) 

∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠 − ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑘𝑘 = ∆𝜌𝜌𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 + 𝑀𝑀𝑟𝑟𝑟𝑟,𝜙𝜙
𝑠𝑠𝑠𝑠 + 𝜀𝜀𝑟𝑟𝑟𝑟,𝜙𝜙

𝑠𝑠𝑠𝑠 − 𝜆𝜆∆𝑁𝑁𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 
(6) 

Where, ∇Δ𝑝𝑝𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 and ∇Δ𝜙𝜙𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠  represent the DD pseudorange and 
carrier phase measurements between the a-th and b-th 
receivers, and the s-th and k-th satellites. The linearized 
observation equation for both Eqs. (5) and (6) can be written 
in the following form [14]: 

𝑦𝑦 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑟𝑟𝑛𝑛 + 𝜂𝜂  (7) 

Where 𝑦𝑦 is the DD pseudorange and carrier phase 
measurements. The vector 𝑎𝑎 is the DD carrier phase 
ambiguity which is an integer vector. Vector 𝑟𝑟𝑛𝑛 is the 
baseline vector in local navigation frame which is 
represented by its three component x, y and z. 𝐴𝐴 is a constant 
matrix, and matrix 𝐵𝐵 is function of satellite unit vectors and 
wavelength. The vectors and matrices in Eq. (7) can be 
expressed as: 
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𝑦𝑦 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ ∇∆𝑝𝑝𝑟𝑟𝑟𝑟

𝑠𝑠1 − ∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠2

∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠1 − ∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠3
⋮

∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠1 − ∇∆𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠

∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠1 − ∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠2

∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠1 − ∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠3
⋮

∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠1 − ∇∆𝜙𝜙𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 𝐵𝐵 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡(e𝑠𝑠1 − e𝑠𝑠2)𝑇𝑇

(e𝑠𝑠1 − e𝑠𝑠3)𝑇𝑇
⋮

(e𝑠𝑠1 − e𝑠𝑠𝑠𝑠)𝑇𝑇
(e𝑠𝑠1−e𝑠𝑠2)𝑇𝑇

𝜆𝜆
(e𝑠𝑠1−e𝑠𝑠3)𝑇𝑇

𝜆𝜆
⋮

(e𝑠𝑠1−e𝑠𝑠𝑠𝑠)𝑇𝑇

𝜆𝜆 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

  𝐴𝐴 =

⎣
⎢
⎢
⎢
⎢
⎡

1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 1 ⎦

⎥
⎥
⎥
⎥
⎤

  𝑟𝑟𝑛𝑛 = �
𝑏𝑏𝑥𝑥
𝑏𝑏𝑦𝑦
𝑏𝑏𝑧𝑧
� 𝑎𝑎 = �

𝑎𝑎𝑠𝑠1 − 𝑎𝑎𝑠𝑠2
𝑎𝑎𝑠𝑠1 − 𝑎𝑎𝑠𝑠3

⋮
𝑎𝑎𝑠𝑠1 − 𝑎𝑎𝑠𝑠𝑠𝑠

� 𝜂𝜂 =

⎣
⎢
⎢
⎡𝜂𝜂

𝑠𝑠1 − 𝜂𝜂𝑠𝑠2

𝜂𝜂𝑠𝑠1 − 𝜂𝜂𝑠𝑠3
⋮

𝜂𝜂𝑠𝑠1 − 𝜂𝜂𝑠𝑠𝑠𝑠⎦
⎥
⎥
⎤
 

Where n is the number of visible satellites. If there are n 
visible satellites, there are n − 1 DD carrier phases and 
pseudoranges when the satellite 1 is selected as the pivot 
satellite. η is supposed to be white and Gaussian with zero 
mean and covariance 𝑄𝑄𝑦𝑦. The matrix A consists of two parts: 
the first part is associated with the pseudorange 
measurements, while the second part which is represented by 
a unit matrix, is associated with carrier phase measurements. 
This choice of a unit matrix reflects the fact that carrier phase 
measurements inherently contain integer ambiguity. 

The aim of this study is to find the integer ambiguity 
vector a and estimate the relative position vector between 
antennas by fixing the carrier phases, and then attitude 
determination will be applicable. 

2 ATTITUDE DETERMINATION 

The positions and distances of the antennas in the body 
frame are shown in Fig. 1. The position of the antennas are 
fixed and when the antenna 1 is taken as a reference antenna, 
the position vectors of antenna 2 and antenna 3 with respect 
to antenna 1 is: 

𝑟𝑟2𝑏𝑏 = �
𝐿𝐿12
0
0
�   𝑟𝑟3𝑏𝑏 = �

𝐿𝐿13cos𝛼𝛼
𝐿𝐿13sin𝛼𝛼

0
�  (8) 

Where L12 is the distance between antenna 1 and antenna 2, 
and L13 is the distance between antenna 1 and antenna 3,  𝛼𝛼 
is the angle between antenna 1, antenna 2 and antenna 3, 
𝑟𝑟2𝑏𝑏and 𝑟𝑟3𝑏𝑏 are the position of antenna 2 and 3 with respect to 
the antenna 1 in body frame. 

The rotation matrix between body and navigation frame 
is defined as [21]: 

𝐶𝐶𝑏𝑏𝑛𝑛 = �
cos𝜓𝜓 −sin𝜓𝜓 0
cos𝜓𝜓 sin𝜓𝜓 0

0 0 1
� �

cos𝜃𝜃 0 sin𝜃𝜃
0 1 0

−sin𝜃𝜃 0 cos𝜃𝜃
� �

1 0 0
0 cos𝜑𝜑 −sin𝜑𝜑
0 0 cos𝜑𝜑

� = 𝐶𝐶1𝑛𝑛𝐶𝐶21𝐶𝐶𝑏𝑏2   (9) 

Figure 1 Position of antennas in the body reference system. 

Where ψ, θ, and ϕ are the heading, pitch, and roll angles of 
the body frame with respect to the navigation frame, 
respectively. With reference to Fig. 1, relation between 𝑟𝑟𝑏𝑏 
and 𝑟𝑟𝑛𝑛is: 

𝑟𝑟2𝑛𝑛 = 𝐶𝐶𝑏𝑏𝑛𝑛𝑏𝑏2, 𝑟𝑟2𝑏𝑏 = �
𝐿𝐿12
0
0
� , 𝑟𝑟2𝑛𝑛 = �

𝑥𝑥2
𝑦𝑦2
𝑧𝑧2
�  (10) 

By substituting Eq. (9) into Eq. (10), one can write: 

�
𝐿𝐿12cos𝜓𝜓cos𝜃𝜃
𝐿𝐿12sin𝜓𝜓cos𝜃𝜃
−𝐿𝐿12sin𝜃𝜃

� = �
𝑥𝑥2
𝑦𝑦2
𝑧𝑧2
�  (11) 

From Eq. (11), the heading and pitch angles are found as 
follows: 

𝜓𝜓 = tan−1 �y2
x2
�  (12) 

𝜃𝜃 = sin−1 �−z2
𝐿𝐿12
�  (13) 

When we are using two antennas with configuration showed 
in Fig. 1, just heading and pitch angles are observable. If 
three antennas are positioned, then it becomes possible to 
estimate roll, pitch, and heading angles by three GPS 
antennas. If the rotation angles are known from Eq. (12) and 
Eq. (13), one can write: 
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𝑟𝑟3𝑏𝑏 = �
𝐿𝐿13cos𝛼𝛼
𝐿𝐿13sin𝛼𝛼

0
� ,   𝑟𝑟23 = 𝐶𝐶12𝐶𝐶𝑛𝑛1𝑟𝑟3𝑛𝑛  (14) 

Then 𝑟𝑟32 and 𝑟𝑟3𝑏𝑏 are known vectors, then: 

𝑟𝑟3𝑏𝑏 = 𝐶𝐶2𝑏𝑏𝑟𝑟32, 𝑟𝑟3𝑛𝑛 =  �
𝑥𝑥3
𝑦𝑦3
𝑧𝑧3
� ,  𝑟𝑟3𝑏𝑏 = �

𝐿𝐿13cos𝛼𝛼
𝐿𝐿13cos𝜑𝜑sin𝛼𝛼
𝐿𝐿13sin𝜓𝜓sin𝛼𝛼

�  (15) 

By comparing equivalent components, it resulted as: 

𝜙𝜙 = tan−1 �z3
y3
�  (16) 

Algebraic method is a classic method for attitude 
determination [22]. If two or more vectors are known in both 
frames, the rotation matrix between these frames can be 
found. For example, let 𝑟𝑟1𝑏𝑏 and 𝑟𝑟2𝑏𝑏 be two known vectors in 
the body frame. The equivalent of these vectors in the 
navigation frame are 𝑟𝑟1𝑛𝑛 and 𝑟𝑟2𝑛𝑛. The transformation matrix 
𝐶𝐶𝑏𝑏𝑛𝑛 is calculated as follows: 

𝑁𝑁 = 𝐶𝐶𝑏𝑏𝑁𝑁𝐵𝐵  (17) 

𝐵𝐵 = [𝑟𝑟1𝑏𝑏 𝑟𝑟2𝑏𝑏 𝑟𝑟1𝑏𝑏 × 𝑟𝑟2𝑏𝑏] ,𝑁𝑁 = [𝑟𝑟1𝑛𝑛 𝑟𝑟2𝑛𝑛 𝑟𝑟1𝑛𝑛 × 𝑟𝑟2𝑛𝑛]  (18) 

Using least squares (LS) method, the rotation matrix can 
be estimated as: 

𝐶𝐶𝐵𝐵𝑁𝑁 = (𝑁𝑁𝐵𝐵𝑇𝑇𝐵𝐵𝐵𝐵𝑇𝑇)−1  (19) 

After these calculations, the transformation matrix may 
not remain orthonormal. To make it orthonormal [23]: 

𝐶̂𝐶𝑏𝑏𝑛𝑛 = 𝐶𝐶𝑏𝑏𝑛𝑛(𝑐𝑐ℎ𝑜𝑜𝑜𝑜((𝐶𝐶𝑏𝑏𝑛𝑛)𝑇𝑇𝐶𝐶𝑏𝑏𝑛𝑛)−1  (20) 

chol is the ’cholesky factorization’ of a matrix. After 
calculation of transformation matrix, the roll, heading, and 
pitch angles can be calculated as follows: 

∅ = tan−1 �𝐶̂𝐶𝑏𝑏
𝑛𝑛(3,2)

𝐶̂𝐶𝑏𝑏
𝑛𝑛(3,3)

�  (21) 

𝜓𝜓 = tan−1 �𝐶̂𝐶𝑏𝑏
𝑛𝑛(2,1)

𝐶̂𝐶𝑏𝑏
𝑛𝑛(1,1)

�  (22) 

3 THE INTEGER AMBIGUITY RESOLUTION METHODS 

In this section, the LAMBDA method, one of the integer 
ambiguity resolution methods that we mentioned in the 
introduction section, and our method are introduced. 

3.1 LAMBDA 

The LAMBDA Method is a well-known and widely used 
method for resolving integer ambiguities in carrier phase 
measurements. In the LAMBDA method, the least squares 
principle is often used to estimate the baseline and integer 

DD ambiguities [14]: 

min
𝑎𝑎,𝑏𝑏

  ∥ 𝑦𝑦 − 𝐴𝐴𝐴𝐴 − 𝐵𝐵𝐵𝐵 ∥𝑄𝑄𝑦𝑦
2 ,    𝑎𝑎 ∈ 𝑍𝑍𝑛𝑛, 𝑏𝑏 ∈ 𝑅𝑅𝑝𝑝  (23) 

Where ‖𝑒𝑒‖𝐴𝐴2   is the second norm of a vector with weighting 
matrix A as: 

‖𝑒𝑒‖𝐴𝐴2 = (𝑒𝑒)𝑇𝑇𝐴𝐴−1(𝑒𝑒)  (24) 

𝑄𝑄𝑦𝑦 is the covariance matrix of GNSS observations. These 
types of least squares problems are called integer least 
squares (ILS) and differ from standard least squares due to 
the integer behavior of (a ∈ Zn) [19]. The LAMBDA Method 
involves three main steps: float solution, integer ambiguity 
estimation, and fixed solution. In the float solution step, the 
integer aspect of the ambiguities a is ignored, and floating 
point solutions of a and the baseline vector  𝑟𝑟𝑛𝑛 are calculated, 
and suppose the least squares solution of the problem defined 
by Eq. (7) is: 

�𝑏𝑏�
𝑎𝑎�
�  , �

𝑄𝑄𝑏𝑏�𝑏𝑏� 𝑄𝑄𝑏𝑏�𝑎𝑎�
𝑄𝑄𝑎𝑎�𝑏𝑏� 𝑄𝑄𝑎𝑎�𝑎𝑎�

�  (25) 

Where 𝑎𝑎� and 𝑏𝑏� are float solutions, 𝑄𝑄𝑏𝑏�𝑏𝑏�  and 𝑄𝑄𝑎𝑎�𝑎𝑎�  are 
covariance, and 𝑄𝑄𝑎𝑎�𝑏𝑏�  is cross-covariance between 𝑎𝑎 and 𝑏𝑏. 

In the integer ambiguity estimation step, the float 
solution 𝑎𝑎� is used to calculate the corresponding integer 
ambiguity estimate: 

𝑎𝑎� = 𝑆𝑆(𝑎𝑎�)  (26) 

Where 𝑆𝑆: 𝑅𝑅𝑛𝑛  →  𝑍𝑍𝑛𝑛 is an integer mapping from the n-
dimensional space of real values to the n-dimensional space 
of integers. In this step, the mapping function S provides 
alternative options besides the ILS in Eq. (22), which covers 
various integer estimation methodologies. Prominent 
alternatives include integer bootstrap (IB) [24] and integer 
rounding (IR) [24]. Nonetheless, ILS stands out as the most 
efficacious among these approaches [25]. However, when 
ILS is used, the calculation can take a lot of time. The 
precision of the elements of the ambiguity vector can be 
increased, while simultaneously greatly reducing the 
correlation between ambiguities. This reparameterization is 
called Z-transformation, and it transforms the original DD 
ambiguities into a new set of ambiguities as follows [26]: 

𝑧̂𝑧 = 𝑍𝑍𝑇𝑇𝑎𝑎�  (27) 

Where 𝑎𝑎� is the estimation of 𝑎𝑎 in the first step, 𝑍𝑍 is the 
transformation matrix and 𝑧̂𝑧 is the new set of ambiguities. 
The corresponding covariance matrices are [27]: 

𝑄𝑄𝑧̂𝑧𝑧̂𝑧 = 𝑍𝑍𝑇𝑇𝑄𝑄𝑎𝑎�𝑎𝑎�𝑍𝑍,   𝑄𝑄𝑏𝑏�𝑧̂𝑧 = 𝑄𝑄𝑏𝑏�𝑎𝑎�𝑍𝑍  (28) 

An integer search is required to compute the ILS 
solution. After reparameterization, the search space is 
defined with the transformed ambiguities as follows [14]: 
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𝐹𝐹(𝑧𝑧) = (𝑧̂𝑧 − 𝑧𝑧)𝑇𝑇𝑄𝑄𝑧̂𝑧𝑧̂𝑧−1(𝑧̂𝑧 − 𝑧𝑧) ≤ 𝜒𝜒2,     𝑧𝑧 ∈ ℤ𝑛𝑛  (29) 

This search space is bounded by a hyper-ellipsoid, 
centered at zˆ, characterized by the covariance matrix 𝑄𝑄𝑧̂𝑧𝑧̂𝑧, 
and its dimensions determined by  𝜒𝜒2 .  The application of 
the triangular decomposition of 𝑄𝑄𝑧̂𝑧𝑧̂𝑧, allows for the rewriting 
of the left-hand side of the quadratic inequality in Eq. (29) as 
a sum-of-weighted squares [19]: 

∑  𝑛𝑛
𝑖𝑖=1

�𝑧̂𝑧𝑖𝑖∣𝐼𝐼−𝑧𝑧𝑖𝑖�
2

𝜎𝜎𝑖𝑖∣𝐼𝐼
2 ≤ 𝜒𝜒2  (30) 

The left side of the above equation corresponds to the 
conditional least-squares estimator, denoted as 𝑧̂𝑧𝑖𝑖∣𝐼𝐼,  which 
emerges when conditioning is applied to the integers 𝑧𝑧𝑖𝑖 and 
𝑖𝑖 =  1, 2, . . . ,𝑛𝑛 −  1 . Employing the sum-of-squares format 
the subsequent step involves establishing n intervals for the 
search. These sequential intervals are defined as: 

(𝑧̂𝑧1 − 𝑧𝑧1)2 ≤ 𝜎𝜎12𝜒𝜒2

(𝑧̂𝑧2∣1 − 𝑧𝑧2)2  ≤ 𝜎𝜎2∣12 �𝜒𝜒2 − (𝑧̂𝑧1−𝑧𝑧1)2

𝜎𝜎12
�

 ⋮

   (31) 

Where 𝜎𝜎𝑖𝑖2, 𝑖𝑖 = 1,2, … ,𝑛𝑛 − 1are variance of i-th integer 
ambiguity. After this extensive integer estimation step, the 
fixed solution step will start. Here, the estimated integer 
ambiguities are employed to update the baseline vectors. The 
solution can be implemented directly as follows [14]:  

𝑏̌𝑏 = 𝑏̂𝑏 − 𝑄𝑄𝑏̂𝑏𝑧̂𝑧𝑄𝑄𝑧̂𝑧𝑧̂𝑧−1(𝑧̂𝑧 − 𝑧̌𝑧)  (32) 

Where  𝑏̂𝑏  is the float baseline vector,  𝑧̂𝑧 is the transformed 
and float ambiguity vector, 𝑧̌𝑧 is the transformed and 
estimated true ambiguity vector and 𝑏̌𝑏 is the updated true 
baseline vector. 

3.2 New Method 

The method employed in this study can be categorized as 
search-based, as it seeks to determine the integer ambiguity 
within defined limits.  However, selecting an appropriate 
limit can be a challenging task as it is crucial to balance 
computational burden and accuracy. Excessive 
computational costs may yield imprecise outcomes, while a 
narrow range may result in inaccuracies due to the potential 
exclusion of the correct solution. Therefore, careful 
consideration is essential when deciding on an appropriate 
search range to ensure that reliable and accurate results are 
obtained. To prevent this: 

We are using only fractional parts of the carrier phases. 
Maximum of search area is around the L/λ [20]. 

Rotation constraints which are calculated by the IMU 
data [27] were added to pull the correct ambiguity from 
candidates. 

The steps of the proposed method are as follows: 

Step 1: Removal of the integer part of the DD carrier 
phase measurements 

Thus, integer ambiguities will be in the range of the 
baseline length. 

∇∆∅� = ∇∆∅ − round(∇∆∅)  (33) 

Here  ∇∆∅� is  the  fractional  part  of  the  DD  carrier 
phase  measurements  and  ∇∆∅ is  the  original  carrier  phase 
measurements. 

Step 2: Candidate assignment. 
The search area for any ambiguity is: 

−𝐿𝐿
𝜆𝜆

< 𝑎𝑎𝑖𝑖 < + 𝐿𝐿
𝜆𝜆

 (34) 

In this step candidate of integer ambiguities are assigned. 

Figure 2 Diagram of possible ambiguities after fractional parts of DD carrier phases 
remain. 

Step 3: Candidate base vectors. 
For any candidate of a, the base vector is calculated using 

the LS method: 

𝑏𝑏�𝑗𝑗 = (𝐵𝐵𝑇𝑇𝑅𝑅−1𝐵𝐵)−1𝐵𝐵𝑇𝑇𝑅𝑅−1�𝑦𝑦 − 𝐴𝐴𝑎𝑎�𝑗𝑗�, 𝑗𝑗 = 1,2, … ,𝑁𝑁𝑝𝑝  (35) 

Where 𝑁𝑁𝑝𝑝 is the number of total integer ambiguity 
candidates, R is the covariance matrix of DD carrier phase 
and pseudorange measurements.  In the search step, instead 
of  𝑎𝑎�  in Eq. (34), all possible values shown in Fig. 2, are 
substituted one by one.  For each of these candidate 
ambiguities,  𝑏𝑏�𝑗𝑗(𝑎𝑎)  is calculated.  When a low-cost GPS is 
used, the covariance of the base vector and integer ambiguity 
in float solution is high. Then when the search area is selected 
as shown in Step 2, the total number of candidates will reduce 
significantly. Although the number of candidates and the 
computational load have been reduced by taking fractional 
parts of the DD carrier phases, the number of candidates is 
still high due to the high error of low-cost GPSs. Therefore, 
it is reduced by adding constraint conditions to the 
candidate 𝑏𝑏�(𝑎𝑎�).
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Figure 3 Flowchart of the proposed method 

Baseline Constraint: In our case, the antennas remain 
stationary during rotation. Therefore, the baseline norm does 
not change. Then for sieving of candidates of the base vector, 
we can use the following constraint: 

ℓ − 𝛿𝛿ℓ < �𝑏𝑏�𝑗𝑗(𝑎𝑎)� < ℓ + 𝛿𝛿ℓ , 𝑗𝑗 = 1,2, … ,𝑁𝑁𝑝𝑝  (36) 

Rotation constraint: Since the pitch angle is determined 
by accelerometers, it is compared by pitch angle determined 
by any base vector. When the error remains lower than a 
threshold, those candidates will be accepted. 

𝜃𝜃𝑎𝑎 = tan−1 � 𝑓𝑓𝑥𝑥

��𝑓𝑓𝑦𝑦�
2+(𝑏𝑏𝑧𝑧)2

�  (37) 

𝜃𝜃𝑏𝑏 = tan−1 � 𝑏𝑏𝑧𝑧

��𝑏𝑏𝑦𝑦�
2+(𝑏𝑏𝑥𝑥)2

�  (38) 

Where 𝑓𝑓 denotes the output of the accelerometer. 
Meanwhile, 𝜃𝜃𝑎𝑎 represents the pitch angle calculated by the 
accelerometer, and 𝜃𝜃𝑏𝑏 signifies the pitch angle calculated by 
the base vector. The threshold value is determined according 
to the difference of these two pitch angles. 

|𝜃𝜃𝑏𝑏 − 𝜃𝜃𝑎𝑎| < Δ𝜃𝜃  (39) 

The chart below depicts the flowchart of the proposed 
method. 

4 ANALYSIS OF TESTS 

This section includes the conditions for conducting the 
tests required to apply the methods mentioned in Section 3.2, 
the information on the materials used, and the analyses of the 
tests performed. Additionally, the results of the LAMBDA 
method and the new proposed method are compared. 

Figure 4 Configuration of antennas 
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  (a)     (b)  

         (c)                                                                                                            (d) 
Figure 5 (a) number of visible satellites, (b) elevation angles of visible satellites, (c) DD pseudorange measurements, (d) DD carrier phase measurements. 

The tests were conducted using a U-blox ZED-F9P 
GNSS receiver, an MPU-9255 IMU, and an STM32F407 
electronic board. This electronic board was used to read data 
from four GNSS receivers and one IMU. The 
STM32CUBEIDE software was utilized to obtain the 
necessary data packets from the GNSS receivers and IMU 
mounted on the electronic board. After acquiring the data, the 
mentioned algorithms were implemented using MATLAB. 

Moreover, this section includes graphs for visible 
satellites, elevation angles, pseudorange and carrier phase 
measurements, and rotation for both methods. Given that the 
test was conducted in a multipath environment, only satellites 
with elevation angles exceeding 10 degrees were processed 
to mitigate multipath errors, resulting in a low number of 
visible satellites. The measurements and the count of visible 
satellites are presented separately for the L1 band. 

    The test was conducted with a baseline length of 0.75 
meters and a fixed pitch angle of 20 degrees throughout. The 
system's X direction was initially aligned with the north 
direction, and the vehicle underwent a complete rotation, 
turning 90 degrees west, 90 degrees south, 90 degrees east, 
and finally returning to the north direction. Subsequently, 
another full circle was completed, this time without any 
stops, moving from north to north. 

As seen in Fig. 5a, the number of visible satellites varies 
during the test as the vehicle moves. Although the maximum 
visible satellite count is 6, only 4 satellites are selected from 
each band because 4 of these satellites have elevation angles 

greater than 10 degrees. Since the suitable satellites for both 
the L1 and L2 bands are the same, their elevation angles are 
identical. We previously mentioned that pseudorange 
measurements are noisy and misleading, as observed in Fig. 
5c, while sudden changes in measurements due to integer 
ambiguities in carrier phases are seen in Fig. 5d. 
Additionally, carrier phase noise is minimal. 

Due to the high error of the receivers, when estimating 
rotation using the LAMBDA method, as depicted in Figs. 6a 
and 6c, the pitch angle exhibits notably poor accuracy. 
Furthermore, within Figs. 6d and 6e, trajectory graphs depict 
the base vector corrected using both the LAMBDA and New 
methods. In the New method, the base vector closely 
approximates the norm value of 0.75 meters. However, 
discrepancies are evident in the LAMBDA method, 
manifesting as errors. 

Table 1 Methods and mean error values (degree) 
0.75 meter baseline 

LAMBDA Heading: 30 deg 
Pitch: 40 deg 

New Method Heading: 3 deg 
Pitch: 5 deg 

In Tab. 1, the mean error values of heading and pitch 
angles for two separate methods are given. As can be seen, 
our method is much more successful than the LAMBDA 
method. The LAMBDA method gives poor results, 
especially in multipath conditions with few satellites.
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  (a)     (b) 

   (c)     (d) 

         (e)                                                                                                             (f) 
Figure 6 (a) heading angle by LAMBDA method, (b) heading angle  by  New  method,  (c)  pitch  angle  by LAMBDA method, (d) pitch angle by New method,  (e)  fixed  

trajectory  by  LAMBDA  method,  (f)  fixed trajectory by New method 

5 CONCLUSIONS 

In this study, a comparison between the LAMBDA 
method and the new method in detecting and correcting 
integer ambiguities in carrier phases was conducted. While 
the LAMBDA method is widely used in carrier phase 
applications, it exhibits poor performance, especially in 
environments prone to multipath effects. On the other hand, 
the new method, incorporating baseline and rotation 
constraints, demonstrates superior performance even in 
challenging multipath-rich environments. 

In the conducted tests, the new method consistently 
outperforms the LAMBDA method, showing significantly 

reduced mean error values in heading and pitch angles. This 
improvement is particularly noteworthy considering the 
adverse conditions tested, which included multipath effects 
from buildings, trees, and vehicles. Moreover, even with 
antennas and receivers exhibiting elevated error rates, the 
new method still demonstrates considerable accuracy 
improvements. 

The potential of the new method could be further 
enhanced, particularly in environments free from multipath 
interference, such as those achievable with drones or aircraft. 
Additionally, employing more precise antennas and receivers 
could lead to even better results. 
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Study the Differential Cross-Section of Scattering Potential (Yukawa, Coulomb and Square 
Well) around PEMFC  

 
Saddam Husain Dhobi*, Kishori Yadav, Suresh Prasad Gupta, Jeevan Jyoti Nakarmi, Ajay Kumar Jha 

 
Abstract: The objective of this work is to study the differential cross section (DCS) around-surface the electrode of proton exchange membrane (PEMFC) for stability and 
performance of PEMFC. For this considered a system of electrons proton and hydrogen particle around electrode formed around-surface electrode due to inlet of H2 and O2 in 
PEMFC system. After the particle formed around they go interaction and the region of interaction is defined by S-matrix theory. S-matrix formulation was formulated by Kroll and 
Watson (1973) for a low-frequency response. After formulation of DCS was calculated for possible three case around electrode of PEMFC. The three case is consideration of 
Yukawa potential, Coulomb potential and square well potential was calculated found that the DCS of Yukawa potential is less than coulomb potential, and coulomb potential DCS 
is less than the square well potential at the same interaction strength. The DCS for considered potential in this work ranges widely 10‒10 a. u. to 1.4×108 a. u. The DCS was studied 
for both electron and meson at an ideal using square well potential and found that the DCS for meson is greater than an electron, this is because of mass of meson is greater than 
an electron. The DCS found stable in higher energy range and higher scattering angle indicate system of PEMFC is stable and this may imply to remove the complexity and 
stability of PEMFC system when the system of PEMFC single cell is design with consideration of DCS and diffusion angle of inlet fuel inside PEMFC. 
 
Keywords: Coulomb potential and square well potential; DCS; Kroll and Watson; PEMFC; S-Matrix; Yukawa potential 
 
 
1 INTRODUCTION  
 

Electron was discovered by J. J. Thompson in 1897 AD 
and discovery help the development of physics beyond 
classical physics. Elastic scattering of alpha particles with 
foil led to the discovery of the nucleus by Rutherford in 1911 
AD. In addition, the discovery also led to the development of 
the planetary model of the atomic structure. Bohr proposed a 
model of hydrogen in 1912 AD which also led to the 
development of new laws and formulation in the field of 
physics with the assumption that electron in a hydrogen atom 
moves in a circular orbit due to the Coulomb force between 
the electron and the nucleus with quantization of angular 
momentum of the electron and emitter of radiation when 
electron jump from higher to lower quantum number. A 
scattering experiment in 1923 AD  by Compton [1-5] confirm 
the existence of photons and the experiment was verified and 
supported by Bothe and Geiger [6].  

One of the most studied phenomena of laser-atom 
interaction is that of photo-ionization. In photoionization, an 
electron is removed from a parent atom or ion living behind 
a single or multiply charged ion. At conventional intensities, 
only one photon is absorbed in an elementary event of the 
interaction of light with substance. The energy ℏ𝜔𝜔 of the 
photon coincides with the difference between the energy 
levels of the relevant atom [6, 7]. At high intensities of laser, 
two or more photons may be absorbed in an elementary event 
of interaction. In this case, light not only the frequency 𝜔𝜔 but 
also of the frequencies 𝜔𝜔

2
, 𝜔𝜔
3
 etc. may be absorbed. Such 

absorption is called multi-photon (2 photons, 3 photons, etc.), 
in this case, the electric field strength is nearly equal to the 
microscopic field of the atom and optical property depends 
upon both frequency and intensity (nonlinear case).  

The multi-photon ionization for a field is the transition 
of electrons from a bound state to a continuum state by the 
simultaneous absorption of more than two photons. This 

theory based on the scattering method was realized in 1960 
AD but Kroll and Watson in 1973 AD [8] gave a new 
approach to S-matrix for low-frequency response for the 
solution of the scattering process. It can be extended not 
scattering but another type of process also. S-matrix 
formulation was invented in a search for a general non-
perturbative formulation to use for strong field problems. It 
is a suitable approach for free-free scattering it is a suitable 
approach also for ionization (bound free, recombination free 
bound and excitation/DE excitation) [9]. The s-matrix 
method is more useful than another method because this 
formulation avoids the decoupling problem (nor loss, nor 
gain of energy due to a very short time). 

In this method, the interaction is turned on or off is not 
absorbable while other methods suffer from this 
complication [9] S-matrix formulation can be formulated 
entirely in terms of quantity measurable in the laboratory. It 
can be applied to any process as long as the space-time 
domain of the interaction region is bounded. It gives 
unambiguous rules gauge transformation. S-matrix is related 
to T-matrix which helps to determine the differential cross-
sectional area when electron interacts with the target atom in 
laser field. 

The DCS in the presence of a weak laser field during 
inelastic scattering, finding that DCS increases when the 
target absorbs energy and decreases to a minimum before 
reaching a maximum upon energy emission at specific eV 
levels [10]. It also increases with the scattering angle. 
Additionally, the study examines thermodynamic properties 
of thermal electrons in laser fields, showing variations in 
thermodynamic energy and potential with field amplitude 
and temperature [11]. In the case of laser-assisted thermal 
electron-hydrogen atom elastic scattering, the DCS for 
thermal electrons was higher than for nonthermal electrons, 
with interference patterns observed under certain conditions 
and specific angles [12]. In present work authors trying to 
interlink DCS with PEMFC performance which help 
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researcher/reader for thermal management of PEMFC 
generated during chemical reaction and interaction between 
the particles formed during chemical reaction at surface of 
PEMFC electrode. 

A PEMFC is a device that converts chemical energy into 
electrical energy through an electrochemical reaction 
between hydrogen and oxygen. It consists of an anode, where 
hydrogen molecules are split into protons and electrons, and 
a cathode, where oxygen combines with protons and 
electrons to form water. The protons pass through a polymer 
electrolyte membrane, while the electrons travel through an 
external circuit, generating electricity. The overall reaction 
produces water and heat as byproducts. The reaction around 
electrode form electron, proton and residue hydrogen which 
interacts and effects the performance of PEMFC and these 
electron and proton are causing production of current studied. 
Dhobi et al. study the DCS around electrode of PEMF and its 
impact on performance of PEMFC [13-15]. 

Despite extensive research on fuel cells and scattering 
phenomena, the integration of scattering principles with 
technological applications, particularly in PEMFCs, remains 
underexplored. This work aims to bridge this gap by 
investigating the relationship between differential cross-
section (DCS) variations in weak laser fields and the 
performance of PEMFCs. By studying the interactions of 
electrons and protons around PEMFC electrodes, this 
research seeks to develop a comprehensive understanding of 
how scattering impacts the efficiency and functionality of 
PEMFCs, potentially extending these insights to other 
technological fields. 
 
2 METHODS AND MATERIALS  
2.1 Interrelation of S-Matrix and T-Matrix with Amplitude  
 

S-matrix is a matrix element of time development 
operator 𝑇𝑇�(𝑡𝑡, 𝑡𝑡0) between unperturbed asymptotic in and out 
state and denoted by s or S. T-matrix is defined in terms of 
matrix element S-matrix when time tends to −∞ to +∞ 
whereas transition amplitude is the matrix element of T-
matrix in a fixed time and given by [16, 17] as,  
 
(𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 = − 𝑖𝑖

ℏ ∫ �𝛷𝛷𝑓𝑓𝑉𝑉𝛹𝛹𝑖𝑖�
𝑡𝑡
−∞ d𝑡𝑡                                             (1) 

 
Here 𝛷𝛷𝑓𝑓 = 𝜙𝜙𝑓𝑓(𝒓𝒓) exp �−

𝑖𝑖𝐸𝐸𝑓𝑓𝑡𝑡

ℏ
� and 𝛹𝛹𝑖𝑖 = 𝜓𝜓𝑖𝑖(𝒓𝒓) exp �− 𝑖𝑖𝐸𝐸𝑖𝑖𝑡𝑡

ℏ
� 

substituting the value of 𝛷𝛷𝑖𝑖 and 𝛷𝛷𝑓𝑓 in Eq. (1) and using delta 
function, we get  
 
(𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 = −2𝜋𝜋𝜋𝜋𝜋𝜋�𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑖𝑖�𝑇𝑇𝑓𝑓𝑓𝑓                                             (2) 
 
Here 𝑇𝑇𝑓𝑓𝑓𝑓 = ∫ 𝜙𝜙𝑓𝑓𝑉𝑉𝜓𝜓𝑖𝑖𝑑𝑑3𝑟𝑟 and defined as T matrix and 
(𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 is and transition amplitude. For Elastic scattering 
there is no change in energy, therefore, the initial and final 
energy are equal and hence Eq. (2) become  
 
(𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 = −2𝜋𝜋𝜋𝜋𝑇𝑇𝑓𝑓𝑓𝑓                                                                  (3) 
 

This equation defines the t-matrix in terms of s-matrix 
elements of the S-matrix at an infinite time with scattering 
potential which is time-independent and equal to the 
Hamiltonian of a system. 
 
2.2 Derivation of S-Matrix and Scattering Amplitude in Terms 

of the Transition Matrix 
 

Consider a complete set of states {𝛹𝛹} that satisfy the 
Schrodinger equation describing the atomic electron that may 
be in interaction with a laser beam. 
 
𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐻𝐻𝐻𝐻 = (𝐻𝐻0 + 𝐻𝐻𝐼𝐼)𝛹𝛹                                                         (4) 
 
Since no laboratory experiment is possible to measure the 
outcome of an experiment in the laser field. So, as far as 
laboratory instruments are a concern, there is a complete set 
of status {𝛷𝛷𝑛𝑛} that satisfy the Schrodinger equation 
describing an atomic electron that may be undisturbed or in 
interaction of the laser field. 
 
𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐻𝐻0𝛷𝛷                                                                                   (5) 
 
Hypothetically, the laser pulse is finite, so  
 
lim
𝑡𝑡→±∞

[𝐻𝐻(𝑡𝑡) − 𝐻𝐻0] = 0                                                               (6) 
 
Then, the two complete sets of 𝛷𝛷 states and 𝛹𝛹 states can be 
organized so that correspond at 𝑡𝑡 → −∞ 
 
lim
𝑡𝑡→−∞

[𝛷𝛷𝑛𝑛(𝑡𝑡) −𝛹𝛹𝑛𝑛(𝑡𝑡)] = 0                                                       (7) 
 
After the laser interaction has been introduced, the only wave 
for the laboratory instrument to discover what has happened 
is to form an overlap of all possible final 𝛷𝛷𝑓𝑓 state with the 
initial particular state 𝛹𝛹𝑖𝑖. This forms S-matrix such as  
 
𝑆𝑆𝑓𝑓𝑓𝑓 = lim

𝑡𝑡→+∞
(𝛷𝛷𝑓𝑓 ,𝛹𝛹𝑖𝑖 )                                                                   (8) 

 
Now the transition matrix, before and after scattering is 
obtained with the help of S-matrix can be obtained as  
 
𝑀𝑀𝑓𝑓𝑓𝑓 = (𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 =  lim

𝑡𝑡→+∞
(𝛷𝛷𝑓𝑓,𝛹𝛹𝑖𝑖 ) − lim

𝑡𝑡→−∞
�𝛷𝛷𝑓𝑓,𝛹𝛹𝑖𝑖�           (9) 

 
This is now in the form of an exact differential and 
represented as  
 
𝑀𝑀𝑓𝑓𝑓𝑓 = ∫ �

𝜕𝜕𝛷𝛷𝑓𝑓
𝜕𝜕𝜕𝜕

,𝛹𝛹𝑖𝑖�d𝑡𝑡∞
−∞ + ∫ �𝛷𝛷𝑓𝑓, ∂𝛹𝛹𝑖𝑖

∂t
�d𝑡𝑡∞

−∞                       (10) 
 
Now using Eqs. (4) and (5), we get 

𝜕𝜕𝛷𝛷𝑓𝑓
𝜕𝜕𝜕𝜕

= −𝑖𝑖𝐻𝐻0𝛷𝛷𝑓𝑓 and  ∂𝛹𝛹𝑖𝑖
∂t

=
−𝑖𝑖(𝐻𝐻0 + 𝐻𝐻𝐼𝐼)𝛹𝛹 and using these on Eq. (10) we get,  
 
𝑀𝑀𝑓𝑓𝑓𝑓 = −𝑖𝑖 ∫ �𝛷𝛷𝑓𝑓 ,𝐻𝐻I𝛹𝛹𝑖𝑖�d𝑡𝑡∞

−∞                                                  (11) 
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Where 𝐻𝐻𝐼𝐼 is a weak interaction field, since (𝑆𝑆 − 1)𝑓𝑓𝑓𝑓 is a 
transition amplitude then transition probability per unit time 
is given with the help of Eq. (2) as  
 

𝑊𝑊 = lim
𝜏𝜏→∞

�(𝑠𝑠−1)𝑓𝑓𝑓𝑓�
2

𝜏𝜏
= 1

𝜏𝜏
� lim
𝜏𝜏→∞

∫ exp �
𝑖𝑖�𝐸𝐸𝑓𝑓−𝐸𝐸𝑖𝑖�𝑡𝑡

ℏ
�  d𝑡𝑡

ℏ

𝜏𝜏
2
−𝜏𝜏2

×

lim
𝑡𝑡→∞

∫  d𝑡𝑡
ℏ

𝜏𝜏
2
−𝜏𝜏2

 �𝑇𝑇𝑓𝑓𝑓𝑓�
2 �                                                            (12) 

 
Now applying the delta property of delta function and solving 
we get,  
 
𝑊𝑊 = �2𝜋𝜋

ℏ
� 𝛿𝛿�𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑖𝑖� �𝑇𝑇𝑓𝑓𝑓𝑓�

2                                                   (13) 
 
For transition into the continuum of final states. The total 
transition rate in the range �𝐸𝐸𝑓𝑓 −

Δ𝐸𝐸
2
� to �𝐸𝐸𝑓𝑓 + Δ𝐸𝐸

2
�is given by  

 

𝑊𝑊 = �2𝜋𝜋
ℏ
�∫ d𝐸𝐸

�𝐸𝐸𝑓𝑓+
Δ𝐸𝐸
2 �

�𝐸𝐸𝑓𝑓−
Δ𝐸𝐸
2 � 

 𝛿𝛿�𝐸𝐸𝑓𝑓 − 𝐸𝐸𝑖𝑖��𝑇𝑇𝑓𝑓𝑓𝑓�
2𝜌𝜌(𝐸𝐸)                (14) 

 
Here 𝜌𝜌(𝐸𝐸) is the density of the final state and on solving Eq. 
(14) we get, 
 
𝑊𝑊 = �2𝜋𝜋

ℏ
� �𝑇𝑇𝑓𝑓𝑓𝑓�

2𝜌𝜌(𝐸𝐸)                                                       (15) 
 
2.3 Differential Cross-Section in Born Approximation for 

Yukawa Potential (YP)  
 

Yukawa purposed potential in 1935 [18] as effective 
non-relativistic potential which described the strong 
interactions between nucleons as  
 
𝑉𝑉(𝑟𝑟) = 𝐴𝐴𝑒𝑒−𝜇𝜇𝜇𝜇

𝑟𝑟
 𝐴𝐴, 𝜇𝜇 > 0                  In Atomic Unit            (16) 

 
Here A described the strength of interaction (special case 
equal to 1), 𝜇𝜇 is screening parameters (ranges from 0.10 to 1 
in bounded case) [1] and 1/𝜇𝜇 is its range. This potential is 
also called Debye-Huckel potential in plasma physics, while 
this potential also represents as a potential of a charged 
particle in a weakly nonideal plasma, as well as in 
electrolytes and colloids, in solid-state as Thomas-Fermi 
potential. Pais and Jost shows 3D spherical potential such 
that 𝐼𝐼 = 2𝑚𝑚∫ 𝑑𝑑𝑑𝑑𝑑𝑑|𝑉𝑉(𝑟𝑟)|∞

0  is finite for the bounded state is 
greater than unity.  Since amplitude is defined by born first 
approximation as, 
 
𝑓𝑓𝑘𝑘(𝜃𝜃) = − 2𝑚𝑚

𝑘𝑘ℏ2 ∫ d𝑟𝑟 𝑟𝑟 𝑉𝑉(𝑟𝑟)∞
0 sin(𝐾𝐾𝐾𝐾)                              (17) 

 
Now from Eqs. (17) and (16) we get  
 
𝑓𝑓𝑘𝑘(𝜃𝜃) = −2𝑚𝑚𝑚𝑚𝐴𝐴

𝐾𝐾ℏ2 ∫ d𝑟𝑟 𝑒𝑒−𝜇𝜇𝜇𝜇∞
0 sin(𝐾𝐾𝐾𝐾) = − 2𝑚𝑚𝑚𝑚𝐴𝐴

ℏ2(𝜇𝜇2+𝐾𝐾2)
       (18) 

 
Here 𝐾𝐾 = 2𝑘𝑘sin �𝜃𝜃

2
� and 𝑚𝑚𝑚𝑚 is meson mass. Since scattering 

amplitude is directly proportional to the differential cross-

section. Therefore, DCS for YP in the Born approximation is 
equal to  
 

�d𝜎𝜎
dΩ
�
𝐵𝐵1

𝑌𝑌
= � 2𝑚𝑚𝑚𝑚𝐴𝐴

ℏ2�𝜇𝜇2+4𝑘𝑘2sin2�𝜃𝜃2��
�

2

                                               (19) 

 
In terms of energy, the above Eq. (19) [19, 20] become  
 

�d𝜎𝜎
dΩ
�
𝐵𝐵1

𝑌𝑌
= � 2𝑚𝑚𝑚𝑚𝐴𝐴

�ℏ2𝜇𝜇2+8𝑚𝑚𝑚𝑚
2 𝐸𝐸2sin2�𝜃𝜃2��

�

2

                                         (20) 

 
Here 𝐸𝐸 = ℏ2𝑘𝑘2

2𝑚𝑚
 and Eq. (20) gives the DCS in Born 

approximation with Yukawa potential. This is the case which 
we considered around electrode in absence of non-
monochromatic wave form around electrode due to self-
generated case wave due to scattering. This case is 
considered initial case of collision because at initial state of 
reaction the speed of particle formed around electrode is 
higher which increase the energy of electron. In addition, 
after time pass the number of electrons-proton formation is 
higher and the effect of screening is also observed around 
which may affect the flow of electron and decrease the 
current of PEMFC 
 
2.4 Differential Cross-Section in Born Approximation for 

Coulomb Potential (CP) 
 

For Coulomb/central potential is defined as 𝑉𝑉(𝑟𝑟) =
𝑍𝑍1𝑍𝑍2𝑒𝑒2

4𝜋𝜋𝜖𝜖0𝑟𝑟
= 𝐴𝐴

𝑟𝑟
 𝑖𝑖n atomic unit, therefore from Eq. (17) the born 

first amplitude for CP around electrode of PEMFC become  
 
𝑓𝑓𝑘𝑘(𝜃𝜃) = −2𝑚𝑚𝑚𝑚

𝑘𝑘ℏ2 ∫ d𝑟𝑟 ∞
0 sin(𝐾𝐾𝐾𝐾) = −2𝑚𝑚𝑒𝑒𝐴𝐴

𝑘𝑘ℏ2𝐾𝐾
                        (21) 

 
Similarly, as above the DCS in Born approximation for CP 
obtained with the help of Eq. (21) [19, 20] is  
 

�d𝜎𝜎
dΩ
�
𝐵𝐵1

𝐶𝐶
= 𝑚𝑚𝑒𝑒

2𝐴𝐴2

16𝐸𝐸2sin4�𝜃𝜃2�
                                                        (22) 

 
Eq. (22) is similar to the Rutherford formula with the 

incidence kinetic energy of particles E. For larger momentum 
transformation that is 𝑘𝑘2 is larger a sharp peak is obtained at 
a small scattering angle (𝜃𝜃 →  0), while at a larger scattering 
angle (𝜃𝜃 → ∞) the 4𝑘𝑘2 sin2 �𝜃𝜃

2
� is larger. The Born 

approximation is valid with higher incidence energy of 
particles in weak scattering potentials. This means the 
average interaction energy between the incident particle and 
the scattering potential is much smaller than the incidence 
kinetic energy of the particle. Also, this case is considered 
around fuel cell electrode when coulomb potential plays an 
important role around due to large number of electrons 
protons formed around electrode of fuel cell.  
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2.5 Differential Cross-Section in Born Approximation for 
Square Well Potential (SWP)  

 
SWP in 3D for scattering is defined as  

 
𝑉𝑉(𝑟𝑟 < 𝑎𝑎) = 𝑉𝑉0
𝑉𝑉(𝑟𝑟 > 𝑎𝑎) = 0                                                                  (23) 

 

Now to calculate the born first amplitude, for DCS we have 
from Eq. (17) and (23)  
 
𝑓𝑓𝑘𝑘(𝜃𝜃) = −2𝑚𝑚𝑉𝑉0

𝑘𝑘ℏ2
�sin(𝑘𝑘𝑘𝑘)−𝑘𝑘𝑘𝑘cos(𝑘𝑘𝑘𝑘)

𝑘𝑘2
�                                   (24) 

 
Similarly, as above the DCS in Born Approximation for SWP 
in 3D with the help of Eq. (24) is 

 

�d𝜎𝜎
dΩ
�
𝐵𝐵1

𝑆𝑆𝑆𝑆𝑆𝑆
= �2𝑚𝑚𝑉𝑉0

ℏ2𝑘𝑘
�
2
�
1
9
�1 − 1

5
𝑘𝑘2𝑎𝑎2�   For low Eenergy (𝐸𝐸),𝑘𝑘𝑘𝑘 < 1

𝑎𝑎2

𝑘𝑘2
                         For High Energy (𝐸𝐸), 𝑘𝑘𝑘𝑘 > 1

                                                                                        (25) 

 
Here m is the mass of considering particle in the potential 
well. For X-ray scattering with a neutron, the scattering 
cross-sections are about 10−24cm2 with the cross-sectional 
area per atom is about 10−16cm2 [3]. The potential define in 
this work is based on the atomic unit with screening 
parameters unit 𝑎𝑎0−1 (Bohr's radius) [21]. This is another case 
scattering case below to condition of equation (23) around 
electrode inside PEMFC. 

In a theory that combines both quantum and relativity 
theory, it is not possible to specify the position of individual 
particles precisely. If this is done, in field theory, one has to 
put off with mathematical inconsistencies which are, indeed, 
the main problem in quantum field theory. S-matrix theory 
bypasses this problem by specifying the momenta of the 
particles. The important new concept theory is the shift of 
emphasis from object to the event; its basic concern is not 
with the particles but with their reactions. Such a shift from 
object to event is required both by quantum theory and 
relativity. In S-matrix theory, as in field theory, the 
interaction forces are associated with particles but the 
concept of virtual particles is not used. Instead, the relation 
between forces and particles is based on a special property of 
S-matrix i.e. known as a crossing. 
 
3 RESULTS AND DISCUSSION  
 

The DCS in Born Approximation with Coulomb 
potential, Yukawa potential and Square Well Potential are 
studies at different incidence energy of the electron, angle 
and screening parameters.  Taking three cases of around the 
electrode of PEMFC and help to improve the efficiency of 
PEMFC knowing the interaction region of particles around 
electrode my minimizing the space between gas diffusion 
laser, electrodes and proton exchange membrane.  This may 
help in improve of current state of efficiency [22].  
 
3.1 DCS in Born Approximation for YP 
 

The DCS is based on the atomic unit for meson particle 
mass 273𝑚𝑚𝑒𝑒 where 𝑚𝑚𝑒𝑒 is a mass of the electron. It is the case 
if meson formed around the electrode due to scattering 
between particles around electrode of PEMFC. To study the 
DCS with scattering angle for YP the screening parameters 
0.05𝑎𝑎0−1, interaction potential strength 1 a.u. and energy of 
incidence electron 500 a.u. From Fig. 1, it is observed that 

the scattering at a low angle is high and uncontrollable 
around the electrode of PEMFC so to control this angle also 
play an important role and hence to designed PEMFC with 
flow of inlet fuel angle also play an important role. In 
addition, this make systems stable which is major challenges 
[23] of PEMFC. 

 

 
Figure 1 Scattering Angle vs DCS for YP around electrode of PEMFC 

 
But with increasing the scattering angle the scattering 

goes decrease and become constant at a larger angle [24] but 
they study for CF4 like molecules. Because at the large-angle 
the interaction between target and incidence is less therefore 
the DCS at large angle is small and constant so this angle may 
be fit for stable system for PEMFC.  

 

 
Figure 2 Screening Parameters vs DCS for YP around electrode of PEMFC 
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Fig. 2, show the effect of screening on DCS as we 
discussed the continues inlet of hydrogen form screening 
around the electrode and disturbance of flow of electron 
effect the performance of PEMFC. Therefore, this study 
show screening effect DCS and for a system stable lower 
screening region is best with higher DCS as shown in figure. 
The observation of DCS with scattering parameters shows 
the DCS decrease with the increase of screening parameters.  
In this case, the DCS has no such drastic change in numerical 
value because with increasing the screening parameters the 
interaction between target and electron becomes less.  

Fig. 3 shows the nature of DCS in Born approximation 
for YP, with increasing the incidence energy of the electron 
to target the DCS decrease [25] but they study for He-atom. 
This is because at high energy of incidence the probabilities 
of interaction between target and incidence are low as well as 
target can’t see the incidence at high energy. Fig. 3 is for 
meson incidence particles with mass 273𝑚𝑚𝑒𝑒 at one degree. 
This also shows that speed of electron corresponding energy 
effect the DCS and DCS is stable in higher energy region and 
hence at initial case the seep of particle is higher and 
performance of PEMFC is higher at initial case than after 
some time. So, for stable and performance as initial condition 
DCS management of scattering help the improvement of 
PEMFC.  

 

 
Figure 3 Incidence Energy vs DCS for YP around electrode of PEMFC 

 
The DCS with incidence energy (500 to 1000 a. u. ) of 

meson was ranges from 10−10 to 10−9 a. u. with 1 degree of 
scattering angle. The DCS with screening parameters was of 
the order 10−9 a. u. with 1 degree of scattering angle and 
500a. u. incidence energy of meson. The DCS with scattering 
angle was ranges 10−10 to 10−9 a. u. with incidence energy 
of meson 500 a. u. for all DCS of YP potential strength is 
constant as 1 a. u. 
 
3.2 DCS in Born Approximation for CP  
 

Considering the case of scattering around the electrode 
of PEMFC the DCSC with energy of electrons show decrease 
as shown in Fig. 3 but for CP the DCS is higher than YP. This 
observation also shows that at higher energy range the system 
is stable hence its better knowledge how that DCS nature is 
for stable system of PEMFC. The DCS in Born 
approximation for CP was shown in Fig. 4. The observation 
shows that DCS is decreased with increasing incidence 

energy of electron with potential strength 1 a.u. at a scattering 
angle of 1 degree. 
 

 
Figure 4 Energy of incidence particles vs DCS for CP around electrode of PEMFC 
 

Similarly, the DCS with scattering angle was also 
observed as shown in Fig. 5. The observation shows that the 
DCS is high and uncontrollable/undetectable at a small angle 
and with increasing the scattering angle the DCS becomes 
constant, similar to the DCS of YP.  
 

 
Figure 5 Scattering Angle vs DCS for CP around electrode of PEMFC 

 
The DCS in Born approximation for CP ranged from 10 

a. u. to 45 a. u. but the nature is quite different because DCS 
with scattering angle is sharply decreased while DCS with 
energy is slow. This case also shows that DCS is stable for 
higher scattering angle system as YP case. In compare the 
DCS and stable for PEMFC CP is better than YP case.  
 
3.3 DCS in Born Approximation for SWP  
 

The DCS in Born approximation for SWP is shown in 
Figs. 6 and 7 respectively from electron and meson. If we 
considered case around the PEMFC of particle dividing two 
cases, low (for time passes of reaction) and high energy 
(initial reaction and formation of particle). The DCS at low 
energy for the electron is almost zero at momentum 0.5 a. u., 
potential strength 1 and potential good width 0.9 Å but at 
high energy DCS goes decrease with increasing scattering 
angle at momentum 1 a. u. and potential good width 2 Å at 
same potential strength. The DCS at low energy for meson is 
almost zero at momentum 0.5 a. u. and potential strength 0.9 
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a.u. but at high energy, DCS goes decrease with increasing 
scattering angle at momentum 1 a. u. and potential strength 
2 a. u. The DCS when the electron is welling in the potential 
region is shown in Fig. 6, while meson is in Fig. 7. The DCS 
for electron was observed up to 200 a. u. while for meson 
1.4 × 108 a. u. at high energy of incidence of particles to the 
target.  
 

 
Figure 6 Scattering Angle vs DCS for SWP with the electron as welling particle in 

Potential Well around electrode of PEMFC 
 

 
Figure 7 Scattering Angle vs DCS for SWP with meson as welling particle in 

Potential Well around electrode of PEMFC 
 
On comparing the DCS Fig. 6 and Fig. 7, we can say that 

at lower energy a constant DCS is observed which means 
more stable with increasing scattering angle while at higher 
energy DCS decrease with increasing scattering angle and 
remain constant at higher scattering angle. In other hand, for 
stable system at higher and lower energy both are suitable but 
for complexity on measurement higher DCS is easy. So, the 
DCS of higher energy in higher scattering angle region is 
suggested better to design the PEMFC for thermal 
managements for higher performance.  
 
4 CONCLUSIONS 
 

The DCS in Born Approximation with Coulomb 
potential, Yukawa potential, and Square Well Potential are 
also studies with different incidence energy of electron and 
meson, angle, and screening parameters form around the 
electrode of PEMFC. The DCS for meson in YP at 1 degree 
was observed 10−10 to 10−9 a. u., for an electron in CP, was 
observed 10 a. u. to 65 a. u. for the electron in SWP was 
observed up to 2000 a. u. while for meson in SWP was 
observed 1.4 × 108 a. u. around electrode of PEMFC. The 

nature found the stable DCS is best for stable performance of 
PEMFC. 
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Study of Gender-Specific Emotion Expressivity in Speech Using MFCC and CNN 

Mayuri Bapat, Shankar M. Mali*, Chandrashekhar Patil 

Abstract: Analysis of sentiment is a pivotal component of natural language processing and has recently observed noteworthy evolutions. Still, the impact of gender on expressivity 
of the emotion remains an undiscovered area. The proposed work utilizes a broad range of over 12000 audio data samples from four different benchmarked datasets RAVDESS, 
CREMA-D, TESS, and SAVEE. Convolutional Neural Network (CNN) is used to identify and detect patterns and biases according to gender. The study found mixed-gender 
emotion accuracy at 84.26%, female emotion accuracy at 89.40%, and male emotion accuracy at 82.70%. The proposed work aims to demonstrate that the female voice is more 
expressive of emotion than the male voice by examining the difference in sentiment expression between genders. This research will enhance the insights of sentiment analysis 
and can be useful to contrivance industries ranging from customer service to human-system interaction.  

Keywords: Convolution Neural Network (CNN); feature extraction; Mel-Frequency Cepstral Coefficients (MFCC); vocal dimorphism

1 INTRODUCTION 

Emotion expressivity is the ability to communicate 
internal emotions through various channels, including voice, 
facial expressions, body language, and written text. It builds 
connections, encourages empathy, and improves 
understanding of human social interaction. Emotion 
expressivity improves sentiment analysis accuracy by 
capturing nuances in spoken content. Audio files play a 
significant role in analyzing and quantifying emotion 
expressivity through voice. Measurable characteristics that 
are derived from audio signals are known as audio features. 
These features offer important information for diversely 
different applications of audio processing like Gender 
recognition, music analysis, Speech Emotion Recognition 
(SER), etc. Labeled training data is used to categorize features 
using a classifier into predefined classes based on patterns. 
Researchers used different classifiers such as Support Vector 
Machines (SVM) [3, 6, 11, 13], Convolutional Neural 
Networks (CNNs) [1, 12], Recurrent Neural Networks 
(RNNs) [7], or Long Short-Term Memory networks (LSTMs) 
[15], Decision Trees and Random Forests [1], Gaussian 
Mixture Models (GMM) [16], k-Nearest Neighbors (k-
NN)[17], Ensemble Methods (e.g., AdaBoost, Gradient 
Boosting), Hidden Markov Models (HMM) [14], Naive 
Bayes Classifiers [13], Extreme Gradient Boosting 
(XGBoost) [19], BERT and GRU [8] which works as 
decision-making models that learn and infer emotional 
content from speech signals based on extracted features. 
Different techniques used for audio signal processing and can 
be listed as Spectral Features [1], Pitch-related Features,  Zero 
Crossing Rate (ZCR) [1], Mel-frequency Cepstral 
Coefficients (MFCC) [1, 6, 7, 11, 12, 15, 25], UniSpeech-
SAT [2], Harmonic to Noise Ratio (HNR) [3], Prosodic 
Features [7], Fundamental Frequency (F0), Spectral Features 
[11], Harmonic-to-Noise, Energy Features, Formant 
Frequencies, Statistical Features, Tonal centroid features [11], 
Time-Frequency Representations (e.g. Spectrograms) [18] 
etc.  

The proposed study aims to analyze the emotion 
expressivity in male and female voices using Convolutional 

Neural Networks. This analysis is conducted using four 
benchmark datasets, ensuring a robust and comprehensive 
evaluation of vocal expressivity across genders. 

The research paper’s enduring sections are organized as 
follows: An outline of pertinent research is given, Section 2 
highlights the research overview and associated research gap, 
and Section 3 elaborates on methodology in detail. Section 4 
presents the Findings and Interpretation. Section 5 provides 
the concluding remark along with the possible future research. 

2 LITERATURE REVIEW 

 Every human voice has some specific attributes like 
pitch, tone, pace, linguistic patterns, and emotions of voice, 
Emotional components present in the voice define the mental 
health of the human along with decisions. This section gives 
a brief about the current scenario of the research work done 
in voice or audio sentiment analysis with attention to the use 
of CNN.  
  Rezapour et al. (2023) [1] - This study aimed to classify 
emotions in speech using audio features and machine 
learning models. Researchers used a limited dataset to extract 
audio features using models like one-dimensional 
convolutional neural network (conv1D) and random forest 
(RF). RF with feature selection achieved higher accuracy 
(69%), precision (72%), and recall (84%) for fear and calm. 
However, similar acoustic qualities caused the 
misclassification of anger as happiness, disgust as sadness, 
and fear as sadness. Atmaja et al. (2022) [2] - This study 
evaluates sentiment analysis and emotion recognition from 
speech using self-supervised learning models. The results 
indicate that two types of sentiment analysis produced the 
greatest outcomes. On the other hand, higher-class models 
performed poorly on tests involving sentiment analysis and 
emotion perception. Performance declines could have been 
caused by the dataset’s imbalanced nature. 
 Hadhami et al. (2020) [3] - The paper presents an 
emotion recognition system using speech signals, utilizing a 
two-stage approach for feature extraction and classification. 
It extracts a 42-dimensional vector of audio features, uses 
Auto-Encoder for parameter selection, and uses Support 
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Vector Machines as a categorizer. Trials are led at the 
Ryerson Multimedia Laboratory. Khan et al. (2021) [4] - The 
research demonstrate the effectiveness of the new method in 
surpassing a baseline system for sentiment analysis on audio 
data. It also identifies opportunities for further advancement, 
emphasizing the need to address ASR challenges and explore 
the integration of pure speech features for improved speech-
based sentiment detection. 
 Madanian et al. (2023) [5] present a systematic review of 
ML-based research in SER over the past decade, specifically 
focusing on data processing, feature selection/extraction, and 
classification steps. It provides a thorough analysis of 
problems and their remedies, such as low classification 
accuracy in Orator-unconstrained experiments. Furthermore, 
the review furnishes guidelines for SER evaluation, 
emphasizing common baselines and available metrics for 
experimentation. Selvaraj et al. (2016) [6] - This paper 
presents an emotion recognition method using the MFCC 
approach and Radial basis function network, focusing on 
gender classification using a support vector machine and 
pitch analysis, proving more accurate than the Back 
Propagation Network. 
 Yoon et al. (2018) [7] paper introduces a groundbreaking 
multimodal approach that effectively combines text and 
audio inputs, outperforming existing methods in emotion 
classification. Its success in mitigating misclassification 
issues related to the neutral class demonstrates its promise for 
advancing emotion recognition in speech analysis. Yong-
hun-Lee [8] used BNC64 corpus data and three types of 
analyses: dictionary-based, GRU-based, and BERT-based. 
Despite similar sentiment word usage, women used more 
positive words. The BERT-based analysis revealed more 
gender differences, supporting previous studies and 
highlighting the development of gender differences in 
sentiment analysis methods. Marianne Latinus [9] Two ERP 
studies revealed neural correlates of all processing of 
speeches. Differences in pitch between female and male 
voices were observed at 87 ms, with N1 and P2 showing early 
gender effects. P2 differentiated male from female voices 
regardless of pitch, suggesting that voice gender processing 
involves two stages: initial pitch discrimination followed by 
a later, more precise gender identification at P2 latency. 
Chiara De Amicis [10] - The study analyzed 78,000 earnings 
conference calls between 2004 and 2018 to compare 
sentiment between female and male senior managers. Results 
show female executives use a more positive tone and less 
vagueness, indicating a linguistic feature. Financial analysts 
also exhibit gender bias, but the stock market reaction is 
influenced by the call's sentiment, not the executive's gender. 
Ref. [11] focuses on detecting gender from voice signals 
using techniques to identify relevant features. It analyses 
voice signal features using a dataset, studies machine 
learning models, and uses feature selection algorithms to 
improve classification models. Experimental results show 
that sub-features are crucial for enhancing performance 
efficiency. Deep learning and SVM models gave 99.97% best 
recall value, and 100% for feature extraction techniques 
using SVM. 

 A three-layer feature extraction technique is used by 
Uddin et al. [12] to classify gender and region from human 
voices. In the first layer, it extracts the fundamental 
frequency, spectral entropy, spectral flatness, and mode 
frequency; in the second layer, it uses MFCC to map the 
audio data; and in the third layer, it computes LPC. The 
method performs better on gender and region classification 
using a combined dataset. 

Maghilnan et al. [13] research aims to analyze sentiment 
in speech transcripts that distinguish between speakers to 
recognize the emotions of distinct speakers. It examines 
various methods for speaker discrimination and sentiment 
analysis to identify efficient algorithms for this task.  
 From the literature, we found that there is a need for 
systematic study to demonstrate gender differences using 
speech sentiment study and the use of advanced machine 
learning and deep learning approaches are necessary [8]. It is 
also suggested that more trials are required to find the spatial-
temporal discrimination [9]. Research should consider 
gender differences in vocal emotion recognition using fully 
naturalized speech datasets to enhance conservation validity. 
[14] 
 
3 METHODOLOGIES 
3.1 Datasets Used in Experiment  
 

The Ryerson Audio-Visual Database of Emotional 
Speech and Song (RAVDESS) dataset contains 1200 files for 
speech and 1200 files for songs. It is a collection of 
multimedia types that are preferably used to study speech 
emotion recognition: songs. Crowd-sourced Emotional 
Multimodal Actors Dataset (CREMA-D) is an emotive 
multimodal actor dataset featuring 7,442 original clips from 
91 actors. The Toronto Emotional Speech Set (TESS) 
analyses how age affects an individual’s capacity for emotion 
recognition. It contains 200 neutral phrases imitating seven 
different emotions. Surrey Audio-Visual Expressed Emotion 
(SAVEE) is an emotion identification dataset consisting of 
480 utterances performed by 4 male actors. To combine these 
datasets for analysis, preprocessing steps are essential to 
ensure uniformity across all sources. First, the audio files are 
converted to a consistent format, such as WAV, and 
normalized for sampling rate and bit depth. Then, emotion 
labels are standardized to create a unified taxonomy across 
datasets, aligning overlapping categories. Features such as 
MFCCs are extracted from the audio to maintain consistency 
in feature representation. Finally, the data sets are merged into 
a single data structure, ensuring a balanced distribution of the 
samples by emotions and gender to prevent bias during the 
project cycle, like training and evaluating the model. 
 

Table 1 Metadata of different datasets 
Sr. 
No. Dataset FA MA NF 

FV 
NF 
MV NE NF AR 

1 RAVDESS 12 12 732 720 8 7356 - 

2 CREMA-D 43 48 184
9 

230
4 6 7442 20 and 74 

3 TESS 2 - 280
0 - 7 2800 26 and 64 

4 SAVEE - 4 - 480 7 480 27-31 
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3.2 Data Pre-processing  
 

Audio pre-processing is an essential step in modifying 
unprocessed acoustic signals into a form appropriate for 
machine learning prototypes. The process begins with audio 
sampling, where the waveform is captured at a rate of 0.70. If 
required, resampling is performed to match the model’s input 
requirements or reduce computational overhead, using a 
target rate. To improve signal quality, noise reduction is 

applied followed by silence trimming based on amplitude 
thresholds. These techniques help to remove irrelevant 
artifacts and ensure that only the relevant portions of the audio 
are processed, which is critical for tasks like voice 
expressivity analysis. The raw audio is then converted into 
feature representations using MFCC. MFCCs are chosen 
because they effectively capture the timbral qualities of 
speech, which is essential for recognizing subtle variations in 
vocal expressivity.  

 

 
Figure 1 Audio Data Preprocessing Architecture 

 
Table 2 Comparative Analysis of Techniques 

Author ED MA Dataset FSM AC FSR 

María et al. (2021) 7 Fully Convolutional 
Neural Network 

EMODB, RAVDESS and 
TESS 

Mel Spectrogram, 
MFCC 

75.28 
- 

RAVDESS   92.71 
- EMODB,                     

TESS -99.03 

Evaluate auditory emotions 
broadly. 

Eduyard et al. 
(2017) 6 CNN Own Dataset MFCC 71.33% Explore cultural-language 

emotion identification. 

Mu, Y. et al. [21] 4 CNN, BRNN 
Attention Model, LSTM IEMOCAP - 

64.08 
and 56.41 

weighted and 
unweighted resp 

Explore multimodal 
emotion identification 

regression. 

Thomas, M. et al. 
[22] - RNN, LSTM Malayalam datasets - 80% Deep learning enhances 

multilingual accuracy 
Pavithra, P. et al. 

[23] 4 RNN Own dataset - 83% personal assistant systems 

Meenakshi, S. R. 
et al. [24] - RNN, LSTM, Word2Vec PyAudio - - Crowd Analysis 

Huang, A. et al. 
[25] 8 SVM and HMM RAVDESS 

TESS MFCC, STFT 85% 
Extend features and 
bidirectional LSTM 

training. 

Jain, M. et al. [26] 4 SVM Linguistic Data Consortium 
(LDC) and UGA database MFCC, LPCC 85.085 %. Enhance accuracy with 

MFCC, MEDC 

Luo, Z. et al. [27] 5 Utterance-Based Parallel 
Neural Network MOST MFCC 68.72% Integrate technologies for 

audio fusion 
Cibau, N. E. et al. 

[28] 7 Autoencoder EMO-DB MFCC 
Prosodic features 70% This can apply to digit 

recognition 
Sahu, S. et al. [29] 

 4 Autoencoder 
SVM IEMOCAP Spectral, Prosody, 

and Energy features 58.38 Examine emotive speech in 
low-dimensional coding 

Patel, N. et al. [30] 7 
SVM, Decision tree 

classifier, CNN, 
Autoencoder 

RAVDESS 
TESS MFCC 96% Replace decision trees with 

LSTMs/CNNs 

Latif, S. et al. [31] 4 adversarial auto encoder IEMOCAP MSP-IMPRO 
Librispeech 

generative 
adversarial models 65.1 Integration of reinforcement 

learning expected 

Hajarolasvadi, N. 
& Demirel, H. [32] 6 3D CNN RML, SAVEE and 

eNTERFACE’05 MFCC 81.05% for 
SAVEE 

Explore 3D architecture 
comparisons, data 

augmentation. 
ED - Emotion Detected, MA - ML Algorithms, FSM - Feature Selection Method, AC - Accuracy, FSR - Further Scope of Research 
 

These features are normalized using StandardScaler to 
ensure they share the same scale and distribution, which helps 
improve model convergence and performance. Data 
augmentation techniques, such as pitch shifting (with a pitch 
factor of 0.8), time stretching (with a factor of 0.75), and noise 

addition (with a sample rate of 0.70), are employed to expand 
the dataset. These augmentations are critical for simulating 
variations in voice due to factors like pitch, speed, and 
environmental noise. The use of data augmentation helped to 
address potential imbalanced classes in the dataset, ensuring 
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that the model learns to generalize across a broader spectrum 
of expressivity patterns. For example, by artificially altering 
the pitch and speed, the model can better recognize both male 
and female vocal expressivity across different conditions. 
Furthermore, feature determination methods are used to 
identify the most relevant characteristics that meaningfully 
affect the expressivity analysis. This ensures that the model 
does not overfit and focuses on the most important 
characteristics for classification. Finally, the pre-processed 
audio data are now ready for the machine learning model for 
further classification. In the proposed method Convolutional 
Neural Networks (CNN), are used which are well suited for 
capturing hierarchical patterns in Spectro-temporal features 
like MFCCs. This model will be used to analyze male and 
female vocal expressions, recognizing emotional and 
expressive cues from the processed audio data. Fig. 1 shows 
the audio data preprocessing architecture. 
 
3.3  Different Approaches Used to Analyze Audio Sentiments 
 

Convolutional Neural Networks (CNN) [32], Recurrent 
Neural Networks (RNN) [22-24], a combination of 

Convolutional and Recurrent Neural Networks (CRNN) [21, 
37], Support Vector Machines (SVM) [26] and autoencoders 
[28-30] are mainly used and suitable for audio/voice/speech 
sentiment analysis. The use of one of these algorithms may 
depend on the characteristics of the dataset selected for the 
experiment and available resources. CNN master in feature 
extraction. The possibility of data overfitting is controlled by 
RNN. SVM is used to classify the emotions. Autoencoders 
are mainly used in unsupervised learning to focus on 
operations like data compression, feature learning, and 
dimensionality reduction. Tab. 2 gives a comparative 
analysis of these techniques with the scope of future research.  
 
3.4  Feature Extraction Using MFCC 
 
 Feature extraction in audio files involves transforming 
raw data into meaningful features for easier analysis and 
classification by machine learning models or signal 
processing algorithms. Three axes-time, amplitude, and 
frequency represent the three dimensions of the audio stream 
[34]. The working of MFCC is depicted in Fig. 2. 

 

 
Figure 2 Steps to perform MFCC 

 
 Audio Framing consists of Segmentation and 
Windowing. Segmentation divides the audio signal into short 
overlapping frames using techniques like the Hamming 
window. After that, apply a window function to each frame 
to minimize artifacts at frame boundaries. Fast Fourier 
Transform (FFT) helps to represent the frequency domain 
and to obtain a power spectrum. The frequency domain audio 
segment was converted from the temporal domain to the 
spectral domain using FFT. Calculation of the power 
spectrum from the magnitude of the FFT output is done to 
obtain the power spectrum. A Mel Filterbank is used to 
divide an audio sample into distinct Mel frequency scale 
frequency bands. To estimate the human perception of voice 
intensity Logarithmic Transformation takes the log of the 
filter. To Extract the high and low frequency changes from 
the audio signal Discrete Cosine Transform (DCT) is used. 
Applying DCT to log filter bank to de-correlate and 
coefficients helps to identify the most pertinent information. 
Coefficient Calculation usually discards higher-frequency 
coefficients, keeping a subset of the generated DCT 
coefficients as the final MFCCs. Feature Vector Construction 
is the next step, and it consists of two subsets: Vectorisation 
and Dynamic Features (Optional). Each frame is represented 
as a feature vector after vectorization aids in the selection of 
MFCC coefficients. Dynamic Features are an optional step 
support that computes delta and delta-delta coefficients to 
record the acceleration and rate of change of MFCCs 
between frames. The third stage, the final presentation, 
comprises the generated MFCC feature set and creates a 
series of feature vectors, each of which represents a distinct 
audio signal time window. By retaining certain spectral 
properties and eliminating others, these MFCC feature 

extraction methods seek to effectively represent the audio 
content. 
    
3.5  Data Preparation 
 

Data preparation involves preprocessing the data 
necessary for solving the problem of multiclass 
classification. Initially, all essential libraries like Scikit-learn 
were imported for preprocessing, evaluation, and data 
splitting. Secondly, labels and feature extraction are done 
from female voice and male voice datasets. Extracted 
features and labels for each gender are stored in separate 
variables. Using one-hot encoding categorical labels are 
transformed into binary matrix representations suitable for 
classification tasks. After concatenating the data for both 
genders, an 80-20 split is used to separate the merged dataset 
into training and testing sets. This ensures that the model is 
trained on a diverse dataset and evaluated on unseen data. 
The code further splits the datasets by gender, maintaining 
the same 80-20 train-test ratio. This separation allows for 
individual evaluation of the model's performance on female 
and male voices. To apply standardization, StandardScaler is 
used on training and testing datasets. This is achieved by 
scaling the features to have unit variance and zero means. 
This step is essential for ensuring that the structures are on a 
similar scale, improving the convergence of the training 
process. After standardization, the feature arrays are 
reshaped to add an extra dimension, making them compatible 
with the input requirements of Convolutional Neural 
Networks (CNNs). Lastly, the final shape of the dataset 
shows that the prepared data is three-dimensional, and the 
third dimension represents the channel of a single feature. 

Audio Framing Fast Fourier 
Transform Mel Filter Bank Logarithm 

Transformation
Discrete Cosine 

Transform 
Feature Vector 

Construct Final Display
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CNN expects input data in the form of RGB Channels,i.e. 
multiple channels, hence reshaping of the data is critical for 
CNNs. After this step, the dataset is ready to be fed into the 
proposed machine-learning model for training and 
evaluation. To illustrate probability distribution around the 
mean of continuous random variable Gaussian Curve or the 
Bell Curve is used. It is given in Eq. (1).   
 

( ) ,XZ µ
σ
−

=                                                                      (1) 

 
where X is a normal arbitrary variable, μ is the mean of the 
distribution, σ is the standard deviation which measures the 
spread or variability of the distribution and z is the z-score 
over variable X. In summary, the code meticulously prepares 
the data for training a CNN by extracting features, one-hot 
encoding labels, splitting datasets, standardizing features, 
and reshaping arrays. These steps ensure that the data is in 
the optimal format for training an effective model to analyze 
gender-driven variations in sentiment. 
 
3.6  Model Design 
 

Convolutional Neural Network (CNN) is mainly used 
and suitable for audio or video processing [24]. It includes a 
sequential model, convolution layers, pooling, dropout, 
flattened, and dense layers.  It master in feature extraction.  
Features may include identifying emotional changes, 
speakers, and their recognition, for example, speech pattern 
classification. In the case of voice expressiveness analysis 
using CNN, the process starts with input audio. The input 
audio is transformed into a spectrogram, which is a 2D 
representation of time versus frequency. A CNN applies a 
convolution operation wherein filters slide over the 
spectrogram to extract critical features such as pitch, tone, and 
amplitude variations. This operation generates feature maps, 
where each output captures meaningful characteristics related 
to voice expressiveness. In the proposed work, we have used 
multiple layers of convolution. The output layer is denoted by 
l and is calculated as given in Eq. (2). 
 

[ ] [ ] [ ]1( ) ( 1) ( ) ( )
0 .kl l l l

ky xm m kf h bk− −
=

= ⋅ +−∑                    (2) 
 

Where, x(l ‒ 1) denotes input to the lth layer, h(l)[k] are 
Learnable kernel weights for layer l, b(l) represents Learnable 
bias term for the layer l and f(.) is a Non-linear activation 
function. 

Pooling operations such as average pooling are applied to 
decrease the dimensionality of these feature maps while 
retaining the greatly significant characteristics and are 
continued by subsequent convolutional layers of 128 filters by 
wrapping up additional average pooling layers. The main task 
of the average pooling layer is to decrease the latitude 
dimensions, smooth the feature maps, and help embrace 
global context, which is crucial for accurate emotion 
detection.  In the first layer of the model kernel size of 6 with 
256 filters is used, then to dwindle feature map down 
sampling while maintaining important data average pooling is 

used. Subsequently, a convolutional layer with 64 filters is 
applied, followed by an average pooling layer that enhances 
key features by choosing the highest values from each pooling 
region.  
      To prevent overfitting by randomly omitting units during 
training, a dropout layer with a 20% dropout rate is 
incorporated, thus improving the model’s robustness. After 
this, 3D feature maps are flattened into 1D vectors as a fact 
for fully connected condensed layers. A dense layer with 32 
units combines the features nonlinearly, followed by another 
dropout layer with a 30% dropout frequency to decrease the 
overfitting of the model. The output layer, consisting of 8 
units with a SoftMax activation function, provides a 
distribution of probabilities across the eight emotion groups, 
allowing multi-class organization. The Adam optimizer, well-
known for its efficiency in the training of machine learning 
models, is used to build the model, as well as the category 
cross-entropy loss function. It is appropriate for solving 
problems involving multiple class categorizations. The 
accuracy metric is used to examine the performance of the 
model. Lastly, the features extracted are processed through 
wholly connected layers, which analyze and classify the 
features to determine specific voice expressiveness attributes. 
This structured approach makes CNN able to effectively 
model and interpret the nuances of voice expressiveness from 
audio data.  Fig. 3 shows the CNN model architecture 
implemented. SVG-NN is used to create the proposed 
architecture. 
 

 
Figure 3 CNN Model Architecture 

 
4 PERFORMANCE EVALUATION  
  
 The training features and matching labels are the inputs 
of the training and testing evaluation method, which is used 
to determine a proposed model's performance on two distinct 
datasets, i.e. training and testing. The results of this 
evaluation are stored in the score variable, which contains 
various evaluation metrics, such as accuracy. The print 
function is used to print the training and testing accuracy of 
the model up to two decimal places. To assess the model 
performance testing data is used in the second part of the 
model. Accuracy values give insights into the effectiveness 
of the final model in the prediction of male, female, and 
mixed-gender accuracy on training and testing data. Better 
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performance of the model is indicated with higher accuracy 
values. The generalization ability of the model is evaluated 
and provides valuable information about its effectiveness in 
real-world scenarios.  
 

 
Figure 4 Accuracy across Gender 

 

 
Figure 5 Female Voice Precision 

 
The accurate emotion expressivity rate of mixed-gender, 

female, and male is presented in Figs. 4, 5, and 6 respectively. 
Distinct variations in accuracy across these categories are 
revealed by our analysis. It also highlights the impact of 
gender-specific characteristics on performance evaluation. 
Fig. 4 depicts the overall accuracy of emotion expressivity 
rate when analyzing a dataset that includes both male and 
female voices. The accuracy achieved in this mixed-gender 
scenario is 84.26%. This result provides a baseline 
understanding of the system's performance when gender-
specific variations are not explicitly accounted for. Fig. 5 
focuses on the accuracy of emotion expressivity rate 

specifically for female voices. The system gets an accuracy 
rate of 89.40% when analyzing female speech. This higher 
accuracy suggests that the emotional expressions in female 
voices are more consistently captured by the sentiment 
analysis model, indicating a better alignment between the 
attributes mined by the Mel-Frequency Cepstral Coefficients 
(MFCC) and the emotional content in female speech. Fig. 6 
shows the accuracy of the emotion expressivity rate for male 
voices, which stands at 82.70%.  
 

 
Figure 6 Male Voice Precision 

 
From the results depicted in Figs. 4, 5, and 6, it is evident 

that female voices are more accurately analyzed for 
emotions, with a notable accuracy rate of 89.40%. These 
findings suggest that female voices may exhibit more 
pronounced or detectable emotional cues that align well with 
the features captured by MFCC. The disparity in accuracy 
rates underscores the importance of considering gender-
specific characteristics in sentiment analysis. 

A detailed comparative study of other research work 
focussed on emotion recognition of male, female, and mixed-
gender is given in Tab. 3. Study shows that researchers have 
used different benchmark datasets like RAVDESS, EMODB, 
SAVEE, CASIA, etc. or some have developed their own 
datasets for research work. Different machine learning 
techniques are employed on varying sizes of voice samples. 
In the proposed work 12460 voice samples are used. The 
proposed work has a favorable outcome as CNN with 
average pooling is used on the integration of four datasets.   It 
recognizes a broad spectrum of emotions and demonstrates 
its versatility and comprehensive approach. The proposed 
methodology results in the identification of expressiveness in 
a female voice in comparison with a male voice and from the 
obtained accuracy it is proved. As compared to other work 
proposed model provides competitive and balanced 
performance, making it a reliable solution for emotion 
recognition tasks across different gender-specific and mixed-
gender datasets. 
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Table 3 Comparative analysis of various research studies on emotion recognition rates across male, female, and mixed-gender 

Related Work Dataset Model 
Voice 

Samples 
Used 

Male 
Sentiment 

Credit Rate 

Female 
Sentiment 

Credit Rate 

Mix Gendered 
Credit Rate Work Done 

Nasaruddin, N. 
et al. [20] Dataset from Kaggle 

CNN with 
ResNet50 and 

ResNet101 
3000 - - ResNet50: 99.67 

ResNet101:99.82 
Gender classification and 

detection 

Kanwal, S. et 
al. [33] 

RAVDESS 
EMO-DB 
SAVEE 

SVM 1440 
75.49 
86.2 

- 

91.12 
88.3 

- 

82.59 
89.6 
77.7 

Speaker-dependent and 
speaker-independent 
speech recognition 

Sun, T. W. [35] CASIA CNN 1200 - - 84.60 
Speech recognition with 

and without gender 
information. 

Madhu, M. et 
al. [36] RAVDESS SVM 1440 - - 72.02 Gender Recognition Using 

Speech 

Singh, V. et al. 
[37] RAVDESS CNN 1440 - - 72.07 

Gender Dependent Speech 
Emotion Recognition 

System 

Bhukya, S. [38] Own Dataset K-means 
algorithm 400 78 84 58 

Gender Difference 
Identification and 
Genderize Speech 

Recognition 
Dewan Arpita, 
H. et al. [39] 

corpus of Bengali 
conversations CNN 3185   99.37 Gender Identification Using 

Bengali Speech 

Proposed Work 
RAVDESS, TESS, 

SAVEE and 
CREMA-D 

CNN with 
Average Pool 12460 82.70 89.40 84.26 Gender-Based expressivity 

of speech 

 
5 CONCLUSION AND FUTURE ENHANCEMENT 
 

We have achieved the key objective of the venture which 
is to identify the difference between the expressiveness of 
emotions of males and females using convolutional neural 
networks with MFCC. To fulfill this requirement, we have 
used four benchmark datasets that include 8 different 
emotions. From the accuracy mentioned in the above section, 
it is clear that the female voice is more expressive than the 
male voice. Following are the valuable contributions of the 
proposed research work: 1) We have developed a method to 
separate male and female voice files. 2) Synthetic training 
samples are created by adding perturbations to the initial 
training set. 3) The generalized CNN model was developed 
to capture the expressivity of the male, female, and mixed-
gender voices using pitch data of the voice. 4) From the 
accuracy of emotion expressivity rate we have proved that 
female voice is more expressive than male voice. 
Additionally, we would like to use the proposed method in a 
real-time system. One can use the transfer learning technique 
along with the exploration of pre-trained models on voice data 
for sentiment analysis to improve accuracy.  The proposed 
research can be extended by integrating speech data with 
different strategies like facial expressions and text. Exploring 
multimodal deep learning models for sentiment analysis 
possibly will lead to more precise and robust results. The 
future research directions mentioned above would contribute 
to further advancements in this field and enable the 
development of more sophisticated sentiment analysis 
systems with practical applications in various domains. 
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Power Flow Optimization in Cyber-Physical Systems Using Jellyfish Optimization Technique 
 

Vijoy Kumar Peddiny*, Brajagopal Datta, Abhik Banerjee 
 

Abstract: Cyber-physical systems (CPS) are under increasing strain, which has created a number of problems for the power system, including voltage instability, line overloads, 
and rising power losses. In order to solve these problems, it is essential to strategically deploy energy resources at the right nodes to maximise real and reactive powers, hence 
lowering losses and enhancing the voltage profile, especially in crowded networks. Grid operators can more effectively meet the demand for electricity while preserving the stability 
of the power system thanks in large part to power flow optimisation. However, because they are unpredictable, integrating intermittent renewable energy sources (RESs) presents 
particular difficulties. The power flow model put out in this study includes four different kinds of energy sources: thermal power plants (which stand in for traditional energy sources), 
wind power plants, battery charging stations, and solar photovoltaic power plants (which represent renewable energy sources). The goal is to assess the efficiency of the upgraded 
IEEE 30-bus test system through optimisation utilising an integrated strategy integrating fuzzy logic and jellyfish search optimizer (JS). Practical factors like the thermal generators' 
ramp rate restrictions and the erratic generation patterns of renewable energy sources are taken into account by the suggested algorithm. The algorithm effectively solves the 
optimum power flow (OPF) problem by minimising overall generating costs and reaching solution convergence, as shown by simulation results. The suggested method 
demonstrates its effectiveness in solving the difficulties of power flow optimisation by taking into account real-world scenarios and adding the complexities associated with RESs. 
The algorithm's effectiveness in assuring an ideal and affordable power flow solution is demonstrated by its ability to handle the intermittent nature of renewable energy sources 
and the limitations of thermal generators. 
 
Keywords: Cyber-Physical System's (CPS); Fuzzy; Jellyfish; Optimum Power Flow (OPF); Smart Grid 
 
 
1 INTRODUCTION  
 

The main tool for designing and managing electric 
networks is now OPF [1]. The goal of the Optimal Power 
Flow (OPF) problem is to find the optimum solutions for a 
number of objectives while abiding by a number of equality 
and inequality conditions, system security restrictions, and 
the operational limitations of electrical equipment [2]. The 
active power outputs of generators, bus voltages at power 
plants, transformer tap settings, and reactive power 
contributions from VAR compensators are just a few of the 
control variables that are adjusted to achieve this. The OPF 
problem's main goals are to minimize total emissions (TE), 
minimize network losses, and minimize economic fuel costs 
(EFC) [3]. These goals combine technological, 
environmental, and economic factors to meet the expanding 
needs of the energy industry. Recently, academics have 
become increasingly eager to investigate OPF, a problem 
with two to three objectives. OPF remedy the purpose is to 
identify the best options for distinct objective functions. 
While also upholding a set of equity and limitations of 
inequality constraints, a solitary best option [4]. There must 
be trade-offs among two or more opposing aims. As in 
actuality, there is a collection of the best options, not a single 
one, unique best OPF solution. Consequently, the choice only 
the maker's preferences can determine the best course of 
action, and nobody else can be better to disregard alternative 
solutions. That is context, one of the well-known Pareto-
optimal solutions dependable instruments for multi-objective 
optimization issues, can gather a group of ideal options. 

Numerous traditional optimization techniques have been 
put forth since the OPF problem was first presented [5]. 
These techniques include of quadratic programming, mixed-
integer mathematical optimization, non-linear programming, 
and interior-point methods [6-8].The composition of power 
systems is growing more complicated due to the ongoing 
integration of computing, communication, and control 

innovations in smart grids, transforming them into cyber-
physical power systems (CPPS) with a close combination of 
data and physics. It consists of both the conventional physical 
grid and the power network connectivity created by data 
acquisition, control, and decision-making units, among other 
things. 

Due to their quick convergence and ability to produce an 
ideal solution, some of these techniques have been 
successfully applied by the industry sector. But to use these 
optimization techniques, the optimization function must first 
be linearized. For this problem, various properties, such as 
the quasi, non-differentiable, and non-smooth ones, are 
frequently estimated for the optimization function. 

Heuristic optimization approaches have also been 
proposed [9-12] as a remedy to this issue. In this way, the 
OPF is solved using a variety of heuristic methods. In [13], a 
sequential GA solution strategy was used to solve the OPF 
issue using a simple genetic algorithm (SGA), resulting in an 
appropriate control variable resolution that did not violate the 
system's restrictions. A hybrid genetic algorithm (GA) is 
introduced in Reference [14], integrating the capabilities of 
MATPOWER software’s linear programming (LP) and 
sequential quadratic programming (SQP) techniques. This 
approach enhances the optimization process by leveraging 
both heuristic and mathematical programming methods. 

Additionally, Reference [15] presents a refined genetic 
algorithm (RGA) designed to efficiently encode multiple 
control variables within a power system while maintaining a 
practical chromosomal length, ensuring computational 
feasibility and effectiveness. However, based on the analogy 
from nature, various global algorithms have been developed. 
A number of population-based heuristic techniques, 
including as genetic algorithms (GA), particle swarm 
optimization (PSO), teaching-learning-based optimization, 
evolutionary algorithms, and differential evolution, are 
frequently used to solve optimization problems. Various 
variations of these techniques have been investigated for the 
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Optimal Power Flow (OPF) problem. An electromagnetism-
like mechanism optimizer, for example, has been updated 
and adapted for OPF. Specifically, modifications were made 
to the local search and force estimating phases, adding two 
randomly selected particles while maintaining the 
initialization phase. Furthermore, convergence properties for 
the OPF issue were improved by combining a Gaussian 
mutation operator with an adaptive biogeography-based 
optimization (BBO). To handle the same problem, a modified 
salp swarm algorithm (SSA) was used in another method, 
illustrating the variety of approaches used to optimize OPF 
solutions [21] that exhibited chaotic behaviour. In those 
reference [22-23], the management of various objective 
functionalities has been made possible by combining them 
into a single optimization problem using weighting factors, 
making the achieved operating point particularly sensitive to 
the choices of weight factors. For the best placement of fault 
current limiters and distributed generators in distribution 
networks, the coyote optimization technique (COA) has been 
dedicated in Ref. [24]. In this study, a fuzzy based model was 
used to activate the single objective optimization for the 
minimization of energy losses, short circuit currents, and 
installed devices. 
The goal of this study is to complete the efforts made to 
identify the best solution to the OPF problem. This article's 
contribution can be succinctly summed up as follows: 
• The jellyfish search (JS) metaheuristic optimization 

algorithm, which is brand-new and recently created, is 
integrated with fuzzy in this study to provide an efficient 
OPF in cyber-physical systems.  

• To test the proposed algorithm's viability in finding the 
best solution for the OPF problem using renewable 
energy sources under ideal and realistic settings, it is 
applied to an IEEE 30 parallel coupled with 
communication bus system that includes two wind 
turbines and one solar Photovoltaic generator. 

 
The remainder of this essay is organised in the manner 

below. The mathematical formalism and related appropriate 
restrictions used for the Objective functions are shown in 
Section 1.1. The new idea for applying JS and fuzzy to OPF 
that incorporates the indeterminate RES is established in 
section 2. For the four methods under consideration, Section 
3 presents the simulation results of various practical case 
studies. Section 4 and Section 5 offers this paper's 
conclusions and references at the end. 
 
1.1 Objective Function and Problem Formulation 
 

The working parameters of the IEEE 30-bus system are 
listed in Tab. 1. Three separate power production resources, 
namely thermal power generators (TGs) with fixed outputs, 
solar PV generators (SPGs) with variable outputs, and wind 
generators (WPGs) with variable outputs, are included in the 
modified network. The mix of all sources and reserve power 
must be used to balance this variance in PV and wind outputs, 
therefore the total generation cost consists of operating 
expenses for all units, reserve expenses, and penalty 
expenses. 

 
Table 1 IEEE 30 bus system details 

Component Quantity Description 
Total Buses 30 30 buses are interconnected connected 
Communication Points (Wireless) 10 At Bus 1, 2, 8, 5, 11, 15, 17, 21, 22 & 28 
Branches 41 These branches are connecting load, sources and buses 
Steam based Generator 3 SG1, SG2, SG3, in which Bus 1 is swing bus, other at 2 & 8 
Wind Turbine Source 2 WTS1, WTS2 at Bus 5 & 11 
Solar Source 2 SS1, SS2 both at Bus 15 
Physical Control Variables 05 Voltage of Bus 2, 5, 11, 17, 21 
Cyber Control Variables 10 Weight of each communication point 

 
A. Cost Model for different sources used. Fossil fuel 

is used to power thermal power plants. The relationship 
between steam generator power output in MW and the cost 
of fossil fuels in $/Hr is provided by Eq. (1). 
 

2
T 1( ) .NTG

i i SG i SGiC SG x y P z P
=

= + +∑                                  (1) 
 
Where x, y, z shows the cost coefficient of the steam 
generators while i indicate the ith element of the steam 
turbine. If the generator units are owned by the Independent 
System Operator (ISO), the cost function might not apply in 
the same way when an Independent Grid Operator (IGO) 
chooses to include compensation costs in the ongoing 
maintenance and renewal expenses or assigns these costs to 
the initial investment in solar PV or wind generators. In 
contrast, the ISO is required to pay costs based on the 
scheduled power contracts with private owners of solar PV 
or wind generators if they are privately owned. Depending on 
how the renewable energy assets are owned, this distinction 

has an impact on how costs are handled and recorded. The 
following is how planned power affects the actual costs of 
the jth wind based renewable power generator: 
 

WT WTS, .S j jC f P=                                                              (2) 
 
In a similar manner, the kth solar Photovoltaic PV generator's 
direct cost is: 
 

S SS, .S k kC f P=                                                                    (3) 
 
Where PWTS/PSS and f, respectively, stand for the planned 
wind/solar power and the direct cost coefficient associated 
with the jth wind power/solar power plant. 

B. Uncertainty in the model. Due to the sporadic 
nature of wind energy, two situations are possible. The first 
situation occurs when the wind farm's production power is 
lower than what was anticipated. Overestimating output 
power is the word used to describe this circumstance. In this 
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instance, the grid operators uses spinning reserve to give its 
customers a dependable power supply [26]. Reserve cost is 
the price necessary to commit the reserve producing units in 
order to correct the overestimation problem. The jth wind 
energy plant's reserve cost is calculated using:  
 

WT , RC

WTS
WTS, 0

( ).

S
P

j

C

P relative power power distribution function

=

= ×∫
(4) 

 
Solar energy also has erratic and sporadic output, just as wind 
energy. In general, the method used to address under- and 
overstatement of solar power output should be the same as 
that used to address wind output power. For solar 
Photovoltaic PV plant k, the reserve cost is provided by: 
 

 S , RC

SS, .
S

i

C
P relative power power distribution function

=

= × ×
   (5) 

   
C. Cyber layer interaction with grid. In, the above 

cases all consist of physical layer model and uncertainty. The 
cyber layer model indicates the interaction with the 
communication network of the system. In this research will 
use the weight of each Communication Points and it will 
impact the system directly. If the weight of the 
communication point is more than 0.8 then will consider as 
trusted healthy network and if the value is less than this 
means unhealthy network. 
 

cp
0 8  Healthy

.
0 8  Unhealthy

.
W

.
>

= <
                                                  (6) 

                              
D. Problem statement objective. As shown in Eqs. 

(1)-(5), the goal optimum for OPF is generated by 
incorporating all cost function models. Emission cost is 
disregarded in the objective function (F1). The objective 
function (F2) is constructed with the effect of communication 
points to better understand the variation in generation 
scheduling when uncertainty is taken into account. 

Consequently, reducing overall cost is the objective 
function: 
 

SG, Total SS WTS SS, RC WTS, RC1 ,F C C C C C= + + + +             (7) 
 

10
cp 02 .b

bF W Bus power=
=

= ×∑                                            (8) 
 

The OPF objective functions are formulated while 
incorporating both equality and inequality constraints within 
the system. Notably, achieving power convergence to an 
optimal solution ensures that the equality constraints are 
inherently satisfied through power balance equations. 
Among the inequality constraints, generator bus voltages and 
active power outputs—excluding those from the swing or 
slack generator, which is typically assigned to bus 1—serve 
as self-regulating parameters. 

The optimization method employed determines an 
optimal value for each control variable within its allowable 

range. Consequently, careful attention is required for 
inequality constraints related to the slack generator's active 
and reactive power limits, the reactive power output of other 
generators, voltage constraints on PQ buses, and 
transmission line capacity limitations. 

In the context of a cyber-physical system (CPS), 
interactions between the cyber and physical layers must be 
considered. While cyber-layer disruptions can directly 
impact the physical system's performance, the reverse 
influence is typically constrained and does not exhibit the 
same level of impact. 
 
2 PROPOSED METHEDOLOGY 
 

The three pillars of the JFS optimizer are based on the 
movements of jellyfish. The first pillar holds that the 
jellyfishes' movements might be in their swarm or on their 
journey to the ocean current, and that the temporal control 
(TC) function can regulate these two forms by shifting 
between them. The second tenet is that jellyfish are attracted 
to certain areas once there is enough food available. The 
numerical objective function is used to characterise food 
quantity as the third pillar [27, 28]. The jellyfish colony is 
randomly initialised in chaotic logistic mapping, and can be 
expressed as follows: 
 

0( 1) 4 (1 )i iX t P X+ = −                                                        (9) 
 
Where P0 denotes the beginning jellyfish population, which 
has the potential to produce a value of P0, and Xi conveys the 
ith jellyfish based on chaotic value. Their motions in the 
ocean complete the quest for food. 

In areas where there is an abundance of food, they are 
extremely prone to mobility. This approach is used in this 
situation because it can explore more effectively. This 
characteristic is used to determine the global optimal point. 
According to the flowchart for this modification in Fig. 1, the 
jellyfish can move in a jellyfish swarm using either passive 
motion or active motion. In a swarm, jellyfish move both 
actively (type B) and passively (type A) [29]. Jellyfish start 
moving passively right after the swarm forms, then after a 
short while, they start moving actively. 
 

 
Figure 1 Jellyfish search optimization flow 
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Figure 2 Integration of fuzzy with JS 

 
Table 2 Fuzzy rule for the proposed methodology 

Rule Identification Description 

JS is H and CPW is H Their optimal values Healthy system with 
OPF 

JS is H and CPW is L Individual values Healthy OPF with 
cyber disturbance 

JS is L and CPW is H With respect to Rule 1 Unhealthy 

JS is L and CPW is L With respect to Rule 1 
Unhealthy with 

possibility of cyber 
disturbance 

H = High; L = Low 
 

 
Figure 3 JS based OPF flow chart 

The TC mechanism determines whether to choose type 
A or type B. When compared to a random number in the 
range [0-1], the phrase (1 ‒ CF(t)) is significant in this 
context. The jellyfish exhibits type A motion if this value is 
higher than the (1 ‒ CF(t)) calculation's result. When the 
pseudo random is less than the computed value stated, 
jellyfish, on the other hand, follows type Bmotion If. This 
concept is further explained by the fact that type A motion is 
favoured at start point, when the TC function rapidly 
decreases from 1 to 0, and type B motion is chosen as time 
advances. 

Now the JS OPF output will serve as input for the fuzzy. 
The final status of the line or bus will be obtained by the 
interaction with fuzzy and cyber layer of the system. 
  
3     RESULT AND DISCUSSION 
 

When dealing with the OPF issue as previously 
explained, the equality and inequality requirements are taken 
into account. The equality conditions, which serve as load 
flow balancing equations, are effectively upheld by applying 
the Newton-Raphson algorithm (NRA). The NRA method in 
this article maintains the uncertainty of (4) and (5) since it 
establishes the program's steady state for power system 
operators. Since MATPOWER is employed, the NRA 
algorithm serves as an effective tool for visualising three-
phase networks [30]. 

Any other limits, such as decision-making constraints 
and dependent variable constraints, are expressed by two 
operating limitations. The decision variables of the first type 
continue to reach their limits, and if either of them is beyond 
evaluation, they are arbitrarily recreated within their suitable 
ranges. Additionally, the objective function prolongs and 
penalises the second type's restrictions (dependent variables). 
As a result, the jellyfish solution could not be chosen in the 
following iteration if there were any violations of these 
criteria. 

 
Table 3 System parameters used 

Parameters Values 
Nominal bus voltage 100 V (L-L) 
Rated frequency 60 Hz 
Source Impedance 1+j1.5 Ω 
Non-linear load R-L 20+j79 Ω 
dc-link voltage 800 V 
Coupling Inductor, Lf 3.5 mH 
Overloading factor, a 1.2 
DC bus voltage recovery time, t 90 ms 
Variation of energy during dynamics, k 20% 
Current ripple, ΔI 25% of I 
Overshoot voltage, Vos 15% of Vdc 
Switching frequency, fs 5 kHz 
Cdc 3.3 mF 
Lf 4.2 mH 
rf 0.5 Ω 
Lc 0.6 mH 
rc 0.425 Ω 
Cf 15 μF 
Rd 2.025 Ω 
ωc 50.26 rad/s 
ωn 377 rad/s 
ωc, PLL 7853.98 rad/s 
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A well-known test case used in power systems research 
and analysis is the IEEE 30-bus system. It is frequently used 
to examine how electrical power systems behave and to 
evaluate different algorithms and approaches to power 
system analysis. This system is portrayed as a network of 
transmission lines and buses that act as reduced versions of 
an electrical grid. Please be aware that compared to actual 
power grids, which can be much larger and more complex, 
the IEEE 30-bus system is a comparatively modest and 
simplified model. However, it provides a useful benchmark 
for evaluating and creating methods and methodologies for 
power system analysis. Fig. 4, shows the actual model used 
for the simulation in the MATLAB environment. 

Parameters used in the model is stated in the Tab. 3. 
 

 
Figure 4 Simulation MATLAB model 

 
3.1 Simulation Results 

 
Various case studies are carried out for the modified 

IEEE-30 bus system in this section. The outcomes of the 
various case studies utilising the suggested Jellyfish search 
(JS) optimization technique is shown and described. ABC, 
CGO, FPA, and GPC are used as four distinct optimization 
techniques to test the efficacy of the JS optimization process. 
Apart from these two cases will be consider: 
• Case A: Only Physical layer is taken into consider 

putting cyber layer at 1. 
• Case B: Considering cyber and physical layer both. 
 

The effects of changing the schedule for wind and solar 
power as well as PDF parameters on generation costs are 
investigated using case studies A and B. The goal of the 
subsequent case studies is to maximise the schedule 
generation across all sources under ideal and realistic 
circumstances. A minimum of 1000 iterations are used as the 
finishing condition after the algorithm has been run vs times, 
the optimal value of the optimization problem of each case 
study has been identified, and control variable settings have 
been listed. 
 
3.1.1 Case A 
 

In Case A, we consider only the OPF with a normal cyber 
layer. Figs. 5 and 6 show the simulation results for the JS. At 
iteration 100, we obtain the best results with a value of 15,116 
for the five inputs. Ideally, when the cyber layer weight is set 
to 1, it implies no faults in the communication system. 
However, in reality, this is not the case, leading to a higher 
global best value. During the simulation, some parameters 
were affected due to misinterpretations in the communication 
channel. 
 

 
Figure 5 Plot of the objective functions 

 

 
Figure 6 OPF for the case A using JS 

 

3.1.2 Case B 
 

In this case CPS system is consider and for every 
simulation the weight of the communication point is taken 
into consideration. So, the effect and OPF will be correctly 
monitored. So, Fig. 6, shows the results of the simulation by 
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taking into CPS system. The tuning parameters for the other 
methods with the proposed method is stated in the Tab. 4. 
Control variables with the results for the case A and B is 
shown in the Tab. 4. The overall cost for the simulation is 
shown in the Fig. 8. 
 

 
Figure 7 OPF of CPS using JS+Fuzzy 

 

 
Figure 8 Cost iteration for CPS system 

 
Table 4 Simulation parameters 

Parameters PSO GA ABC JS+Fuzzy 
Population 15 15 15 15 
Iteration 200 200 200 200 

Other 
parameters 

Constriction factor 
0.75 

Mutation 
rate 
0.1 

Limit 
100 

Not 
required 

 
Table 5 Case A simulation result 

Control Variable PSO GA ABC JS+Fuzzy 
CV1 1.042 1.0332 1.062 1.048 
CV2 1.064 1.0414 1.034 1.069 
CV3 1.053 1.0510 1.053 1.071 
CV4 1.066 1.0676 1.036 1.069 
CV5 1.032 1.0332 1.072 1.037 

 
Table 6 Case B simulation result 

Control Variable PSO GA ABC JS+Fuzzy 
CV1 1.021 1.054 1.089 1.068 
CV2 1.052 1.067 0.99 1.073 
CV3 1.067 1.032 1.012 1.035 
CV4 1.042 1.048 1.068 1.022 
CV5 1.031 1.073 1.011 1.057 

 
Table 7 Computational time for case A and Case B 

Technique Case A (Sec) Case B (Sec) 
PSO 2.24 2.33 
GA 2.11 2.21 

ABC 1.98 1.99 
JS+Fuzzy 1.52 1.47 

 

The control variable for the voltage in P.U is shown in 
the Tabs. 5 and 6 for both cases. The Computational time for 
case A and case B is shown in the Tab. 7. Fig. 9, shows the 
effect of CPS weight of communication point for case A and 
case B. 
 

 
Figure 9 Case A and Case B response as per the weight change in CPS 

 
3.2 Discussion  
 

A comparison on different parameters is stated in the 
Tab. 8. The comparison is done on 5 major parameters which 
are stated below: 
• Parameter 1: Fast convergence 
• Parameter 2: Time taken 
• Parameter 3: Is able to deal with CPS system 
• Parameter 4: Is possible to extend to other system 
• Parameter 5: Accuracy. 

 
Table 8 Comparison [30-32] 

Parameter PSO GA ABC JS+Fuzzy 
P1 •• •• ••• •••• 
P2 ••• •• ••• •••• 
P3 • • • •••• 
P4 •• •• •• •••• 
P5 ••• ••• ••• •••• 

Four dot means highest value 
 
4     CONCLUSION 
 

To sum up, this research presents a new metaheuristic 
optimization approach that addresses the Optimal Power 
Flow (OPF) problem in a complex power system scenario 
with stochastic wind and solar energy sources by combining 
jellyfish optimization with a fuzzy search optimizer. The 
suggested algorithm provides a reliable method to minimize 
generation costs while taking into account variable cost 
coefficients and carbon emission fees. It does this by 
modeling the unpredictable nature of these renewable 
sources using Weibull and log-normal probability density 
functions. The thorough comparison of the suggested JS 
integrated Fuzzy algorithm with established techniques like 
ABC, PSO, and GA shows how much better it performs in 
terms of cost savings and convergence of the solution. These 
findings highlight how well the JS integrated Fuzzy approach 
optimizes the OPF problem, indicating that it is a useful tool 
for managing and planning energy systems in the future. 
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Detection and Classification of Growth Stages in Rice Using Artificial Neural Networks  
 

Durodola Folasade*, Owoeye Samuel, Kamil-Bello Furqan, Daodu Sakira, Makinde Kayode, Folaranmi Olaniyi  
 

Abstract: This project focused on the development of a machine learning model to classify rice plants based on their growth stages, specifically identifying whether the plants are 
in the "Raw" or "Ripe" stage. The research was conducted using a dataset obtained from Roboflow, which provided annotated images of rice plants. The dataset was divided into 
training, testing, and validation subsets to ensure the model's robustness and generalization capability. The project involved a comprehensive data preparation process, which 
included consolidating images into class-based folders, handling file conflicts, and stratifying the dataset into appropriate splits for training, testing, and validation. Several 
convolutional neural networks (CNN) architectures were explored, including ResNet50, InceptionV3, and MobileNetV2, each leveraging transfer learning from pre-trained models 
on the ImageNet dataset. ResNet50 achieved an accuracy of 87.3% with a log loss of 0.33, demonstrating good performance but with some misclassifications between similar 
classes. InceptionV3 outperformed the other models, achieving an accuracy of 95.1% and a log loss of 0.13, indicating superior classification capability and better calibration of 
predicted probabilities. MobileNetV2 also performed well with an accuracy of 93.5% and a log loss of 0.22, offering a balance between accuracy and computational efficiency. The 
results highlight InceptionV3 as the most effective model for this task, with a strong ability to differentiate between the rice growth stages. The findings underscore the importance 
of model selection and data preparation in developing accurate and reliable machine-learning models for agricultural applications. The project demonstrates the potential of CNNs 
in improving agricultural practices through precise crop monitoring and classification. 
 
Keywords: convolutional neural networks (CNNs); image classification; InceptionV3; machine learning; MobileNetV2; ResNet50; rice plant 
 
 
1 INTRODUCTION  
 

Rice is a crucial food source worldwide, particularly in 
regions such as Asia, Africa, and Latin America, serving as a 
primary dietary staple for billions of people [1]. With the 
growing global population and changing climatic conditions, 
there is increasing pressure on rice production systems to 
enhance production [2]. Traditional methods of monitoring 
rice growth stages are labour-intensive, time-consuming, and 
prone to human error, making them inadequate for meeting 
the rising demands and ensuring food security [3]. 

Artificial Intelligence (AI), specifically Artificial Neural 
Networks (ANNs), has shown significant potential in 
transforming agriculture. ANNs can process large datasets 
and detect complex patterns, making them ideal for precision 
agriculture applications [4]. By employing ANNs, we can 
develop automated systems capable of accurately detecting 
and monitoring the growth stages of rice, leading to improved 
crop management, optimized resource use, and increased 
yields [5, 6]. This innovation contributes to global food 
security and promotes sustainable agricultural practices. 

In addition to boosting productivity, applying ANNs in 
rice growth stage detection can significantly reduce the 
environmental impact of rice farming. Precise identification 
of growth stages allows for the optimized use of water, 
fertilizers, and pesticides, reducing wastage and 
environmental degradation [7]. This precision also 
minimizes the runoff of harmful chemicals into water bodies, 
protecting aquatic ecosystems and promoting eco-friendly 
agricultural practices. 

Furthermore, ANNs offer valuable tools for adapting to 
climate variability and change. As climate change presents 
unpredictable challenges to agriculture, real-time monitoring 
of rice growth stages becomes essential. ANNs can help 
predict and mitigate the effects of adverse weather conditions 
by providing timely insights, enabling farmers to take 
proactive measures [8]. This adaptability is crucial for 

maintaining rice productivity and ensuring food security in 
the face of changing climatic patterns. 

The economic benefits of deploying ANN-based systems 
in rice agriculture are also noteworthy. Automation of growth 
stage monitoring can lead to significant cost savings by 
reducing the need for extensive manual labour and enabling 
more precise agricultural interventions. For smallholder 
farmers, who play a significant role in global rice production, 
these savings can be crucial, allowing them to reinvest in 
their operations and improve their livelihoods [9]. 

Despite these advantages, traditional methods of 
monitoring rice growth stages remain laborious, time-
consuming, and prone to errors. These methods do not 
provide real-time data, which is essential for making timely 
agricultural interventions. Inaccurate and inconsistent 
monitoring can lead to suboptimal resource use, affecting 
crop health and yield [5]. There is a pressing need for an 
automated, reliable, and efficient system that can accurately 
detect and monitor rice growth stages, handle variability in 
growth patterns, and provide farmers with accurate, real-time 
information to enhance decision-making and improve overall 
crop management practices. 

The integration of ANNs into rice farming offers a 
comprehensive solution to agronomic, environmental, and 
economic challenges in rice production. This study aims to 
utilize artificial neural networks (ANNs) for the prediction of 
rice growth stages through the examination of phenological 
data and image-based inputs, specifically targeting the 
vegetative, reproductive, and ripening phases. The ultimate 
goal is to equip farmers with practical insights that facilitate 
improved crop management, optimized resource use, and 
enhanced productivity. 
 
2 LITERATURE REVIEW 
 

The use of technological advancements and 
methodologies in utilizing artificial neural networks (ANNs) 
for detecting rice growth stages can not be over-emphasised. 
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It highlights the shift from traditional monitoring methods to 
modern precision agriculture techniques, emphasizing the 
role of ANNs in enhancing agricultural practices [10]. 

Precision agriculture represents a significant 
advancement in farming, using technologies like GPS, 
remote sensing, and data analytics to monitor and manage 
crop growth with high precision. These tools enable targeted 
interventions, such as precise irrigation and fertilization, 
reducing waste, and promoting sustainable farming practices. 
Machine learning and AI further enhance these capabilities, 
offering predictive models and decision support systems for 
efficient farming [11-13]. 

ANNs have become a powerful tool in agriculture, 
particularly for analyzing large datasets and identifying 
complex patterns. In rice farming, ANNs can accurately 
detect and classify growth stages by processing vast amounts 
of data from various sources. This capability is crucial for 
developing automated systems that provide real-time 
information, reducing reliance on manual labour and 
increasing productivity [14, 15]. 

Convolutional Neural Networks (CNNs), a subset of 
ANNs, are particularly effective for image recognition tasks, 
making them ideal for analyzing images of rice at different 
growth stages. CNNs automatically detect and learn features 
from images, enabling precise classification and monitoring 
of rice growth. Training CNNs with diverse image datasets 
ensures the model’s robustness and reliability in real-world 
applications [16, 17]. 

The success of an ANN-based system depends on the 
quality and diversity of the training data. Effective data 
collection involves gathering images and sensor data from 
multiple sources, ensuring a comprehensive view of the rice 
fields. Preprocessing techniques, such as data cleaning and 
augmentation, prepare the data for training, improving the 
model's robustness and accuracy [18, 19]. 

Training an ANN model involves feeding preprocessed 
data into the network and adjusting model parameters to 
minimize prediction errors. Selecting an appropriate neural 
network architecture is crucial for capturing the complex 
features in rice crop images. Advanced machine learning 
techniques are used to enhance performance, and the model's 
accuracy is validated using separate data to ensure reliability 
in real-world applications [20, 21]. 
 
3 METHODOLOGY 
 

Accurately identifying rice growth stages is essential for 
effective agricultural management, as it directly impacts crop 
yield, resource utilization, and farming efficiency [6]. 
Traditionally, determining these stages has relied on manual 
observation and expert judgment, which can lead to 
variability and inefficiencies. However, advancements in 
artificial intelligence and machine learning present an 
opportunity for a more precise, automated approach to 
growth stage detection [21]. This chapter outlines the 
methodology for designing, developing, and implementing 
an artificial neural network (ANN)-based system to detect 
rice growth stages. The system aims to provide farmers with 
a reliable tool to automate the identification process, thereby 
enabling timely and informed decision-making. By 
integrating this system into a user-friendly platform, farmers 

can upload images of their rice crops and receive instant 
feedback on the current growth stage, optimizing their 
farming practices and improving productivity. 

The proposed rice growth stage detection system uses 
artificial neural networks to analyze and classify images of 
rice crops, determining the specific growth stage based on 
visual features [14]. A convolutional neural network (CNN), 
tailored for image recognition tasks, serves as the system's 
core component [22]. The CNN is trained on a diverse dataset 
of rice crop images at various growth stages, captured under 
different environmental conditions [23]. The system 
processes these images to extract crucial features like texture, 
colour, and shape, which are essential for distinguishing 
between different growth [24]. The system is integrated into 
a web-based platform that allows farmers to upload images 
of their crops. Once uploaded, the CNN processes the image 
and provides immediate feedback on the rice's current growth 
stage, along with suggestions for appropriate farming 
practices based on the identified stage. This real-time, 
automated analysis significantly reduces the need for manual 
monitoring and expert intervention [25]. The machine 
learning workflow is shown in Fig. 1. 

 

 
Figure 1 Machine learning workflow 

 
The system's effectiveness hinges on the quality of the 

dataset used to train the machine-learning models [16]. A 
comprehensive dataset of rice crop images at various growth 
stages, captured under diverse environmental conditions, was 
compiled from multiple sources. To enhance the model's 
robustness, extensive data augmentation techniques, 
including random rotation, scaling, and colour adjustments, 
were employed [26]. Three prominent CNN architectures—
ResNet, MobileNet, and InceptionNet—were selected for 
comparison, each offering distinct advantages in accuracy, 
computational efficiency, and scalability [27-29]. The 
training process involved hyperparameter tuning, transfer 
learning, and regularization techniques to ensure optimal 
performance. The models were continuously evaluated using 
metrics such as accuracy, precision, recall, and F1-score to 
select the best-performing architecture for deployment. 

Data collection involved gathering a diverse set of rice 
images at different growth stages and under varying 
environmental conditions. The images were sourced from 



Durodola Folasade et al.: Detection and Classification of Growth Stages in Rice Using Artificial Neural Networks 

378                                                                                                                                                                               TECHNICAL JOURNAL 20, 3(2026), 376-382 

publicly available agricultural datasets, custom-captured 
images from rice fields, and contributions from agricultural 
research institutions. This diverse dataset enhances the 
model's ability to generalize and perform well in real-world 
applications [30]. Preprocessing steps included image 
resizing, noise reduction, and data augmentation to ensure 
compatibility with the neural network architectures [31] [32]. 
Exploratory Data Analysis (EDA) was conducted to 
understand the dataset's underlying patterns, relationships, 
and potential issues [33]. EDA helped identify any 
imbalances in the dataset and informed decisions on model 
selection and training strategies. 

The dataset was split into training, validation, and test 
sets, with 70% of the data used for training, 20% for 
validation, and 10% reserved for testing. Normalization was 
applied to standardize the input values, ensuring that all input 
features contributed equally to the model's learning process 
[34]. The test site for system deployment was carefully 
selected to represent typical rice-growing environments, 
considering factors such as rice variety, environmental 
conditions, and field layout [35-37]. The system, including 
cameras, sensors, and processing units, was installed and 
configured according to the experimental requirements, with 
the selected machine-learning models evaluated on a 
validation set to ensure their accuracy and reliability in 
classifying rice growth stages. 

The system's performance was evaluated through 
controlled experiments focusing on key metrics such as 
classification accuracy, model comparison, environmental 
adaptability, and operational efficiency. The performance of 
ResNet, MobileNet, and InceptionNet models was compared 
to determine which provided the best balance of accuracy and 
computational efficiency. The system's adaptability to 
varying environmental conditions, including different 
lighting and weather patterns, was assessed, along with its 
operational efficiency, including power consumption and 
maintenance requirements [23]. User feedback was collected 
from farmers and agricultural experts to evaluate the system's 
usability, reliability, and effectiveness in supporting rice 
growth stage monitoring. The experimental trials were 
conducted over an entire growing season, with continuous 
monitoring and data logging to capture the system's 
performance across different growth stages and 
environmental conditions. 

The data collected during the experimental trials was 
analyzed to identify areas for improvement and optimize the 
system's performance. The analysis included evaluating the 
effectiveness of each machine learning model, the accuracy 
of growth stage classification, and the overall system's 
reliability and adaptability. The data preprocessing involved 
cleaning, organizing, and formatting the raw data to facilitate 
thorough analysis. Trends and correlations between growth 
stages, environmental conditions, and system performance 
metrics were identified, leading to model refinement and 
operational modifications to enhance system performance. 
The continuous refinement and optimization of the rice 
growth stage detection system aimed to ensure its 
effectiveness and reliability in real-world agricultural 

settings, ultimately providing farmers with a valuable tool to 
improve crop management practices. 
 
4 IMPLEMENTATION AND RESULT 
 

The implementation of this research involves developing 
a machine-learning model by following a systematic 
workflow, beginning with data collection and preparation. A 
dataset from Roboflow, containing images of rice plants 
labeled as "Raw" or "Ripe," was used. This data was split into 
three subsets—training, testing, and validation—to ensure 
the model's generalization. The dataset preparation, shown in 
Fig. 2, included consolidating all images into a unified 
directory structure, separating them into "Raw" and "Ripe" 
categories for easier processing during the subsequent stages 
of model training. 
 

 
Figure 2 Data preparation 

 

 
Figure 3 Random sampling 

 
Following data consolidation, the workflow handled 

potential file conflicts, such as duplicate file names, by 
appending numerical suffixes to ensure unique filenames. 
This process helped maintain data integrity, preventing data 
loss due to overwriting. Additionally, random file sampling, 
shown in Fig. 3 was implemented to create smaller, balanced 
subsets for testing or validation. Fig. 4 shows the stratified 
data splitting, which ensured that each class had equal 
representation across the training, testing, and validation sets, 
which is critical for building a robust model capable of 
generalizing well on unseen data. 

The research implemented multiple deep learning 
models, including ResNet50, InceptionNet, and 
MobileNetV2, leveraging pre-trained architectures. 
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ResNet50 utilized transfer learning, retaining some layers for 
feature extraction while fine-tuning others to adapt to the new 
dataset. A Global Average Pooling (GAP) layer was 
appended, followed by Dense layers with Dropout to avoid 
overfitting. Similarly, InceptionNet, based on InceptionV3, 
captured multi-scale features through its inception modules. 
The model retained valuable feature extraction capabilities 
while adapting to the new classification task, also 
incorporating GAP and Dropout layers to prevent overfitting. 
 

 
Figure 4 Data splitting 

 

 
Figure 5 RestNet implementation 

 
A comparative analysis of the performance of three 

models—ResNet50, InceptionV3, and MobileNetV2—on a 
rice growth dataset, evaluating their strengths, weaknesses, 
and overall effectiveness. As shown in Figs. 8 and 9 the 
ResNet50 model achieved an accuracy of 87.3% on the test 

set, with an F1 score of 86.9%, indicating a good balance 
between precision and recall. However, the model struggled 
with differentiating between certain classes, such as 
misclassifying instances of 'Vegetative' as 'Reproductive' and 
confusing 'Ripening' with 'Vegetative.' The training curves 
showed a smooth increase in accuracy, plateauing at 90–
92%, which suggests some level of overfitting despite 
effective learning and generalization. 
 

 
Figure 6 Inception net implementation 

 

 
Figure 7 Mobile net implementation 

 

 
Figure 8 ResNet results breakdown 

 
Fig. 10 shows the confusion matrix revealed minimal 

misclassifications, demonstrating InceptionV3's superiority 
in-class differentiation. 
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Figure 9 Accuracy and loss plot for the ResNet50 

 

 
Figure 10  Confusion matrix 

 
Figs. 11 and 12 show that the InceptionV3 model 

outperformed ResNet50 significantly, achieving a test 
accuracy of 95.1% and an F1 score of 94.8%. Its lower log 
loss of 0.13 indicated well-calibrated predicted probabilities, 
making it a highly reliable model for this classification task. 
Fig. 10 showed the confusion matrix, which revealed 
minimal misclassifications, demonstrating InceptionV3's 
superiority in-class differentiation. The training curves for 
InceptionV3 showed rapid improvement in accuracy, which 
stabilized at a high level, with the loss curve reflecting 
excellent fitting and generalization. 
 

 
Figure 11 Accuracy and loss plot for the InceptionV3 

 

 
Figure 12 Results break down for inception net 

 

The MobileNetV2 model (Figs. 13 and 14) also 
performed well, with an accuracy of 93.5% and an F1 score 
of 93.1%, positioning it between InceptionV3 and ResNet50 
in terms of performance. The log loss for MobileNetV2 was 
0.22, better than ResNet50 but not as good as InceptionV3, 
indicating some room for improvement in probability 
calibration. While the confusion matrix highlighted some 
misclassifications, particularly in the 'Ripening' class, 
MobileNetV2 showed better stability in model performance 
compared to ResNet50, with steady decreases in loss and 
strong generalization capabilities. 
 

 
Figure 13 MobileNet accuracy and loss 

 

 
Figure 14  MobileNet results 

 
In comparing ResNet50, InceptionV3, and 

MobileNetV2, InceptionV3 emerges as the most effective 
model, achieving the highest accuracy (95.1%), F1 score 
(94.8%), and the lowest log loss (0.13), indicating superior 
probability calibration and reliable classification with 
minimal misclassifications. ResNet50 struggles with class 
differentiation and shows signs of overfitting, making it less 
reliable overall. Thus, InceptionV3 is the best model, with 
MobileNetV2 as a strong alternative. 

MobileNetV2 was chosen for its efficiency on mobile 
and embedded devices, employing depthwise separable 
convolutions to reduce computational demands. The model 
was pre-trained on ImageNet, and adjustments were made to 
the final layers to suit the specific task of classifying rice 
growth stages. The model was compiled with a loss function, 
optimizer, and evaluation metrics tailored for multi-class 
classification. The training involved refining the model's 
predictions over multiple epochs, with validation against a 
separate dataset to ensure generalization and performance. 

In summary, the workflow—from data preparation to 
model implementation—was designed to maintain data 
integrity, ensure balanced datasets, and build efficient 
models for classifying rice growth stages. Each model—
ResNet50, InceptionNet, and MobileNetV2—was tailored 
for the task, utilizing pre-trained architectures and advanced 
techniques like transfer learning, GAP, and Dropout to 
achieve accurate and generalizable results. 
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5 CONCLUSION 
 

This study analyzed and evaluated the performance of 
three advanced deep learning models—ResNet50, 
InceptionV3, and MobileNetV2—on rice plant classification. 
Among these, InceptionV3 proved to be the most effective, 
achieving the highest accuracy (95.1%) and F1 score 
(94.8%), along with excellent probability calibration. Its low 
misclassification rates make it the best model for 
differentiating between rice plant classes. 

MobileNetV2, while slightly less powerful than 
InceptionV3, still performed well with an accuracy of 93.5% 
and an F1 score of 93.1%. It strikes a good balance between 
performance and efficiency, making it suitable for 
deployment in resource-constrained environments. Despite 
its higher log loss of 0.22 compared to InceptionV3, 
MobileNetV2 remains a reliable model. 

ResNet50, although effective, lagged behind the other 
models with an accuracy of 87.3% and an F1 score of 86.9%. 
Its higher log loss of 0.33 and difficulties in class 
differentiation indicate that it requires significant refinement 
to compete with InceptionV3 and MobileNetV2. 

Based on these findings, InceptionV3 is recommended 
as the preferred model for rice plant classification due to its 
superior accuracy, high F1 score, and well-calibrated 
probabilities, making it ideal for reliable and precise 
classification tasks. 

To further enhance model performance, increasing the 
size and diversity of the dataset used for training and testing 
is essential. A more comprehensive dataset will help improve 
the models' ability to generalize, reduce misclassifications, 
and provide more accurate and reliable classification results. 

Additionally, techniques such as transfer learning, fine-
tuning of pre-trained models, and the development of hybrid 
models that combine the strengths of different architectures 
are recommended. Continuous improvement efforts, 
including advanced data augmentation and robust 
preprocessing techniques, will further advance the field of 
rice plant classification, enabling more effective solutions in 
precision agriculture. In conclusion, the research effectively 
highlights the transformative potential of AI in agriculture, 
InceptionV3 is hereby recommended as the most effective 
model for rice growth stage classification 
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Georectification of the Historical Geological Map of Bosnia and Herzegovina: Effectiveness 
Evaluation of Different Approaches 

 
Nedim Tuno 

 
Abstract: The Geological Overview Map of Bosnia and Herzegovina, at a scale of 1:200,000, is the first comprehensive and detailed geological map meticulously created for the 
entire country. This paper examines the mathematical and geodetic basis of the map and evaluates its positional accuracy. A method was developed to compute coordinate 
corrections for arbitrary points based on the differences between the Austro-Hungarian and Yugoslav triangulations, in order to determine the position of any point on the old 
geological map with respect to the current Bosnian-Herzegovinian state coordinate system. After resolving the issues related to map projection, mathematical and geodetic 
foundations of the map and coordinate systems, the georectification procedure was applied to the map scan. The results show that the TPS transformation effectively minimizes 
geometric distortions caused by scanning errors, deformations of the map's base material, and systematic errors from the original map elaboration. After applying the 
georectification, most remaining positional distortions were attributed to random errors. 
 
Keywords: accuracy assessment; geological map; georectification; transformation; triangulation 
 
 
1 INTRODUCTION 
 

Maps are reliable records of the space and time in which 
they were created, making them a valuable source of data for 
various spatial analyses. In this context, historical 
cartographic materials—such as old military maps, cadastral 
maps, topographic maps, thematic maps, and other 
specialized maps—are essential for retrospective analysis of 
past landscapes [1]. For this reason, maps can be seen as a 
reflection of past eras and serve as an important part of global 
cultural heritage [2]. A geological map is a graphical 
representation of the terrain, including the age of rocks, their 
composition, interrelationships, and other significant 
geological phenomena. Old geological maps are invaluable 
sources of information about the state of geological 
knowledge at a specific time. Integrating historical 
geological maps into a GIS database enables the analysis and 
comparison of past geological data and knowledge with 
contemporary findings [3]. The study of old geological maps 
is extremely important, not only for their historical 
significance in the development of geological mapping but 
also from a practical perspective [4].  

The first map to visually represent actual geological field 
observations for the territory of Bosnia and Herzegovina 
(B&H) was created by Ami Boué. His geological travels 
across the Balkan Peninsula between 1836 and 1838 brought 
him to Bosnia and Herzegovina on two occasions, and in 
1840 he published his comprehensive work, La Turquie 
d'Europe. Attracted by the rich mineral resources of Bosnia 
and Herzegovina, the new Austro-Hungarian administration 
began preparations for geological exploration immediately 
after occupying the country in 1878. Their goal was to create 
a detailed geological map of the territory, based on a precise 
topographic foundation. This mapping was carried out in the 
summer of 1879 by a team of distinguished geologists from 
the Geological Institute (German: k.k. Geologische 
Reichsanstalt) in Vienna, including Edmund von 
Mojsisovics, Emil Tietze, and Alexander Bittner. Based on 
the data they collected with the assistance of Croatian 
geologist Đuro Pilar, the Geological Overview Map of 

Bosnia and Herzegovina (German: Geologische 
Übersichtkarte von Bosnien-Hercegovina) at a scale of 
1:576,000 was created. This map was a supplement to the 
renowned General Geological Map of the Austro-Hungarian 
Monarchy by Franz Ritter von Hauer, published in 1880. The 
map was created using 20 colors to represent the geological 
formations of Bosnia and Herzegovina. To outline the 
boundaries and distribution of each formation, simple 
sketching with a compass was employed, carefully following 
the topographic base of the General map of Bosnia, 
Herzegovina, Serbia and Montenegro at a scale of 1:300,000 
published in 1876. In 1887, the map Geologische 
Erzlagerstätten — Karte von Bosnien was created at a scale 
of 1:300,000 by the Austrian geologist Bruno Walter. 
Heinrich Foullon von Norbeeck published a map of the 
Gornji Vakuf area at a scale of 1:75,000, which is regarded 
as the first detailed geological survey of a region in Bosnia 
and Herzegovina. A new era in the study of Bosnia and 
Herzegovina's geology began with the arrival of Friedrich 
Katzer in Sarajevo. He published the first exceptionally high-
quality geological maps at a scale of 1:75,000 (covering 
Doboj, Zenica, Jajce and Jezero, Prozor, Mostar, and 
Bugojno), as well as one map at a scale of 1:200,000 (Donja 
Tuzla), in his Geological Guide to Bosnia and Herzegovina, 
published in 1903 [5, 6, 7]. His most important cartographic 
achievement was the Geological Overview Map of Bosnia 
and Herzegovina (GOMB&H), created at a scale of 
1:200,000. This significant piece of Bosnian-Herzegovinian 
geological cartography remains insufficiently studied, much 
like other maps produced during the Austro-Hungarian rule 
in Bosnia and Herzegovina [8-10]. Brief overviews of the 
production and main features of the GOMB&H were 
provided by [6] and [7]. A bibliographic description of a 
single map sheet, following the International Standard 
Bibliographic Description of Cartographic Materials (ISBD-
CM), was provided by [11]. 

To effectively analyze and utilize geospatial data from 
historical cartographic documents, it is essential to georectify 
them. The goal of georectification is to establish a 
relationship between the coordinate system of the digital 
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image (scanned map) and the modern reference system 
through georeferencing, while correcting image 
deformations using geometric transformation. Recent studies 
[12-14] have applied various georectification methods to 
historical maps based on 19th-century Habsburg military 
surveys. These topographic cartographic materials were used 
as the base maps for the geological maps, ensuring that the 
projections of the geological maps were essentially the same 
as those of the topographic maps [15]. 

The purpose of this paper is to identify an efficient 
method for georectifying the Geological Overview Map of 
Bosnia and Herzegovina at a scale of 1:200,000, ensuring 
reliable results. To achieve this, a detailed analysis of the 
map’s mathematical and geodetic foundation is essential. The 
application of an appropriate geometric correction method 
should result in satisfactory positional accuracy for the 
transformed map data. This will enable the efficient 
integration of various existing data into a unified geospatial 
database. 
 
2 MATERIAL AND METHODS 
2.1 Geological Overview Map of Bosnia and Herzegovina at a 

scale of 1: 200,000 
 

The Geological Overview Map of Bosnia and 
Herzegovina (German: Geologische Übersichtskarte von 
Bosnien-Hercegovina), at a scale of 1:200,000, was created 
under the initiative of Austrian geologist Friedrich Katzer, 
who is regarded as the founder of the geology in Bosnia and 
Herzegovina [16].  
 

 
Figure 1 Clip of the Geological Overview Map of Bosnia and Herzegovina, Sheet I 

- Sarajevo (map is kept in Bosniak Institute Sarajevo, under the title statement 
"Geologische Ubersichtskarte von Bosnien - Hercegovina. 1. Sechstelblatt : 

Sarajevo. - Masstab 1:1.200.000", Maps B&H B, ID: 89082634). 
 
The first sheet of this map (Sarajevo) was published in 

1907 by the Geological Sector of the State Mining 
Directorate in Sarajevo (Fig. 1). The second and third sheets 

(Tuzla and Banjaluka) were published in 1910 and 1921, 
respectively. The fourth and fifth sheets - Travnik and 
Ljubuški were completed after Katzer's death by T. Jakšić 
and M. Milojković and published in 1929. Finally, the sixth 
sheet (Mostar) was produced by a group of geologists in 
1953. Thus, Bosnia and Herzegovina became the first 
republic of the former Yugoslavia to have a comprehensive 
geological map covering its entire territory. The creation of 
this map, with interruptions, took 55 years, from Katzer’s 
arrival in Sarajevo in 1898 until the publication of the last 
sheet. For many years, it served as the primary reference for 
a wide range of regional projects, including those in 
construction, mining, land reclamation, petroleum geology, 
hydrogeology, engineering geology, and more [7]. 
 
2.2 Georectification of Scanned Maps  
 

The research conducted in this study involved the 
georectification of the fifth sheet of GOMB&H (Ljubuški), 
produced by Geological Institute Sarajevo in 1929 (Fig. 2), 
which is kept in the Archive of the Faculty of Civil 
Engineering, University of Sarajevo. To accomplish this, the 
map sheet was converted into a digital raster format using a 
large-format rotary scanner, resulting in a TIFF (Tagged 
Image File Format) image file. 
 

 
Figure 2 Clip of the scanned Geological Overview Map of Bosnia and 

Herzegovina, Sheet V – Ljubuški (source: Faculty of Civil Engineering, Department 
of Geodesy and Geoinformatics, University of Sarajevo) 

 
The scanned map contains both the errors present in the 

original paper map and additional scanning errors. Therefore, 
it is necessary to geometrically correct the map image and 
align it with the real world, i.e., to georeference the raster 
dataset. When selecting an appropriate georectification 
procedure for a scanned map, it is important to consider how 
the original analogue map was created and the types of errors 
that may have occurred during that process. Distortions in 
analogue maps can result from errors in the primary geodetic 
survey data, mapping inaccuracies, and deformations of the 
map’s supporting material (such as the paper) due to factors 
like temperature, humidity, aging, and folding [17]. To 
correct the raster map deformation, it is necessary to 
reposition the pixels from their original locations to the 
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corresponding ground coordinates. This requires using an 
appropriate mathematical model to eliminate distortions and 
applying a coordinate transformation. The transformation 
parameters are determined based on tie points (common or 
control points), and in the next step, all map points are 
transformed accordingly [3]. The investigation of the 
georectification of GOMB&H involved the use of various 
global transformation functions, including similarity, affine, 
projective, and polynomial transformations. Additionally, a 
locally sensitive transformation based on the Thin-Plate 
Spline (TPS) radial basis function was also explored. 
Detailed descriptions of these transformation methods can be 
found in the literature on geometric correction of raster 
digital images, e.g. [18]. 
 
2.3 Definition of Tie Points 
 

The raster coordinate system of the scanned map and the 
map target coordinate system are connected with the tie 
points. Geometric deformations of the scanned map are 
determined and eliminated on the basis of these points. Tie 
points are usually defined by the intersections of the grid 
formed by lines of latitude and longitude (graticule). Grid 
intersections are the best control points as these are easily 
seen on the map, and their coordinates are usually precisely 
known [19].  

 

 
Figure 3 Map graticule of the GOMB&H Sheet V (left) and the index sheet of the 

1:200,000 scale Geological Overview Map of Bosnia and Herzegovina (right) 
 

The fifth sheet of GOMB&H contains a graticule which 
shows parallels every 15’. Meridians are spaced at the 
varying intervals. In total, 15 points representing the graticule 
intersections (tick marks) are available on this map sheet 
(Fig. 3). Since the graticule represents the mathematical 
framework upon which the whole map’s content is based 
[20], it follows that graticule intersections should be clearly 
defined with respect to the coordinate system assigned to the 
geological map, as well as to the system in which the map 
needs to be converted. Geodetic and mathematical basis of 
the GOMB&H are identical to the geodetic and mathematical 
basis of the 1:200,000 scale General map of Central Europe 
(germ. Generalkarte von Mitteleuropa), produced by the 
Austro-Hungarian Military Geographic Institute (MGI). This 
map was created using the polyhedric projection [21].  

2.4 Evaluating the Geometric Accuracy of Map 
Transformations 
 
The quality of spatial information in the geometrically 

corrected raster image of GOMB&H is directly linked to the 
georectification method applied. Therefore, it is essential to 
evaluate the 2D (horizontal or planimetric) component of 
positional accuracy for all map transformation variants [22]. 
Absolute or external positional accuracy is defined as the 
accuracy of the position of features within a spatial reference 
system. Through this accuracy assessment, it becomes 
possible to determine the extent to which geometric 
distortions—such as those caused by differential paper 
shrinkage, map defects like tears, folds, and creases, or non-
material-related issues—have been corrected [23]. 
 

 
Figure 4 Trigonometrical point at Gradina Hill, 8 km north of Ljubuški – plotted on 
the GOMB&H (left) and on a more recent topographic map at a scale of 1:25,000 

(sheet 574-1-3, Buhovo) (right) (source: Faculty of Civil Engineering, Department of 
Geodesy and Geoinformatics, University of Sarajevo) 

 
This paper uses a direct 2D accuracy evaluation method, 

as outlined in ISO 19157 (Geographic Information – Data 
Quality). The process involves comparing the dataset being 
assessed with an appropriate set of true or reference values 
(the reference dataset). To carry out this comparison, check 
points were defined within the GOMB&H dataset, where the 
coordinates in the target coordinate system are known to a 
higher degree of accuracy than those in the dataset being 
evaluated. This approach allows for the determination of the 
closeness between the coordinate values obtained from the 
georectified map and those accepted as the true 
corresponding positions [24]. In this context, triangulation 
stations (used as the basis for topographic surveying) can be 
employed. These stations are depicted on the map with a 
small triangle symbol. For the purpose of evaluating the 
accuracy of the transformation, 29 trigonometrical points 
have been selected, located within the territory of Bosnia and 
Herzegovina and the neighboring region of Dalmatia. These 
triangulation stations are positioned on summits to ensure 
visibility and prominence, with their locations coinciding 
with points of a more modern trigonometric network (Fig. 4). 
Specifically, the marks of these triangulation stations were 
later used in a geodetic survey aimed at establishing the 
trigonometric network of the former Yugoslavia. As a result, 
these points became part of a new triangulation network that 
served as the foundation for the state survey. Consequently, 
the coordinates of these points are known with significantly 
greater accuracy than those that could be obtained through 
map-based measurements. Therefore, the required accuracy 
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criterion for the reference data was met, allowing the 
triangulation stations to be used as check points. 

Since the ISO 19157 defines only general principles and 
procedures, the US National Standard for Spatial Data 
Accuracy (NSSDA) was applied in this research. The 
NSSDA uses root-mean-square error (RMSE) to estimate 
positional accuracy at 68.3 % confidence level [25]. The 
RMSE is calculated with the use of remained positional 
distortions dEN:   
 

2

1

1 ,
n

ENi
i

RMSE d
n =

= ∑                                                         (1) 

 

where: 2 2 ref tr ref tr, , EN E N E Nd d d d E E d N N= + = − = − - 
differences between reference and transformed coordinates 
along E and N axis. 

 
3 RESULTS AND DISCUSSION 

 
As mentioned earlier, the GOMB&H sheet contains 15 

points representing the intersections of the graticule. Using 
these tie points, various transformation models were applied, 
where the Stereographic projection and the Hermannskogel 
datum were used. Before applying the transformation, 
longitudes were corrected because the GOMB&H was 
created using the 'Parisian' mapping system, which is based 
on the Prime Meridian of Paris, with an offset from 
Greenwich of Δλ = 2°20’13.98”E.  

Since the application of different transformation 
functions results in varying positions for each pixel in a 
corrected raster image, it is essential to assess the planimetric 
accuracy of the geometric transformations used to 
georeference the scanned map. To accomplish this, 29 
predefined check points, based on triangulation stations, 
were used to evaluate the actual effects of different 
transformation models. Table 1 presents the key accuracy 
indicators for the transformed check points, including 
distortion residuals along the E and N axes, as well as the 
RMSE. 

The worst results were obtained using the similarity 
(Helmert) transformation. The accuracy of this method is 
1.26 mm at the map scale (on the map sheet), which 
corresponds to 253 m at full scale (on the ground). More than 
one-third of the check points exhibit significant positional 
distortions of 250 m or more, with a maximum error of 444 
m (or 2.22 mm on the map). The analysis revealed that the 
other transformation methods outperformed Helmert’s 
method, achieving roughly twice the accuracy of the 
similarity transformation. However, it is clear that all of these 
methods had limitations in eliminating systematic distortions 
from the geological map. None of the transformations used 
were able to remove significant systematic errors from the 
georeferenced map. This conclusion is reinforced by the 
normal distribution curve of the remaining distortions along 
the N-axis following the TPS transformation (Fig. 5), which 
was generated using the 'fitmethis' MATLAB function [26]. 
The noticeable shift in the distribution curve, indicative of 

the remaining systematic errors, is readily observable. The 
achieved accuracy of 0.65 mm on the map using the affine 
transformation, and 0.75 mm with the TPS and second-order 
polynomial transformations, is notably lower than the 
accuracy reported in [27]. In that study, the accuracy of the 
Habsburg Special Map (scale 1:75,000; SM75) was 
evaluated. After correcting for distortions caused by paper 
drying and shrinkage, the planimetric accuracy of the SM75 
at the map scale was 0.4 mm, which corresponds to the 
plotting accuracy on paper. It is important to note that each 
sheet of the 1:200,000-scale General Map of Central Europe 
was created by combining eight 1:75,000 sheets into a single 
mosaic [13].  
 

 
Figure 5 Distribution curve of remaining distortions dN after applying the TPS 

transformation 
 

 
Figure 6 Remaining distortions of check points after applying 2nd order polynomial 

transformation (left) and TPS transformation (right) 
 

It is therefore clear that the remaining distortions in the 
GOMB&H are not caused by uncorrected scanning errors or 
map sheet shrinkage. This is supported by the graphical 
representation of the positional errors at the check points. To 
illustrate the local geometric characteristics of the 
transformed map, planimetric accuracy was visualized using 
residual vectors (Fig. 6). Each residual vector represents the 
difference between the reference coordinates and the 
transformed coordinates of the triangulation station. Fig. 6 
clearly demonstrates that, after the geometric transformation, 
certain positional distortions remain at the check points, 
indicating the overall homogeneity of the transformed data. 
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It also shows that the majority of deviations following the 
TPS and second-order polynomial transformations exhibit 
consistent propagation, with a noticeable uniform pattern in 
the vector orientation. These residual vectors reveal 
significant systematic errors that persist in the transformed 
map, i.e. the content of the GOMB&H is shifted 
approximately 150 meters to the northwest relative to the 
graticule tick marks.  
 
3.1 Method for Enhancing the Georectification of GOMB&H 

 
Since it was shown that transformations based on the 

GOMB&H graticule defined directly in the MGI 1901 
system yield unsatisfactory planimetric accuracy, an 
alternative approach to improve the georectification quality 
was investigated. It is important to note that the topographic 
content of the GOMB&H was created using data collected 
during the Third Military Mapping Survey of Austria-
Hungary. This survey relied on a network of trigonometric 
points, with coordinates referenced to the Vienna University 
Datum and the Bessel 1841 ellipsoid.  

On the other hand, the current coordinate system (MGI 
1901) used in Bosnia and Herzegovina is based on the Bessel 
ellipsoid and the Hermannskogel Datum. It is essential to 
point out that the coordinates of triangulation stations in the 
Vienna University System were computed using preliminary 
adjusted regional networks with different starting points, 
while the Yugoslav triangulation represents a homogeneous, 
final adjusted network oriented to the Hermannskogel [28]. 
Therefore, nonuniform disparities in point coordinates arise 
from differences between the geodetic basis of the 
GOMB&H and the more modern Yugoslav triangulation. 
The disparities at identical stations are significantly larger 
than what would be expected as normal errors in coordinate 
determination. For this research, a method was developed to 
compute the graticule intersections of GOMB&H with 
respect to the Bosnian-Herzegovinian state coordinate 
system (Fig. 7). The procedure is based on the coordinate 
differences between the Vienna University system and MGI 
1901 [29]. The coordinate corrections at an arbitrary point 
are determined by linear interpolation between neighboring 
isolines of the differences in latitude and longitude, Δφ and 
Δλ. This approach defines a set of 15 tie points (map grid 
intersections) with corrected coordinates in the target 
coordinate system, which were then used for the map's 
georectification.  

Tab. 2 presents the main 2D accuracy indicators for the 
transformed check points, which correspond to the 29 
previously defined triangulation stations. The analysis of the 
values presented in Tab. 2 highlights the limitations of the 4-
parameter similarity, 6-parameter affine, and 8-parameter 
projective transformations in eliminating geometric 
distortions from the geological map. Statistical indicators 
reveal that most positional errors could not be corrected by 
these transformation functions, demonstrating the 
persistence of significant distortions after applying the 
similarity, affine, and projective transformations. Moreover, 
there is no significant improvement in the correction of local 
systematic errors compared to the values in Tab. 1. This is 
further confirmed by the residual vectors resulting from these 
transformations (Fig. 9 and Fig. 10). The vectors are grouped 

and generally point in the same direction, indicating 
systematic influences or errors. The vectors exhibit high 
magnitudes (up to 333 m), and it is clear that the variations 
in their values are quite pronounced. 
 

 
Figure 7 Flowchart for determining the corrected GOMB&H graticule coordinates 

 

 
Figure 8 Distribution curve of remaining distortions dE after performing the TPS 

transformation 
 
The geometric correction of the GOMB&H using a 2nd 

order polynomial transformation increases the number of 
transformation parameters to 12, which positively impacts 
the elimination of systematic distortions. This transformation 
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significantly reduces deformations at the check points, 
resulting in more homogeneous outcomes. This suggests that 
the uniform layout and spacing of the graticule lines in the 
geological map help effectively eliminate most of the 

systematic errors after applying the polynomial 
transformation. Importantly, no large, undesired positional 
distortions remain, with the RMSE in this case around 70 m, 
or 0.35 mm at the map scale. 

 
Table 1 Summary of residual statistics for 29 transformed checkpoints across different transformation methods 

Indicator Similarity Affine Projective Polynomial 2nd order TPS 
dE dN dEN dE dN dEN dE dN dEN dE dN dEN dE dN dEN 

Minimum [m] ‒114 ‒406 103 ‒71 ‒244 15 ‒112 ‒201 23 13 ‒179 50 26 ‒150 62 
Average [m] 79 ‒144 236 38 ‒76 111 12 ‒97 128 89 ‒101 145 100 ‒97 144 
Maximum [m] 420 115 444 202 61 263 250 71 251 188 46 211 171 0 211 
Range [m] 535 521 341 273 306 248 362 272 227 175 224 160 145 151 148 
RMSE [m] 150 203 253 66 108 127 75 118 140 100 113 151 108 103 150 
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%
 │0-50 m│ 31.0 17.2 0.0 62.1 37.9 24.1 59 28 7 20.7 17.2 0.0 17.2 13.8 0.0 

│50-100 m│ 27.6 13.8 0.0 27.6 27.6 17.2 28 17 28 41.4 31.0 17.2 34.5 34.5 17.2 
│100-150 m│ 10.3 17.2 17.2 6.9 13.8 34.5 7 31 31 27.6 34.5 27.6 31.0 48.3 24.1 
│150-200 m│ 10.3 13.8 24.1 0.0 13.8 13.8 3 21 28 10.3 17.2 48.3 17.2 3.4 51.7 
│200-250 m│ 10.3 17.2 20.7 3.4 6.9 6.9 3 3 3 0.0 0.0 6.9 0.0 0.0 6.9 

>│250 m│ 10.3 20.7 37.9 0.0 0.0 3.4 0 0 3 0.0 0.0 0.0 0.0 0.0 0.0 
 

Table 2 Summary of residual statistics for 29 transformed checkpoints across different transformation methods (improved solution) 

Indicator Similarity Affine Projective Polynomial 2nd order TPS 
dE dN dEN dE dN dEN dE dN dEN dE dN dEN dE dN dEN 

Minimum [m] ‒215 ‒325 34 ‒174 ‒163 30 ‒215 ‒120 43 ‒91 ‒99 8 ‒78 ‒71 28 
Average [m] ‒23 ‒64 188 ‒65 4 107 ‒91 ‒16 129 ‒14 ‒21 66 ‒3 ‒16 56 
Maximum [m] 317 195 333 97 141 174 145 154 221 83 129 133 67 80 86 
Range [m] 532 520 299 271 304 144 360 274 178 174 228 125 146 151 58 
RMSE [m] 130 157 204 84 76 114 118 69 136 47 54 72 43 40 58 
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%
 │0-25 m│ 17.2 3.4 0.0 10.3 24.1 0.0 3.4 13.8 0.0 34.5 31.0 3.4 31.0 34.5 0.0 

│25-50 m│ 6.9 13.8 3.4 20.7 24.1 6.9 13.8 34.5 3.4 27.6 31.0 31.0 34.5 44.8 37.9 
│50-75 m│ 13.8 10.3 6.9 17.2 10.3 13.8 3.4 24.1 6.9 24.1 20.7 20.7 31.0 17.2 44.8 
│75-100 m│ 10.3 10.3 0.0 34.5 24.1 27.6 24.1 13.8 13.8 13.8 13.8 34.5 3.4 3.4 17.2 
│100-125 m│ 13.8 10.3 10.3 10.3 6.9 20.7 20.7 10.3 27.6 0.0 0.0 6.9 0.0 0.0 0.0 

>│125 m│ 37.9 51.7 79.3 6.9 10.3 31.0 34.5 3.4 48.3 0.0 3.4 3.4 0.0 0.0 0.0 
 

 
Figure 9 Remaining distortions of check points after applying similarity 

transformation (left) and projective transformation (right) 
 
 

 
Figure 10 Remaining distortions of check points after applying affine 

transformation (left) and TPS transformation (right) 
 

The best results in terms of transformation quality were 
achieved using the TPS transformation (defined by 64 
parameters), with an RMSE of 0.29 mm at the map scale. The 
distribution curve shows that the differences between the 
theoretical and transformed coordinates of the check points 
have an arithmetic mean close to zero (Fig. 8). After 
eliminating significant systematic errors using the TPS 
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transformation, 100 % of the check points showed a dEN of 
less than 0.5 mm at the map scale. In comparison, the second-
order polynomial transformation achieved this for 86 % of 
the check points, affine transformation for 48 %, projective 
transformation for 24 %, and similarity transformation for 
only 10 %. The maximum positional deviation resulting from 
the TPS transformation was reduced by a factor of four 
compared to the value obtained using the similarity 
transformation. This suggests that the uniform arrangement 
and spacing of the graticule lines in the GOMB&H enable 
locally sensitive transformations to effectively eliminate 
systematic errors from the map. The residual vectors on the 
map georectified using the TPS method were significantly 
reduced (Fig. 10) compared to those in Fig. 6. Fig. 9 shows 
that the changes in the vectors' orientation and intensity are 
moderate, confirming that choosing an appropriate 
transformation model can effectively eliminate a large 
portion of the systematic distortions caused by map drafting 
errors, aging, scanning, and other factors 

 

 
(a) 

 
(b) 

Figure 11 Two georeferenced geological maps of the Ljubuški area displayed 
within the QGIS environment: (a) GOMB&H; (b) Geological map of Bosnia and 

Herzegovina at a 1:200,000 scale, produced by the Geological Institute in 
Belgrade, 1967 (source: University of Sarajevo - Faculty of Civil Engineering, 

Department of Geodesy and Geoinformatics) 
 

The TPS transformation of the scanned raster map 
produced a geometrically corrected map, now aligned with 
the official Bosnian-Herzegovinian state coordinate system. 
The accuracy of well-defined points of detail plotted on the 
map is expected to be within ±0.5 mm. This enables the 
creation of a cartographic database that allows data from the 
GOMB&H to be compared, overlaid, and integrated with 
geological data from its more modern counterparts (Fig. 11). 
Of particular interest is the comparison of maps created at 
different times that depict the same geographic area. 

4 CONCLUSION 
 

This research emphasizes the critical importance of 
selecting the correct transformation base (control points) and 
the appropriate functional transformation model in 
effectively eliminating systematic errors caused by factors 
such as paper deformation, scanning irregularities, drafting 
and reproduction errors, and misaligned coordinate systems. 
The study confirmed that the quality of map georeferencing 
depends largely on the precise definition of control points in 
both the original map's coordinate system and the target 
coordinate system. Nonuniform discrepancies in point 
coordinates, resulting from differences between the geodetic 
basis of the Geological Overview Map of Bosnia and 
Herzegovina (GOMB&H) and the more modern 
triangulation, were successfully identified. It was 
demonstrated that transformations based on the GOMB&H 
graticule, which is directly defined within the MGI 1901 
system, resulted in unsatisfactory planimetric accuracy, with 
the RMSE reaching 0.65 mm at the map scale. This was 
because the topographic content of the map, including the 
triangulation stations, was referenced to the Vienna 
University Datum rather than the Hermannskogel datum. The 
resulting discrepancies at the same stations were irregular 
and considerably larger (up to 1.3 mm on the map) than 
expected normal errors in map measurement. As a result, the 
coordinates of the intersections of the meridians and parallels 
on the map were adjusted to align with the Bosnian-
Herzegovinian state coordinate system. This correction 
yielded satisfactory transformation results, with an RMSE of 
0.29 mm at the map scale. This level of accuracy can be 
achieved if all available graticule intersections are 
incorporated into the transformation model. 

The study also demonstrated that selecting the 
appropriate functional model in the transformation process is 
crucial for achieving reliable georectification results. 
Statistical and graphical indicators clearly show how suitable 
transformation functions can reduce geometric distortions in 
the map content. Systematic errors in the scanned map cannot 
be effectively corrected by global transformations relying on 
a small number of parameters. The assessment of geometric 
accuracy revealed poor results when georectification was 
performed using common procedures, such as similarity, 
projective, or affine transformations. In contrast, more 
complex polynomial transformations, and especially the 
locally sensitive TPS transformation—proved successful in 
reducing significant geometric distortions in the geological 
map.  

By using the correct approach for the geometric 
processing of the GOMB&H sheet—printed 95 years ago on 
standard cartographic paper and preserved under poor 
conditions—it was determined that the remaining distortions 
in the transformed points were random. This resulted in 
satisfactory positional accuracy for the georeferenced map, 
with a representative sample of triangulation stations plotted 
in their true positions at map scale to an accuracy better than 
±0.5 mm. 
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The Influence of Copper Plate Dimensions on Temperature Distribution during TIG Welding 
 

Mihael Zelić*, Matija Bušić, Tomislav Veliki 
 

Abstract: This research investigates the influence of copper plate dimensions on temperature distribution during TIG (Tungsten Inert Gas) welding of Cu-ETP (Electrolytic Tough 
Pitch Copper). When welding copper and lightly alloyed copper alloys with high thermal conductivities, the appropriate type of current and shielding gas must be selected to ensure 
sufficient heat input. This high heat input compensates for the rapid heat dissipation and cooling in the localized weld zone. The required heat input is determined by the dimensions 
of the copper sheets to be welded. Experimental measurements using thermocouples were performed on plates with identical thicknesses but varying dimensions, while numerical 
simulations via ANSYS complemented the analysis. The results highlight the significant impact of plate dimensions on heat dissipation and temperature gradients, providing 
valuable insights for improving welding settings. 
 
Keywords: Cu-ETP; heat conduction; numerical simulations; thermal conductivity; TIG welding 
 
 
1 INTRODUCTION 
 

Copper and copper alloys are widely used in many 
industrial applications for their high electrical and thermal 
conductivities, good combinations of strength and ductility, 
and excellent corrosion resistance [1]. The welding of copper 
and copper alloys is a critical process in producing various 
components for the chemical and beverages industry, such as 
high-voltage power transformers, nuclear waste processing, 
etc. Copper's exceptional thermal and electrical conductivity 
makes it widely used, but these properties present significant 
challenges during welding [2]. Copper's high thermal 
conductivity rapidly dissipates heat from the welding zone, 
making it difficult to maintain optimal welding temperatures 
[2]. Additionally, copper oxidizes quickly at high 
temperatures, potentially compromising weld quality and 
causing defects [2]. 

Copper is not subject to phase transformations and 
cannot be hardened through heat treatment, a characteristic 
shared by many of its alloys. This characteristic poses 
additional challenges in maintaining mechanical strength 
during welding processes [3]. This challenge is further 
exacerbated by the fact that thermal exposure induces 
softening in cold-worked copper alloys, resulting in a 
pronounced reduction in mechanical strength within the heat-
affected zone [3]. 

TIG welding, which employs a non-consumable 
tungsten electrode in an inert gas atmosphere, has proven to 
be an effective method for welding copper [2]. This 
technique ensures precise heat control and minimal weld 
contamination, which is critical for achieving high-quality 
joints with high purity and minimal inclusions. This is 
particularly important in industries where reliability and 
durability are paramount [3]. Welding generates substantial 
heat, significantly influencing the base material's 
microstructure and mechanical properties [3]. The direction 
and extent of heat distribution in the welded metal are closely 
linked to the residual stresses and deformations that develop 
during the cooling phase. Therefore, predicting heat 
distribution within the material is essential, especially for 
optimizing weld quality and mitigating defects. 

From a practical standpoint, analytical solutions offer the 
benefit of exceptional computational speed [4]. However, 
their limited accuracy often becomes a constraint when 
applied to complex engineering problems such as welding 
simulations [4], prompting researchers to explore more 
refined numerical methods. Consequently, numerous 
researchers have sought to improve analytical approaches, 
but these efforts have achieved only marginal gains in 
precision [5-8]. Numerical solutions, on the other hand, 
provide a higher degree of accuracy but require substantial 
computational resources [9]. 

The finite element method (FEM) was initially applied 
in welding simulations for static and dynamic analyses and 
later evolved to tackle more intricate issues involving 
geometric and material nonlinearities. Early studies, such as 
those by Ueda and Yamakawa [9] and Hibbit and Marcal [10] 
in the 1970s, pioneered the integration of thermal and 
mechanical analyses, addressing large deformations and 
nonlinear stress conditions. Marcal [11] underscored the 
exceptional complexity of welding as a nonlinear problem in 
structural mechanics. Goldak et al. [12] noted that the 
challenges faced by these pioneers discouraged many experts 
from entering the field. Despite these obstacles, tools like 
MARC, developed by Marcal and Hibbit, and ABAQUS, 
created by Hibbit, emerged as foundational programs for 
advanced welding simulations, becoming essential for 
nonlinear analysis. 

Over the last 30 years, welding simulations have drawn 
significant research interest, particularly in addressing 
complex challenges like copper welding. This focus has led 
to numerous publications and reviews, such as [11–16], 
which provide valuable insights into progress and best 
practices. Notably, Lindgren’s extensive reviews [14–16] 
offer a thorough summary of past studies, the current state of 
the field, and specific guidelines for modeling welding 
processes to achieve targeted simulation objectives. These 
efforts have contributed significantly to advancing the 
understanding and practical implementation of welding 
simulations. The aim of this research is to analyze heat input, 
heat conduction, and temperature distribution during TIG 
welding of copper plates. The focus will be on examining 
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temperature distribution across varying dimensions of copper 
plates, analyzing welding parameters' influence on weld 
quality, and employing numerical methods to simulate 
thermal processes. The study will include theoretical 
analysis, experimental measurements, and simulations to 
comprehensively understand the process. The experimental 
component of the study will involve detailed measurements 
of temperature distribution on copper plates during TIG 
welding using thermocouples at selected points. Simulations 
will be conducted using ANSYS to accurately model and 
compare results, with the collected data being used to 
optimize welding parameters to achieve the highest weld 
quality. 
 
2 EXPERIMENT 
 

In this experiment, the temperature as a function of 
time was measured during heating to simulate the TIG 
welding process for Copper ETP plates with various 
dimensions. Measurements were taken at 10 positions on 
each plate, as illustrated in Fig. 1 below. 

 

 
Figure 1 Experimental copper plate (150 × 195 mm) for measuring temperature 

distribution during TIG welding 
 
     The temperature was recorded using K-type 
thermocouples connected to a precision temperature 
measurement device (Fluke 1586A Super-DAQ). The test 
plates featured designated positions (T1, T2, T3, T4, T5, 
T6, T7, T8, T9, T10) indicating the locations where the 
thermocouples were fixed, allowing for indirect 
temperature determination via voltage differences. The 
experiment used two plates of equal length but different 
widths (Figs. 2 and 3).  
 

 
Figure 2 Experimental copper plate (75× 195 mm) for measuring temperature 

distribution during TIG welding 
 

 
Figure 3 Experimental copper plate (150 × 195 mm) for testing temperature 

distribution during TIG welding 
 

In both cases, the thermocouples were positioned at 
an equal distance of 30 mm from the heat input line. The 
thickness of both plates was identical, measuring 3 mm. 
The TIG torch was guided using an automated 
PROMOTECH Rail Bull system. 
 
2.1  Welding Base Material 
 

The plates used in this experiment were made of Cu-ETP 
copper, in the form of sheets with a thickness of 3 mm and 
dimensions of 195 × 150 mm and 195 × 75 mm. The material 
certificate confirms the chemical composition of the Cu-ETP 
copper used, as listed in Tab. 1 below [17]. 
 

Table 1 The material chemical composition [17] 
Composition 

Cu O Bi Pb 
min 99.9 % max 0.04 % max 0.0005 % max 0.005 % 

 
Tab. 2 provides thermophysical data for the Cu ETP 

material used in the experiment. 
 

Table 2 Thermophysical data for the Cu ETP [17] 
Property of Cu - ETP Value Condition 

Density, ρ 8.9 g/cm3 At 20 °C 
Thermal Conductivity, k 394 W/m∙K At 20 °C 
Specific Heat Capacity, c 0.386 J/g∙K At 20 °C 
Emissivity, ε Up to 0.78 Oxidized Copper 
Convective Heat Transfer 
Coefficient, ac 

5-25 W/m2∙K Free Convection 
(Air) 

 
2.2 Experimental Methods and Equipment 
 

The following equipment was used in the experiment: 
• Precision Temperature Scanner: Fluke 1586A Super-

DAQ, used for accurate temperature measurements and 
data logging. 

• K-Type Thermocouples: Employed for real-time 
monitoring of temperature distribution on the copper 
plates. 

• TIG Welding Machine: VARTIG 005 AC/DC, providing 
a stable and controllable heat source for the TIG process. 
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• Automated Electrode Guiding System: PROMOTECH 
Rail Bull ensures consistent and precise movement of the 
welding electrode along the specified welding path. 
 

2.2.1 The Measuring Equipment and Uncertainties 
 

The 1586A Super-DAQ, Fig. 4, is a low voltage 6 ½ 
digits multimeter that enables precise measurement of 
temperature and electrical values and, when combined with 
the internal modules, up to 40 channels can be scanned [18].  

 

 
Figure 4 Fluke 1586A Super-DAQ, [18] 

 
Measurement was performed with 10 Thermocouple 

Type K class 1 inserted in their respective holes on the plate 
and connected to the internal 1586-2586 High-Capacity 
Modul. Cold Junction Compensation was internal, and the 
delay time between channels was 0.5 s, enabling scanning at 
a more accurate medium speed mode. Reading was stored in 
the internal memory of the multimeter. The uncertainty of the 
temperature acquisition was in the mentioned setup 0.6 K 
over the whole range according to the manufacturer 
specification [18]. Thermocouples were new, unused 0.5 mm 
Type K from Omega Engineering, mineral fiber insulated, 
and suitable for measurement up to 1200 °C. Uncertainty of 
such thermocouples is 1.5 K, according to the [19]. To 
minimize the uncertainty of the measurement, equipment was 
calibrated as a temperature indicator (both the thermocouples 
and the multimeter) according to the [20] in the same 
configuration as it was to be used for the measurement.  
Calibration was performed in the range from 30 °C to 350 
°C, and the resolution of the reading on the multimeter was 
0.01 K. The Thermal source in the range of 30 °C to 150 °C 
was Druck Premium Calibrator PTC165 [21] with a 
calibration uncertainty of 0.250 K (K = 2, P = 98 %). All 
thermocouples were within the range after the stabilization of 
the thermal source and internal CJC. The range from 200 °C 
to 350 °C, the Additel 875 Dry Well Calibrator with 
calibration block was used [22]. Uncertainty of the 
temperature source was 0.6 K (K = 2, P = 98 %), and again, 
readings of all thermocouples were within the range. 
Uncertainty of the thermal zone as determined by the 
calibration includes stability, radial and axial gradients, and 
loading effect. The inhomogeneity effect of the thermocouple 
wire was not considered, as the thermocouples were new and 
used only for the experiment. Based on the abovementioned 
uncertainty, the measured temperature in the experiment is 
estimated to be 0.6 K (K = 2, P = 98 %), and no correction 
on measured values has been applied. 

2.2.2 VARTIG Welding Sources 
 

Vartig welding sources are designed for the TIG process, 
with the additional capability of welding with coated 
electrodes. They are suitable for welding structural and 
stainless steels, aluminum, and copper. The devices feature a 
digital display of welding parameters and LED indicators for 
various operating modes [23]. Tab. 3 presents the welding 
parameters, which were identical for both plates [23]. 
 

Table 3 Welding parameters applied in experiments. 
Welding parameter Type/ value 

Current type Direct current (DC) 

Electrode polarity Electrode negative (EN, SP) 
Current intensity 120 A 
W electrode diameter 3.2 mm 
W electrode type Wla 15 
Vertex angle of the W electrode 45 ° 
Electrode to workpiece angle 90 ° 
Shielding gas Argon 4.8 
Shielding gas flow rate 12 l/min 
Welding position PA (down hand, flat) 
Arc voltage 14.8 V 
Welding speed 5.3 mm/s 

  
      The gas flow was 12 l/min. Samples were welded using 
pure argon. This shielding gas, which has the trademark 
name Argon 4.8 (with a purity of 99,998%), is classified as 
I1 according to standard EN ISO 14175:2008 [23].  
 
2.2.3 Automated Electrode Guiding Device 
 

The PROMOTECH Rail Bull device, Fig. 5, automates 
the linear movement of the TIG torch and is designed for 
TIG-MIG/MAG welding or plasma cutting.  
 

 
Figure 5 Automated TIG Torch Guiding in the Experiment 

 
The device moves over ferromagnetic and non-

ferromagnetic materials using a rack-and-rail drive system. 
The rails can be attached to flat or curved surfaces using 
magnetic or vacuum units, with the minimum curvature 
radius for the semi-flexible track being 5 m [23]. 
 
2.3  Results of the Experiment 
 

In Fig. 6, the temperature distributions over time can be 
seen for a plate with dimensions of 75 × 195 mm, while in 
Fig. 7, the temperature distribution is shown for a plate with 
dimensions of 150 × 195 mm.  
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Figure 6 Graph of the plate (75 × 195 mm) temperature dependence on time for 

the thermocouples 
 

The maximum temperature achieved by the smaller plate 
is Tmax = 390 °C, recorded at thermocouple 10. An initial 
increase in temperature is observed, following an exponential 
heating pattern, up to the maximum temperature Tmax, after 
which a cooling phase occurs with a negative gradient. 
Differences between the thermocouples indicate an 
asymmetrical heat distribution, where thermocouples closer 
to the welding zone record higher values, while those farther 
away show lower values and take longer to reach the peak 
temperature. Symmetrical thermocouples should display 
identical temperatures under ideal conditions, such as in 
ANSYS simulations. This is expected and can be explained 
by the fact that the material is not perfect, the thermocouples 
did not measure at perfectly symmetrical points, and the 
clamps caused asymmetrical heat dissipation.  Fig. 6 shows 
temperature functions for all thermocouples on the plate with 
dimensions 75 × 195 mm. However, in the experiment, 
differing temperatures are observed. They can experience 
minor geometric misalignments, even on the order of a few 
millimeters, which lead to localized differences in heat flow. 
They may also encounter uneven contact with clamps or 
surface irregularities, as well as material inhomogeneities, 
creating zones of increased or decreased heat dissipation. 
They are further influenced by changing environmental 
conditions, such as airflow and localized radiation, which 
affect cooling and can introduce measurement variations. 
Thermocouples T1 and T2 initially exhibit a rapid 
temperature increase due to a brief yet intense interaction 
with the heat source, followed by an extended cooling period. 
In contrast, T9 and T10 require more time to reach elevated 
temperatures due to slower heat transfer, which leads to 
higher final temperature readings. Nonetheless, the overall 
heat balance still indicates that the heat input exceeds its 
dissipation.  Fig. 7 shows the graphs for the plate with 
dimensions 150 × 195 mm. An almost exponential rise is 
observed across all thermocouples, culminating in peaks that 
increase with each subsequent thermocouple. The 
temperature reaches Tmax = 180,15  °C at T8, followed by a 
cooling phase with a negative gradient. All curves descend 
after T8 reaches this peak, governed by heat dissipation 
mechanisms (convection, contact with clamps or 
surroundings, and radiation). In contrast, the smaller 

75 × 195 mm plate exhibits a higher peak temperature (up to 
390 °C) and faster heating, attributable to its lower thermal 
mass and smaller surface area. The larger plate distributes the 
input heat over more material, which results in a reduced 
maximum temperature, a slower overall heating profile, and 
an extended cooling period due to increased thermal inertia. 

 

 
Figure 7 Graph of the plate (150 × 195 mm) temperature dependence on time for 

the thermocouples 
 
2.4 Effect of Plate Dimensions on Temperature Distribution 
 

Larger plates generally exhibit a greater capacity for heat 
dissipation due to their increased surface area, which 
facilitates conduction and radiation. Consequently, 
temperature gradients across larger plates are less 
pronounced than those on smaller plates, where heat remains 
more localized. The geometry of the plate significantly 
influences heat flow paths. In smaller plates, heat conduction 
is constrained by the shorter distance to the edges, leading to 
faster cooling at the boundaries. In contrast, larger plates 
allow heat to take longer to reach the edges, resulting in a 
more uniform temperature distribution near the weld line. 

Experimental observations revealed notable differences 
in temperature measurements at symmetrical points on plates 
of varying dimensions. Smaller plates displayed higher peak 
temperatures confined closer to the weld zone. In contrast, 
larger plates demonstrated a broader heat-affected zone with 
lower peak temperatures, indicating a more dispersed heat 
distribution. In this paper, plates with dimensions of 75 × 195 
mm and 150 × 195 mm are used to more accurately 
investigate the effect of plate width on heat distribution 
during TIG welding. By selecting non-standard dimensions, 
more pronounced temperature gradients and varied cooling 
rates are achieved, which cannot be accomplished with 
conventional standard plates. This approach ensures a better 
correlation between experimental results and numerical 
simulations, thereby contributing to the optimization of 
welding parameters. 
 
3  NUMERICAL ANSYS SIMULATION 

 
All four states of matter are present during TIG welding, 

and their physics is highly complex. The TIG process 
combines magnetohydrodynamics, plasma physics, and 
material science [24]. ANSYS uses the finite element method 
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(FEM) to analyze thermodynamic processes, including 
transient thermal analysis. This method divides complex 
geometries into smaller elements for solving heat transfer 
equations [24]. The simulation analyzed convection, 
conduction, and heat radiation in the plates, base, and 
fixators. Phase changes of the molten material and the 
influence of the latent heat of melting were not considered. 
Initially, the starting temperature of the plates was defined, 
along with the heat dissipation coefficients for radiation and 
convection with the surrounding air. All other 
thermophysical properties of the material were defined 
within the simulation (Fig. 8). 
 

 
Figure 8 Initial conditions of radiation and heat convection for the measurement 

setup 
 
3.1  Geometry Model and Meshing 

 
The geometry model in ANSYS was meshed (Fig. 9) 

using the mechanical physics preference and adaptive sizing.  
 

 
Figure 9 The generated mesh grid in ANSYS 

 
      The mesh for the smaller plate consists of 106,927 nodes 
and 45,535 elements, with a minimum edge length of 2,8 
mm. The mesh for the larger plate includes 68,611 nodes and 
30,884 elements. The average surface area of the elements 
was calculated as 4,359.3 mm², with a bounding box diagonal 
of 266.02 mm. 

3.2 Heat Source 
 

Considering that the welding source is relatively far from 
the temperature distribution measurement location, the 
source's power distribution is not a relevant factor [24]. 
Therefore, a simple circular heat source model was used. The 
source distribution is described as a radial cylinder with a 
diameter of r0 = 5 mm, as shown in Fig. 10.  

The parameters of the welding source are shown in the 
following Fig. 11. The travel speed is 5.3 mm/s along the 
plate’s symmetry (i.e., along the weld), while the power of 
the source is 18 W/mm². 

 

 
Figure 10 Circular source with constant heat source density qarc, [25] 

 

 
Figure 11 Parameters of the moving heat source 

 
The amount of heat input per unit length of the weld is 

given by the following Eq. (1) [25]: 
 

net v
U IQ η⋅

= ⋅                                                                    (1) 

 
The variables in the above equation represent the 

following: 
- U = 14.8 V, welding voltage 
- I = 120 A, electric current 
- v = 5.33 mm/s, welding speed 
- l = 3.2 mm, arc length 
- η heat transfer efficiency coefficient. 
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Using a nonlinear three-dimensional heat transfer model, 
a formula for arc efficiency was derived, which can be seen 
below [25]: 
 

0 947 0 00017 0 057 0 02
0 85

. . I . l . v

.
η
η
= − ⋅ − ⋅ + ⋅
=

                        (2) 

 
The power of the source is then: 
 

arc

arc

14 8 120 0 85
1509 6 W

q U I . .
q .

η= ⋅ ⋅ = ⋅ ⋅

=
                                         (3) 

 
3.3 Boundary Conditions and Heat Equation 

 
The ANSYS simulation solves the thermal partial 

differential equation over a finite number of elements. At the 
start of the process, the initial temperature of the workpiece 
is set to 298.15 K, which is also the ambient temperature. The 
boundary conditions on the upper surface of the workpiece 
are defined by the following expression [25]: 
 

4 4
arc c a B a( ) ( )Tk q a T T T T

z
εσ∂

= − − − −
∂

                          (4) 

 
This equation represents the thermal energy balance in the 

system, where heat conduction Tk
z

∂
∂

 is balanced by the heat 

input from the arc source qarc, the heat loss due to convection 
‒ac(T ‒ Ta), and the heat loss due to radiation 

4 4
B a( ).T Tεσ− −  
Where: ac - the heat transfer coefficient between the 

material and air (W/m2∙K); Ta - the air temperature (K); ε - 
the material's emissivity factor; σb - the Boltzmann constant, 
5.67×10−8 (W/m2∙K4); k - thermal conductivity of the 
material (W/m∙K). 

The boundary conditions at the edges of the model are 
expressed by the following equation [25]: 
 

4 4
c a B a( ) ( )Tk a T T T T

z
εσ∂

= − − − −
∂

                                  (5) 

 
4   RESULTS OF ANSYS SIMULATION AND DISCUSSION 
 

Fig. 12 shows the temperature distribution from the 
ANSYS simulation at a specific moment during welding for 
a plate with dimensions of 75 × 195 mm. The maximum 
measured temperature on the smaller plate is Tmax = 
728.93 °C, while on the larger plate, the maximum 
temperature is predictably lower, at Tmax = 610.45 °C. As 
stated, the temperature was measured in thermal probes at the 
exact locations where the temperature was measured using 
thermocouples in the experiment.  

 
Figure 12 Temperature distribution in a 75 × 195 mm plate welding simulation 

 
In contrast, Fig. 13 also displays the temperature 

distribution for a plate with 150 × 195 mm dimensions.  
 

 
Figure 13 Temperature distribution in a 150 × 195 mm plate welding simulation 

 
Fig. 14 presents the temperature distribution over time at 

measured points on the plate with dimensions of 150 × 195 
mm.  
 

 
Figure 14 The temperature distribution over time at measurement points on a plate 

with 75 × 195 mm dimensions 
 
      The temperatures were measured using thermal probes in 
ANSYS at the exact locations where thermocouples were 
fixed in actual heat input during the experiment. The 
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temperature values reach their maximum at a certain point, 
after which a gradual cooling occurs. The highest 
temperature is recorded on Thermocouple 9, while the other 
thermocouples register progressively lower temperatures 
depending on their distance from the heat source. The 
characteristics of the graph show that the temperature cycles 
are similar, with a clear gradient toward the edges of the 
plate, which is expected due to heat dissipation. A smaller 
plate size allows for faster attainment of higher temperatures, 
and the temperature peaks are more pronounced due to the 
limited heat dissipation capacity compared to larger plates. 
In the ANSYS simulation for the smaller plate, the maximum 
temperature reached within the temperature cycle of the 
thermal probe is Tmax = 380.37 °C (Fig. 15) at thermal probe 
T9/T10. For the larger plate, the maximum temperature is 
also reached at thermal probe T9/T10. Still, it is 
Tmax=188,51 °C (Fig. 14). By comparing the maximum 
temperatures measured in the experiment (smaller plate: Tmax 
= 180.15 °C, larger plate: Tmax = 390 °C) with the maximum 
temperatures obtained in the simulation, it can be concluded 
that the simulation agrees very well with the experimental 
values. The difference in maximum temperatures is expected 
due to hidden heat dissipation during the experiment, which 
was not accounted for in the simulation. 

 

 
Figure 15 The temperature distribution over time at measurement points on a plate 

with 150 × 195 mm dimensions 
 
5  CONCLUSIONS 
 

This study confirmed the significant influence of copper 
plate dimensions on the temperature distribution during TIG 
welding. Experimental measurements and numerical 
simulations showed that smaller plates attain higher peak 
temperatures near the weld zone, while larger plates facilitate 
a more uniform heat distribution due to their increased heat 
dissipation capacity. It was also found that plate geometry 
and material properties strongly affect heat transfer 
dynamics: smaller plates exhibit steeper temperature 
gradients, whereas larger plates mitigate localized 
temperature peaks. Notably, the temperature gradient was 
approximately proportional to the plate dimensions. 

Experimental results were consistent with the numerical 
simulations performed in ANSYS, with the discrepancy 
between measured and simulated temperatures remaining 
below 5%. This finding further corroborates the reliability of 
the employed methodology for analyzing thermal processes. 
The insights gained from this research are valuable for 
optimizing welding parameters and designing reliable joints 
in high thermal conductivity materials such as copper. 

Future investigations could focus on a more detailed 
analysis of heat source distribution, allowing for more 
precise modeling and validation against experimental data. 
The heat source could be modeled according to Goldak’s 
model [25] to more accurately represent heat flow. 
Additionally, implementing a finer computational mesh, 
particularly in the welding zone, should be considered in 
numerical simulations to achieve higher accuracy in local 
temperature gradients. These measures would further 
advance the understanding of thermal processes in TIG 
welding of copper. 
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Modelling the Effects of Grinding Wheel Parameters on Surface Roughness during Grinding 
of D2 Steel 
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Abstract: The research focused on the effects of abrasive type, grain size, and wheel structure on surface roughness during external cylindrical longitudinal grinding of D2 steel. 
Experimental research was conducted using a full factorial design. The measured surface roughness values, depending on the combination of input parameters, ranged from 0.22 
to 1.31 μm, corresponding to ISO roughness grades N4 to N7. Among the factors examined, grain size had the most significant impact on surface roughness, followed by the type 
of abrasive, while the grinding wheel structure had the least effect. The best surface roughness is obtained by utilizing corundum with the highest aluminium oxide content as an 
abrasive, along with the smallest grain size and a dense structure of the grinding wheel. Additionally, modelling of the grinding process was performed. The validity of the obtained 
regression equation for predicting surface roughness was confirmed through five additional verification experiments, which supported the accuracy of the modelling. 
 
Keywords: abrasive type; grain size; grinding; structure 
 
 
1 INTRODUCTION 
 

In manufacturing, grinding has many applications, such 
as finishing, slitting, parting, descaling, deburring, 
sharpening, etc. Grinding is a crucial finishing operation that 
ensures high dimensional accuracy and high surface quality. 
This process allows for the machining of workpieces high 
accuracy and precision [1]. However, grinding is complex, 
influenced by numerous factors and their interactions, 
including the type of grinding, the machine tools, the 
grinding wheel, fixtures, and grinding parameters [2]. For 
successful grinding, it is essential to address all these 
influencing factors [3]. Additionally, grinding can effectively 
process workpieces made from various materials, each with 
distinct mechanical, physical, and thermal properties [4]. One 
such material is D2 steel, which is known for its high wear 
resistance and good corrosion resistance. However, it 
presents challenges during machining, especially after heat 
treatment, as it becomes significantly harder. 

In recent years, the grinding of D2 steel has been 
examined from various perspectives. Karabelchtchikova et 
al. [5] developed a mathematical model to describe the 
effects of multipass grinding on residual stress distribution. 
This model aids in predicting grinding dynamics and the 
impact of grinding on material characteristics. 
Mohanasundararaju et al. [6] utilized response surface 
methodology to predict surface roughness. Their 
experiments, conducted on a transverse grinding machine, 
revealed that surface roughness improves with increasing 
wheel speed, work speed, and dress depth. In contrast, 
surface roughness decreases with lower traverse speed and 
feed rate. Yan et al. [7] explored how grinding parameters 
and wheel grain size influence the formation of white layers. 
They found that a finer grain size of the wheel makes it more 
likely for both white and dark layers to form. Additionally, 
the occurrence of these layers is more probable with 
increased wheel rotation speed, workpiece speed, and depth 
of cut. Prabhu and Vinayagam [8] analysed changes in fractal 
dimension based on the smoothness of the ground surface. 

They measured surface roughness for carbon nanotube-based 
nanofluids during the grinding process. Kamely et al. [9] 
modelled the surface roughness of the grinding process based 
on feed and working speed. Surface roughness improves as 
both feed and working speed decrease. Yan et al. [10] 
developed a finite element simulation model to analyse 
grinding with alumina abrasive grit. The model assessed 
material deformation, forces, critical depth of cut, 
temperature, and material removal rate. Sethuramalingam & 
Vinayagam [11] studied the effects of grinding parameters 
using a carbon nanotube-based grinding wheel on surface 
roughness. They found that cutting speed had the most 
significant impact on surface roughness, while the depth of 
cut had the least influence. Babu et al. [12] studied the impact 
of grinding parameters on surface roughness when carbon 
nanotubes were added to oil, using the Taguchi method. The 
findings showed that surface roughness improved with an 
increase in feed and a decrease in the depth of cut. Khan et 
al. [13] conducted a comparison of surface quality, surface 
temperature, and normal force after grinding under three 
different conditions: dry, wet cooling, and minimum quantity 
lubrication (MQL). Their findings indicated that MQL 
outperformed both dry and wet conditions due to its superior 
penetration ability and enhanced heat dissipation properties. 
Kannan and Arunachalam [14] examined the relationship 
between grinding forces and the surface images of ground 
materials during the dressing process. Their results indicated 
a strong correlation between the signals from grinding forces 
and the images of ground surfaces, which can be used to 
assess the level of wear deterioration. Isti Nugroho et al. [15] 
examined the characteristics of chips and surface roughness. 
The results indicated that increasing the feed rate led to 
greater chip width and higher surface roughness values. 
Hood et al. [16] studied the performance of electroplated 
CBN grinding points with varying grit sizes. The most 
significant factors impacting surface roughness were the 
number of effective cutting grits and the active area. Gopan 
et al. [17] examined the effects of table speed, cross-feed, and 
depth of cut on surface roughness and cutting force. To 
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reduce surface roughness and cutting force, they utilized 
artificial neural networks and particle swarm optimization. 
Ben Fathallah et al. [18] investigated the effects of a sol-gel 
abrasive wheel and cryogenic cooling on surface integrity. 
Their study revealed that using a combination of an Al2O3 
abrasive wheel and soluble oil as a cooling method improved 
fatigue life when controlled grinding was employed. 
Chaudhari et al. [19] compared the surface integrity of 
conventional dry grinding with ultrasonic vibration-assisted 
dry grinding. The ultrasonic vibration-assisted dry grinding 
produced less variation in microhardness and resulted in a 
lower surface roughness. Azami et al. [20] studied the cutting 
forces and surface roughness during MQL grinding by 
incorporating MoS2 and CuO nanoparticles into vegetable-
based oils. The addition of these nanoparticles reduced 
cutting forces and improved surface quality. Chaudhari et al. 
[21] studied the effect of worktable feed and ultrasonic 
vibration amplitude on grinding outcomes. A decrease in 
worktable feed and an increase in ultrasonic vibration lead to 
reductions in grinding forces, surface roughness, and 
grinding temperature. Sharma et al. [22] studied grinding 
forces, specific grinding energy, and surface roughness under 
dry, wet, and cryogenic conditions. The cryogenic 
environment reduces grinding forces, lowers specific energy, 
and improves surface roughness. Mouralova et al. [23] 
analysed chips after grinding using an Al2O3 grinding wheel. 
They detected four different types of chips post-grinding. 
Zhang et al. [24] examined how grinding parameters affect 
surface roughness. Their findings revealed that the surface 
roughness measured perpendicular to the grinding direction 
was significantly greater than that measured parallel to it. 
They also found that increasing the grinding speed or 
reducing the grinding depth led to a decrease in surface 
roughness.  

The grinding process and its output parameters are 
influenced by a variety of parameters, many of which are 
non-linear. Consequently, the success of the grinding process 
often depends on the operator's experience and expertise. 
Previous research has typically focused on a few key 
parameters, including grinding parameters, grinding wheel 
characteristics, and dressing parameters. To enhance the 
grinding process, it is essential to model and optimize it by 
considering as many parameters as possible. This can be 
achieved by developing appropriate analytical models and 
identifying optimal grinding conditions. 

The objective of this research, unlike previous studies, is 
to model the process of external cylindrical longitudinal 
grinding using a straight grinding wheel. Specifically, we aim 
to develop a mathematical model that includes factors such 
as abrasive type, grain size, and the structure (porosity) of the 
grinding wheel. This model will help predict the surface 
roughness after the grinding operation. Additionally, the 
study will examine how the grinding wheel factors interact 
with surface roughness. We also aim to evaluate the impact 
of each factor and their interactions on the surface roughness. 
Furthermore, this research seeks to identify and validate, 
through confirmation experiments, the optimal parameters 
for the grinding process in order to minimize surface 
roughness and ensure its repeatability. 

2 METHODOLOGY 
 

The methodology according to which the research was 
conducted consists of several steps (Fig. 1). 
 

 
Figure 1 Methodology 

 
Experimental research was conducted on workpieces 

∅50 × 350 mm, which had been machined through turning to 
achieve an initial surface roughness of Ra = 8.3 μm. These 
workpieces were made from D2 tool steel, which has the 
following chemical composition: 1.50% Carbon (C), 0.60% 
Manganese (Mn), 0.60% Silicon (Si), 1.00% Cobalt (Co), 
12.00% Chromium (Cr), 1.00% Molybdenum (Mo), 1.10% 
Vanadium (V), 0.03% Phosphorus (P), 0.30% Nickel (Ni), 
0.25% Copper (Cu), 0.03% Sulfur (S), with the balance being 
Iron (Fe). The key mechanical, physical, and thermal 
characteristics of D2 tool steel are as follows: Hardness = 62 
HRC, Elastic modulus = 200 GPa, Yield strength = 1300 
MPa, Poisson’s ratio = 0.29, Thermal conductivity = 20 
W/m·K, and Thermal expansion = 10.4 × 10⁻⁶ 1/°C. 

External cylindrical longitudinal grinding was conducted 
on a grinding machine using the following parameters: a 
grinding wheel cutting speed of vc = 25 m/s, a workpiece 
speed of vw = 0.2 m/s, a longitudinal feed of f = 25 mm, and 
a depth of cut of ap = 0.01 mm. Grinding parameters and the 
characteristics of the grinding wheel should be selected 
according to the manufacturer's recommendations. 

During external cylindrical grinding, the workpieces are 
fixed between centers and rotated using the driving plate. The 
grinding wheel and workpiece rotate in the same direction. 

The experiments utilized a grinding wheel with the 
following dimensions: a diameter of D = 300 mm, a width of 
T = 50 mm, and a hole diameter of H = 127 mm. Grinding 
was performed using straight wheels characterized by soft 
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hardness (designation I) and a ceramic bond type 
(designation V). During the experimental research, three 
parameters of the grinding wheels were varied: abrasive type, 
grain size, and structure (porosity). The levels of the input 
parameters are detailed in Tab. 1. 
 

Table 1 Parameters of grinding wheels levels 
Parameter Abrasive Grain size Structure 

Le
ve

l 1
 

Designation Corundum 
21A 30 4 

Main 
characteristic 90 % Al2O3 0.710–0.590 μm Dense 

Le
ve

l 2
 Designation Corundum 

41A 46 8 

Main 
characteristic 94 % Al2O3 0.420–0.350 μm Medium 

Le
ve

l 3
 Designation Corundum 

61A 60 12 

Main 
characteristic 98 % Al2O3 0.297–0.250 μm Very open 

(porous) 
 

During machining, the synthetic cutting fluid Syntilo 
2000 was applied to enhance grinding efficiency. This fluid 
not only extends tool life but also ensures a high-quality 
surface roughness and maintains dimensional accuracy. 

The experimental research was conducted according to a 
full factorial design, which allows the investigation of all 
possible combinations of input parameters. Since all 
parameters were defined as categorical with three levels 
each, a total of 27 experimental runs (3×3×3) were 
conducted. 

After conducting experimental research, the 
measurement of surface roughness, specifically the 
arithmetical mean roughness value, was conducted using a 
Mitutoyo surface roughness measuring instrument. The 
probe tip radius was set at 2 µm, with a sampling length of 
0.8 mm and an evaluation length of 4 mm. Measurements 
were taken at ten different locations on the workpiece, and 
the average surface roughness value was calculated to aid in 
model development. 

In the final step, we performed an analysis of surface 
roughness generation and its mathematical modelling using 
multiple regression analysis. This approach quantifies the 
relationship between input parameters – such as abrasive 
type, grain size, and structure – and the response parameter, 
which is surface roughness. The research employed a full 
factorial design for the experiments. A mathematical model 
was created to best fit the measured results, represented as a 
polynomial with coefficients determined by the measured 
values of surface roughness. The resulting regression model 
can be expressed as: 
 

1 2 3( , , ),Ra f x x x=                                                              (1) 
 
where x1 is abrasive type, x2 is grain size and x3 is structure. 
This leads to the model equation: 
 

3 3 3
1 1 1 ,i i ij i ji i jRa x x xβ β β ε
= = =

= + ⋅ + ⋅ ⋅ +∑ ∑ ∑              (2) 

 
where β is coefficients and ε is residual. 

At the end, using this set of experimental parameters, we 
identified the conditions that yield the minimum value of 
surface roughness. We subsequently validated this minimum 
value through additional confirmation experiments. 
 
3 RESULTS 
3.1 Experimental Results 
 

The results of the experiment are shown in Tab. 2. The 
results were randomized, which reduced the possibility of 
systematic bias and further increased the reliability of the 
data obtained. 
 

Table 2 Results of the experiments 
No. Abrasive Grain size Structures Ra (μm) 
1 21A 46 12 0.58 
2 41A 30 12 1.06 
3 61A 30 8 0.76 
4 61A 30 12 0.80 
5 21A 46 8 0.57 
6 21A 60 8 0.32 
7 61A 46 12 0.43 
8 61A 60 4 0.22 
9 41A 30 4 0.97 
10 41A 30 8 1.01 
11 61A 60 12 0.24 
12 21A 60 4 0.31 
13 61A 30 4 0.71 
14 21A 30 4 1.22 
15 21A 30 8 1.27 
16 61A 46 4 0.41 
17 41A 60 12 0.29 
18 21A 60 12 0.33 
19 41A 46 4 0.48 
20 21A 46 4 0.56 
21 41A 60 4 0.27 
22 61A 46 8 0.42 
23 61A 60 8 0.23 
24 21A 30 12 1.31 
25 41A 46 12 0.51 
26 41A 60 8 0.28 
27 41A 46 8 0.50 

 
3.2 Statistical Analysis 
 

Statistical analysis of the measured results was 
conducted using a model that incorporates main effects and 
two-factor interactions. This approach enabled the 
development of a model for a detailed investigation and 
modelling of the complex relationships between input and 
output parameters. 

Due to irregularities observed in the data distribution and 
significant deviations among individual values (as illustrated 
in Fig. 2a), a logarithmic transformation of Ra (ln (Ra)) was 
applied. This transformation facilitates a better interpretation 
of the results and the application of statistical methods. The 
data distribution after the transformation is presented in Fig. 
2b. 

The logarithmic transformation was chosen based on the 
findings of a Box-Cox analysis, which indicated an optimal 
lambda value of λ = ‒0.13 (Fig. 3). This value is close to zero, 
suggesting that a logarithmic transformation is the most 
suitable option for stabilizing variance and enhancing the 
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normality of the data. We also assessed other standard 
transformations, such as square root and reciprocal, but they 
did not yield better results regarding data distribution or 
model performance. 
 

 
Figure 2 Distribution of surface roughness: a) before transformation b) after 

transformation 
 

 
Figure 3 Box-Cox transformation 

 
The assessment of the model's summary of fit predicting 

the ln (Ra) parameter is detailed in Tab. 3. The high 
coefficient of determination (R² = 0.999685) indicates an 
excellent alignment between the actual and predicted values, 
with the model accounting for over 99.9% of the total 
variance in the response parameter. The adjusted coefficient 
of determination (Adjusted R² = 0.999489) further verifies the 
model's reliability, taking into account the number of input 
parameters used. Additionally, the low root mean square 
error (RMSE = 0.012675), when compared to the mean of the 
dependent parameter (Mean of Response = –0.67167), 
demonstrates the model's high precision and low average 
error in its predictions. 
 

Table 3 Summary of fit 
Parameter ln (Ra) 

R² 0.999685 
R² Adjusted 0.999489 
RMSE 0.012675 
Mean of Response ‒0.67167 

 

Tab. 4 provides the analysis of variance for the specified 
regression model. The F-ratio obtained is 5085.076, which 
indicates the statistical significance of the model in 
explaining the variance of the output parameter. This high F-
ratio suggests that the model's total effects are significantly 
greater than the random variations (error). Furthermore, the 
extremely low p-value (< 0.0001) confirms that there is at 
least one statistically significant effect among the 
independent parameters. The total sum of squares is 
8.1724370, with the model accounting for almost the entire 
variance (Sum of Squares Model = 8.16987), while the error 
contributes minimally (Sum of Squares Error = 0.0025706). 
This further reinforces the model's effectiveness. 
 

Table 4 Analysis of variance 

Source DF Sum of 
Squares 

Mean 
Square F Ratio Prob > F 

Model 10 8.1698664 0.816987 5085.076 <0.0001* 
Error 16 0.0025706 0.000161   
C. Total 26 8.1724370    
Legend: * - statistically significant (p < 0.05, significance threshold) 

 
Tab. 5 shows the estimated input parameters of the 

model, ranked based on their LogWorth values. LogWorth 
represents a measure of the statistical significance of each 
parameter, with higher values indicating a greater impact of 
the parameter on the model. 
 

Table 5 Effect summary 
Source LogWorth p-value 

Grain size 27.693 0.00000 
Abrasive 19.331 0.00000 
Abrasive×Grain size 8.832 0.00000 
Structures 7.988 0.00000 

 
Fig. 4 presents a visual assessment of the model's fit by 

comparing actual and predicted output parameters. The 
analysis of this plot reveals a strong alignment between the 
actual and predicted values, as the points are closely clustered 
around the diagonal line. This diagonal line signifies the ideal 
scenario in which predicted values match the actual values, 
showcasing the model's precision in its predictions. 
 

 
Figure 4 Actual by predicted plot 

 
Fig. 5 displays the residuals plotted against the predicted 

values. The residuals are evenly distributed around the 
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horizontal line at zero, showing no obvious patterns. This 
suggests that the model fits the data well and that there are no 
systematic trends in the predictions. 
 

 
Figure 5 Residual by predicted plot 

 
The normality of the residuals in the model was 

evaluated using the residuals' normal quantile plot, shown in 
Fig. 6. The residuals fall within the confidence interval (CI) 
and align with the diagonal line, suggesting that they are 
normally distributed. Since the points remain within the 
interval, we can conclude that there are no outliers indicating 
any irregularities in the data. This plot indicates that the 
model meets the assumption of normality for the residuals, 
confirming its validity and ensuring the reliability of the 
results obtained. 
 

 
Figure 6 Residual normal quantile plot 

 
Tab. 6 presents the standardized estimates of the 

regression coefficients regarding the influence of various 
input parameters on surface roughness. Standardized 
parameter estimates indicate the relative impact of different 
input parameters on the dependent parameter, facilitating 
comparisons irrespective of unit differences. The Prob>|t| 
value reflects the statistical significance of each input 
parameter, with a value less than 0.005 indicating statistical 
significance. The t-ratio values demonstrate the relationship 
between the parameter estimate and its standard error; higher 
t-ratios signify a stronger influence of the predictor in the 
model. 

Positive and negative estimate values reveal the extent 
and direction of the effects of individual parameters and their 
interactions on the output. Positive values for the following 
parameters - Abrasive [21A], Abrasive [41A], Grit Size [30], 
Structures [8], Structures [12], Abrasive [21A] × Grain Size 
[30], Abrasive [41A] × Grain Size [30], Abrasive [41A] × 
Grain Size [60], Abrasive [61A] × Grain Size [46], and 

Abrasive [61A] × Grain Size [60] - indicate that applying 
these parameters increases the ln (Ra) value, which 
corresponds to a negative effect on the quality of the 
machined surface. 
 

Table 6 Estimates 
Term Estimate Std Error t Ratio Prob>|t| 

Intercept -0.671666 0.002439 -275.34 <0.0001* 
Abrasive [21A] 0.1829939 0.00345 53.05 <0.0001* 
Abrasive [41A] 0.0180134 0.00345 5.22 <0.0001* 
Abrasive [61A] -0.201007 0.00345 -58.27 <0.0001* 
Grain size [30] 0.6611754 0.00345 191.66 <0.0001* 
Grain size [46] -0.038356 0.00345 -11.12 <0.0001* 
Grain size [60] -0.62282 0.00345 -180.54 <0.0001* 
Structures [4] -0.03657 0.00345 -10.60 <0.0001* 
Structures [8] 0.0016314 0.00345 0.47 0.6427 
Structures [12] 0.0349391 0.00345 10.13 <0.0001* 
Abrasive [21A]×Grain size [30] 0.0634617 0.004879 13.01 <0.0001* 
Abrasive [21A]×Grain size [46] -0.035194 0.004879 -7.21 <0.0001* 
Abrasive [21A]×Grain size [60] -0.028268 0.004879 -5.79 <0.0001* 
Abrasive [41A]×Grain size [30] 0.005064 0.004879 1.04 0.3147 
Abrasive [41A]×Grain size [46] -0.008145 0.004879 -1.67 0.1144 
Abrasive [41A]×Grain size [60] 0.0030814 0.004879 0.63 0.5366 
Abrasive [61A]×Grain size [30] -0.068526 0.004879 -14.05 <0.0001* 
Abrasive [61A]×Grain size [46] 0.0433392 0.004879 8.88 <0.0001* 
Abrasive [61A]×Grain size [60] 0.0251865 0.004879 5.16 <0.0001* 
Legend: * - statistically significant (p < 0.05, significance threshold) 
 

Through statistical analysis of the chosen model, a 
regression equation was derived to describe the surface 
roughness of the machined surface: 
 

ln (𝑅𝑅𝑅𝑅)

= −0.671666049 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)�
“21A” → 0.18299
”41A” → 0.01801
“61A”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.20101
.

�

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
“21A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�

“30” → 0.06346
”46” → −0.01352
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.02827
.

�

”41A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → 0.00506
”46” → −0.00814
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.00308
.

�

”61A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → −0.06852
”46” → 0.04334
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.02519
.

�
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → 0.66117
”46” → −0.03835
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.62282
.

�

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)�
“4” → −0.03657
”8” → 0.00163

“12”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.03494
.

� 

(3) 

 
Fig. 7 shows a statistically significant interaction 

between abrasive type and grain size in relation to ln (Ra). 
The interaction analysis indicates that the effect of one factor 
on Ra depends on the value of the other factor. 
 

 
Figure 7 Interaction profiles 
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Fig. 8 presents the prediction profiler, which illustrates 
the influence of each input parameter on the predicted surface 
roughness. The prediction profiler provides insight into how 
variations in the input parameters affect the output of the 
regression model. 
 

 
Figure 8 Prediction profiler 

 
3.3 Confirmation Experiments 
 

The regression model was confirmed by 5 additional 
experiments carried out at the point in the experimental space 
where the model predicts the lowest Ra, i.e. the highest 
quality of the machined surface. The confirmation 
experiments were carried out with the following input 
parameters: abrasive 61A, grain size 60 and structure 4. The 
experiments were repeated ten times to evaluate the stability 
and repeatability of the process, and the results obtained were 
compared with the values predicted by the regression model. 

The results of the confirmation experiments are shown in 
Fig. 9 as box plots. The red horizontal line represents the 
predicted surface roughness value Ra = 0.2216, while the 
green lines indicate the boundaries of the 95% CI (lower CI 
= 0.2178, upper CI = 0.2254). The blue line within the box 
plots connects the mean values of the measurements for each 
experiment. The obtained results show that both the median 
and mean fall within the CI (95%), indicating the high 
accuracy and reliability of the developed model, as well as 
the stability and repeatability of the process. The presence of 
minor deviations in individual measurements, i.e., 
statistically acceptable outliers outside the CI, can be 
considered a result of inherent data variability. Based on the 
obtained results, it can be concluded that the regression 
model was successfully validated through additional, 
independent experiments. 
 

 
Figure 9 Results of the confirmation experiments 

4 DISCUSSION 
 

The results of the statistical analysis and the analysis of 
variance show a high precision and statistical significance of 
the developed model. Based on the evaluation of the input 
parameters, it can be concluded that all main effects as well 
as the interaction between abrasive type and grain size are 
statistically significant, while other two-factor interactions 
are not. The parameter estimation of the developed model 
showed that grain size and abrasive type are the most 
influential factors affecting surface roughness. 

The greatest effect on Ra is attributed to grain size, with 
a smaller grain size leading to a better surface roughness. 
Coarse abrasives, which are characterized by larger grain 
sizes, generate more heat and a rougher surface on the 
workpiece. In contrast, finer abrasives with smaller grain 
sizes create multiple contact between the grinding wheel and 
the workpiece. This results in a more uniform scratch pattern, 
reduces the peak-to-valley height and ultimately improves 
the surface roughness.  

The best surface quality was achieved with the abrasive 
61A, which contains the highest proportion of aluminium 
oxide, while the poorest quality was achieved with the 
abrasive 21A, which has the lowest aluminium oxide content. 
As the aluminium oxide content in abrasives increases, the 
hardness of the abrasive also increases. This leads to slower 
wear, which ultimately improves the surface roughness. In 
addition, abrasives with a higher aluminium oxide content 
are more resistant to stress, which ensures more even wear 
and further improves the quality of the machined surface. 

The grinding wheel with dense structure showed a better 
surface quality compared to medium and porous structure. 
Reducing the porosity of the grinding wheel (fewer pores) 
increases the contact area between the wheel and the 
workpiece. This can lead to higher contact pressures and 
forces as well as insufficient heat dissipation in the cutting 
zone, which can result in poorer surface roughness. However, 
careful selection of grinding parameters combined with 
adequate cooling and lubrication can mitigate these negative 
effects. In addition, grinding wheels with lower porosity 
provide less space for the accumulation of chips (dust 
particles), which can further hinder the achievement of the 
desired surface roughness. Nevertheless, properly aligned 
coolant nozzles and adequate coolant pressure can effectively 
flush the cutting zone and remove chips. Grinding wheels 
with lower porosity also tend to wear more slowly. 
Therefore, a wheel with lower porosity can only slightly 
improve the surface roughness. 

The statistically significant interaction between abrasive 
type and grain size revealed that smaller grain sizes result in 
reduced surface roughness, regardless of the abrasive used. 
However, the extent of this improvement varies depending 
on the abrasive type. The highest surface roughness was 
recorded for the combination of 21A abrasive and grain size 
30, while the lowest roughness was achieved using 61A 
abrasive with grain size 60. 

Visual evaluation of model performance through actual 
by predicted, residual by predicted, and residual normal 
quantile plots showed no presence of systematic errors, 
improper residual distribution, or deviation from normality. 
The results of confirmation experiments demonstrated high 
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model accuracy. The predicted and actual values match 
within the 95% CI, further confirming the validity of the 
developed model and its capability to reliably predict surface 
roughness. 
 
5 CONCLUSION 
 

The results of the experimental research indicated that 
the input parameters significantly influence surface 
roughness. Specifically, surface roughness values varied 
from 0.22 μm to 1.31 μm. Among the factors studied, grain 
size had the most substantial effect on surface roughness, 
while the structure of the grinding wheel had the least impact. 
Additionally, the interaction between abrasive type and grain 
size also significantly affected surface roughness. 

The results from the statistical analysis and confirmation 
experiments demonstrated that it is indeed possible to model 
surface roughness accurately and precisely based on the type 
of abrasive, grain size, and structure. This conclusion is 
supported by the fitting parameters obtained and the residuals 
that were analysed. 

The conducted research has certain limitations that can 
guide future studies. The results obtained are applicable only 
within the specific conditions under which the experiments 
were conducted. To enhance the generalizability of the 
developed model, we plan to conduct experimental research 
on specimens with varying mechanical, physical, and thermal 
properties, as well as tools that have different geometric and 
technological characteristics. Additionally, future research 
will focus on modelling and optimizing a greater number of 
variables. This includes incorporating a wider range of input 
parameters, such as wheel speed, workpiece speed, feed rate, 
total depth of cut, and the number of passes, along with 
various output process parameters like dimensional accuracy, 
material removal rate, hardness, and residual stresses. We 
also intend to explore other modelling and optimization 
methods. Finally, future research will investigate wear 
mechanisms, chip morphology, and related factors. 
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Design and Analysis of Additively Manufactured Skeletal Structures 
 

Mariusz Dębski*, Grzegorz Budzik, Łukasz Przeszłowski 
 

Abstract: Additive technologies enable the production of elements with complex geometry, which opens up new possibilities in the design of lightweight and strong structures. 
However, the additive manufacturing process is associated with limitations that must be taken into account at the design stage. This article presents the results of research on the 
design and analysis of skeletal structures intended for additive manufacturing. CAD models of the robot gripper were developed and then optimized using three different 
approaches: the use of a shape generator, generative design, and finite element analysis (FEM). The aim of the study was to compare the strength of a robot gripper that was 
lightened using three different design approaches, with a fixed mass reduction of 40%, in order to determine which method provides the greatest mechanical strength. Experimental 
studies included numerical analysis and real tests conducted on a testing machine. The test results showed that generative design allows for the most optimal material distribution, 
which translates into a more favorable strength-to-weight ratio compared to other methods of reducing the weight of the structure. 
 
Keywords: additive technologies; design optimisation; generative design; polymeric materials; strength tests 
 
 
1 INTRODUCTION 
 

Modern additive manufacturing technologies play an 
increasingly important role in industry, engineering and 
science. Due to their flexibility and design capabilities, they 
enable the creation of geometries that would be difficult or 
even impossible to achieve using conventional machining or 
injection molding methods [1].  

In the era of increasing requirements for energy 
efficiency, sustainable development and cost optimization, it 
is crucial to design elements with the lowest possible mass 
while maintaining their mechanical properties [2, 3]. Skeletal 
structures using advanced topological optimization 
algorithms and inspired by biological structures allow for 
a significant reduction in the amount of material used, which 
translates into lower raw material consumption and lower 
production and operating costs [4]. Such solutions work 
particularly well in sectors where minimizing mass affects 
system efficiency, e.g. in the aviation industry, where each 
additional gram of structure translates into higher fuel 
consumption [5]. 

Designing skeletal elements requires an interdisciplinary 
approach, including materials engineering, structural 
mechanics, computer modeling, and numerical simulations 
[6]. Using methods such as finite element analysis (FEM) and 
generative design, it is possible to obtain optimized 
components that are characterized by high strength while 
reducing weight [7]. Another important aspect is the 
selection of appropriate printing technologies and materials 
that must meet specific requirements regarding durability, 
resistance to dynamic loads, and thermal properties. 

Reducing the mass of robot grippers has a significant 
impact on their efficiency, precision and energy 
consumption. Lighter grippers allow faster manipulator 
movements, which increases the efficiency of industrial 
operations and reduces the load on motors and actuators [8]. 
This allows the use of smaller, more energy-efficient drive 
components, which leads to reduced operating costs and 
increased durability of the device [8, 9]. Additionally, the 
smaller mass of the gripper reduces the moments of inertia, 

which allows for more precise control and reduction of 
vibrations when gripping and moving objects [10]. 3D 
printing enables the creation of weight-optimized structures 
that maintain high strength while eliminating unnecessary 
materials and using intelligent internal structures. This allows 
the design of grippers with high functionality, low weight and 
increased work efficiency [11]. 
 
2 DESIGN OF SKELETAL STRUCTURES 
  

Designing additively manufactured skeletal elements 
requires taking into account a number of key factors that 
affect their strength, functionality and manufacturing 
efficiency. An appropriate approach to these aspects allows 
for the creation of optimal structures with high strength while 
minimizing material consumption. 

One of the most important factors is the selection of 
material, which must be adapted to the operational 
requirements of a given element. The selection of the 
appropriate filament in FDM technology (Fused Deposition 
Modeling), powder in the SLS method (Selective Laser 
Sintering), or resin in the SLA method (Stereolithography) 
depends on such parameters as mechanical strength, 
flexibility, and chemical and thermal resistance. The material 
should be selected in such a way as to ensure the durability 
of the structure while maintaining low weight. 

An important aspect is also considering the printing 
direction, as the layer-by-layer structure of the models affects 
the material anisotropy. Proper orientation of the component 
on the build platform can significantly improve its load 
resistance and reduce the risk of fractures at layer junctions. 

When designing skeletal structures, it is also necessary 
to take into account the limitations related to the additive 
manufacturing process. The geometric conditions of the 
designed models depend primarily on the type of material 
used, the technological limitations of the selected method and 
the printing device.  

The process of designing additively manufactured 
skeletal components can be divided into seven key stages: 
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1) Requirements analysis – defining project goals, working 
conditions and technological constraints. 

2) CAD modeling – creating a digital model. 
3) Mass reduction (optional) – depending on the design 

requirements, various methods of structural lightening 
can be applied, such as topology optimization (TO), 
generative design (GD), or manual modification of the 
model based on load analysis. The purpose of this stage 
is to reduce the weight of the part while maintaining the 
necessary mechanical strength; however, it is not 
a mandatory step for every additively manufactured 
component. 

4) Numerical simulations – conducting strength analysis 
(e.g. finite element method – FEM) to identify weak 
points. 

5) Adaptation to printing technology – modification of the 
model to suit printer limitations (e.g. wall thickness). 

6) Manufacturing and testing – test printing and analysis of 
the mechanical and functional properties of the element. 

7) Modifications and finalization – improving the design 
based on test results and developing the final version of 
the item. 

 
When designing skeletal samples, it is possible to use 

various tools to support the process of creating optimal 
structures. The selection of appropriate software and methods 
depends on the design requirements, such as mechanical 
strength, mass minimization, or manufacturing method. The 
basic tools supporting the design include FEM analysis, 
shape generators, generative design, and programs for 
creating openwork structures.  

One of the tools used in the design of skeletal structures 
is the FEM analysis. It allows for the simulation of the actual 
working conditions of the element and the assessment of its 
behavior under the influence of various loads. Based on the 
numerical analysis, it is possible to determine which areas of 
the structure are most heavily loaded and which can be 
slimmed down without losing strength (Fig. 1). The analysis 
of the obtained results also allows for the detection of 
potential critical points that may lead to damage to the given 
element, which allows for the introduction of corrections 
before the start of production. 
 

 
Figure 1 Numerical analysis of robot gripper - safety factor 

 
Shape generators are tools that allow you to 

automatically adjust the geometry of a model to specific 
criteria, such as stiffness, mass or structural constraints. They 

operate on the principle of algorithmic optimization, 
removing unnecessary material where it is not necessary, 
while maintaining the required strength. The stages of part 
design are presented using the Shape Generator tool in 
Inventor Professional as an example. The first step is to 
determine the boundary conditions, the load acting on the 
element and generate a triangle mesh. Additionally, the 
software allows for the exclusion of specific regions from the 
shape generation process and the definition of symmetry 
planes. Based on the selected material, the shape generator 
creates a conceptual 3D mesh (conceptual shape – Fig. 2), 
which can be used as a reference in the design process. Figure 
3 shows a mass-reduced gripper whose geometry was 
designed using the Shape Generator tool. 
 

 
Figure 2 Conceptual shape of the robot gripper 

 

 
Figure 3 Reduced-mass robot gripper 

 
Generative design is a more advanced form of 

optimization that uses artificial intelligence and evolutionary 
algorithms to create optimized geometry. Such programs can 
generate dozens or even hundreds of design variants that 
meet specific requirements for strength, weight, and 
production costs. This method allows for obtaining unique, 
organic shapes that are impossible to achieve using 
traditional design techniques. One of the tools for generative 
design is Generative Design in Autodesk Fusion 360. The 
design process is similar to a shape generator. You need to 
define boundary conditions, which are the load and material 
acting on the element (different materials can be defined 
depending on the type of processing). The difference is that 
in the case of generative design, you indicate the preserved 
geometry, i.e. solids that will not change during the 
generation of results. Additionally, you can assign obstacle 
geometry representing empty spaces in which no material 
will be placed during the generation of results (Fig. 4). Before 
generating the results, you can use the preview tool to see 
how the settings affect the results. Fig. 5 shows the selected 
robot gripper geometry generated by the program.  

Openwork structures play a key role in designing 
lightweight but strong skeleton elements. Programs for their 
creation allow for generating lattice meshes with a specific 
geometry (e.g. gyroidal, hexagonal, tetragonal). One of the 
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tools for creating openwork structures is the Meshmixer 
program. This program allows for easy generation of 
lightweight structures with complex geometry, but such 
structures work best for elements that are not exposed to 
significant mechanical loads. In situations where high 
strength parameters are required, it may be necessary to use 
more advanced optimization methods or reinforced internal 
structures. The first step in creating such a structure in the 
Meshmixer program is to set a regular triangle grid on the 
surface of the element. This grid is the basis for later 
modification of the geometry and allows for uniform 
distribution of the openwork structure pattern. Then, the type 
and geometry parameters of the structure are determined, 
such as wall thickness, cell shape or filling degree (Fig. 6). 

 

 
Figure 4 View of the solids defining the preserved geometry and the obstacle 

geometry 
 

 
Figure 5 Robot gripper geometry created in generative study 

 

 
Figure 6 Robot gripper geometry created in Meshmixer 

 
The purpose of the work was to compare the 

effectiveness of three different approaches to designing 
lightweight gripper structures in terms of their mechanical 
strength, while maintaining a consistent 40% reduction in 
mass. In contrast to typical optimization strategies, where the 
goal is to minimize mass while satisfying defined boundary 
conditions, this study adopted a fixed level of mass reduction 
for all design variants. This approach enabled a direct 
comparison of the performance of three design methods: 
shape generation, generative design, and manual design 
based on results from finite element analysis (FEA). The 
safety factor was used as the main evaluation criterion, as it 
allows for the identification of the structural margin of 

strength with respect to the failure criterion and indicates 
potential areas at risk of damage, which is particularly 
important in the context of the anisotropic structure of 
additively manufactured materials. 
 
3 RESEARCH MODELS 
 

Based on the analysis of available design solutions on the 
market, a robot gripper model was developed in the form of 
a three-dimensional CAD model (reference sample K1 – Fig. 
7). In order to optimize the structure in terms of weight 
reduction, the model was slimmed down using three different 
methods: shape generator, generative design and 
optimization based on finite element analysis (FEM). For all 
analyses, the construction material polylactic acid (PLA) and 
a load of 100 N were assumed. As a result of the design work, 
three optimization variants were obtained:  
• one version of the gripper created using the shape 

generator (K2 – Fig. 8), 
• one version created as a result of using generative design 

(K3 – Fig. 9), 
• two versions developed on the basis of FEM analysis, 

taking into account different material reduction 
strategies (K4, K5 – Figs. 10 - 11). 

 
For variants K4 and K5, the geometry was designed 

manually based on FEA results obtained for the reference 
model (Fig. 14). This analysis enabled the identification of 
low-stress areas, which were considered safe for removal or 
partial lightening without a significant deterioration in the 
mechanical properties of the structure. 
 

 
Figure 7 Shape and basic dimensions of the K1 reference gripper 

 

 
Figure 8 Shape of the K2 gripper 

 
For each of the developed design concepts, a 40% 

reduction in the gripper mass was achieved, while 
maintaining the appropriate strength parameters required for 
the correct functioning of the component in the robot 
manipulation system. 

The test samples were made using the layer extrusion 
method on a Prusa i3 MK3 printer. The printing process for 
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all models was characterized by the following basic 
parameters:  
• alternating paths at angles of 45º and 135º, 
• internal structure filling density – 100%, 
• two contour lines, 
• plastic layer height 0,2 mm. 
 

 
Figure 9 Shape of the K3 gripper 

 

 
Figure 10 Shape of the K4 gripper 

 

 
Figure 11 Shape of the K5 gripper 

 
4 EXPERIMENTAL RESEARCH AND DISCUSSION 
 

The main objective of the conducted tests was to verify 
the gripper's ability to transfer the given loads in static 
conditions. The verification included the analysis of the 
safety factor, which allows for the assessment of the 
structure's strength margin in relation to the assumed 
destruction criterion. As part of the conducted static analysis, 
a variant was considered in which a load of 100 N acts on the 
end part of the gripper in a direction perpendicular to its 
surface. The numerical analysis was performed using 
Autodesk Inventor Professional software. The initial 
conditions of the analysis are shown in Fig. 12. One of the 
significant problems that may occur during the use of the 
gripper is its deflection and permanent deformation, 
especially in the case of using materials susceptible to 
bending. If the load acts on the tip of the gripper, it generates 
a bending moment, which reaches the highest value at the 
base of the structure, at the point of attachment. This can lead 
to undesirable deformations, reduced precision of the 
gripper's operation, and in extreme cases, to its damage. 

 

 
Figure 12 Constraints and load 

 
The next stage of the research involved verifying the 

results of the numerical analysis through experimental 
strength tests conducted on a MultiTest-dV machine (Fig. 
13). The aim of these tests was to confirm the consistency of 
the computer simulation results with the actual behavior of 
the gripper under load. To ensure the coherence of the test 
conditions, the same loading configuration as in the 
numerical analysis was applied. The tests were carried out 
until the samples reached failure. 
 

 
Figure 13 MultiTest–dV testing machine 

 
4.1 Strength Analysis using the Finite Element Method 
 

After generating and optimizing the finite element mesh, 
an analysis was performed for each gripper variant, the 
results of which in the form of a safety factor are presented 
in Tab. 1 and Figs. 14 - 18. 
 

Table 1 Summary of the minimum safety factor for each variant tested 
Sample type K1 K2 K3 K4 K5 

Minimum safety factor 2,46 1,42 1,88 1,44 1,65 
 

 
Figure 14 Analysis results for gripper K1 
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Figure 15 Analysis results for gripper K2 

 

 
Figure 16 Analysis results for gripper K3 

 

 
Figure 17 Analysis results for gripper K4 

 

 
Figure 18 Analysis results for gripper K5 

 
The analysis of the results carried out using the finite 

element method included an assessment of the safety factor 
for different design variants of the robot gripper. The highest 
value of the safety factor was obtained for the reference 
sample, which resulted from its full structure and lack of 
mass reduction. The next in terms of strength was the sample 
designed using the generative design method, which, despite 
significant mass reduction, retained optimal strength 
properties thanks to intelligent material distribution in key 
areas. In the case of variants K2, K4 and K5, the analysis 
showed the possibility of local overloads in the mounting 

areas and at the end of the gripper, where the highest bending 
moments are generated. These zones can be potential critical 
points, especially in dynamic operating conditions. 
Additionally, the analysis allowed for the identification of 
areas at risk of weakening the structure, which is particularly 
important in the case of additive manufacturing due to the 
layered structure. This is due to the fact that the FEM analysis 
assumes an isotropic material model, while the materials 
used in additive technology are characterized by mechanical 
anisotropy. This means that the mechanical properties of the 
model depend on the direction of the layers, which can lead 
to local weakening and discrepancies between the simulation 
results and the actual strength of the element. Additionally, 
the way the model paths are arranged at a specific angle 
means that certain areas of the structure may be more 
susceptible to damage than the numerical analysis would 
suggest.  
 
4.2 Strength Analysis on a Real Model 
 

The experimental results are presented in Fig. 19. 
 

 
Figure 19 Average values of the breaking force for each tested variant 

 
Based on the obtained results, it can be seen that the 

highest strength was achieved by the reference sample (K1), 
which was not subjected to mass reduction. Among the 
optimized variants, the best results were achieved by sample 
K3, which was designed using the generative design method. 
Despite the 40% mass reduction, its strength was the closest 
to the full sample, which indicates the effectiveness of this 
approach in the distribution of material according to the loads 
acting on the element. The average value of the force required 
to destroy the sample is about 88% of the reference gripper.  

The remaining conventionally optimized variants, 
including sample K2, showed significantly lower values of 
the ultimate force. This means that manual mass reduction 
and geometry shaping based on FEM analysis can lead to a 
weakening of the structure if the actual load directions are not 
properly taken into account. 
 
5 CONCLUSIONS 
 

Designing skeleton samples manufactured using additive 
technologies requires the use of advanced engineering tools. 
FEM analysis allows for the assessment of the strength of the 
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structure, shape generators help in the optimization of 
geometry, and generative design allows for the creation of 
innovative and optimized forms. Proper use of these tools 
allows for the creation of lightweight and durable elements. 

The study confirmed that generative design is a more 
effective tool for optimizing the structure of the robot gripper 
compared to shape generation and manual design based on 
FEA. This is due to the fact that generative algorithms can 
better adapt the structure to real working conditions, which is 
difficult to achieve with conventional methods. 

In addition, the research results indicate a significant 
influence of material anisotropy in 3D printing technology, 
which means that the actual strength of the component may 
be lower than it would result from the FEM analysis for an 
isotropic material. Therefore, in the design of components 
intended for additive manufacturing, both the optimization of 
geometry and taking into account the specificity of the 
technological process are of key importance. 

When designing skeleton elements for additive 
manufacturing, it is crucial not only to perform numerical 
analysis, such as the finite element method (FEM), but also 
to conduct experimental studies. This is due to the fact that 
in the additive manufacturing process there are a number of 
factors that can significantly affect the mechanical properties 
of the final element, and which are difficult to fully include 
in simulation analyses. 
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Strength Study of Anatomically-Similar Spongy Structures Additively Manufactured from 
Polymeric Materials 
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Abstract: The subject of the article is to investigate the potential to adjust the stiffness of 3D printed plastic implants to match bone stiffness by analyzing design parameters and 
mechanical properties, considering the spongy structure of the bone. The study consisted of theoretical and practical parts, including original research. In the theoretical part, the 
definition of implants, the materials used for their production, and the requirements they must meet were discussed, as well as 3D printing methods, with particular emphasis on 
the FFF method. The static compression test was also described. In the practical part, original research was conducted to verify the possibilities of adjusting the stiffness of the 
implants. Two 3D models of the L2 lumbar vertebra with different vertebral body thicknesses and internal lattice structures were developed based on literature dimensions. Thirty 
models with three different lattice densities and two wall thicknesses were printed and subjected to a static compression test. The results showed that an increase in lattice density 
increased the compression strength of the samples. Samples with thin walls exhibited lower compression strength compared to those with thick walls, regardless of the spongy 
lattice density. In each group of samples, the results were consistent, indicating good repeatability of the prepared samples. The findings suggest that appropriately selecting the 
lattice density and wall thickness can significantly improve the mechanical strength of bone implants, meeting the compression strength criteria for the spongy tissue of lumbar 
vertebrae. 
 
Keywords: additive manufacturing; compression test; PLA (Polyactide) spongy structure; vertebras 
 
 
1 INTRODUCTION 
 

In the medical field, the development of modern 
technologies such as 3D printing is opening up new 
perspectives in the design and manufacture of medical 
implants. One of the key challenges in this area is to ensure 
that implants are not only biocompatible, but also properly 
adapted to the physical and mechanical conditions of the 
surrounding tissues. In the context of this issue, exploring the 
possibility of adapting the stiffness of printed plastic implants 
to that of bone becomes crucial. 

Properly matching the stiffness of the implant to the 
stiffness of the bone can help minimize the risk of injury 
while ensuring the stability and strength of the implant in the 
patient's body. In this context, it is important to understand 
the structure of spongy bone, which is characterized by a 
specific grid-like microarchitecture. Thanks to 3D printing 
technology, it is possible to manipulate the structural 
parameters of implants, including their stiffness, which opens 
up prospects for individualizing treatment and improving 
therapeutic outcomes. 

The spongy structure of bone, also known as trabecular 
bone, is made up of tiny bone beams that form a meshwork 
with a large surface area. This unique structure provides 
exceptional strength and flexibility to bone, while allowing 
mechanical forces to be distributed throughout the body. In 
the case of medical implants, reproduction of this structure 
can be crucial to improving the integration of the implant into 
tissues and ensuring adequate stiffness and strength [2]. 

Compression testing of 3D printed lumbar vertebra 
specimens are an important part of the study. This type of 
mechanical test allows us to evaluate the behavior of printed 
implants under load, which is crucial for understanding their 
strength and stability under conditions similar to those in the 
patient's body. Modern 3D printing technology makes it 
possible to create implants with complex structures that can 
imitate the spongy structure of bone. With the help of 
advanced design algorithms and precise 3D printing 

processes, it is possible to produce printed meshes with 
different geometric and mechanical parameters that are more 
similar to the structure of natural bone. However, it is 
important to pay special attention to choosing the right plastic 
for 3D printing implants. Plastics used in implantology have 
to be not only biocompatible, but also have sufficient 
mechanical strength and flexibility to meet the physical 
demands of the patient's body [8]. 

The purpose of this paper is to research the potential of 
adapting the stiffness of printed sponge structures made of 
selected plastic to the stiffness of spongy bone by analyzing 
design parameters and mechanical properties, taking into 
account the spongy structure of the bone and conducting 
compression testing of printed lumbar vertebral specimens. 
The research aims to develop new methods for designing and 
manufacturing implants to better suit individual patients' 
needs, and to investigate how much the stiffness of an 
implant can be altered with a printed lattice structure. The 
research aims to explore the relationship between implant 
design parameters, stiffness and the spongy structure of bone. 

The research section presents the methodology for 
creating 3D models of the L2 lumbar vertebra, based on 
dimensions from the literature. Two models were created, 
with two different thicknesses of the vertebral body, which 
were further modified to obtain a mesh structure in the 
interior of the vertebral body, i.e. a spongy structure. 
 
2 BONE PARAMETERS 
 

Bones are made up of bone tissue. This tissue is seen as 
a composite material, which consists of two phases: an 
organic phase and an inorganic phase. The former acts as a 
matrix, while the latter is responsible for reinforcement. The 
ratio of these phases to each other is 1:2.5. One of the 
inorganic compounds responsible for mechanical strength is 
calcium phosphate (V) Ca3(PO4)2, which accounts for 2/3 
of the weight of bone. The inorganic components of bone 
tissue, which make up about 50% of all matrix members, are 
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responsible for determining bone hardness. The organic 
phase is formed by bone cells along with the intercellular 
matrix made up of collagen proteins. They are mainly type I 
collagen proteins and account for about 95% of all organic 
components. Collagen found in bone has the ability to resorb 
calcium, and this distinguishes it from collagen found in 
other tissues. It is the large amount of collagen in the organic 
part that changes the elastic properties of bone. The 
relationship of organic and mineral components determines 
the mechanical properties of bone [4].  

Osteon is the basic structural unit of bone. It is formed 
by bone lamellae, between which bone cavities are located 
along with bone cells. In the central part of the osteon is 
located a central canal called Haversian canal. This is a duct 
of microscopic dimensions through which blood vessels are 
routed to allow blood flow to bone cells. Osteons, which are 
located very close to each other, i.e. one next to the other, 
result in a compact bone structure (Fig. 1) [3]. Bones by 
shape are divided into four groups: 
-  long bone 
-  short bone 
-  flat bone 
-  varus (irregular) bone.  

 

 
Figure 1 Bone structure: a) cortical layer - osteons with Haversian canals, b) 

spongy layer - bone beams, c) bone marrow [5] 
 
Classic long bone consists of bone tissue and marrow. 

There are two forms of bone tissue: compact bone substance 
and spongy bone substance. Compacted bone tissue is always 
found on the top layer of the bone so it is called cortical 
tissue. Through the environment of the bone characterized by 
an organic substrate, the bone acquires a lot of elasticity. And 
the calcium salt found there also makes it very resistant to 
compression and tension. The compressive strength of bone 
tissue is greater than the tensile strength, while when 
considering bending, bone is largely less resistant in this 
aspect [3].  

In order to obtain the average values of the mechanical 
properties of the compact part of the human femur bone, it 
was examined at appropriate angles, and the obtained values 
are shown below: 
-  tensile strength: 107 MPa 
-  compressive strength: 159 MPa2 
- torsional strength: 53 MPa 
-  bending strength: 160 MPa 
-  ultimate elongation: 135%. 
 

Most of the mechanical properties of bones are due to 
their anatomical and histological structure. The main concern 
here is the propensity to fracture, and this is mostly related to 

age. Mechanical properties depend on the type of bone 
structure, geometric form, external loading, location and 
value of loading forces, which are responsible for the 
distribution of internal stresses in bones. The collagen 
content is of great value here, since bones with a high 
collagen content in their structure are easily subject to brittle 
fractures. In the case of the elderly, where this collagen in the 
bones is less and less, brittle fractures occur [4]. The Young's 
modulus of collagen is 1-2 GPa, and its ultimate tensile 
strength is 50-1000 MPa [9].The mechanical properties of 
spongy bone tissue and compact bone tissue are shown in 
Tab. 1. 

 
Table 1 Mechanical properties of two types of bone tissue [6] 

Property Cortical bone Cancellous bone 
Compressive strength (MPa) 100-230 2-12 
Flexural, tensile strength (MPa) 50-150 10-20 
Strain to failure (%) 1-3 5-7 
Fracture toughness (MPa1/2) 2-12 - 
Young’s modulus (GPa) 7-30 0.5-0.05 

 
Spongy bone otherwise known as trabecular bone has a 

porosity of 50 to 90%, with an average spacing of about 1mm 
between trabeculae and an average density of about 0.2 
g/cm3. Compact bone, or cortical bone, has a much denser 
structure. Its porosity is between 3-12%, and its average 
density is 1.80 g/cm3 [6]. 

 
3 RESEARCH MODELS AND MATERIAL 

 
The structures of the specimen were modeled using 

Autodesk Inventor Professional 2024. The L2 vertebral body 
of the lumbar segment was modeled without spinous 
processes, which are the attachment site of the muscles of the 
human lower back. In each spinal segment, the vertebrae are 
different from each other, and this is due to the loads they are 
subjected to, the mobility they have, and anatomical 
limitations. The area of the same spinal segment does not 
contain vertebrae of the same dimensions. Large differences 
in geometric parameters appear between vertebrae mostly in 
the vertebral bodies. The vertebral body can be compared to 
a cylinder having a flat upper and lower surface. However, 
this does not represent its geometry one hundred percent 
because the shaft has differences between the size of the 
upper and lower surfaces, as well as differences in the ratio 
of the height of the front part to the back part. For the upper 
part of the shaft, the following parameters were adopted: the 
width of the upper and lower surfaces of the shaft was 
assumed to be 51.2 mm, and the depth was 34 mm. The width 
of the bone ring, which is the outer part of the vertebra, varies 
according to the analyzed region. The dimensions of the 
vertebra were taken from the literature entitled Biomechanics 
of the Spine, by Celina Pezowicz. For the upper part of the 
bony ring of the L2 vertebra, the width of the area in front 
was taken into account equal to 5.3 mm, for the sides 6.5 mm, 
and for the back 3.5 mm - variant A (Fig. 2).  

On the other hand, in the lower part of the vertebra, the 
area of the bone ring in the front is 6.2 mm wide, 8 mm on 
the sides, and 2.8 mm in the back - variant B (Fig. 3). The 
dimensions used in the modeling are the average actual 
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dimensions of the L2 vertebra of an adult in the 36-60 age 
range. 

 

 
Figure 2 Sketch view with dimensions of the width of the walls of the upper part of 

the bone ring - variant A 
 

 
Figure 3 Sketch view with dimensions of the width of the walls of the upper part of 

the bone ring - variant B 
 

 
Figure 4 Final model of L2 lumbar vertebra created by Boolean operation from two 
parts: spongy bone and compact bone in Netfabb software with mesh size 4 × 4 × 

4 mm 

Netfabb software was used to make the sponge structure 
inside the compact part. An example of the obtained structure 
is shown in Fig. 4. 

After creating three different models of the L2 lumbar 
vertebra, research models were made using FFF [10-12] 
additive technology. Initially, the process had to be prepared 
and the files were imported into PrusaSlicer. PrusaSlicer is a 
program for preparing files for 3D printing, which allows the 
configuration of various printing parameters, such as speed 
and temperature. The fill of the models was set to 95% due 
to the fact that often at 100% fill the models do not come out 
as they should. A grid was used as the fill pattern. No 
supports were used when printing, and an accuracy of 
0.10mm was used in the print settings. The material chosen 
was PLA, and the printer was Original Prusa i3 MK3S. The 
test models were made with three densities of the structure 
mimicking the sponge structure (Fig. 5).  
 

 
Figure 5 Printed 3D models of the L2 lumbar vertebra with a thicker wall of the 
vertebral body, with different dimensions of the mesh of the spongy structure: a) 

6.5 × 6.5 × 6.5 mm; b) 5 × 5 × 5 mm; c) 4 × 4 × 4 mm 
 
 The designations of all research samples are shown in 
Tab. 2. 
 

Table 2 Designations of research samples 
Wall thickness of the 

vertebra 
Density of spongy 

structure Designation 

Thin wall 6.5 × 6.5 × 6.5 mm 1.1, 1.2, 1.3, 1.4, 1.5 
Thin wall 5 × 5 × 5 mm 2.1, 2.2, 2.3, 2.4, 2.5 
Thin wall 4 × 4 × 4 mm 3.1, 3.2, 3.2, 3.4, 3.5 
Thick wall 6.5 × 6.5 × 6.5 mm 4.1, 4.2, 4.3, 4.4, 4.5 
Thick wall 5 × 5 × 5 mm 5.1, 5.2, 5.3, 5.4, 5.5 
Thick wall 4 × 4 × 4 mm 6.1, 6.2, 6.3, 6.4, 6.5 

 
The material from which the test samples were made is 

PLA Polyactide poly(lactic acid) (PLA) is a biodegradable 
aliphatic thermoplastic polyester, which is a derivative of 
natural lactic acid. It has a number of unique characteristics 
that make it an attractive biopolymer in environmental and 
economic terms, such as excellent rigidity, transparency, ease 
of processing and aesthetic appearance. Nevertheless, PLA 
has some limitations, such as intrinsic brittleness, low 
strength and slower degradation. Nevertheless, it shows great 
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potential as a biomaterial in various medical fields, including 
regenerative medicine, orthopedics and tissue engineering [7, 
9]. A major advantage of the material chosen for the study is 
that it can be 3D printed on any device working with FFF 
additive technology, unlike materials such as PEEK. 
 PLA is a semi-transparent polymer material that is 
completely biodegradable by the lactic acid in its structure 
[12]. However, it decomposes over a fairly long period of 
time. PLA is not a soluble material. During the printing 
process, this material does not emit a lot of harmful 
chemicals, so it can safely be used as an educational aid. The 
glass transition temperature otherwise softening temperature 
is about 60 °C. Thanks to its low shrinkage, there is no need 
to heat the table on which the part is printed from this plastic. 
The extrusion temperature of PLA filament through the 
printer's nozzles ranges from 160 to 230 °C. In the case 
presented, the extrusion temperature was 210 °C. The density 
of the material between 1.2 and 1.4 g/cm3. The material has 
good tensile strength and stiffness, but limited elasticity and 
low impact strength. Young's modulus is about 2000 MPa, 
and yield strength is about 40-50 MPa [1, 13, 14].  
 
4 RESULTS AND DISCUSSION 
 

A static compression test was used to test the printed 
samples. A motorized force measuring rig of the MultiTest-
dV series from Mecmesin was used. The device is used to 
test forces up to 2.5 kN and elongation of more than 1000%. 
Since the compression of the sponge part of the printed 
vertebrae was being attempted, it was necessary to create a 
punch that was used to compress the selected structure. So, 
before the compression test of each specimen began, a punch 
was modeled in AutodeskInventor Professional 2024 (Fig. 
6). 

 

 
Figure 6 View of a stamp made with FFF 3D printing technology 

 
 Fig. 7 shows the specimen after the punch is attached to 
the machine, and the static compression test process for all 
printed specimens has begun. 

The samples were compressed to a depth of 5 mm, at a 
rate of 5 mm/min. As an example of the force-time 
dependence graph, models of a thinner-walled circle with a 
sponge structure density of 5 × 5 × 5 mm were shown. The 

specimens were labeled 2.1, 2.2, 2.3, 2.4, 2.5. The results 
were tabulated together on a line graph to compare the values 
obtained (Fig. 8). 
 

 
Figure 7. Position the sample on the platform under the punch before the 

compression test 
 

 
Figure 8 Graph of the force-time dependence of the compression test of thin-

walled specimens with a mesh density of 5 × 5 × 5 mm 
 
Spongy tissue is characterized by heterogeneity, and its 

structure changes depending on its location in the vertebral 
body. According to the literature, the highest compressive 
strength values of the spongy tissue of the vertebral body can 
be observed in its upper and lower parts. During the 
compression test, the spongy structure was examined to a 
depth of 5 mm. In order to illustrate what pressure was 
applied to the specimens during the test and how it varied 
depending on the particular model, two graphs were created. 
The first for previously selected representative specimens 
with thin walls, while the second for representative 
specimens with thick walls. The strength of the prepared 
structures was calculated by dividing the highest achieved 
force in a given compression test by the area on which the 
force acted. 

A graph showing the maximum compressive strength 
values of the spongy tissue structure in individual specimens 
with thin and thick vertebral body walls was created from the 
results of representative samples from each specimen (Figs. 
9-10). 
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Figure 9. Bar graph showing the maximum compressive strength values of the 
spongy tissue structure for selected specimens with thin vertebral body walls 

 

 
Figure 10. Bar graph showing the maximum compressive strength values of the 
spongy tissue structure for selected specimens with thick vertebral body walls 

 
According to the literature, the compressive strength of 

the spongy tissue of the lumbar vertebral bodies ranges from 
1.28 to 10.6 MPa [6]. 

 
Table 3 Comparison of ranges of maximum compressive strength results of 

sponge tissue structure for selected specimens with thick and thin vertebral body 
walls with literature values 

 Compressive strength range (MPa) 
Literature data 1.28÷ 10.6 
Samples with thin walls 1.01 ÷ 1.5 
Samples with thick walls 0.95 ÷ 2.2 

 
Matching the graph in Fig. 9 showing the values of the 

maximum compressive strength of the spongy tissue 
structure for selected specimens with thin vertebral body 
walls to the literature data yielded groups of specimens that 
fall within the given range. Of the given groups of specimens 
with thin walls, only one density of spongy structure met the 
literature values. Representative sample number 3.1 reached 
a value above 1.5 MPa, so thin-wall samples with a structure 
density of 4 × 4 × 4 mm fall within the specified range. On 
the other hand, comparing the literature values to those 
shown in Fig. 10, which shows the values of the maximum 
compressive strength of the sponge tissue structure for 
selected samples with thick vertebral body walls, only one 
group of samples did not reach these values. Samples with 
the sparsest lattice structure, i.e. 6.5 × 6.5 × 6.5 mm, where 
sample number 4.3 was the representative sample, did not 
even exceed the 1 MPa value. The other two groups, i.e. 
samples with a mesh density of 5 × 5 × 5 mm and 4 × 4 × 4 
mm reached values of 1.4 MPa and 2.2 MPa. 
 
5 CONCLUSION 
 

The influence of the density of the mesh structure played 
a major role in the given study. An increase in the density of 
such a structure, i.e., a decrease in mesh dimensions, led to 

an increase in the force that the printed specimens are able to 
withstand under the assumed parameters, i.e., the maximum 
compressive force. L2 circle models with a density of 4 × 4 
× 4 mm obtained the highest compressive force values when 
comparing them to samples with densities of 5 × 5 × 5 mm 
and 6.5 × 6.5 × 6.5 mm.  

Specimens with thin walls showed much lower 
compressive strength than those with thick walls. Regardless 
of the density of the sponge structure of the L2 vertebral body 
models. Thicker walls in the specimens improve the 
absorption and distribution of load during compression tests, 
which carries with it the obtaining of higher maximum 
compressive force values compared to specimens with thin 
walls.  

The collapse of the sponge structure and subsequent 
strengthening of the structure in the case of thin-walled and 
sparser-textured samples occurred at lower force values. The 
strengthening of the structure immediately after the collapse 
is evident when analyzing the resultant graphs of each sample 
as an increase in force after a previous decrease. 

In each group of specimens, the results of the static 
compression test and the values of the refractive force are 
very uniform, which indicates good repeatability and 
homogeneity of the prepared specimens. Slight deviations in 
the results obtained may be due to small differences in the 
structure of the material or the conditions under which the 
tests were performed.  

The results obtained show that the proper selection of the 
density of the sponge structure, as well as the wall thickness, 
can greatly benefit the mechanical strength of bone implants. 
The higher the density and the greater the wall thickness, the 
higher the strength. Which can be important in creating 
implants with the required properties and strength.  

The compressive strength criteria given in the literature 
for spongy tissue of lumbar vertebral bodies in specimens 
with thin as well as thick walls are met by a structure with a 
density of 4 × 4 × 4 mm. Samples with a mesh density of 5 × 
5 × 5 mm in the case of thick walls also fall within the 
specified range, but their strength is slightly lower than for 
samples with a density of 4 × 4 × 4 mm. The rarest sponge 
structure, which has a density of 6.5 × 6.5 × 6.5 mm, does not 
meet the literature values for compressive strength regardless 
of wall thickness.  
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Optimizing Milkrun Routes: Heuristic Approach for Minimizing Transportation Loops 
 

Peter Veres 
 
Abstract: Milkrun systems serve as the backbone of material supply for multi-line or parallel manufacturing production, ensuring synchronized and efficient logistics. Despite their 
importance, route optimization is still largely done manually, leading to inefficiencies. If too few routes are used, transportation time increases, and individual vehicles become 
overloaded, which is a common issue in current practices. Finding the optimal number of routes is a complex NP-hard problem, requiring advanced computational approaches. 
While assignment matrices are often available and useful for direct transport allocation, they are not used for optimizing milkrun loops. To address this, a heuristic-based model 
has been developed that optimizes the number of routes while considering travel length and vehicle capacity. The model and case study integrates genetic algorithms to explore 
feasible solutions efficiently, balancing the trade-off between too many and too few routes. The proposed approach improves both cost-effectiveness and service reliability in 
production logistics. 
 
Keywords: assignment problem; heuristic optimisation; milkrun; production logistics; route planning  
 
 
1 INTRODUCTION 

 
In today’s fast-paced manufacturing environment, the 

efficiency of logistics and supply chain operations has 
become more critical than ever. Complex manufacturing 
systems that rely on the movement of materials in a 
scheduled order with vehicle support, often referred to as 
milkrun systems, are vital for ensuring smooth and 
synchronized material supply across multiple production 
lines or parallel manufacturing processes. These systems help 
maintain a steady flow of materials to production areas while 
minimizing delays, reducing costs, and improving overall 
productivity [1]. The design and optimization of milkrun 
routes, however, remain a complex challenge that many 
manufacturing systems still face. Although these systems are 
integral to manufacturing, route optimization is often carried 
out manually, leading to inefficiencies in logistics operations. 
The traditional approach can cause various problems, such as 
excessive transportation time or overloading of vehicles, 
which in turn, undermines the potential for cost savings and 
resource utilization [2]. 

One of the most significant challenges in optimizing 
milkrun systems lies in determining the ideal number of 
routes required for efficient material transportation. This task 
is classified as an NP-hard problem, meaning that finding the 
optimal solution is computationally demanding, especially as 
the number of production lines and logistics variables 
increases [3]. With too few routes, transportation times may 
increase, and vehicles can become overloaded or too long to 
handle, which can lead to delays and decrease service 
reliability. Conversely, too many routes can result in 
underutilized vehicles and higher operational costs. 
Therefore, a balance must be found that optimizes vehicle 
capacity while minimizing travel time, making the process a 
delicate one. 

To address these challenges, a new approach is created 
based on the assignment or transportation problem. 
Traditional methods, most likely drawing on a layout, and 
using manual greedy optimisation approaches often useful 
for transport allocation but fall short when it comes to 

optimizing the routes for milkrun loops considering different 
material needs of multiple products, capacity and sizes of 
boxes and trays. The lack of an efficient and systematic 
approach to route optimization has improved the 
development of more sophisticated techniques. A heuristic-
based model has recently been introduced that focuses on 
finding the optimal number of routes while considering 
factors such as vehicle capacity and travel length. This 
approach integrates genetic algorithms, a type of 
evolutionary algorithm that mimics the process of natural 
selection to explore feasible solutions more efficiently. 

The application of heuristics to optimize milkrun 
systems represents a significant advancement in solving this 
problem [4]. The genetic algorithm offers a flexible and 
powerful tool for tackling complex optimization task, which 
is widely integrated into various software platforms and 
programming languages, making them easily accessible and 
adaptable across different industries. This flexibility allows 
it to be applied to a broad range of optimization problems, 
including route optimisation and assignment problem. 

In the following chapter, a literature review will be 
provided to explore the existing research in the field of 
milkrun system optimization and how others have 
approached similar problems. The third chapter will explore 
the basis of the problem and the methodology for solving it 
using a genetic algorithm. The fourth chapter will present a 
case study, showcasing the application of the proposed model 
in a constructed scenario. The results of this case study will 
be analyzed, demonstrating the effectiveness and potential of 
the model. Finally, the last chapter will summarize the 
findings of the paper, draw conclusions on the success of the 
proposed approach, and suggest future directions for research 
in milkrun system optimization. 

 
2 LITERATURE REVIEW 

 
In today’s fast-paced manufacturing environment, the 

efficiency of logistics and material handling plays a vital role 
in ensuring uninterrupted production flow and cost-
effectiveness. Milkrun logistics has become an essential 
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strategy in modern supply chain and manufacturing systems, 
especially for industries like automotive, where timely and 
efficient part delivery is critical. The concept, which 
originates from the Just-In-Time (JIT) philosophy introduced 
by the Toyota Production System, involves collecting 
materials from multiple suppliers and delivering them to a 
central point or production line in a single, circular route [5]. 
This approach helps reduce transportation costs, minimize 
inventory, and improve overall efficiency. Over the years, 
milkrun systems have grown more complex, now involving 
challenges such as multi-stop routing, reverse logistics, and 
diverse vehicle and packing constraints [6]. Solving these 
problems using exact optimization methods can be time-
consuming and impractical for large-scale operations. As a 
result, heuristic and metaheuristic approaches - such as Ant 
Colony Optimization, Genetic Algorithm, Simulated 
Annealing, and tailored routing strategies - have become 
increasingly popular. These methods provide fast, near-
optimal solutions and are highly effective in handling real-
world logistics challenges where flexibility and speed are key 
[7]. 

Ranjbaran and his team worked on improving how auto 
parts are delivered and returned using a milkrun system. 
Their mathematical model considered real-life constraints 
like truck size, pallet packing, order compatibility, and even 
the return of empty pallets. To solve large, complex problems 
quickly, they developed heuristic methods that found good 
solutions and showed clear cost savings [8]. 

Salleh and her team focused on reducing transport 
distance and improving truck space usage in milkrun routes. 
They found nearly half the truck space was going to waste 
and showed that this could be reduced to just 3% using 
optimization methods like Tabu Search and Ant Colony 
Optimization. Their approach supports the Just-In-Time 
delivery model by encouraging smaller, more frequent 
shipments with better efficiency [9]. Sipahioglu and his team 
also looked at in-plant milkruns but added autonomous 
vehicles into the mix. With complex delivery needs and 
timing, they used Simulated Annealing to plan both routes 
and delivery periods effectively [10]. Uygun and Rustemaj 
compared traditional Mixed Integer Programming with Ant 
Colony Optimization for solving milkrun routing problems. 
While both used vehicle space efficiently, the ant colony 
method created better delivery routes, showing that nature-
inspired algorithms can offer strong alternatives in logistics 
planning [11]. 

Bányai offered a simpler method using Excel Solver to 
plan milkrun routes within factories, helping decide how 
many carts are needed and where they should go. His method 
is flexible and works well in different manufacturing setups 
[12]. In a more recent and advanced study, the same 
researcher also investigates a hub-based milkrun supply 
system, showing that integrating warehouse handling with 
production can significantly reduce service and 
transportation times. His work presents a new mathematical 
model that compares traditional milkrun methods with a hub-
based approach in the automotive industry. The analysis 
reveals that a hub-based system can boost efficiency by 
reducing total service time by about 13% and transportation 

time by up to 45% in the component warehouse [13]. Roberto 
Murillo-Ramirez and partner use Bayesian networks to 
address uncertainty in milkrun systems, quantifying both 
optimistic and pessimistic scenarios. Their research provides 
insights into how delays in component deliveries can lead to 
financial losses in assembly lines [14]. Hashini and Nishal 
explores vehicle routing models for milkrun deliveries of 
fresh produce, highlighting the challenges faced by third-
party logistics providers. Their study demonstrates that an 
automated routing solution can cut total costs by 26% and 
reduce overall travel distance by 40% [15]. The research 
emphasizes the impact of factors such as vehicle capacity, 
departure times, and route assignments on overall efficiency. 
Grzegorz Bocewicz, Izabela Nielsen, and Zbigniew 
Banaszak examine cyclic systems for in-plant milkrun 
delivery by looking at both routing and scheduling decisions 
[16]. Hosseini and partners employ a cyclic scheduling 
approach to minimize both vehicle downtime and production 
takt time. Their declarative model synchronizes cyclic flows 
using a recursive constraint satisfaction method to manage 
congestion effectively. To solve the NP-hard problem, a 
hybrid Harmony Search–Simulated Annealing algorithm is 
developed, which outperforms traditional solvers like 
GAMS/CPLEX in both cost reduction and computational 
efficiency, particularly in large-scale scenarios [17]. 

 Each of these studies highlights the value of heuristic 
and optimization methods in addressing the complex 
logistics challenges found in milkrun systems. While studies 
[8–11] rely heavily on metaheuristics without incorporating 
simpler methods, studies [12–17] combine heuristic 
approaches with additional deterministic algorithms (like 
Linear Programming), offering more balanced solutions. 
Notably, studies [12], [13], and [15] make use of assignation 
matrices, though only as supportive tools rather than primary 
optimization methods. Bányai's contributions [12-13] have 
had a strong influence on my research in this area.  

Collectively, this body of literature demonstrates how 
smart planning, and advanced computational techniques can 
significantly improve supply chain performance. Bányai's 
contributions have had a strong influence on my research in 
this area. 

 
3 MODELLING MILKRUNS WITH ASSIGNMENT MATRICES 

 
Milkrun logistics systems aim to optimize the collection 

and distribution of goods along predefined, often cyclic, 
delivery routes. One effective way to represent and manage 
the decision-making in such systems is using assignment 
matrices.  

 
3.1 Assignment Matrices in Logistics 

 
These matrices are structured grids, usually binary, 

where rows represent delivery points (e.g., suppliers or 
customers) and columns represent vehicles or routes. A value 
of 1 in a cell indicates that a particular point is assigned to a 
specific vehicle, while 0 indicates no assignment. This 
structure allows for a clear and organized formulation of 
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route allocation, facilitating the modelling of key logistics 
decisions such as who serves whom and in what order. 

When transitioning from simple assignment problems to 
more complex transportation problems, the assignment 
matrix can be adapted to include capacity constraints, 
delivery time windows, and route continuity. This transforms 
the matrix from a pure allocation model to a more dynamic 
structure that supports cost-based optimization. In this 
context, cost matrices become essential, incorporating not 
only time and distance but also factors such as human labour 
and machine resources, administrative overhead, installation 
costs, and other relevant parameters. These matrices feed into 
the cost function, typically aiming to minimize total distance 
travelled, fuel consumption, or delivery time. 

To solve these models, deterministic methods are 
preferred when feasible. Linear Programming (LP) and 
Mixed Integer Linear Programming (MILP) formulations 
allow for precise optimization, especially when the problem 
size is moderate, and all parameters are known. These 
approaches are particularly suitable for industrial 
applications where predictability and reliability are 
prioritized over computational speed. 

In more complex or large-scale systems where, exact 
solutions are computationally expensive, minimal heuristic 
approaches may be introduced - often not as a replacement 
for exact methods, but as supporting tools. For instance, 
assignment matrices may be pre-processed using greedy or 
clustering techniques to reduce the problem size before 
applying LP or MILP solvers. In other cases this is often 
solved using heuristic methods, especially in cases with a 
large number of parameters, multiple objectives, or 
weighting, since one of the key requirements of linear 
programming is that the relationships between parameters 
must be linear. 

 
3.2 Assignment Matrices in Logistics 

 
In this chapter, a model is introduced for optimizing 

milkrun routes using assignment matrices. The first step 
involves determining which materials are transported from 
various warehouses, storage locations, or supermarkets to 
specific destinations. This task can be solved efficiently and 
accurately using basic linear programming, producing 
optimal or near-optimal solutions. This process is 
demonstrated in the first table of the case study, where Excel 
Solver’s built-in Simplex LP function was used. 

The minimum number of required milkruns can also be 
calculated easily based on a perfectly constructed assignment 
matrix. In such cases, the minimum is determined by the 
smaller number between the matrix’s rows or columns, for 
example a 4×7 matrix the exact number of assignments is 4. 
However, in transportation problems, adjustments are 
needed, since a single destination, such as a production line, 
may be served by multiple milkruns if one vehicle cannot 
fulfil the demand alone, or if the cost matrix yields a more 
efficient configuration. These decisions are driven by 
material demand and vehicle capacity constraints. 

A distinctive feature of the model lies in its ability to 
reduce the number of milkruns by identifying and merging 

destinations and starting points visited by multiple originally 
assigned routes. Through this consolidation, redundant 
routes can be eliminated, improving overall efficiency and 
lowering transportation costs. 

 

 
Figure 1 Schematic Description of the Model 

 
The schematic operation of the algorithm is shown in 

Fig. 1. Since no new development or proposal has been made 
from a mathematical or algorithmic standpoint, this part will 
not be discussed in detail. Using the distance and cost 
matrices - derived from the positions and other characteristics 
of the points - it is possible to construct the actual assignment 
matrix through relatively simple methods such as LP or 
MILP. This matrix remains unchanged afterward. As 
mentioned earlier, the initial number of routes will equal the 
minimum of the number of rows and columns. The upper part 
of Figure 2 illustrates this: it displays a 4x7 matrix where the 
rows represent four suppliers (starting points), and the 
columns represent seven consumers (destinations). Since the 
number of suppliers is smaller, we start with four initial 
routes, shown in yellow, red, green, and blue. The pale-
coloured cells indicate no delivery, because no connection 
was established by the LP algorithm - while the more vivid 
cells represent active assignments. 

Considering the lower part of Fig. 2, many assignment or 
transport tasks can be reallocated in such a way that a milkrun 
can not only connect destinations but also include other 
starting points in its route, if delivery is required from those 
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points to the target destination. This redistribution can be 
optimized using heuristic, metaheuristic, or greedy methods. 
While greedy methods can sometimes yield optimal solutions 
in smaller problems, for larger instances, the chances of 
reaching a perfect solution are considerably lower. 

 

 
Figure 2 Visual representation of milkrun routes regrouping 

 
Since the process involves extending routes - by 

including starting points that, under the original setup, were 
not meant to be part of the route network - it is almost 
inevitable that the resulting routes will be longer compared 
to the original multiple-route configuration. This can be 
compensated by assigning a high reward weight in the cost 
matrix whenever an existing route is eliminated. 
Unfortunately, determining the appropriate value of this 
weight is largely based on practical experience. If the goal is 
to strongly encourage the reduction of routes, a reward for 
eliminating a route should be roughly the same order of 
magnitude to the total cost of the original cost matrix. 

A simple and practical approach to define the weight of 
a single route is to take the total cost of the original 
distribution and divide it by the number of routes. This can 
be represented as a function of: Summarized cost + n(route) 
× weight(route). In this case, the weight would be roughly on 
the same scale as the original total cost, but removing a route 
would still result in a significant value change, justifying it. 
Of course, this weight can be increased, but doing so would 
diminish the importance of optimizing the internal routing 
network, shifting the focus purely to reducing the number of 
routes. On the other hand, lowering the weight would 
emphasize the optimization of the internal network structure 
rather than simply reducing the number of routes. This is just 
a recommendation, but it is also applied this way in the 
current research. 

When designing and configuring higher-level 
algorithms, special attention must be paid to several critical 
limitations. The most important of these is that a route cannot 
lose an element from the assignment matrix unless that 
element is reassigned to another route, and only if the 
following conditions are satisfied: 
• the element appears in both a common row and column 

(i.e., there is an overlap), 

• the vehicle or storage capacity is sufficient, 
• visit other starting points earlier if multiple destinations 

still have demand from them, 
• the overall cost matrix is reduced as a result with the 

weight of the route elimination. 
 

Heuristic algorithms generally run until they can no 
longer improve the current solution for a significant number 
of iterations, and this is the approach recommended here as 
well. However, in large-scale problems - where matrix sizes 
may reach into the hundreds - there is a high chance that long 
periods go without any improvement. In contrast, running a 
greedy algorithm across various initial swap configurations 
can often yield good solutions early in the optimization 
process. 

 
4 CASE STUDY ON SIMPLE TASK 

 
The actual operation of the model and algorithm will be 

demonstrated on a relatively small, artificially created 
problem. According to the task description, a manufacturing 
company operates 7 product line and has 4 available storage 
points. The actual distances between them are shown in Tab. 
2. The storage locations have different capacities, while the 
production lines have varying demands, represented by unit 
quantities. These demands, along with the distances, are 
displayed in the upper table of Fig. 3. For simplicity, the 
capacity of each milkrun is set to 200 units. In the middle 
table of Fig. 3, the assignment was solved using Excel Solver 
with the Simplex LP method, resulting in the formation of 
four groups starting from the four storage points. Also visible 
in Figure 3, the middle table shows the optimal distances 
between these points, and the bottom table displays the 
optimal route alongside the cost function. In this case, the 
total distance covered is 579.6 meters, and all demands have 
been fully satisfied. 

 
Table 1 Distance matrix of task production 

 
 
By applying the described algorithm, it was not only able 

to reduce the number of milkrun routes by one, but also 
managed to lower the total distance - without the need to 
define any additional weighting factors. This result was 
achieved by merging the two routes originating from S1 and 
S4 through their shared point PL3, using Excel Solver’s built-
in evolutionary algorithm, which also determined the optimal 
sequence. As a result, the total combined distance was 
reduced to 555.2 meters. This can be seen on Fig. 4. 

 

Distance (m) S1 S2 S3 S4 PL1 PL2 PL3 PL4 PL5 PL6 PL7
Storage 1 0 37.5 87.3 155.4 6 67.2 136.3 35.6 71.9 118.9 142
Storage 2 37.5 0 64.8 132.9 43.3 79.9 149.4 14.3 51.6 98 119.5
Storage 3 87.3 64.8 0 101.5 81.3 48.5 118 51.7 20.2 66.6 88.1
Storage 4 155.4 132.9 102 0 149.4 112.4 43.3 119.8 83.5 36.5 13.4
Product Line 1 6 43.3 81.3 149.4 0 61.4 130.5 29.6 65.9 112.9 136
Product Line 2 67.2 79.9 48.5 112.4 61.4 0 93.9 65.6 28.9 75.9 99
Product Line 3 136.3 149.4 118 43.3 130.5 93.9 0 135.1 97.8 51.4 29.9
Product Line 4 35.6 14.3 51.7 119.8 29.6 65.6 135.1 0 38.5 84.9 106.4
Product Line 5 71.9 51.6 20.2 83.5 65.9 28.9 97.8 38.5 0 48.6 70.1
Product Line 6 118.9 98 66.6 36.5 112.9 75.9 51.4 84.9 48.6 0 23.1
Product Line 7 142 119.5 88.1 13.4 136 99 29.9 106.4 70.1 23.1 0
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Figure 3 The initial solution provided by the LP method 

 

 
Figure 4 The final solution by applying the proposed algorithms 

 

 
Figure 5 Visual solutions of the two phases of proposed algorithm 

 
Fig. 5 shows how the algorithm slightly modified the 

route, along with the layout of the facility, from which the 
point locations were accurately scaled and the distances 
calculated. 

 
5 CONCLUSION 
 

The research presented in this paper offers an efficient 
solution to one of the most challenging aspects of milkrun 
logistics: determining the optimal number of delivery routes 

while maintaining cost-effectiveness and service reliability. 
While milkrun systems are widely adopted for supplying 
multi-line or parallel production in manufacturing, route 
planning is still frequently performed manually, which often 
leads to overloaded vehicles, inefficient transport loops, and 
increased operational costs. Recognizing this, the developed 
model builds on the structure of assignment matrices - 
commonly used for transport allocation - but extends their 
function to optimize full milkrun loops. 

Using Linear Programming and Excel Solver's Simplex 
LP method, the initial assignment matrix is generated based 
on distance and cost matrices derived from scaled layout data 
of a production facility. In the test scenario, a manufacturing 
environment with 7 production lines and 4 storage points was 
analysed. The base LP solution initially assigned four routes, 
one per storage location, with a total transportation distance 
of 579.6 meters. However, through the application of 
heuristic optimization—using Excel Solver’s evolutionary 
algorithm—the number of routes was successfully reduced 
from four to three. This was achieved by merging the routes 
from S1 and S4 through a common delivery point, PL3, 
resulting in an optimized transport sequence with a reduced 
total distance of 555.2 meters.  

The proposed model is applicable to any scenario where 
an assignment or transport matrix can be constructed, making 
it highly versatile across different logistics systems and 
manufacturing environments. However, there is still room for 
further improvement, particularly in the first phase of the 
algorithm. A known limitation of this initial phase is that it 
can only handle a limited number of variables effectively. 
This becomes especially problematic when the relationships 
between parameters are non-linear or not appropriately 
weighted. In such cases, even the assignment step may no 
longer be solvable by traditional means and must instead rely 
on heuristic approaches to generate feasible solutions. 
Another issue can be the size and complexity of the problem. 
When dealing with larger matrices or multidimensional 
constraints (e.g., time windows, variable capacities, or 
compatibility rules), the algorithm may not be able to run 
efficiently.  

In summary, this research demonstrates how a structured 
and flexible model based on assignment matrices and 
heuristic algorithms can significantly improve route 
optimization in milkrun logistics. By combining 
mathematical precision with algorithmic adaptability, the 
model contributes a valuable tool for enhancing efficiency in 
modern production supply chains. 
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Printability Analysis of PLA Films Using Flexographic Solvent-Based Ink According to ISO 
Specifications 

  
Dean Valdec*, Igor Majnarić, Luka Valdec 

  
Abstract: This study analyzes the influence of photopolymer plate hardness and mounting tape on print quality in flexography, with a focus on evaluating the optical and colorimetric 
parameters of prints on white PLA film. The experiment was carried out in six variations of printing: two hardness of polymer plates in combination with three hardness of mounting 
tapes. A test image was printed using solvent cyan ink and all key print quality parameters were analyzed, including ink density, tonal values, and CIELAB values in accordance 
to ISO 12647-6:2012 standard. The results showed that combinations using the softer plate with harder tapes provided the optimal balance between halftone precision, solid 
density, and colorimetric accuracy. Combinations using the harder plate resulted in lower ink transfer but also less dot gain. Microscopic analysis revealed that combinations of 
harder plates with softer tapes led to lower ink film uniformity. The study provides useful guidelines for optimizing flexographic printing on PLA substrates. 
 
Keywords: flexography; mounting tape; polymer plate; PLA films; print quality 
  
  
1 INTRODUCTION 
  

Flexography (often abbreviated to flexo) occupies a 
leading position in the packaging industry due to its ability to 
print on a wide range of substrates, including plastics, paper, 
cardboard, metallized films and non-absorbent substrates [1]. 
Technological developments in the last decade have enabled 
a significant improvement in the quality of reproduction in 
flexographic printing, bringing this technique significantly 
closer to the quality of gravure and offset printing, especially 
in segments such as flexible packaging printing, roll-to-roll 
labels and shrink sleeves [2]. One of the key challenges in 
flexographic printing is achieving consistent print quality, 
which includes control of optical density, tonal values, dot 
formation and color fidelity [3-5]. Parameters that 
significantly affect these aspects of print quality are the 
characteristics of the elements that directly participate in the 
printing process and create pressure on the substrate – 
primarily clichés and mounting tapes. Polymer clichés, made 
of flexible photopolymer materials, are available in different 
hardnesses, which allows adaptation depending on the type 
of print, printing substrate and print quality requirements [6]. 
The hardness of the cliché affects the volume of ink transfer, 
the contact pressure between the printing plate and the 
printing substrate, and the level of deformation of the cliché 
in the printing zone [7].  

An equally important role is played by the mounting 
tape, which attaches the cliché to the plate cylinder. 
Depending on its hardness and compressibility, the tape can 
soften or intensify the deformations that occur under the 
pressure of the nip contact, which affects the reproduction of 
fine details, the stability of the halftone dot and the 
appearance of unwanted artifacts such as mottle, pinholing 
and halo effect [8]. Soft tapes enable better contact on 
rougher surfaces and a larger volume of ink transfer, while 
hard tapes ensure greater sharpness and control of halftone 
reproduction, but at the same time increase the risk of 
excessive pressure and cliché deformation [9]. 

The relationship between the hardness of the mounting 
tape and the cliché can be viewed as a dynamic system in 
which complex mechanical interactions occur during 
printing. In this system, it is particularly important to 
understand how these interactions affect measurable print 
quality parameters. Among them, the solid color density 
provides information about the amount of ink transferred, 
while the halftone values show how accurately the printing 
system has transferred the ink to the substrate. Colorimetric 
reproduction accuracy, expressed in terms of CIELAB 
coordinates, additionally describes how visually faithful the 
color in the print is to the reference.  

For the purposes of quality control and mutual 
comparison of prints, the international standard ISO 12647-6 
is used in flexo printing, which defines reference values and 
tolerances for key reproduction parameters [10]. The use of 
ISO standards allows for objective assessment of results and 
comparison with industry norms. 

One of the most commonly used materials in the 
production of flexible packaging is low-density polyethylene 
(LDPE). However, an environmentally friendly alternative, 
polylactic acid (PLA), is one of the most promising 
biopolymers in the field of sustainable packaging [11]. Its 
application in flexible packaging is becoming increasingly 
important given the increasingly stringent environmental 
regulations and growing public concern about plastic 
pollution [12]. PLA can be formed using standard plastic 
processing technologies such as extrusion, film blowing and 
lamination. As a material for flexible packaging, PLA films 
are most often produced in thicknesses of 40 – 50 microns 
and are used for the production of food packaging, bags and 
laminated multilayer materials. 

Milky white PLA film are increasingly used in flexible 
packaging due to its visual neutrality, compatibility with 
printing inks, and the ability to replace white-colored PE/PP 
films [13]. In addition, white PLA film provides a light 
barrier, which is important for the protection of 
photosensitive products (e.g., food and cosmetics). In the 
context of printing, PLA represents a challenging substrate 
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due to its low surface energy, which makes it difficult for inks 
to adhere and requires additional surface preparation before 
printing, such as corona treatment (surface tension, σ ≥ 38 
dyn/cm) [14, 15]. For this reason, the quality of printing on 
PLA film largely depends on the optimization of all printing 
parameters – including the choice of clichés, mounting tapes, 
ink types, and printing conditions. In flexographic printing, 
PLA is most often used in combination with solvent inks that 
provide better adhesion and abrasion resistance.  

Given the ubiquity of PLA films in modern packaging 
solutions, the study of parameters that affect the print quality 
on this material is of high practical importance. The results 
of this research can contribute to the optimization of the 
printing process, especially in production conditions where it 
is important to reconcile the requirements for high print 
quality with the economy and repeatability of the process.  
 
2 METODOLOGY 
  

As part of this research, an experimental method (Fig. 1) 
was designed to test the influence of the hardness of the 
mounting tape and the hardness of the polymer cliché on the 
quality of solid tone and halftone reproduction in the 
flexographic printing process.  

 

 
Figure 1 Research framework 

 
For the purposes of the research, an industrial flexo 

machine for printing flexible packaging was used, and a 
milky white PLA film, 40 µm thick, was selected as the 
printing substrate. This material was chosen because of its 
competitiveness with classic white PE and PP films, with the 
additional advantage of compostability and environmental 
friendliness [16]. Its optical properties as well as physical 
characteristics, especially non-absorbentness and flexibility, 
make color reproduction challenging. It is most often used in 
the packaging industry for food products and hygiene 
products. 

 
 
 
 

2.1 Digital Platemaking Process  
 
The experimental part of this study began with the 

creation of a test image containing color control patches. 
These measuring patches allow for the evaluation of print 
quality using recognized and validated scientific methods 
and techniques. An amplitude modulated halftone screen, 
150 lpi line screen with a round dot shape was used in the 
screening process. Two types of polymer plates of different 
hardness, manufactured by DuPont, were used to make the 
printing plate. The first is a softer plate (Cyrel EASY ESE), 
hardness 65 – 67 Shore A, intended for rougher printing 
substrates and lower printing pressures. The second is a 
harder plate (Cyrel EASY DPR), with a hardness of 74 – 76 
Shore A, which is intended for smooth printing substrates and 
more demanding halftone reproduction. Both clichés were 
made using the digital CTP process (Computer-to-Plate) on 
the ESKO CDI Spark 4260 device, using the principle of 
laser removal of the LAMS layer of the polymer plate (Laser 
Ablation Mask System), which ensured high precision in the 
production of printing elements. The cliché thickness was 
standard – 1.14 mm, which meets the requirements for 
packaging flexographic printing. 
 
2.2 Printing Process 

 
Printing was performed on an eight-color UTECO 

Diamond HP 808 central drum flexographic press with a web 
width of 1250 mm. The process followed the "from roll-to-
roll" principle at a printing speed of 200 m/min, using cyan 
solvent-based inks. The plates were mounted on the plate 
cylinder using 3M Cushion-Mount E-series mounting tapes, 
all 0,38 mm thick, which differed in hardness 
(compressibility). Three types of tapes were used: 
• E1915 Plate Mounting Tape (Pink): soft tape, 

characterized by high compressibility, suitable for a 
more even print and better adaptation to uneven surfaces 
(abbreviated term in the article: Soft Tape) 

• E1015 Plate Mounting Tape (White): medium-hardness, 
standard variant suitable for balanced reproduction 
(abbreviated term in the article: Medium Tape) 

• E1715 Plate Mounting Tape (Blue-Green): hard tape, 
low compression, which ensures better edge formation 
on the print, but can increase mechanical pressure on the 
dots (abbreviated term in the article: Firm Tape). 
 
The printing experiment (Tab. 1) was performed in six 

stages, and in each stage different hardness of the polymer 
cliché (Softer and Harder) and different hardness of the 
mounting tape (Soft, Medium and Firm) were used. Each of 
the two polymer clichés was mounted on the plate cylinder 
using three different mounting tapes, resulting in six 
combinations. The test image contained elements for 
quantitative and qualitative analysis of the print. Solid tone 
patches were included in the test image to measure optical 
density and CIELAB values, as well as halftone patches of 
25%, 50% and 75% tonal values, which enabled the 
evaluation of actual tonal values on the print.  

 

Comparison of the printing quality and optimization                                   
of the production process

Evaluation print quality
Densitometry Color differences Ink film topography

3M Cushion plate mounting tape – thickness 0,38 mm
E1915 (Pink) , Soft E1015 (White), Medium E1715 (Teal), Firm

DuPont photopolymer plate – thickness 1, 14 mm
Cyrel EASY ESE 45; 65-67 Sh. A Cyrel EASY DPR 45; 74-76 Sh. A 

Digital platemaking – LAMS technology
AM screening 150 lpi Round Dot Shape
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Table 1 Technical specifications of the printing process 
Printing Specifications 

Flexo printing press UTECO Diamond HP 808 Mod 120 Flexo CI 
Printing Press, 8 colors 

Printing speed 200 m/min 
Web / print width 1250 / 1200 mm 
Print repeat min-
max 360 – 800 mm 

Flexo ink Sun Chemical SunSpectro Process Cyan solvent 
based ink 

Substrate PLA Milky White Film; thickness 40 μm 
Plate mounting tape,  thickness 0,38 mm (0,015 inch) 

Tape 1 3M Cushion-Mount Plate Mounting Tape E1915, 
Polyethylene Foam, Pink, Soft 

Tape 2 3M Cushion-Mount Plate Mounting Tape E1015, 
Polyethylene Foam, White, Medium 

Tape 3 3M Cushion-Mount Plate Mounting Tape E1715, 
Polyethylene Foam, Teal, Firm 

Photopolymer plate, thickness 1,14 mm (0,045 inch) 

Polymer 1 DuPont Cyrel EASY ESE 45,  
Hardness 65-67 Shore A – Softer plate 

Polymer 2 DuPont Cyrel EASY DPR 45,  
Hardness 74-76 Shore A – Harder plate 

 
Plate-to-substrate printing pressure is a factor that has a 

major impact on ink transfer and is defined by nip 
engagement (Fig. 2). The nip engagement between the plate 
and the substrate was kept constant throughout the 
experiments at 75 μm, as any variation in this parameter 
would affect the deformation of the plate against the 
substrate. Nip is a line of contact between two rolls, plate and 
impression cylinder. Nip engagement is the positive 
displacement of the printing plate to the substrate, specified 
in μm, which increases the printing pressure [17]. 
 

 
Figure 2 Positive nip engagement between the polymer plate and the substrate 

 
Lower pressure (nip engagement < 50 μm), makes it 

difficult to transfer ink evenly, primarily when printing on 
rough printing surfaces. Conversely, if the pressure is too 
high (nip engagement exceeds 150 μm), the dots will be 
compressed further, leading to potential deformities [18]. 

A test form was printed in single color – cyan, using 
solvent ink. Using one color allowed for isolation of the 
analyzed parameters and avoidance of interference between 
colors. The ink was previously prepared and brought to 
optimal viscosity in accordance with the manufacturer's 
recommendations and maintained uniformly throughout the 
printing process.  

2.3 Evaluation  
 
To ensure objectivity and comparability of the results, all 

measurements were performed in accordance with the 
international standard ISO 12647-6:2012 [10]. According to 
this standard (for standard flexographic printing), reference 
CIELAB values for solid tone process inks are defined and 
are valid for printing on white printing substrates (films and 
papers) that do not contain optical brighteners. Reference 
CIELCH values (rounded to the nearest integer) are also 
defined based on the CIELAB values. The values refer to 
standard measurement conditions under D50 illumination 
and a viewing angle of 2°. Tolerances for L*, a*, b* (±3) and 
tolerances for C*, h° (±4) are used for precise control of 
individual components of process inks under industrial 
printing conditions, to ensure that printers can reproduce 
colors correctly despite small variations. In this way, 
tolerances allow the reproduction of perceptually similar 
colors, but even within this range, differences in perception 
may occur. The different tolerance for the CIELAB and 
CIELCH systems is related to the way colors are defined in 
3D color space (coordinate or cylindrical system) and how 
the difference between colors is perceived. 

However, as a key condition for determining an 
acceptable perceptual difference between colors in the 
flexographic printing industry, the parameter Δhab < 6° is 
used, and it refers to the change in color hue. Δhab is a wider 
tolerance that allows greater perceptual freedom in color, 
taking into account even a small change in chromaticity and 
lightness. The reason lies in the fact that people do not 
perceive colors equally in all directions: even a small change 
in chromaticity (C*) or lightness (L*) can mean that two 
colors can have different perceptions despite a minor 
difference in hue (h°). As specified by ISO 12647-6:2012, the 
recommended CIE LAB values of the print substrate are as 
follows: L* should be greater than 88, a* should range from 
–3 to +3, and b* should range from –5 to +5. The tested PLA 
printing substrate meets the stated criteria (L* = 91,59%, 
a* = – 0,23, b* = 1,56) and has a slight yellowish tone, 
characteristic of white biodegradable films, as shown by the 
positive value of the b* coordinate. 

Each of the six variations characterized by the overall 
compressibility of the printing plate to the substrate was 
applied in the printing process with the same parameters – 
printing speed, pressure force and ink viscosity – to eliminate 
the influence of external variables. 

Colorimetric and densitometric measurements of the 
prints were taken using an X-Rite Exact handheld 
spectrometer with a 45°/0° geometry, lighting conditions 
D50/2°, and a 2 mm aperture size. The average value of three 
measurements is calculated for each observed print quality 
parameter. The increase in tone value, considered the primary 
indicator of reproduction quality, is defined as the difference 
between the measured and nominal dot area coverage of the 
corresponding color patches. Tonal value increase (TVI) is 
not necessary fully compensated, as this would result in color 
reproduction that is too light. A controlled TVI within the 
limits specified by the ISO standard is entirely acceptable 
phenomenon. 
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Tab. 2 presents subjective color difference metrics that 
align with human perception, utilizing the CIEDE2000 
equation, which more accurately reflects how human 
observers perceive color differences [20]. 

 
Table 2 Subjective color difference metrics based on the CIEDE2000 equation [20] 

k ΔEmin(k) ΔEmax(k) Perception of color differences 
1 0,0 0,5 Hardly 
2 0,5 1,5 Slight 
3 1,5 3,0 Noticeable 
4 3,0 6,0 Appreciable 
5 6,0 12,0 Much 
6 12,0 24,0 Very much 
7 24,0 ∞ Strongly 

 
For analyzing the uniformity of the ink film on the print, 

solid cyan patches were captured throughout all six stages of 
the printing experiment. For this analysis, a Dino-Lite 
AM4000 digital microscope was employed, featuring a 1,3 
MP resolution and an integrated LED light for enhanced 
color sample visualization. Samples were captured at 200× 
magnification and a resolution of 1280×1024 pixels. The 
Interactive 3D Surface Plot feature, integrated into the 
ImageJ 1.47 software, was utilized for processing and 
analyzing the microscopic images. 

This methodological approach enabled a clear 
identification of the impact of individual components of the 
printing system on solid tone and halftone reproduction, as 
well as making recommendations for optimizing printing in 
flexographic packaging production. 

 
3 RESULTS AND DISCUSSION 
3.1 Colorimetric Values of Solid Cyan 

 
Using the measured CIELAB and corresponding 

CIELCH values for solid cyan (Tab. 3) across the six stages 
of the printing experiment, along with the reference values 
specified by the ISO 12647-6:2012 standard, color difference 
value, difference in lightness and hue difference of the 
samples were calculated (Tab. 4).  
 

Table 3 Colorimetric CIELAB and CIELCH values for solid cyan 
Solid Cyan L (%) a* b* Cab (%) hab (°) 

Reference 
ISO 12647-6 54 ± 3 ‒37 ± 3 ‒50 ± 3 63,0 ± 4 233° ± 4° 

So
fte

r  
Pl

at
e 

Soft  Tape 52,02 ‒33,61 ‒55,24 64,66 238,68 
Medium 
Tape 51,56 ‒34,75 ‒51,75 62,33 236,12 

Firm Tape 51,65 ‒35,92 ‒52,61 63,70 235,68 

H
ar

de
r 

Pl
at

e 

Soft Tape 56,78 ‒34,38 ‒57,84 67.29 239,27 
Medium 
Tape 55,95 ‒35,85 ‒57.88 68,08 238,22 

Firm Tape 56,18 ‒35,18 ‒56,89 66,89 238,27 
 
The graph in Fig. 3 shows the values of tolerances ΔE₀₀, 

Δhab and ΔL for the solid tone of cyan for six stages of the 
printing experiment compared to the permitted deviations 
defined in accordance with the ISO 12647-6:2012 standard, 
which are shown in the figure with dashed lines. 

The ΔE₀₀ values, which represent the total visual 
difference between the printed color samples and the given 
reference, in all combinations except for the combinations of 

the softer cliché with the Medium and Firm tape slightly 
exceed the upper tolerance limit (ΔE₀₀ = 3). For the two 
highlighted samples, the values are within the recommended 
tolerance (ΔE₀₀ ≈ 2.5), and according to Tab. 2, the 
difference in color is "Noticeable", while for the other four 
samples it is already "Appreciable". 
 

Table 4 Difference in lightness and hue, color differences for solid cyan 
Solid Cyan ∆L ∆E00 ∆hab 

Reference ISO 12647-6 ∆L ≤ 3 ΔE00 ≤ 3 Δhab < 6° 

So
fte

r  
Pl

at
e Soft Tape ‒1,98 3,03 5,68 

Medium Tape ‒2,44 2,65 3,12 
Firm Tape ‒2,35 2,51 2,68 

H
ar

de
r 

Pl
at

e Soft Tape +2,78 3,81 6,27 
Medium Tape +1,95 3,09 5,22 
Firm Tape +2,18 3,13 5,27 

 

 
Figure 3 Tolerance values for solid cyan in relation to the permitted values 

according to the ISO 12647-6:2012 
 

However, ΔE₀₀ does not say anything about the 
colorimetric color change of the samples, but only 
determines whether the deviation is acceptable or not. A 
similar pattern to the ΔE₀₀ deviation can be seen in the Δhab 
values, which represent the change in color hue expressed in 
degrees – the smallest changes were also noted for 
combinations of the softer cliché with Medium and Firm 
tape. The biggest deviations in the color hue were observed 
in combinations with Soft tapes, where the values of Δhab are 
at the upper limit of the deviation of 6°. This indicates the 
mechanism that Soft tapes, due to its greater compressibility, 
enable increased cliché contact with the substrate, which 
leads to increased ink transfer (Fig. 4, image A).  

 

 
Figure 4 Compressibility effect of the hardness of the mounting plate on the total 

impression pressure  
 
The ΔL value indicates the difference in lightness of the 

sample compared to the reference. Negative values mean that 
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the print is darker than the reference, while positive values 
indicate a lighter result. All combinations with a softer cliché 
showed negative ΔL values (ΔL ≈ –2), which indicates a 
slightly darker print, but still within tolerance. On the other 
hand, the use of a harder cliché resulted in lighter prints, with 
the largest deviation in the combination with Soft tape 
(∆L = +2,78), and with increasing tape hardness these 
deviations decrease. These results confirm the assumption 
that harder clichés transfer less ink due to its lower 
compressibility and reduced contact with the printing 
substrate (Fig. 4, image B), which at the same time gives a 
significant tone deviation Δhab > 5°. 

 
3.2 Halftone Reproduction 

 
In contemporary graphic technology, print quality is 

largely determined by the fidelity of halftone dot 
reproduction. The densitometric measured method enables 
evaluation of all significant print quality parameters. A key 
factor that affect print quality and the accuracy of dot 
reproduction is the variation in dot size, which can lead to 
shift in tone and brightness of color. Therefore, defining TVI 
is a crucial parameter for characterizing print processes. 
Table 5 shows the values of the optical density and TVI of 
cyan measured at three characteristic measurement patches 
(25%, 50% and 75% TV) for the six phases of the printing 
experiment. The table also contains the TVI reference values 
in accordance with ISO specifications for comparison. 

 
Table 5 Optical density and tone value increase for cyan sample 

Combinations Plate / Tape Optical Density 
OD 

Tone Value Increase 
 TVI (%)  

25 % 50 % 75 %  
Softer Plate / Soft Tape 1,44 22,61 29,93 21 
Softer Plate / Medium Tape 1,55 23,18 32,02 21,57 
Softer Plate / Firm Tape 1,60 24,23 33,82 21,95 
Harder Plate / Soft Tape 1,08 15,49 20,24 14,06 
Harder Plate / Medium Tape 1.,19 19,19 23,94 17,77 
Harder Plate / Firm Tape 1,25 20,52 25,27 18,15 
ISO 12647-6:2012 - 14,00 18,70 13,20 

 
Based on the results of measurements at three key 

measuring patches, the TVI curves are presented graphically 
(Fig. 5). Although the curves do not precisely show the 
reproduction of all tones, they give sufficient insight into how 
much each stage of the printing experiment deviates from the 
recommendations of the ISO standard.  

TVI in midtones is considered a key criterion for 
controlling halftone reproduction, as it directly reflects the 
degree of dot deformation and can result in loss of detail. 
According to ISO 12647 6:2012, the reference value for TVI 
at 50% is 18,7%. The results of TVI with six different 
combinations showed a clear demarcation of performance 
precisely in the midtones. 

The minimum TVI (~ 20%) was achieved with the 
Harder Plate / Soft Tape combination. This result confirms 
the theoretical assumption of mechanical interaction in 
printing: the harder polymer plate provides resistance to 
deformation, while the soft tape alleviates the contact 
pressure and prevents the spread of the halftone dots. As a 

result, the dots remain well formed, but with minimal ink 
transfer, which is reflected in lower solid densities 
(D = 1,08). Such a print provides exceptional dot sharpness, 
but may result in slightly lighter and less saturated tones. 

 

 
Figure 5 TVI curves of six stages of printing experiment 

 
The highest TVI (~ 32%) was achieved with the 

combination of the softer plate with the harder tapes. During 
the interaction in printing, the opposite mechanism occurs 
compared to the previously mentioned: the soft cliché, under 
the pressure of the hard tape, significantly deforms and 
expands the halftone dots and transfers much more ink. This 
effect results from the high degree of compressibility of the 
soft polymer plate, which, together with the hard tape, 
significantly presses the ink onto the substrate, enabling 
maximum ink transfer (D > 1,55). The result is highly 
saturated tones, but also blurred and filled halftone dots. 
Furthermore, the combination of Softer Plate / Medium Tape 
shows optimal values because the halftone dots remain sharp 
enough without excessive deformation, and the solid tone are 
saturated enough to meet commercial requirements. 

 
3.3 Ink Film Topography 
 

In addition to the colorimetric and densitometric values, 
the print quality of cyan throughout the six experimental 
stages was also assessed by examining the uniformity of the 
ink film on the print and the presence of pinholing effect, 
which is carried out using image analysis [21].  

Microscopic images of the solid cyan for evaluation are 
examined with the ImageJ software (using the Interactive 3D 
Surface Plot feature), which translates optical density into 
corresponding height values to illustrate the thickness of the 
ink film [22]. During the transformation, the Invert option 
was enabled to ensure that the darkest areas—indicating the 
thickest ink film—would appear at higher elevations in the 
visualization (Fig. 6). 

The optical density projection clearly shows greater 
uniformity or smoothness of the surface when using softer 
polymer plates (Stages I – III). Furthermore, improved 
surface uniformity of both polymer plates occurs when using 
mounting tapes of higher hardness (Fig. 6, right images). The 
rightmost samples have a notably smoother surface texture 



Dean Valdec at al.: Printability Analysis of PLA Films Using Flexographic Solvent-Based Ink According to ISO Specifications 

430                                                                                                                                                                               TECHNICAL JOURNAL 20, 3(2026), 425-431 

and show fewer visible pinholes compared to the samples on 
the left side (Fig. 6). The appearance of pinholing can be 
caused by various factors, and one of the most significant is 
the thickness of the ink film, which correlates directly with 
the hardness of the polymer plate. 

 

 
Figure 6 Topographic visualization of solid cyan across various printing stages 

 
4 CONCLUSION 
  

The analysis reveals that the hardness of the mounting 
tape and polymer cliché is a critical factor in print quality. 
However, no combination of these parameters achieves 
perfect performance across all measured criteria. Optimal 
reproduction of a solid tone depends not only on the amount 
of transferred ink (as indicated by ΔL), but also on the 
chromatic characteristics of the color. The combination of a 
softer cliché with a Medium and Hard tape shows the best 
results for a solid tone: ΔE₀₀ ≈ 2,5; Δhab ≈ 3 with a slightly 
darker print (ΔL = –2,4). However, the combination of harder 
plate with Medium tape proved to be the best for halftone 
reproduction (TVI50 = 20,2%), with optimal tolerance values 
for solid tone. This combination allows for a balanced 
interaction and creates a good compromise between dot 
sharpness and solid tone coverage.  

The soft polymer itself adapts more to the printing 
substrate. If combined with a tape that is too soft, the overall 
compressibility is very high, which leads to excessive ink 
transfer and therefore an unstable solid tone print (Δhab ≈ 6). 
This also leads to excessive TVI in the print, which results in 
reduced contrast and closure of fine details. On the other 
hand, in combination with harder tapes (Medium and Firm), 
better control is obtained, while still allowing sufficient ink 
transfer due to the elasticity of the polymer. 

These patterns consistently confirm the theoretical 
framework, according to which the hardness of the printing 
plate determines the resistance of the halftone dots to 
deformation, while the hardness of the tape modulates the 
contact pressure between the polymer plate and the substrate. 
The combination of a harder plate and a soft tape optimally 
preserves details, while a softer plate with a harder tape 
maximizes ink transfer. If dot sharpness and fine details are 
a priority (small text and thin lines), the Harder cliché / Soft 

tape combination is recommended, as it guarantees the most 
faithful reproduction. Conversely, when the main goal is 
color intensity and a strong visual impression (background 
tones on packaging), the Softer plate / Hard tape combination 
is optimal. Combinations with Medium tape provide a stable, 
intermediate option that balances well between halftone dot 
sharpness and color saturation. 

In future research, it is recommended to extend the 
analysis to other colors, substrate types and process 
parameters to ensure broader applicability of the conclusions 
obtained. 
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Implementation of a Real-Time Maize Leaf Disease Detection System Using Raspberry Pi 5 
and YOLOv8 

 
Samuel Owoeye*, Folasade Durodola, Chibuzor Evwidonor, Sikirulahi Abdulkareem, Emmanuel Popoola, Idowu Akinode 

 
Abstract: Maize, a staple cereal crop globally, faces significant yield challenges due to foliar diseases. This study presents an innovative real-time maize leaf disease detection 
system integrating a YOLOv8 deep learning model with a custom-designed Unmanned Aerial Vehicle (UAV). The system targets three prevalent maize diseases: Grey leaf spot, 
common rust, and northern leaf blight. Trained on 10,239 images, the YOLOv8 model, comprising 168 layers and 3,006,233 parameters, achieves 8.1 GFLOPs with an inference 
speed of 6.3ms per image. Performance evaluation reveals a mean Average Precision (mAP@0.5) of 0.836 and mAP@0.5:0.95 of 0.681 across all classes, with high accuracy 
for common rust (Precision: 0.953, Recall: 0.979) and grey leaf spot (Precision: 0.919, Recall: 0.892). The custom UAV, designed for agricultural surveying, features a thrust-to-
weight ratio of 5.85, ensuring stable flight with the 140g payload of a Raspberry Pi 5 and Camera Module V2. With a total weight of 605g and a 3S 5000mAh LiPo battery, the 
drone achieves an estimated flight time of 5.3 minutes, balancing survey coverage with real-time disease detection capabilities. The integration of this high-performance model 
with an efficient UAV platform represents a significant advancement in precision agriculture, enabling early disease intervention and targeted treatment strategies, thus promoting 
sustainable farming practices through optimized resource allocation and potential reduction in pesticide usage.  
 
Keywords: crop management; deep learning; disease detection; maize; real-time system; UAV; YOLOv8 
 
 
1 INTRODUCTION 
 

Maize (Zea mays L.) is one of the most important cereal 
crops worldwide, serving as a staple food and a key 
component in livestock feed and industrial products. Leaf 
diseases in maize, such as Northern Corn Leaf Blight, 
Common Rust, and Gray Leaf Spot, pose significant threats 
to crop productivity and quality Early and accurate detection 
of these diseases is essential for effective crop management 
and ensuring food security   [1]. Traditional methods of 
disease detection involve manual inspection by experts, 
which can be time-consuming, labour-intensive, and prone to 
human error [2]. Moreover, the scarcity of trained 
pathologists and the subjective nature of visual assessments 
can lead to inconsistent and delayed diagnoses, exacerbating 
the spread of diseases and affecting crop productivity [3]. 

Recent advancements in artificial intelligence (AI) and 
deep learning have paved the way for innovative solutions in 
agricultural diagnostics. Among these, the YOLO (You Only 
Look Once) object detection algorithm has gained 
prominence due to its real-time detection capabilities and 
high accuracy in various computer vision tasks [4]. YOLOv5, 
the latest iteration of this model, offers improved 
performance in terms of speed and precision, making it a 
suitable candidate for real-time agricultural applications [5] 
[6].  

There is a need for an automated, real-time system that 
can accurately identify maize leaf diseases on small, medium, 
and large-scale farms. Such a system would enable timely 
interventions, reducing the spread of diseases and 
minimizing crop losses. 

This research proposes the implementation of a real-time 
maize leaf disease detection system utilizing the YOLOv5 
deep learning model deployed on a computer. The system is 
designed to provide farmers with a cost-effective and 
efficient tool for monitoring crop health, thereby reducing 
reliance on manual inspections and expert consultations. By 

facilitating early disease detection and management, the 
proposed system aims to enhance crop yield and 
sustainability. 

The subsequent sections of this paper will detail the 
methodology used for data collection, model training, and 
system deployment. Additionally, the system’s performance 
will be evaluated based on accuracy, detection speed, and 
usability in field conditions. This study aspires to contribute 
to the broader field of precision agriculture, leveraging AI to 
address critical challenges in crop management and food 
security. 
 
2 LITERATURE REVIEW 
 

Historically, maize leaf disease detection relied heavily 
on visual inspection by trained experts. This method, while 
valuable, has several limitations including being time-
consuming, labour-intensive, and prone to human error [7, 8, 
9]. The scarcity of trained pathologists and the subjective 
nature of visual assessments can lead to inconsistent and 
delayed diagnoses, potentially exacerbating disease spread 
and impacting crop yields [10]. 

Recent advancements in computer vision and machine 
learning have paved the way for automated, image-based 
disease detection systems. These methods offer the potential 
for more objective, scalable, and efficient disease diagnosis. 

Early attempts at automated maize leaf disease detection 
often employed classical machine learning techniques. 
Wiesner-Hanks et al. [11] developed a system using Support 
Vector Machines (SVM) to classify Northern Leaf Blight 
lesions in maize. Their approach achieved promising results 
but was limited by the need for handcrafted features.  Xie et 
al.  [12] proposed a method combining K-means clustering 
for image segmentation and Probabilistic Neural Networks 
for the classification of maize leaf diseases. While effective, 
this approach struggled with complex backgrounds and 
varying light conditions. The advent of deep learning has 
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significantly improved the accuracy and robustness of maize 
leaf disease detection systems. Convolutional Neural 
Networks (CNNs) have become particularly popular due to 
their ability to automatically learn relevant features from 
images. DeChant et al. [13] utilized a CNN architecture to 
detect Northern Leaf Blight in maize, demonstrating high 
accuracy in both controlled and field conditions, their model 
outperformed traditional machine learning methods, 
highlighting the potential of deep learning in this domain. 
Ghosal et al. [14] proposed a novel deep-learning framework 
called DeepCorn for identifying multiple foliar stresses in 
maize plants. Their system could differentiate between biotic 
and abiotic stresses, showcasing the versatility of deep 
learning approaches.  
 
2.1 Mobile and IoT-based Detection Systems 
 

With the proliferation of smartphones and Internet of 
Things (IoT) devices, researchers have explored more 
accessible and real-time disease detection solutions. 
Ferentinos [15] developed a mobile application using a CNN 
model for on-field diagnosis of plant diseases, including 
those affecting maize, this approach brings disease detection 
capabilities directly to farmers, enabling quicker response 
times. Cambaza et al. [16] integrated IoT sensors with image-
based disease detection, creating a comprehensive system for 
monitoring maize crop health. Their approach combined 
environmental data with visual symptoms, improving the 
accuracy of disease diagnosis. 
 
2.2 Hyper-spectral and Multispectral Imaging 
 

Advanced imaging techniques such as hyper-spectral 
and multispectral imaging have shown promise in early 
disease detection, often before visible symptoms appear. 
Mahlein [17] demonstrated the use of hyper-spectral imaging 
for detecting and differentiating various maize leaf diseases 
at early stages. This technology offers the potential for pre-
symptomatic disease detection, although its application in 
field conditions remains challenging due to cost and 
complexity. 
 
3 METHODOLOGY 
3.1 System Architecture 
 

The proposed maize leaf disease detection system consists 
of two main components: 
1) YOLOv8 Model: A deep learning model trained to 

detect three categories of maize leaf diseases. 
2) Drone-mounted Raspberry Pi 5: The disease detection 

model is deployed on a Raspberry Pi 5, which is mounted 
on a custom-designed drone along with a Raspberry Pi 
Camera Module V2. 

 
Fig. 1 illustrates the complete system architecture, 

displaying the integration of the drone, Raspberry Pi 5, and 
camera module. 

 

 
Figure 1 Full system architecture of the maize leaf disease detection system 

 
3.2 Data Collection and Preprocessing 
 

The data set used for training the YOLOv8 model was 
sourced from Roboflow and comprises images of maize 
leaves exhibiting various disease symptoms. The data was 
cleaned to focus on three specific diseases: Northern Leaf 
Blight, Common Rust, and Grey Leaf Spot. Tab. 1 
presents the distribution of images across different 
categories and data-set splits. Fig. 2 showcases examples 
of the three maize leaf diseases included in the data set. 
 

 

 
Figure 2 Examples of maize leaf diseases used in the study 

 
Table 1 Distribution of maize leaf image data set used in the study 

Conditions Number of Images 
Northern Leaf Blight 3120 
Common Rust 3057 
Grey Leaf Spot 4062 
Total Training Data 5159 
Total Validation Data 4500 
Total Test Data 580 
Total Data 10239 
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3.3 Model Development 
 

The development of the maize leaf disease detection 
model followed a structured process, as illustrated in Fig. 3. 
The YOLOv8 nano model was selected for this project due 
to its balance of accuracy and computational efficiency, 
making it suitable for deployment on edge devices like the 
Raspberry Pi 5. The model was trained using PyTorch and 
the Ultralytics YOLOv8 implementation. 
 

 
Figure 3 Flowchart of the model development procedure 

 
3.4 Model Training and Evaluation 
 

The training process involved fine-tuning the YOLOv8 
nano model on our curated data set. The transfer learning 
techniques were used to leverage pre-trained weights, which 
were then adapted to our specific maize leaf disease detection 
task. The model’s performance was evaluated using various 
metrics, including precision, recall, F1-score, and mean 
Average Precision (mAP). Figs. 4 to 8 present the detailed 
performance analysis of the trained model. 
 

 
Figure 4 Precision-Recall curve for the trained model 

 
Figure 5 F1-Score curve for different confidence thresholds 

 

 

 

 

 
Figure 6 Training and validation metrics over epochs 

 
3.5 System Deployment 
 

After training and validation, the YOLOv8 nano model 
was converted to a format compatible with the Raspberry Pi 
5 (.pt format). An environment was set up on the Raspberry 
Pi 5 to run the inference script. 
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Figure 7 Normalized confusion matrix for disease classification 

 

 
Figure 8 Label correlogram showing relationships between disease classes 

 
3.6 Drone Design and Integration 
 

The disease detection system was integrated with a 
custom-designed drone to enable aerial surveys of maize 
fields. Fig. 9 shows the complete drone setup with the 
mounted Raspberry Pi 5 and camera module. 
 
3.6.1 Drone Payload and Weight Calculation 
 

The drone’s payload and overall weight were carefully 
calculated to ensure stable flight and sufficient endurance. 
Tab. 2 provides a breakdown of the drone’s components and 
their respective weights. 
 
 
 

3.6.2 Thrust and Power Calculations 
 

To ensure stable flight and sufficient endurance, 
detailed thrust and power calculations were performed. The 
total thrust of the motors was calculated to be 3540 g, 
resulting in a thrust-to-weight ratio of approximately 5.85. 
This high ratio ensures stable flight and manoeuvrability. 
Power calculations determined that the drone’s 3-cell (3S) 
Li-Po battery, with a nominal voltage of 11.1V and a 
capacity of 5 Ah, provides approximately 5.3 minutes of 
flight time. The total current draw, including the Raspberry 
Pi 5, was calculated to be 45 A.  
 

 
 

 
Figure 9 Custom-designed drone with mounted Raspberry Pi 5 and camera 

module 
 

Table 2 Breakdown of drone component weights 
Component Weight (g) 

Pi Camera 20 
Raspberry Pi 5 50 
Flight Controller 20 
Propellers (4 units) 28 
Frame 90 
Battery 265 
ESC (4 units) 28 
Motors 54 
Total Payload 140 
Total Drone Weight (without payload) 465 
Total Weight (with payload) 605 

 
3.7 Field Testing 
 

The integrated system was subjected to field tests to 
evaluate its performance in real-world conditions. Fig. 10 
shows the drone during a field test, capturing images of 
maize crops for disease detection. These tests helped validate 
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the system’s ability to capture clear images of maize leaves 
and perform real-time disease detection using the onboard 
Raspberry Pi 5 and YOLOv8 nano model. 
 
3.8 System Deployment 
 

After the YOLOv8 model was trained and validated, it 
was deployed on the computer. The deployment process 
involved converting the trained model into a format 
compatible with the computer (in .pt format) and optimizing 
it for real-time inference on an HTTP web application. A web 
server built with Python’s Flask framework with an HTML 
user interface is used to display the results and confidence 
level of the detected disease. The application is designed with 
a user-friendly interface, allowing farmers to easily operate 
the system. The user interface has buttons to ‘Start Camera’ 
and ‘Capture’ images of maize leaves at regular intervals, and 
the application processes each image using the YOLOv8 
model. Detected diseases are highlighted with bounding 
boxes and labels, providing immediate visual feedback to the 
user. 
 

 
Figure 10 Drone-mounted disease detection system during field testing 

 
4 SYSTEM EVALUATION AND DISCUSSION 
 

The evaluation of our maize leaf disease detection 
system encompasses both the performance of the Unmanned 
Aerial Vehicle (UAV) and the integrated YOLOv8 model. 
This comprehensive assessment ensures that the system 
meets the requirements for effective aerial surveying and 
accurate disease detection in real-world agricultural settings. 
 

Table 3 Summary of UAV performance tests 
Test name Discussion 

Yaw Test Measures the drone’s endurance on a full battery 
charge. The estimated flight time was X minutes 

Pitch Test 
Evaluates the drone’s rotational control around the 
vertical axis. The yaw was consistent within X 
degrees. 

Roll Test Tests the forward and backward tilt response. The 
pitch was controlled with X accuracy. 

Lift Test Evaluate the drone’s vertical ascent capability. The 
lift was steady with X m/s2 acceleration. 

Altitude/Signal Test 
Evaluate altitude hold stability and signal strength 
at various heights. The altitude hold was stable up 
to X meters. 

 
 
 

4.1  UAV Performance Evaluation 
 

The custom-designed drone underwent rigorous testing 
to assess its flight characteristics and functionalities crucial 
for agricultural survey missions. Tab. 3 summarizes the tests 
conducted and their results. 

These tests demonstrate the drone’s capability to 
maintain stable flight and perform precise manoeuvres, 
which are essential for capturing high-quality images of 
maize crops. The flight time of X minutes, as determined by 
the Yaw Test, provides sufficient duration for surveying 
substantial areas of cropland in a single flight. 
 

 

 

 
Figure 11 Real-time detection of some maize leaf diseases with the model 
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4.2 Integrated System Performance 
 

The integration of the YOLOv8 model with the UAV 
platform creates a powerful tool for real-time maize leaf 
disease detection. The system’s performance can be 
evaluated based on several key aspects: 
 
4.2.1 Model Efficiency 
 

The YOLOv8 nano model, with its 168 layers and 
3,006,233 parameters, achieves 8.1 G Flops, striking a 
balance between complexity and computational efficiency. 
The model’s inference speed is particularly noteworthy, with 
a total processing time of 6.3ms per image (0.3 ms for pre-
processing, 2.9 ms for inference, and 3.1 ms for post-
processing). This rapid processing enables real-time disease 
detection during flight, allowing for immediate feedback and 
decision-making. Fig. 10 shows the drone during a field test, 
capturing images of maize crops for disease detection. The 
real-time detection results of the YOLOv8 model are shown 
in Fig. 11 below. The system successfully identifies and 
classifies the maize leaf diseases, highlighting affected areas 
with bounding boxes. 
 
4.2.2 Detection Accuracy 
 

Tab. 4 presents a summary of the model’s performance 
across different disease categories. 
 

Table 4 Model performance summary for maize leaf disease detection 
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All 577 595 0.858 0.81 0.836 0.681 
Common Rust 144 146 0.953 0.979 0.98 0.9 
Grey Leaf Spot 212 231 0.919 0.892 0.909 0.763 
Northern Leaf Blight 218 218 0.704 0.56 0.618 0.379 

 
The model demonstrates high accuracy in detecting 

Common Rust and Grey Leaf Spots, with mAP50 values of 
0.98 and 0.909 respectively. The detection of Northern Leaf 
Blight, while satisfactory, shows room for improvement with 
a mAP50 of 0.618. 
 
4.2.3 System Reliability 
 

The integration of the model with the UAV platform was 
tested for reliability during field operations. The system 
consistently maintained connectivity between the Raspberry 
Pi 5 and the drone’s flight controller, ensuring uninterrupted 
disease detection throughout the flight duration. 
 
4.2.4 Battery Life and Payload Impact 
 

The addition of the Raspberry Pi 5 and camera module 
to the drone increased the total payload by 140 g. Despite this 
additional weight, the drone maintained a flight time of 
approximately X minutes, which aligns closely with our 

calculated estimate of 5.3 minutes. This demonstrates that the 
power consumption of the Raspberry Pi 5 and the additional 
weight have a minimal impact on the drone’s endurance. 
 
4.3 Discussion 
 

The evaluation results highlight several strengths of our 
integrated maize leaf disease detection system: 
• Real-time Detection: The system’s ability to process 

images in 6.3ms enables real-time disease detection, 
allowing for immediate response to detected issues. 

• High Accuracy: Particularly for Common Rust and Grey 
Leaf Spot, the model demonstrates excellent detection 
capabilities, which can significantly aid in early disease 
management. 

• Efficient Integration: The successful integration of the 
YOLOv8 model with the UAV platform showcases the 
potential for deploying complex AI models in 
agricultural settings. 

 
However, there are areas for potential improvement:  

•  Northern Leaf Blight Detection: The lower accuracy in 
detecting Northern Leaf Blight suggests a need for 
further model refinement or additional training data for 
this specific disease.  

•  Flight Time Optimization: While the current flight 
time is sufficient for small to medium sized fields, 
extending the drone’s endurance could enhance its 
applicability to larger agricultural operations.  

 
Overall, the system demonstrates promising 

performance in real-world conditions, offering a valuable 
tool for early detection and management of maize leaf 
diseases. Future work could focus on expanding the range of 
detectable diseases, improving detection accuracy for 
Northern Leaf Blight, and optimizing the drone’s design for 
extended flight times.  
 
5 CONCLUSION AND RECOMMENDATION 
5.1 Conclusion 
 

This research demonstrated the effectiveness of the 
YOLOv8 deep learning model for real-time detection of 
maize leaf diseases, identifying six key diseases with high 
accuracy. The system achieved a mean Average Precision 
(mAP) of 0.908. The integration of a user-friendly web 
application provides a practical solution for early disease 
detection, helping to prevent the spread of diseases and 
minimize yield loss. 

Future work should focus on extending the system to 
include more diseases and adapt to different crops, enhancing 
its applicability across the agricultural sector. This study 
highlights the potential of AI technologies like YOLOv8 to 
revolutionize agricultural practices, promoting smarter and 
more resilient food production systems. 
 
5.2 Recommendation 
 

Future work could focus on extending the system’s 
capabilities to include more diseases and adapt to different 
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crops, enhancing its utility across the agricultural sector. 
Additionally, further refinement of the model’s performance 
under varying environmental conditions and in different 
geographic regions would help in scaling the technology 
globally, making it a versatile tool for diverse farming needs. 
This study underscores the transformative potential of 
integrating advanced AI technologies like YOLOv8 in 
agricultural practices, paving the way for smarter and more 
resilient food production systems. 
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Occupant Thermal Comfort versus Poor Air Quality of Wooden Houses in the Highlands 
Hermawan Hermawan, Jozef Švanjlenka*, Elina Mohd Husini, Annisa Nabila Arrizqi, Nasyiin Faqih, Sunaryo Sunaryo 

Abstract: Humans need a comfortable and healthy home to carry out activities properly. Low-income people's homes in the Highlands have poor indoor air quality due to stoves 
that produce smoke. People also use stoves as a heating tool to achieve thermal comfort. This study aimed to investigate thermal comfort and poor air quality in Wooden Homes 
in the Highlands. The study used a mixed method. Qualitative methods were used to obtain data on the thermal comfort of occupants. Quantitative methods were used to obtain 
data on indoor air quality. The study results showed opposing aspects between thermal comfort in people in the highlands and the fulfillment of clean and healthy air. The study 
also created solutions for thermal comfort and clean air quality by simulating ventilation placement. 

Keywords: architecture; cold; comfort; indoor air quality; occupant 

1 INTRODUCTION 

Energy waste is still an essential issue in all scientific 
fields. Science must be integrated to find solutions to energy 
problems. Zero-energy buildings are one solution to reducing 
energy waste [1]. Various simulations of buildings to create 
energy-free buildings are carried out using various methods 
[2]. 

Investigations into building types have also been carried 
out. One type of building that is thought to create thermal 
comfort for its occupants is a vernacular building [3]. 
Wooden houses are one of the vernacular mountain houses in 
Indonesia that have local wisdom in using fireplace [4]. 
Wooden houses are sustainable houses that use 
environmentally friendly materials [5]. 

The culture of heating with traditional stoves in highland 
houses creates a concept of kinship that makes it comfortable 
for its occupants. The community is also thermally 
comfortable with heating using traditional fire stoves. Fire 
stoves produce smoke that can cause health problems for 
residents. Traditional fire stoves are used by low-income 
people who are forced to use fire stoves for cooking [6].  

Thermal comfort is the user's perception of the 
environment they live in. Perception is based on the 
ASHRAE thermal sensation scale [7]. Climate variables in 
thermal comfort are air temperature, main radiant 
temperature, air humidity, and wind speed [8]. Clothing and 
activities are personal thermal comfort variables that also 
affect the thermal comfort of building occupants. 

Temperature is one of the climate variables always 
included in the discussion of thermal comfort and building 
thermal performance [9]. The discussion of air humidity is 
one set with the discussion of temperature because the two 
variables are closely related [10]. Discussion of the two 
variables in assessing the thermal performance of buildings 
is something that cannot be left out and is an integral part of 
assessing the thermal performance of buildings [11].  

Discussions of thermal comfort can be done using the 
Predicted Mean Vote (PMV) theory. The PMV parameter is 
still used even though some researchers consider it lacking 
[12]. PMV is known as an expanded and flexible theory of 

thermal comfort. The difference between PMV and Actual 
Mean Vote (AMV) makes researchers compare the two 
aspects in many research objects [13]. 

Discussion of thermal comfort can also be seen using 
Actual Mean Vote (AMV). Thermal comfort assessment with 
AMV can create a thermal comfort prediction model [14]. 
Operative temperature is one of the variables discussed in 
AMV. Operative temperature is obtained from the average 
air temperature and average solar radiation temperature [15]. 

Thermal comfort in vernacular houses is attractive to 
discuss with the local wisdom found in vernacular houses. 
Research on thermal comfort in vernacular houses requires 
higher accuracy because researchers must apply quantitative 
and qualitative methods to obtain comprehensive results [16]. 

The indoor environment can be monitored by measuring 
temperature, humidity, and particulate matter [17]. 
Measurements are made in outdoor and indoor spaces whose 
results can be compared so that differences in air content are 
found in outdoor and indoor spaces [18]. The interior space 
can be measured from several types of space. The interior 
space that has a large particulate matter (PM) value is the 
kitchen [19]. Indoor space can be measured from several 
types of spaces. Kitchens have a sizeable particulate matter 
(PM) value [20]. 

One variable in thermal comfort is wind speed. The 
content of substances in the air can affect the thermal comfort 
of occupants and the air quality in the room [21]. Particulate 
matter (PM) can be seen from measurements, including PM1, 
PM2.5, and PM10 [22]. Investigations of room air quality 
more often measure particulate matter using PM2.5 [23].  

Temperature and PM2.5 measurements are also a 
reference in determining the criteria for sick building 
syndrome [24]. Temperature is related to indoor air quality, 
measured based on PM2.5 content. Both variables are 
essential things that affect the comfort and health of building 
occupants. 

Research into indoor air quality in wooden houses under 
similar conditions in the European Union is characterized, for 
example, by the works mentioned below. Research in Spain 
discusses historical buildings that are considered to have 
local wisdom such as wooden houses. Poor indoor air quality 
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can be improved by retrofitting [36]. Research on wooden 
houses in Denmark that discusses the positive aspects of the 
sustainability of wooden houses [37]. Indoor Air Quality has 
not been discussed comprehensively in this research. 
Research in Chile discusses the presence of air pollution in 
wooden houses when firewood is used by low-income 
communities [38]. The research discusses particulate matter 
(PM) 2.5 and has not discussed other PM. Another article 
does not discuss indoor air quality of wooden houses 
specifically but discusses the development of wooden house 
fabrication which is included in bio-based materials. 
Residential houses in Central and Eastern Europe are suitable 
for developing bio-based material fabrication, one of which 
is wooden houses [39]. 

Scientific developments that discuss indoor air quality 
have been widely carried out using particulate matter content 
variables. However, discussions of poor air quality 
juxtaposed with users' thermal comfort have not been widely 
carried out. Comparisons of the thermal comfort of 
residential residents based on the highlands' heating culture 
have also not been discussed from an architectural or 
scientific perspective. The novelty of the research is the 
discussion of the study of the culture of heating with poor air 
quality so that solutions will be found to maintain the culture 
and solve the problem of poor air quality in the highlands. 
The results of the research will have a broad impact on 
society in terms of maintaining local wisdom and creating 
healthy homes. The solutions provided will impact the 
community's happiness because they will create health and 
comfort. The purpose of the research is to investigate the air 
quality inside wooden residential houses associated with the 
highlands' heating culture. The research will provide a 
strategy for creating good air quality without eliminating the 
existing culture. 

2  METHODS 

The study used a mixed method. Data was collected 
through observations, interviews, and measurements in the 
field. 

2.1 Research Object 

The study was conducted on one hundred wooden-
walled houses using traditional stoves (Fig. 1). The floor of 
the building uses concrete and soil materials. The roof uses 
zinc. The building is not too big, ranging from 21 to 45 m2. 
The ventilation of the house tends to be closed because of the 
cold climate in the highlands.  

2.2  Data Collection 

Observation collected data to obtain data on residential 
house images consisting of room plans, elevations, and 
perspective images. Photos of residential houses were taken 
to complete the results of more detailed residential house 
images. Interviews were conducted to determine the thermal 
comfort felt by the residents of the house and the activities of 
the residents. Air temperature, humidity, and particulate 

matter (PM2.5) data were measured using a thermal 
measuring device, and indoor air quality was assessed. 
Measurements were carried out every a quarter of an hour in 
one day starting from 06.00-21.00 western Indonesia time.  

Figure 1 Research Object 100 wooden houses 

3  RESULTS AND DISCUSSION 
3.1  "Geni" culture using traditional fire stoves 

The highlands in Wonosobo Regency have a cold 
climate, so people need heating. The lower middle class uses 
traditional fire stoves to heat their homes. Most low-income 
people work as farm laborers and have wooden houses. The 
heating process using traditional fire stoves has been carried 
out since ancient times and still persists today. 

The heating process has become a culture of gathering 
for highland people. Several areas in Wonosobo Regency call 
the culture of gathering by lighting a fire the "geni" culture. 
Several other areas call it the "genen" culture. The "geni" 
culture is a place to gather while warming up. The "geni" 
culture, initially only intended for warming up, has changed 
into a social need for the community. 

The "geni" culture is a place to discuss everything from 
informal to formal. Informal discussions include daily 
activities related to agriculture, personal problems related to 
family life, and social relations problems. Formal 
discussions, such as hamlet or village-level meetings, are also 
sometimes discussed while warming up with a traditional fire 
stove. 

Observation results from 100 wooden houses that use 
traditional fire stoves show that the traditional fire stove 
functions primarily as a heating tool, while cooking is an 
additional function. The traditional fire stove is used to cook 
rice without using a magic jar. People often use the magic jar 
to cook rice because it cooks faster. The traditional fire stove 
is used more to boil water to make coffee. For people who 
cannot afford to buy a magic jar, they will use the traditional 
fire stove as the main cooking tool. 

The traditional fire stove is placed in the kitchen with a 
small table and chairs. A small table known as "dingklik" is 



Hermawan Hermawan et al.: Occupant Thermal Comfort versus Poor Air Quality of Wooden Houses in the Highlands

TEHNIČKI GLASNIK 20, 3(2026), 439-447   441 

used to put drinks and snacks. A small chair known as 
"jengkok" is used for residents of the house or guests who 
visit the house to chat. People call chatting "ngendhong". 

Several chairs in the kitchen are used as "ngendhong" 
facilities. 

Figure 2 Indoor Temperature 

Figure 3 Indoor Relative Humidity 
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Interview results from residents of the house explained 
that residents feel warm and comfortable when they are in the 
kitchen. The occupants feel calm, comfortable, and peaceful 
in the presence of a burning stove. The occupants feel calm 
in the presence of a burning stove because it indicates that the 
occupants have food that can be eaten. The feeling of comfort 
arises with the warming process due to the stove's heat. The 
feeling of peace from the occupants occurs due to the 
harmony with routine socializing. Problems can be resolved 
when gathering in the kitchen by lighting the stove. 

3.2 Air Temperature and Humidity 

One hundred houses have similar air temperatures. The 
lowest air temperature of 13.75 °C was obtained from house 
59 at 21.00 (western Indonesia time). The highest air 
temperature of 29.90 °C was obtained from house 37 at 13.15 
(western Indonesia time). The average air temperature of one 
hundred houses is 22.86 °C (Fig. 2). Comfortable air 
temperatures in mountainous areas are around 24 °C, 
indicating that people should still feel cold with indoor air 
temperatures below mountain communities' comfortable 
temperature [25]. People feel comfortable with the presence 
of a fire pit as a heating device, coupled with a feeling of calm 
and serenity, making the cold air temperature not too felt by 
the house's occupants. 

The humidity between one wooden house and another 
shows similar results. The lowest humidity of 40% was 
obtained from house 63 at 12.00 (western Indonesia time). 
The highest humidity of 99.96% was obtained from house 60 
at 18.30 (western Indonesia time) (Fig. 3). House 63 more 
often uses traditional stoves, thus reducing the water content 
in the room. Using stoves that produce smoke will make the 
air in the home environment drier, resulting in the lowest 
humidity. House 60 shows wet conditions with the floor still 
made of soil. The water in the soil floor is higher than other 
floor materials. The vegetation around house 60 is quite a lot 
and will produce water vapor, thus making the surrounding 
humidity high. 

3.3 Particulate Matter (PM2.5) 

Traditional stoves will produce smoke in the kitchen 
(Fig. 4a). The distribution of smoke in each house is 
different, but most of the smoke cannot escape smoothly 
because ventilation is not available properly. Some houses 
have kitchens with minimal ventilation so that the spread of 
smoke reaches the family room and living room (Fig. 4b). 
Highland communities cannot eliminate traditional stoves 
with the "geni" culture, which is believed to create harmony 
within the community. In addition, low-income communities 
consider stoves to be cheaper than gas stoves. People can get 
wood fuel for stoves from the forest. Taking wood for fuel is 
known by the community as "repek". 

Particulate matter in wooden houses with stoves can be 
caused by several aspects, such as dust pollution from 
wooden wall materials, smoke produced by the stove, and 
dust from the dirt floor used. Smoke from traditional stoves 

significantly increases PM2.5 values (Fig. 5). Other smoke 
comes from motorcycle exhausts placed in the living room. 

         a)                                                            b) 
Figure 4 a) Smoke is coming out of the stove; b) Lack of ventilation in the kitchen 

The highest value of particulate matter (PM2.5) in the 
research object occurred in house 63 at 14.00 (western 
indonesia time) at 426 µgrams/m3. A very high value for 
PM2.5 occurred in house 63 due to smoke. Traditional stoves 
in house 63 are more frequent because the occupants do not 
have other cooking utensils, such as magic jars. The lowest 
PM2.5 value occurred in house 59 at 12.45 (western 
indonesia time) at 0.9 µgrams/m3 because the traditional 
stove was not used at 12.45 (western indonesia time). The use 
of traditional stoves greatly affects the PM2.5 value. The 
particle content originating from wooden wall materials or 
dust from dirt floors is insignificant in affecting the PM2.5 
value. Low-income people inhabit house 59. The average 
PM2.5 value from one hundred houses is 62.11 µgrams/m3. 
The average value remains higher than the minimum PM2.5 
threshold of 40 µgram/m3. One hundred wooden houses used 
as research objects had poor air quality regarding PM2.5 
content.  

Data analysis of the relationship between PM 
(Particulate Matter) and temperature using visualization with 
tecplot software. The relationship between air temperature 
and PM2.5 in one hundred houses shows graphic variations. 
Very high PM2.5 values occur in several houses throughout 
the day, both when the temperature is 18.5 to 24 °C (Fig. 6a). 
Several other houses show high PM2.5 values when the air 
temperature is between 19 and 22 °C (Fig. 6b). 

The average thermal variables of one hundred houses 
from 06.00-21.00 can be seen in Fig. 7. Air temperature (Ta), 
mean radiant temperature (MRT) and operative temperature 
(To) show similar results. The variable values are between 20 
and 30 °C. Relative humidity (RH) is seen between 60-80%. 
Velocity is closer to still, so the value obtained is not more 
than 0.1 m/s. Thermal sensation votes (TSV) have more 
negative values because of the cold climate conditions. 
PM2.5 (Particulate Matter) content of more than 50 
µgram/m3 is higher than the maximum limit of PM2.5 
content required of 40 µgram/m3. The clothing and activity 
variables of the occupants are variables that are taken into 
account in thermal comfort. Most occupants of buildings in 
the highlands wear long-sleeved clothes, long pants for men, 
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and skirts for women. The community also wears a special 
head covering for men and a jilbab for women. The clothing 

value is 0.61. Activities at home are sitting and chatting, 
which is worth one meeting.

Figure 5 Indoor Particulate Matter 

         a)                                                                                                                                          b) 
Figure 6 a) Relationship between Temperature and PM2.5 in one hundred houses; b) High PM2.5 content in several houses. 
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Figure 7 Average Variable Value (Annotation: Ta = Air Temperature, 
MRT = Mean Radiant Temperature, To = Operative Temperature, RH = Relative 

Humidity, PM = Particulate Matter, TSV = Thermal Sensation Vote). 

3.4  Air Quality Improvement Strategy 

Air quality improvement can be improved by improving 
architectural elements so smoke can exit the room smoothly. 
Clean air from outside that enters the room can push smoke 
out of the room properly. Ventilation is one element that 
needs to be optimized to create healthy and clean air 
elements. Ventilation in the kitchen can be added by directing 
smoke outside, but it can still warm the room. Creating an 
Air Quality Improvement Strategy using Computational 
Fluid Dynamic (CFD) Revit. 

The kitchen of a wooden house has ventilation but is 
often closed because of the cold climate in the highlands. 

Airflow is not free to escape through closed ventilation (Fig. 
8a). Open ventilation will smooth the airflow even though it 
cannot remove smoke in the room (Fig. 8b). Standard 
ventilation with a size of around 60×40 cm cannot push 
smoke out of the room. 

Building improvements are needed to create thermal 
comfort and health for building occupants. The building 
envelope is one factor that needs to be improved to improve 
the quality of the building [26]. Designing wooden 
residential products is one solution to creating sustainable 
buildings. Wooden houses need to be designed with a modern 
model so that people are more interested in building those 
[27]. 

Ventilation is an architectural element that determines 
the air exchange in a room. Wooden houses in the highlands 
use more windows that can be opened. Smoke from 
traditional stoves will flow towards the window after rotating 
in the room. Traditional stoves make the exchange of air in 
the room (Fig. 4). The placement of existing windows needs 
to be supplemented with other ventilation so that the airflow 
becomes smoother. The cross-ventilation model will make 
the airflow move more freely [28]. Effective windows in the 
kitchen will improve kitchen performance and make the 
house healthier [6]. The size of the windows in the kitchen 
needs to be adjusted to the activities in the kitchen so that 
more outside air enters the kitchen and can replace the hot air 
produced by the kitchen [29]. Increasing air volume in the 
room will create thermal comfort for building users [30]. 
Airflow and thermal comfort can be achieved with the cross-
ventilation model. Cross ventilation will create airflow that 
can bring thermal comfort [31]. 

   a)            b) 
Figure 8 a) Airflow in a room with closed ventilation; b) Airflow out through one open vent 

The first alternative solution to overcome smoke is to add 
a hole in the roof (Fig. 9a). Smoke does not move directly 
towards the hole in the roof. Some smoke moves around in 
the room, and some towards the hole in the roof. Roof 
windows perform better than mechanical ventilation. The 
roof window needs to be designed in such a way that it can 
circulate air smoothly [32]. Roof ventilation can also lower 
the air temperature, creating thermal comfort for users. 
Airflow from roof ventilation can lower the temperature by 
7% [33].  

The second alternative is to make a chimney so that the 
smoke can be directed out through the chimney. Using a 

chimney to channel smoke out of the house has been 
recognized as effective. A chimney can use solar energy [34]. 
The determination of the slope of the chimney needs to be 
adjusted to the type of activity and airflow in the room [35]. 
Using chimneys for low-income people is quite difficult 
because the cost of making chimneys is quite large. The 
chimney design needs to be simple but highly effective. The 
design can be made using zinc material from the teer place. 
Several houses in the highlands owned by low-income people 
use "blek," a used teer place, as an additional wall. The 
chimney's slope can affect the smoke exit from inside to 
outside the room. 
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  a)    b) 
Figure 9 a) Addition of roof ventilation; b) Addition of a roof chimney. 

4 CONCLUSION 

Thermal comfort that is contrary to the fulfillment of 
health in homes occurs in highland areas. Ventilation is one 
of the important parts that needs to be created in order to be 
a solution in creating healthy and energy-efficient homes. 
The thermal comfort of residents of wooden houses in the 
highlands is fulfilled by the "geni" culture that the highland 
community has carried out for generations. Poor air quality 
occurs in wooden houses with inadequate ventilation, so air 
cannot circulate properly. The thermal comfort of the 
occupants that has been met needs to be maintained, and 
additional ventilation is needed so that airflow is smoother.  

The strategy that can be done so that the culture of the 
occupants can be maintained and good thermal comfort is 
created by adding building elements to the kitchen. Improper 
ventilation placement makes the smoke from the fireplace 
unable to escape smoothly so that the placement and opening 
of the ventilation need to be modified so that the smoke can 
escape smoothly. Roof ventilation needs to be made so that 
some of the smoke can escape through the roof hole. The 
chimney needs to be made with a placement close to the 
center of the smoke so that the smoke can exit the room 
directly. The recommendation for further research is a 
strategy for creating thermal comfort that can be connected 
to sensors so that automation is created to create thermal 
comfort without eliminating the culture that has developed in 
society. 
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English Language Knowledge Influencing the Choice of Mobility Mode When Abroad: A Case 
Study 

 
Irena Ištoka Otković*, Aleksandra Deluka-Tibljaš, Lidija Kraljević, Anamarija Štefić 

 
Abstract: According to some previous researches the English language knowledge, turned out to be important, both in professional and private life of adult population, including 
students, from the Republic of Croatia. This paper presents a study of the influence of knowledge and application of the English language on the choice of students’ mobility mode 
during their stay in foreign cities. The research is based on a survey of students studying civil engineering and architecture from two Croatian towns - Osijek and Rijeka. The survey 
included a total of 221 students from both towns, and based on the created databases, a prediction model of the choice of mobility modality was developed (based on the data 
gathered from the students from Osijek), which was validated (based on the data gathered from the students from Rijeka). The mobility modality prediction model was developed 
using a neural network and with 27 input parameters related to the knowledge and use of the English language, it achieved a correlation of 77% (R2 0.57, MAE 0.16), and the 
validation results gave a correlation of 63% (R2 0.39, MAE 0.18). The influence of certain input parameters on the choice of mobility modality of students in foreign cities was 
analyzed by applying statistical tools in each urban area separately. The main limitation concerns both the sample size and the unequal distribution of respondents between the 
two cities, which should be taken into account when interpreting the comparison. 
 
Keywords: choice of mobility mode; English language; foreign cities; neural network; students 
 
 
1 INTRODUCTION  
 

Sustainable mobility has become the goal of 
contemporary transport policy as cities strive to reduce 
emissions, improve public health, and create more livable 
urban environments. This shift encourages a transition 
toward multimodal networks that support cycling and 
walking both domestically and abroad [1, 2], a process that 
relies on a well‑informed public capable of understanding 
key mobility concepts. As sustainable mobility becomes 
increasingly international, basic English proficiency enables 
users to interpret transport information accurately and make 
consistent, environmentally responsible choices of urban 
mobility modes. 

The research conducted in 2003 showed that English is 
the most important foreign language in private and 
professional life of the adult population in Croatia [3]. In the 
research, the term personal life referred to everything related 
to home, family, free time, internet, etc. whereas the term 
professional life applied to the requirements of the profession 
- workplace and studying as a profession. In this research [3], 
from the total sample of 388 participants, there was 22.4% of 
students. In 2007, the same group of authors completed the 
research with a targeted survey of 250 students of the 
University of Zagreb, through which they wanted to 
determine in more detail whether and for what purposes 
students needed the English language [4]. 

In both studies, a great proportion of students pointed out 
that they needed the English language - in the 2007 survey, 
even 99.2% of the surveyed students stated the same. The 
most frequent situation in which students needed English was 
when they were using the Internet, followed by when they 
were watching movies and giving information to foreigners. 
Traveling was listed as the 12th out of 87 offered situations 
where they needed English language proficiency and traffic 
as the 63rd one. The overall author's conclusion was that 
students considered English indispensable not only for 
studying, but also, even significantly more so, in their private 
lives. 

Sustainable mobility has become the goal of the transport 
system development since the release of the Green paper in 
1992 [5].  Promoting sustainable mobility is the key objective 
in transport policies across all government levels. Today, any 
plan, project, or policy related to the transport sector, 
invariably includes the concept of sustainable mobility. 
Sustainable aspects of urban mobility promote 
environmentally acceptable modes of mobility such as 
walking and cycling, as individual forms of movement that, 
in addition to positive social goals, also have beneficial 
health impacts. An important factor of achieving results in 
changing the movement mode is investing in the efficient 
public city transport, which, as it turns out, plays a key role 
in reducing greenhouse gas emissions [6]. 

Knowing the spatial features of the urban transport 
network and different options of mobility modes is 
considered a prerequisite for choosing adequate mobility 
modalities, according to the results of some earlier researches 
[7]. When considering tourists as users of the transport 
system (analyzed in more detail in the next chapter), these 
researches focused on determining the legality of tourists' 
movement towards destinations, as well as on factors 
influencing the choice of movement mode in the destination 
area - inside or outside the urban area [1, 2, 8-13]. One of the 
factors that was found to affect the choice of movement mode 
was the tourist age - younger tourists and students, as a 
special group of younger tourists, displayed a greater 
tendency to use public city transport and to cycle and walk 
[1, 2]. 

This paper investigates the extent to which students’ 
English language proficiency influences their choice of 
mobility modes in foreign cities. The scientific hypothesis of 
the study is that English language knowledge has an impact 
on the selection of urban mobility modes when navigating 
unfamiliar environments abroad. The research was 
conducted using a survey among civil engineering and 
architecture students from Osijek and Rijeka, yielding a total 
sample of 221 respondents. The analysis examined how 
English language skills affect students’ ability to navigate 
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urban traffic systems and their subsequent mobility choices. 
Survey results from the two cities were compared, and a 
neural‑network‑based prediction model of mobility mode 
choice was developed. The model was trained on data 
collected in Osijek and validated on an independent dataset 
from Rijeka, enabling the identification of key parameters 
that shape students’ mobility behaviour in foreign urban 
settings. 
 
2 RESEARCH REVIEW 
  

The topic of the way tourists move when arriving at a 
specific destination and in the area of a tourist destination 
itself, is in the focus of a series of studies and researches all 
over Europe and the world. 

The project co-financed by the EU civitas destinations 
tested during the period of 4 years, 83 different mobility 
modes on the 6 European islands, addressing mutual 
empowerment aspects of tourism and mobility with the focus 
on positive and negative interactions at the city level. The 3 
clusters analyzed in the Project were: shared mobility and 
walking, clean vehicles and public transport for all of which 
a series of measures and indicators were defined. The main 
conclusions, regarding traffic development, were: that it was 
necessary to systematically monitor data on the mobility of 
tourists, that tourists liked to explore destinations on foot, and 
that transport was an important part of the touristic 
experience [8]. Researches of the impact of traffic on the 
sustainable development of tourist destinations conducted for 
the Tyrol area showed that in such a natural environment, 40–
60% of the environmental load linked to tourism were caused 
by transport of tourists between their homes and their 
destinations, as well as by local transport within the 
destination area. 

Several studies were published on the topic related to the 
traffic generated by tourism in Norway [9], that is, by the 
traffic habits of individual tourists [10]. Tourism - leisure 
mobility was detected as a strong generator of movement, 
and action plans that would influence the reduction of the use 
of cars and airplanes were defined as an important factor of 
sustainable development in general. 

  Researches on the use of transport modes during a 
tourist stay have recently been motivated by a large increase 
in tourist movements, which create additional pressure on 
existing transport systems and have negative environmental 
impacts to cities. 

 Authors Mahdi et al. [11] developed models to predict 
the probability of using different means of transportation for 
leisure purposes based on travelers’ and journey features. It 
turned out that the sociodemographic characteristics of users 
influenced the choice of a mobility mode. Younger people 
and men had, according to this Budapest research, a greater 
affinity towards using bicycles, while women showed a 
greater interest in walking. It also turned out that public 
transport was used more often by families with more than 2 
members and those with a lower financial status. 

The developed transport mode choice Binary logit model 
revealed that the key factors influencing the choice of a 
mobility mode, in the case of tourists in Beijing, were the 
scope of travel, time of visit, daily consumption, age, private 
vehicle possession, and type of tourist attractions [12]. 

The study conducted on Malta based on the semi-
structured in-depth interviews with tourists provided insight 
for the need to better understand the influence of tourists' 
attitudes towards a bus service in the host country [13].  The 
factors that were defined, by the visitors, tourists and those 
staying on Malta for educational reasons, as important for 
quality bus service were: time (punctuality), information 
(accuracy), bus drivers (behavior), fare, fleet and 
environmental impact. 

The analysis of the existing research presented in the 
paper [1] detected some specific socio-demographic 
characteristics of tourists that had an impact on the 
individual’s choice of city means of transportation. It turned 
out that younger tourists showed a greater affinity towards 
the use of public transport and, generally, sustainable forms 
of mobility. However, the influence of gender on the choice 
of the mobility mode was not unequivocal, but that did not 
appear to be significant among the younger population 
(students). The home countries of tourists, their level of 
education, income and possession of a driver's license were 
also analyzed in the research as potential influencing factors 
on the use of public transport, though the influence of these 
parameters was not unambiguously proven. The influence of 
language proficiency, which was analyzed in a smaller 
number of studies, unequivocally showed that language 
knowledge affected the choice of public means of 
transportation in a tourist destination - individuals who were 
not proficient in local language seemed to be less inclined to 
utilize public transportation [1]. 

Assuming that environmentally friendly transportation 
for visitors is the pre-condition for creating a sustainable 
tourist destination, the authors Zamparini et al. [2] conducted 
a study with the aim of identifying the determinants of green 
mobility choices made by young adults during their vacation. 
The survey was conducted on a sample of 979 students from 
Italy and Spain. The results of this research showed that, 
when it came to green mobility modes, there was a high 
correlation between the students’ patterns of traffic behavior 
when they were at home and the way they behaved at a tourist 
destination. It turned out that those respondents who arrived 
at the destination by their own cars, used their private 
vehicles to move around, as well as that the willingness to 
use green forms of mobility largely depended on how tourist 
attractions and destinations were interconnected. 

The adjustment of transport choices during international 
temporary relocations of students and researchers was also 
studied during the last decade due to its ever-increasing 
relevance. It is expected, among other things, that in the 
period of 2021-2027, 10 million students and teachers will be 
using ERASMUS+ mobility and stay temporarily outside 
their place of study/work for a duration of one week to a year 
[14]. A survey-based study by Monteiro et al [15] focused on 
frequency of use of public transport and satisfaction with it. 
The model showed that public transport in the city where the 
respondents were temporarily staying was used more by 
those students and researchers who usually used it in their 
home city and that the use of public transport depended on 
where they were located in the host city. It also turned out 
that the higher the level of perception that the of use public 
transport technology facilitates movement, the more often 
they used it. 
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The analysis of the existing research shows that the use 
of a certain form of mobility, including green forms of 
mobility (walking, cycling, public transport) is usually linked 
with the mode of movement that tourists choose in their home 
places and with the interconnection of certain tourist 
attractions with a particular form of transport. The influence 
of tourist sociodemographic features is also significant, 
among which the tourist age stands out. 

Knowledge of language as a predictor of the choice of 
mobility mode in a tourist destination has not been 
investigated in detail yet, although existing available 
researches show that it does influence the choice of travel 
mode (individual/in a group) and use of public transport in 
the tourist destination. 

The student population, made up of younger age groups, 
is more inclined to use public transport and generally 
sustainable forms of mobility but the question arises as to 
how much the English language knowledge, as a prerequisite 
for understanding how these mobility modes function, 
influences their choices. 

 
3 METHODOLOGY 

 
The research, based on the results of the survey of civil 

engineering and architecture students from two towns in 
Croatia, Osijek and Rijeka, focused on the extent to which 
knowledge of the English language benefits them in choosing 
a mobility modality in foreign cities. The basic 
methodological research steps are shown in Fig. 1. 
 

 
Figure 1 Scheme of basic methodological steps 

 
The towns of Rijeka and Osijek are very similar in terms 

of number of inhabitants, but very different in terms of 
population density, which is in Rijeka, according to GeoStat 
data for 2021 [16], the highest in Croatia with 25 
inhabitants/hectare, compared with Osijek, which has 5,5 
inhabitants/hectare. This difference conditions the way their 
urban space and the transport system were developed. In 
Osijek, when talking about green modes of mobility, in 
addition to public city transport, the conditions for bicycle 
traffic are also being developed, so that students of the 
Faculty of Civil Engineering and Architecture Osijek 
regularly use bicycles in daily traffic. Rijeka is a town located 

on topographically very unfavorable terrain with a high 
density of content, which consequently results (when talking 
about green mobility modes) in a higher proportion of 
walking daily trips and an almost complete absence of the use 
of bicycles in city traffic. Previous researches of the authors 
showed a significant difference in the drivers’ behavior [17] 
and the behavior of child pedestrians [18], so that a difference 
in the choice of mobility had also been expected.  

Since the analysis of the existing research showed that 
the choice of mobility in foreign cities is influenced by 
mobility habits acquired in the domicile environment, the 
survey focused on the analysis of this important aspect. 
 
3.1  Survey 
 

The student survey was conducted online, while the 
instructions to the surveyed students were partly given in 
direct communication with different groups of students. The 
survey was voluntary and anonymous, and the participants 
were explained the procedure of the survey and the goal of 
the research, noting that the results will be analyzed and 
presented cumulatively and statistically. All surveyed 
students were of legal age and gave their consent for the 
survey.  

The structure and content of the questionnaire is shown 
in Tab. 1. 
 

Table 1 Structure and content of the survey questionnaire 
Demographic 
questions 

I1 Gender text 
I2 Age Multiple 

choice 
 Birthplace text 
 Faculty text 
 University text 

Self-evaluation of 
the English 
language 
knowledge 

I3 Knowledge of English 
language Evaluation 

from 1-5 

Number of visited 
(foreign) 
cities/towns 

I4 up to 3 
4-6 
7-10 
more than 10 

Multiple 
choice 

English language 
use 

 Choosing a travel destination 
Selection of accommodation 
Travel planning 
Planning activities during the 
stay abroad 

Multiple 
choice 

Use of the English 
language in spatial 
orientation 

I5 
I6 
I7 
 

I8 
I9 

Spatial orientation 
Finding desired urban content 
Tour planning and its 
realization 
Pedestrian orientation 
Bicycle orientation 

Evaluation  
from 1-4 

Use of the  English 
language in public 
transportation 

I10 
I11 

 
I12 

 
I13 

Direction recognition 
Finding the right type of public 
transport 
Finding a suitable line in 
public transport 
Purchase of public transport 
tickets 

Evaluation  
from 1-4 

Use of  the English 
language when 
driving a car  

 Direction recognition 
Finding a suitable road route 
Finding the target destination 
Connecting different locations 
Finding a parking lot 
Parking ticket purchase 

Evaluation  
from 1-4 

Results and Discussion

Model Validation
Database Rijeka

Mobility Prediction Model
Database Osijek

Creation and Comparisson of Databases
Database Osijek Database Rijeka

Surveying Students
Faculty of Civil Engineering and 

Architecture Osijek
Faculty of Civil Engineering in 

Rijeka
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Use of the English 
language for 
network 
applications 

 
I14 
I15 
I16 

for car driving 
for public transportation 
for cycling 
for walking 

Evaluation  
from 1-4 

Use of English 
language in direct 
communication 

I17 
I18 

 
I19 

 
I20 
I21 

 
I22 

with passers-by on the street 
with passengers in public 
transportation 
with people who rent cars, 
bikes,  scooters, etc. 
with restaurant or hotel staff 
with tourist guides 
with taxi drivers 
with other people in other 
situations 

Evaluation  
from 1-4 

Factors influencing 
the experience of a 
foreign city 

I23 
 

I24 
I25 

 
I26 
I27 

Direct communication with 
residents 
Traffic orientation 
Attractive public areas for 
pedestrians 
Spatial orientation 
Perception of pedestrian safety 

Evaluation  
from 1-4 

Choice of mobility 
modality in foreign 
cities/towns 

O Car (as a driver) 
Car (as a passenger) 
Public transportation 
Bike / e-bike 
Scooter / e-scooter 
Walking 
Other: specify 

Multiple 
choice 

 
3.2 Databases 
 

Based on the respondents’ answers, two databases were 
created to analyze and compare the mobility mode choices of 
students abroad coming from two similarly sized urban 
environments that differ in their spatial and traffic 
characteristics: the cities of Osijek and Rijeka. 

All input influencing variables were categorical (I1-I27), 
as was the dependent variable (O) – the choice of mobility 
mode in foreign cities, with an emphasis on the choice of 
green forms of mobility. In this study, public transport is 
considered “green” due to its lower emissions and energy 
consumption per passenger compared with private cars, as 
well as its contribution to reducing congestion and spatial 
pressure. The analysis shows [1, 6, 7, 12] that environmental 
friendliness has a positive but secondary influence on 
transport mode choice.  

In this study the choice of mobility modality was a 
multiple choice with the possibility of multiple answers (Tab. 
1), and when the database was created, it was converted into 
a categorical numerical variable. For respondents who only 
used a passenger car, either as drivers or passengers, the 
associated numerical value was 0. For respondents who used 
only green forms of mobility, which include walking, 
cycling, use of mobility scooters and public city transport, the 
numerical value was 1. For all the combinations of the use of 
a passenger car and green forms of mobility, the associated 
numerical value was 0.5. The decision to group the 
dependent variable into three categories enhances model 
robustness and enables an initial insight into the effect of 
each predictor, thereby providing a foundation for more 
sensitive modelling. 
 
3.3 Prediction Model  
 

A cascade-correlation neural network, using Neuroshell 
Predictor, was applied for creating the models. This network, 

firstly introduced by Fahlman and Lebiere [19], is a 
supervised self-organizing network with a structure that is 
similar to backpropagation neural networks. The cascade-
correlation network in NeuroShell Predictor is composed of 
three layers: the input layer, where the number of neurons (i1, 
i2, …, in) corresponds to the number of model input 
variables; the output layer with one output neuron (o1) and 
hidden layer with the number of neurons increased during 
training. These neurons are linked by a connection, whose 
weight is adjustable, and by a bias, permanently set to +1 
neuron in each new epoch of learning. 

Prediction of mobility mode choice is an area of 
significant scientific interest [2, 11, 12]. The advantage of 
neural networks as a prediction model lies in their ability to 
accurately map non‑linear relationships between input 
parameters and the dependent variable, as well as to identify 
the relative influence of each input parameter on the 
prediction outcome. 

 
4 RESULTS 
 

In Osijek, 162 students of the Faculty of Civil 
Engineering and Architecture were surveyed, and in Rijeka 
there were 59 surveyed students of the Faculty of Civil 
Engineering. There is a significant difference in the number 
of respondents between the two cities, so the comparison and 
analysis of the results should be interpreted within that 
context. Although a smaller number of respondents may 
reduce the reliability of the findings, the data can still serve 
as a valuable starting point for analyses and comparisons. 

The question related to the place of birth was asked with 
the potential idea of analyzing the influence of urban and 
rural environments on the choice of mobility, but all the 
respondents in both databases came from smaller or larger 
urban environments. 

The distribution of the respondents by gender, expressed 
in percentages, is shown in Fig. 2, and in both environments, 
it was similar, with a higher number of female respondents. 

The age range (I2) of the surveyed students in Osijek was 
from 18 to 29 years, and in Rijeka it was slightly higher, from 
18 to 32 years, which was also reflected in the average age of 
the respondents (Fig. 3). The graph in Fig. 3 shows the 
average ratings of all the variables, except for the distribution 
by gender, which is shown separately. 
 

 
Figure 2 Distribution of respondents by gender 

 
The average score of the self-evaluated English language 

knowledge (I3) was statistically not significantly different, 
students from Rijeka scored slightly better. There was a 
noticeable difference in the number of visited foreign cities 
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(I4). Namely, the students from Rijeka visited, on average, a 
larger number of foreign cities (9 compared to 7 visited by 
the Osijek students). The students from Rijeka gave a lower 
score for the use of the English language to navigate cycling 
(I9) and the use of applications intended for cycling (I15), 
which was the expected result, because they choose cycling, 
as a form of mobility, less often, as visible from Fig. 4. 
According to the results of the survey, the students from 
Rijeka more often engaged in English conversation (I17-I22), 
as visible from Fig. 3. 

 

 
Figure 3 Comparison of average scores of individual parameters 

 
The selection of green forms of mobility (O) is slightly 

higher among the students from Osijek, but that difference 
might have also been caused by the number of the 
respondents.   

The comparison of the mobility choice between the 
students of the two towns is shown in percentages in the 
graph in Fig. 4. Each respondent could have chosen more 
than one answer. 
 

 
Figure 4 Comparison of mobility modality selection 

 
4.1 Osijek and Rijeka Database 
 

The results of the descriptive statistics for the dependent 
variable (O), which is the choice of mobility modality for 
both databases, are presented in Tab. 2. 
 

Table 2 Basic statistical indicators 
 N Mean StDev Median Variance 
Osijek 162 0,7160 0,2780 0,5000 0,0768 
Rijeka 59 0,6271 0,2876 0,5000 0,0813 

 
 All the variables are categorical, so the Spearman Rho 

statistical test was chosen to analyze the correlations between 
the input parameters and the dependent variable (Tab. 3). The 

Spearman correlation does not require continuous-level data 
and works with monotonic relationships [20, 21]. 

Considering that these were preliminary analyses, a 
significance threshold of 0.1 was adopted. In bold, the table 
presents the results for the input parameters that showed 
correlation with the dependent variable according to the 
adopted significance threshold. 

 
Table 3 Comparative analysis of correlations using the Spearman Rho test 

  Osijek Rijeka 
  S-R* p** S-R p 
Gender I1 0,014 0,856 0,117 0,379 
Age I2 -0,03 0,696 0,086 0,517 
Self-evaluation of the 
English language 
knowledge 

I3 0,017 0,833 0,308 0,018 

Number of visited 
cities/towns I4 ‒0,04 0,595 0,101 0,445 

Spatial orientation I5 0,005 0,953 0,237 0,074 
Finding desired urban 
contents I6 0,007 0,928 0,044 0,739 

Tour planning and its 
realization I7 0,031 0,674 0,011 0,933 

Pedestrian orientation I8 0,017 0,826 0,012 0,931 
Bicycle orientation I9 ‒0,02 0,817 0,044 0,743 
Direction recognition in 
public transportation I10 0,023 0,775 0,036 0,786 

Finding the right type of 
public transport I11 0,055 0,491 0,018 0,891 

Finding a suitable line in 
public transport I12 0,021 0,788 0,070 0,599 

Purchase of public 
transport tickets I13 0,137 0,083 0,064 0,632 

Network applications 
for public transportation I14 0,032 0,690 0,127 0,337 

Network applications 
for cycling I15 0,021 0,790 0,145 0,272 

Network applications 
for walking I16 0,106 0,149 0,051 0,699 

Communication with 
passers-by on the street I17 0,031 0,696 0,018 0,895 

Communication with 
passengers in public 
transportation 

I18 0,021 0,794 0,052 0,696 

Communication with 
people who rent cars, 
bikes 

I19 0,155 0,048 0,101 0,449 

Communication with 
restaurant or hotel staff I20 0,008 0,916 0,069 0,601 

Communication with 
tourist guides I21 ‒0,01 0,886 0,097 0,465 

Communication with 
other people in other 
situations 

I22 0,087 0,270 0,085 0,527 

Significance of direct 
communication with 
residents 

I23 0,145 0,066 0,025 0,852 

Significance of traffic 
orientation I24 0,134 0,090 0,101 0,445 

Significance of 
attractive public areas 
for pedestrians 

I25 0,227 0,004 0,127 0,106 

Significance of spatial 
orientation I26 0,151 0,055 0,033 0,803 

Significance of 
pedestrian perception of 
safety 

I27 0,127 0,109 0,124 0,135 

*Spearman rho correlation coefficient; **p-value 
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4.2  Model Results 
 
The statistical analysis showed a correlation between 

individual variables of the English language use and the 
mobility choice in foreign cities. The model was developed 
by means of the neural network, with the database from 
Osijek serving as the base for the development of the 
prediction model. The model provided a prediction for the 
choice of mobility mode, and the input parameters of the 
model are shown in Tab. 1. The prediction model was 
developed by the entire database, the network structure and 
learning results are shown in Tab. 4.  

The neural network had three layers, the input layer had 
27 neurons that corresponded to the number of the input 
parameters, and the output layer had one neuron that 
corresponded to the dependent variable (O) – the choice of 
mobility modality. The number of neurons in the hidden layer 
was subject to optimization during learning, as well as the 
weight coefficients of the individual input parameters. 

The learning outcomes were assessed using the selected 
statistical indicators. The correlation coefficient is a 
statistical measure of the strength of the relationship, the 
coefficient of determination (R2), the mean absolute error 
(MAE), the mean square error (MSE), and the root mean 
square error of prediction (RMSE). 
 

Table 4 Neural Network Structure and Learning Outcome 
Structure of a neural 

network Learning outcomes 
Number of neurons 

Input 
layer 

Hidden 
layer 

Output 
layer 

Correl 
coef R2 MAE MSE RMSE 

27 79 1 0,852 0,726 0,117 0,021 0,145 
 

Generalization of the model is the application of the 
formed prediction model to the test data set. The results of 
the generalization of the model are shown in Fig. 5 and Tab. 
5. 

 

 
Figure 5 Comparison of Mobility Selection and Neural Network Prediction 

 
Table 5 The result of the generalization of the model 

The generalization model 
Correlation coefficient R2 MAE MSE RMSE 

0,771 0,565 0,162 0,033 0,183 
 
The entire database was selected for the test data set, 

which meant that the generalization was evaluated on the 
entire database. The results of the generalization were 

considered relevant for evaluating the applicability of the 
model. The results showed that the most common form of 
mobility was a combination between a personal car and green 
mobility modes. The results also showed that there were 
more green mobility options than just using a personal car. 

 
4.3 Model Validation 

 
The validation of the model was performed on the 

database created by surveying the students from Rijeka, on 
the independent database, which the neural network did not 
see during learning. 

The validation results are shown in Tab. 6 and Fig. 6. 
 

Table 6 Model validation results 
Model validation 

Correlation coefficient R2 MAE MSE RMSE 
0,626 0,392 0,180 0,050 0,225 

 

 
Figure 6 Model validation results 

 
5 DISCUSSION 
 

The database analysis showed a significant difference in 
the number of the visited foreign cities, students from Rijeka 
visited an average of 9 cities, whereas students from Osijek 
an average of 7 cities. The self-evaluation of the English 
language knowledge showed a high score of 4 out of 5, for 
Rijeka it was 4.0 and for Osijek 3.9. The difference in grades 
was visible for the use of the English language to navigate 
cycling and use applications intended for cycling, which was 
the expected result, because students from Rijeka chose 
cycling less often as mobility option. The results of the 
survey showed that the students from Rijeka engaged more 
often in English conversation, which could have been 
expected because they self-rated their knowledge of the 
English language higher than their colleagues from Osijek. 
       The analysis of the collected data revealed that walking 
in foreign cities was the dominant mobility mode of all the 
surveyed students, which was an expected result considering 
that these were young people who had no physical limitations 
for walking. Walking was chosen as a favorable mobility 
mode by 91% of the students from Osijek and 88% of the 
students from Rijeka. Public transport was the second ranked 
mobility mode, chosen by 74% of the respondents in both 
databases, which was, the expected choice for more distant 
destinations. The results coincided with the previous 
researches according to which younger visitors (tourists) 
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favored exactly these two mobility forms for moving in their 
tourist destinations [1, 11].  

Personal cars were used more by the students from 
Rijeka, 56% of them used a car as passengers and 34% of 
them as drivers, compared to 49% of the students from 
Osijek, who used a car as passengers, and 23% of them as 
drivers, which can be explained by the difference in 
geographical position of these two towns. Namely, Rijeka is 
located a few hours' drive (approx. 250-300 km) from several 
attractive tourist destinations where it is necessary to use a 
foreign language (for example, Trieste, Venezia, Ljubljana, 
Graz). 

The students from Osijek chose scooters and bicycles as 
a form of mobility more often than the students from Rijeka. 
A bicycle as a mobility mode was chosen by this student 
group twice as frequent (10% Osijek, 5% Rijeka), which was 
also expected, because students from Osijek tend to use 
bicycles as a mobility form in their home town, unlike the 
students from Rijeka, who do not have a bicycle 
infrastructure. The research conducted specifically on the 
student population showed that the choice of movement 
mode in another urban environment correlated with the same 
choice in one's own city [2, 15], which was also confirmed 
by the research results presented in this paper. 

What was unexpected was that the students from Osijek 
chose a scooter more often (12%) than a bicycle (10%), in 
contrast to the students from Rijeka who chose a bicycle (5%) 
more often than a scooter (2%). It is evident that an e-scooter, 
as a mobility form, is getting more popular as a local mobility 
option for the students from Osijek, too. 

The statistical analysis (Tab. 3) showed that there was a 
correlation between 10 input variables and the dependent 
variable of the choice of mobility modality for both 
databases, of which 6 variables were found to be significant 
for the database of the students from Osijek: 
- language use when buying tickets for public transport 

(I13),  
- the use of languages for online hiking applications (I16),  
- use of language in direct communication with car,           

bicycle and mobile vehicle renters (I19),   
- use of language in direct communication with residents 

(I23),  
- the significance of traffic orientation (I24), 
- the importance of spatial orientation (I26). 
 
        For the database of the students from Rijeka, 2 variables 
proved to be significant, which were not significant for the 
students from Osijek: 
- self-evaluation of the English language knowledge (I3) 

and  
- application of the English language in spatial orientation 

(I5). 
 

Two input variables that proved to be significant for both 
databases were related to the spatial and safety perception of 
public areas intended for pedestrians: 
- attractive public pedestrian areas (I25) and  
- feeling of safety when hiking (I27). 
 

The prediction model was formed on the basis of the data 
from Osijek, and validated on the basis of the data from 

Rijeka. When forming the prediction model, the neural 
network did not denote a single variable as uninfluential, 
which meant that the prediction function used all 27 input 
parameters.  

Given the size of the database used to train the neural 
network—162 respondents and 27 input parameters—there 
was a concern about potential overfitting and limited 
generalization. Generalization was therefore evaluated in two 
stages: first, on the test data set of the original training 
database (Osijek), and second, on a completely independent 
database that the network had not encountered during 
training, collected in Rijeka. 

The correlation achieved by the neural network on the 
training data set was 85%, but the valid correlation achieved 
on the test data set was 77%, which can be evaluated as a 
good correlation according to the indicators shown in Tab.5.  
The validation of the model was made on the basis of the data 
from Rijeka, and the achieved correlation was 63% (Tab. 6), 
which could be explained in the context of the students 
coming from two different towns, that make different choices 
of mobility modes and their different traffic habits, which 
could have been confirmed by the previous researches [17, 
18].  

The results of the model validation shown in Tab. 6 were 
evaluated as acceptable, which confirms that the prediction 
model can be applied in other urban environments as well.  

When interpreting the results, one should consider the 
study’s limitations, especially the modest total sample size 
and the imbalance in the number of respondents between the 
two cities. 
 
6  CONCLUSION 
 

The analysis of the influence of the English language 
knowledge on the choice of a urban mobility mode abroad, 
based on the results of a survey of the students from Osijek 
and Rijeka, confirmed the differences in the traffic habits of 
these two groups of students. The differences in the students' 
choices of mobility forms can be related to a number of 
influential factors (as shown by the results of this and 
previous researches on the behavior of pedestrians and 
drivers in two observed urban environments), among which 
is knowledge of the English language. A number of the 
analyzed input parameters that are related to the knowledge 
and use of the English language have a statistically 
significant influence on the choice of mobility modality, as 
the research results presented in this paper showed. For the 
students from Rijeka, their perception and self-evaluation of 
their knowledge of the English language on the choice of 
mobility modality turned out to be statistically significant, 
which is an interesting result that needs to be further 
investigated.  

The input parameters that proved to be relevant in both 
databases are attractive areas for pedestrians and the 
perception of pedestrian safety, which are not directly related 
to the knowledge of the English language, but to the 
perception of the urban environment and the traffic network. 
To what extent these parameters can be indirectly connected 
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with the knowledge of the English language, is the topic that 
remains to be further investigated, yet. 

The results of this research confirmed the results of other 
researchers conducted elsewhere in the world, which indicate 
the preference of the younger tourist population for green 
mobility modes and also show the influence of their domicile 
traffic habits on choosing mobility modalities abroad.  

Public transport can be considered a form of green 
mobility that can potentially be used by all tourists, which is 
not the case with other forms of green mobility – walking, 
using bicycles or scooters. The student population is the one 
which, due to their objective physical abilities, should be 
ready to use both public transport and all other forms of green 
mobility at their tourist destinations. A prerequisite for this is 
the ability to navigate unfamiliar urban environments and 
systems (IT) required for renting vehicles and knowledge of 
the English language plays here a very important role. 

The research limitations that should be kept in mind 
when analyzing the obtained results are the number of 
surveyed students of a certain profile and the fact that only 
two urban areas were analyzed. The results of this research 
should be supplemented with the results of the conducted 
research on the students’ mobility modalities in their local, 
domicile surrounding, the collection and analysis of which is 
in progress. 
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An Ontology-Driven Approach to Improve Data Understanding for Machine Learning 
Applications in Manufacturing 

 
Fabian Weisbrodt*, Jürgen Bock, Tobias Schrage, Peter Schuderer  

 
Abstract: The application of Machine Learning (ML) methods represents a significant aspect in the advancement of Industry 4.0. The creation of an appropriate data set for these 
applications has been identified as the most time-consuming step in the underlying end-to-end pipeline. One of the major obstacles in this process step is to bridge the gap between 
business understanding and data understanding. To address this challenge, we propose a novel methodology to bridge this gap based on a systematic literature review. Our 
methodology begins with the construction of an ontology that depicts the underlying manufacturing process along with its parameters. We then show how this ontology can be 
utilized to deepen the understanding of the manufacturing process. Subsequently, we demonstrate how appropriate target variables for ML-models and suitable data sources can 
be determined with the support of our ontology. We further elucidate our methodology through a real-world example.   
 
Keywords: data acquisition; knowledge graph; Machine Learning (ML); manufacturing; ontology 
 
 
1  INTRODUCTION 
  

Taking up to 70% of the entire time, data preparation is 
the most time-consuming step in an end-to-end Machine 
Learning pipeline [1]. In this publication, we tackle one of 
the key challenges when it comes to the task of data 
preparation: bridging the gap between business 
understanding and data understanding. To this end, we 
propose a methodology which supports the determination of 
appropriate target variables and corresponding data sources 
before setting up a suitable data pipeline. In addition, it 
provides a depiction of the underlying process which is 
suitable for exploratory knowledge discovery. 
 At the beginning, we define six questions one may ask 
when faced with the task of describing a manufacturing 
process, with the goal to identifying the target variables and 
respective data sources needed for the ML-models under 
consideration. These questions are:  
1) What does the manufacturing process look like, i.e. what 

are the general steps of the process? 
2) Which machines are used throughout the process? 
3) What happens during the process, i.e. which materials 

are used in which way to manufacture the final product? 
4) What are the attributes or parameters of the various 

components of the manufacturing process? 
5) How are these attributes or parameters related?  
6) How to obtain a potential dataset for these parameters?  

 
To answer these questions, we utilize a predefined 

ontology to depict the respective manufacturing process. This 
process depiction includes all machines and materials that are 
used during the process as well as all parameters and their 
relationship to each other. The general idea is to follow a 
structured procedure that builds the description of the 
respective manufacturing process step by step. With an 
ontology being "a formal, explicit specification of a shared 
conceptualization" [2] it essentially enables knowledge-
based applications by two benefits: (1) sharing and reusing 
knowledge, which is formally described using a standardized 

language, and (2) inferring implicit knowledge from 
explicitly given axioms and facts, based on its formal 
semantics. Ontologies that primarily focus on particular 
elements and their relations are often called knowledge 
graphs.  

For us, this means that we only have to define the direct 
relationships between the respective elements (i.e. machines, 
materials, or parameters). Implicit relationships are 
automatically inferred by ontology reasoning using the 
formal semantics and the logical axioms that we defined 
about the relationships in a manufacturing process.  

We conducted a systematic literature review using the 
Scopus search database. We used three queries that observed 
the abstract, title, and key words to search for relevant 
publications. Our search queries included the terms 
"manufacturing" and "machine learning" as well as "data 
acquisition", "feature engineering", and "data source" 
respectively. In total, we found 488 publications of which we 
will discuss five in detail that address bridging the gap 
between business understanding, i.e. domain knowledge, and 
data understanding. The systematic procedure we followed is 
summarized in Fig. 1.  

In [3], the authors present a methodology for selecting 
suitable data sources based on a House of Quality matrix. 
However, the methodology proposed in [3] does not include 
a depiction of the manufacturing process itself and assumes 
that a preselection of suitable data sources is already given. 
In [4], the authors propose a methodology based on a matrix 
they developed called "ML-SIPOC". This methodology 
includes a description of the manufacturing process, although 
less detailed than ours. The main difference to our approach 
is the utilization of the reasoner, which results in us not 
having to do the entire reasoning about which data sources 
may be relevant. Furthermore, the main tools used in the 
methodology in [4] are the already mentioned ML-SIPOC 
matrix and flowcharts. These tools do not allow the same 
level of exploratory and interactive knowledge discovery 
about the manufacturing process and its parameters as our 
approach using Web Ontology Language (OWL) ontologies. 
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Figure 1 Summary of our literature research 
 
In [5], the authors create an ontology to describe the 

features of a manufacturing process and use the resulting 
Resource Description Framework (RDF) graph to 
analytically compute the similarity of features using graph 
kernel functions. However, this approach is only used to 
enhance linear regression models and not generalized. In 
addition to the utilization of the RDF-graph the authors also 
present how the ontology they created can be used for feature 
preselection. This preselection depends on the relationships 
of the features in the proposed ontology. In comparison, we 
propose a more detailed description of the relationships 
between parameters, allowing for more sophisticated 
applications.  

Finally, in [6,7], the authors present different ontologies 
with the goal of automating as much of the end-to-end ML- 
pipeline as possible. To this end, they propose the use of three 
different interconnected ontologies that contain general 
knowledge about discrete manufacturing processes, domain 
knowledge, and knowledge about ML-models. The creation 
of the domain ontology is done collaboratively by domain 
experts and data experts using a GUI developed in [7] called 
ontology extender. The idea here is similar to the approach 
we use to create an ontology that depicts the manufacturing 
process. However, the methodology in [6,7] is shown only 
for individual process steps and does not include the 
depiction of an entire manufacturing process. In addition, 
they do not provide a procedure for how to model a 
manufacturing process and its parameters. 

The rest of this paper is organized as follows. In Section 
2, we give a brief overview of ontologies and explain the one 
we have created and how we can use it to depict arbitrarily 
large manufacturing processes in a structured way. In Section 
3, we depict the manufacturing process of calcium silicate 
bricks to provide a qualitative evaluation of our ontology. In 
Section 4, we present how we can use the ontology we 
created to answer the six questions we defined above. We 
also explain how we can use our ontology to help us find 
alternative target variables as well as suitable data sources to 
model/predict them with ML-models. At the end, we 
summarize our methodology and results and provide a brief 
outlook for future research.  
 
2 ONTOLOGY 
 

In this section we give a brief introduction to ontologies. 
Afterwards, we describe the ontology we created to depict a 
manufacturing process and how we can apply it to a specific 
use case. The general idea of using the binary relations 
between individuals to create an ontology of a manufacturing 

process stems from the creation of the domain ontology in [6, 
7].  
 
2.1 Foundations 

 
The ontology is modelled using OWL [8], which is based 

on Description Logics [9] formalizing its semantics, and Web 
technologies, (URIs, RDF/XML serialization) to make 
knowledge bases shareable. An OWL ontology is a set of 
axioms that make statements about a domain of interest. 
Domain elements are represented as OWL entities. 
Particularly, these are OWL individuals representing specific 
objects, OWL classes representing sets of individuals, and 
OWL properties representing directed relationships between 
individuals (object properties). If an object property is 
relating two individuals with each other, its inverse object 
property relates the two individuals in the opposite direction. 

 With axioms being truth statements about entities, they 
can describe class relationships, e.g. stating that a class is a 
subclass of another class allowing for the creation of complex 
class hierarchies. Other types of axioms are assertional 
axioms, stating, for instance, that an individual is a member 
(instance) of a specific class, or property-based axioms 
stating, for instance, that a property is a subproperty of 
another property. Another example of property-based axioms 
is transitivity. To this end, if an individual A is related via a 
transitive property p with individual B, and B is related via 
the same p with C, then A is related via p directly with C. A 
more general concept of this is the subproperty-chain, where 
for properties p, q, and r, and individuals A, B and C, we can 
describe that if A is related to B via p, and B is related to C 
via q, then A is related to C via r. Note that property-chains 
are not limited to two properties. 
 
2.2 General Concepts 

 
The common elements that are present in the description 

of any manufacturing process are defined as classes. 
Meanwhile, the possible relationships between the different 
elements are defined as object properties. For a particular use 
case, we depict a manufacturing process using individuals 
that we relate by assigning them to the given classes and 
using the given object properties.  
 Two general ideas are incorporated throughout the 
ontology. First, we defined an inverse for each object 
property. This way, we only need to define the relationships 
of the individuals we create in one direction, while the 
reasoner automatically completes the other one. Second, we 
sometimes use subproperties to describe the relationship 
between individuals more precisely. The idea is that we can 
define a transitive superproperty allowing us to use the 
reasoner of the ontology to give us additional information 
about the relationship between the individuals, while keeping 
the path that connects two individuals traceable.  
 
2.3 Process Definition 

 
We begin the description of a respective manufacturing 

process by defining the underlying major process steps and 
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ordering them by defining the direct predecessors of each 
step, if it exists. Then, for each process step, we define the 
respective subprocess steps, if they exist, relate them to their 
superprocess step, and order them by defining the direct 
predecessor at the subprocess level. This structure is similar 
to the one presented in [4]. 

To gain as much knowledge as possible from the 
ontology, we define the direct predecessor of a process step 
using the object property “hasSameLevelDirectPredecessor”. 
This property has “hasSameLevelPredecessor” as a transitive 
superproperty. This way the reasoner automatically provides 
us with all previous process steps on the same hierarchical 
level, while allowing us to trace the order of the process step 
following the direct predecessors or successors.  

Furthermore, the "hasSameLevelPredecessor" object 
property has the "hasPredecessor" superproperty. In addition 
to the transitivity, we additionally defined a subproperty-
chain that argues that every predecessor of a process step is 
also a predecessor of all its subprocess steps. This way, we 
only have to define the direct predecessors that exist on the 
same hierarchical level, while getting all other relations by 
automated inferencing. 
 
2.4 Device Definition 
  

We continue by defining all devices that are used during 
the manufacturing process. We do this in the order given by 
the process steps defined in the previous subsection, to 
guarantee a structured procedure. For each process step, we 
define the machines or, more generally, the devices used by 
it, as well as the respective machine parts and sensors that we 
consider worth mentioning explicitly. The latter are related 
to their respective machines using the object properties 
"isPartOf" and "isSensorOf" respectively.  
 We then define the computing devices used throughout 
the manufacturing process and relate them to the respective 
devices they control or receive inputs from. We distinguish 
between general computing devices such as PLCs and central 
computing devices such as cloud servers.  
 
2.5 Material Definition 
 

In the third step, we define all the materials used 
throughout the manufacturing process. Again, we follow the 
process steps defined in Subsection 2.3. For each step, we 
observe the machines used during it and relate them to the 
materials they take, consume or produce using the respective 
object properties. We further classify the materials we define 
as raw materials, intermediate products, or final products. If 
a material cannot be assigned to a certain machine, but only 
to a process step, we use the corresponding superproperties 
"isInputOf" and "isOutputOf". We also use subproperty-
chains to classify any material that is taken, consumed or 
produced by a machine used during a process step, as input 
or output of that process step.  
 In addition, we relate each of these products to the 
materials from which it is directly made using the 
"directlyMadeFrom" property. This property has the 
transitive superproperty "madeFrom". Thus, the reasoner 

provides us with all the materials used in previous steps to 
produce our current product, while still allowing us to trace 
the order in which the products have been processed.  
 
2.6 Parameter Definition 
 

For each process step, we observe the machines and 
materials used in it and define the parameters for each one of 
these individuals. Then, we define the additional parameters 
that are assigned to the respective process step itself. When 
we define a new parameter, we classify it as either a static or 
continuous parameter. We call a parameter static if it does 
not change during the entire manufacturing process and call 
it continuous if it does.  

When it comes to static parameters related to materials, 
we manually assign the parameters only to the material where 
they occur earliest in the manufacturing process. The idea 
behind this is that when an intermediate product is made from 
previous products, the static parameters of those pervious 
products are also static parameters of the intermediate 
product they produce. This logic is automatically applied by 
the reasoner of the ontology, meaning that we can observe 
any static parameter of an intermediate or final product, while 
only having to assign the respective parameters to the 
materials where they first occur. This avoids repetition and 
leads to a better conciseness when assigning the parameters 
to the respective materials. 

We then assign all parameters that are computed, 
displayed or, an input to a computing device to that device. 
This allows us to trace where we can potentially collect data 
about these parameters later in the development process.  
 
2.7 Parameter Relationship Definition 
 

To complete our ontology, we go through each parameter 
in the order given by the process steps and define their 
relationship to each other. If a parameter is directly 
depending on another parameter, we assign them to each 
other using the "isDirectlyDependingOn" object property. 
This property again follows the logic of having a more 
general transitive superproperty. This allows us to get all the 
other parameters a particular parameter depends on, while 
still being able to identify direct dependencies and follow the 
path of dependencies throughout the manufacturing process. 
The general idea here is similar to [5]. However, we provide 
a much more detailed depiction of the relationships between 
parameters. 

If more is known about the dependency of parameters, 
we can use additional subproperties we defined. If a 
parameter is explicitly calculated from some other 
parameters, we can express this using the “isCalculatedWith” 
object property. Additionally, we can define direct monotone 
proportional or inversely proportional dependencies using 
the respective object properties. These properties in turn have 
superproperties that follow the logic of nested proportional 
or inversely proportional dependencies.  

Specifically, this means that the property of proportional 
dependence is transitive. Additionally, if parameter A is 
proportionally depending on parameter B, which is inversely 
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proportionally depending on parameter C, the reasoner 
automatically assigns parameter A to be inversely 
proportionally depending on parameter C. The same logic is 
applied if the dependencies are in reverse order. 

 After defining all known relationships between the 
parameters, the manufacturing process is defined, including 
the respective parameters and the relationships between all 
individuals. We did this by following a clear structure and 
defining only direct relationships. This makes it possible for 
non-experts to build an ontology depicting a manufacturing 
process. What exactly we intend to use this depiction for and 
what knowledge we get from the reasoner of the ontology is 
explained in Section 4.   
 
3 APPLICATION 
  

In this section, we illustrate some of the ideas we 
implemented in our ontology by using it to depict the 
manufacturing process of calcium silicate bricks as a proof 
of concept. A partial overview of this ontology can be seen 
in Fig. 2. The entire ontology we created can further be found 
on GitHub (https://github.com/AImotion-Bavaria/MPPO). 

 

 
Figure 2 Partial depiction of the ontology for calcium silicate bricks 

 
3.1 Manufacturing Process of Calcium Silicate Bricks   
 

We begin this section with a brief summary of the 
calcium silicate bricks manufacturing process. It consists of 
five main process steps. First, the raw materials calcium 
oxide, sand, and water are mixed with additional aggregates 
to a raw mixture. This raw mixture is then required to react 
for approximately 30 to 120 minutes, before being pressed 
into green bodies of the respective format. Afterwards, the 

green bodies are cured in an autoclave in a steam atmosphere 
at a temperature of about 205 °C and pressure of about 14-16 
bars. The curing process is by far the most energy-intensive 
processing step (approx. 80%) and at the same time the 
bottleneck in the production chain. At the end, the bricks are 
packaged for further transport. [10] 
 We start the ontology, by defining the five major process 
steps just mentioned, ordering them, and adding the 
respective subprocess steps. 
 
3.2 Machines and Materials  
 

After the process steps are defined, we add the devices 
and then the materials used in the manufacturing process, 
following the procedure described in Subsections 2.4 and 2.5.  
 We take a closer look at the materials we defined to 
explain the idea behind the "directlyMadeFrom" or 
"madeFrom" object property. Both the raw mixture and the 
final calcium silicate brick are made from the four raw 
materials mentioned in the previous subsection. However, we 
only manually add the first dependency to our ontology. But 
because we also meticulously track the transformation of the  
raw materials and intermediate products that lead to the final 
product throughout the manufacturing process, the reasoner 
automatically tells us that the raw mixture and the final 
calcium silicate bricks are made from the same four raw 
materials. 

 
3.3 Parameters  
 

As described in Subsection 2.6, we continue by adding 
the parameters to our ontology, assign them to their 
respective individuals, and define them as static or 
continuous, respectively. For static parameters of materials, 
we only assign them to the materials where they first occur. 
We elucidate the idea behind this by continuing the example 
from the previous subsection. 
 The raw materials have the parameter of their mixing 
ratio, i.e. how much of them is used to produce one ton of the 
raw mixture. Following the logic of a manufacturing process, 
the final product, i.e. the calcium silicate bricks, also have the 
parameter that describes the mixing ratio used to produce 
them. In order to avoid repetitive assignment of parameters, 
we included the idea explained in the second paragraph of 
Subsection 2.6. Since we included the transformation of raw 
and intermediate products in our ontology, the reasoner 
knows how the final product is made. In our case, this means 
that the reasoner automatically knows that the bricks are 
made from the initial raw mixture and automatically assigns 
them the respective static parameters such as their mixing 
ratio.  
 
3.4 Parameter Relationships 
 

In the final step, we define the relationships between the 
parameters, following the procedure described in Subsection 
2.7. We want to use our example to illustrate the idea of the 
specific proportional and inversely proportional object 
properties.  

Take, for example, the parameter of total emissions that 
are emitted during the curing process step. These are 
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proportional to the amount of fossil fuel used which is 
proportional to the amount of fresh steam required for the 
curing the bricks. However, the amount of fresh steam 
required is inversely proportional to the amount of steam we 
reuse from previous curing processes [11]. While we only 
include these direct relations in our ontology, the reasoner 
automatically gives us any relationship between parameters 
that can be concluded from the logical rules we stated in 
Subsection 2.7. In this example, this means that the reasoner 
automatically tells us that the emissions emitted during the 
curing of the bricks are inversely proportional to the amount 
of steam we recycle from previous curing processes.  

In general, the reasoner not only provides us with the 
parameters on which a certain parameter depends, but also 
with the direction of their relationship according to the 
logical rules mentioned above. This is especially useful for 
applications with even more parameters, where it is 
consequently easy to lose track of the exact dependencies 
between them.  
 
4 UTILIZING THE ONTOLOGY 
 

In this section, we describe what the ontology we created 
to depict a manufacturing process can be used for. Our initial 
goal was to create a methodology that can assist in bridging 
the gap between business and data understanding to apply 
ML-models that can help achieve predefined business goals.  
 
 4.1 Answering Questions about the Manufacturing Process 
 

In the Introduction we defined six questions that may 
arise when trying to understand a manufacturing process with 
the idea of applying a ML-model to it. We present how we 
can answer these questions for a given manufacturing process 
using the ontology we created. 
1) For each process step, we are provided with all 

subsequent and previous process steps and their 
respective hierarchy. The ontology also tells us the 
directly adjacent process steps, allowing us to follow the 
manufacturing process step by step. Further, we can see 
all devises utilized, as well as the materials used and 
produced during each process step.  

2) For each device, we can observe what parts it is made of 
and which materials it uses and produces.  

3) For each material, we can observe in which process step 
it is used, whether it is an input, output, or both to a 
particular machine/process step, what materials it is 
made from in previous process steps, and which 
subsequent materials are made from it in later process 
steps. For the latter two, we get additional information 
about which material it is directly made from or directly 
makes, allowing us to follow the manufacturing process 
in this way. 

4) The ontology provides us with each parameter for each 
device, material, or process step and tells us whether the 
respective parameter is static or continuous. The 
ontology further allows us to distinguish between 
parameters that are directly related to materials and those 
that are inherited from input materials.   

5) For each parameter, we can observe which parameters it 
depends on, and which parameters depend on it. We also 

get additional information about direct, proportional, and 
inversely proportional dependencies.  

6) For each parameter, we can observe to which computing 
device it is connected, and whether it is displayed, 
computed, or an input to the respective device. Vice 
versa we also get all parameters that are received, 
displayed, or computed by a respective computing 
device.  

 
4.2  Data Source and Target Variable Selection 
 

As mentioned, determining the appropriate target 
variables and the respective relevant data sources is one of 
the key aspects when applying ML-models. For this reason, 
we take a brief look at queries and how we can use them to 
achieve these goals. We start by looking at how the ontology 
and queries can be used to determine suitable data sources. 
 Given a target variable, i.e. a parameter, we can simply 
define a short query that returns all the parameters on which 
the target variable depends. We can further specify this 
query. For example, we can state that we only want to see the 
parameters our target variable depends on that are actually 
connected to a computing device. As a result, we only get 
parameters that can potentially be acquired without having to 
install additional hardware. In general, we can use queries 
like the one described above to easily get a preselection of 
potentially relevant data sources for a ML-model. Then, 
additional methodologies such as [3] or interviews with 
domain experts can be used to further determine the exact 
data sources we want as our database.  
 In addition, we can use queries to help us determine 
alternative target variables if we are unable to acquire a 
suitable dataset for the current one. To do this, we define a 
query that returns all parameters in which our current target 
variable depends on proportionally or inversely 
proportionally. These are the potential candidates for 
alternative target variables, which have to be examined 
individually for their suitability as alternative target 
variables. The main criteria to consider is whether the 
alternative parameter captures all (or at least most) of the 
aspects of the original one, and whether we can acquire a 
suitable dataset for this parameter.  
 For a better understanding, consider the hypothetical 
business goal of reducing emissions. The majority of 
emissions are produced during the curing of the bricks [12]. 
Thus, the parameter "EmissionsAutoclaving" is an obvious 
choice for the target variable that we want to optimize. 
However, due to the layout of the machines, it is basically 
impossible to measure the emissions caused by a single 
autoclave or curing process [10]. But, using our ontology and 
a respective query, we can see that the emissions produced 
during the curing process are inversely proportional to the 
difference in pressure between the donating and receiving 
autoclaves, which can be calculated using the constantly 
recorded current pressure in the autoclaves making it an 
alternative target variable.  
 
5 CONCLUSION 
 

We developed a methodology for the detailed structural 
depiction of a manufacturing process using an ontology. 
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There, the reasoner, together with the logical rules that we 
created in the form of subproperty-chains, provides us with 
extensive knowledge about the relationships between the 
elements present in a manufacturing process. To this end, we 
only have to manually define binary relationships between 
the elements of our ontology. We also demonstrated how to 
use queries in our ontology to assist us determining practical 
target variables and selecting suitable data sources for them.  

However, there are few limitations currently present in 
our methodology. The formalism of the ontology does not 
allow to define that if a parameter A is inversely 
proportionally dependent on a parameter B which is again 
inversely proportionally dependent on  a parameter C, then 
parameter A is proportionally depending on parameter C. A 
possible workaround for this issue is to apply the reasoner in 
two steps and materialize the intermediate conclusions 
regarding the afore mentioned case of possible parameter 
relations, hence, breaking the cyclic dependencies. Such an 
implementation is a potential topic for future work. 

Another possibility for future work involves the 
verification of the proposed methodology. We can test the 
capabilities of our ontology by using it to describe other 
manufacturing processes, or verifying the quality of the 
selected data sources or target variables by conducting 
empirical evaluations on the performance of ML models 
trained with the data sources and target variables suggested 
by our ontology.  

Before doing such verification, some future work should 
be undertaken to extend our current ontology to avoid 
repetitiveness when depicting additional manufacturing 
processes. The general idea is to create modular ontologies 
which can be used to represent certain aspects that are present 
in multiple manufacturing processes, such as certain types of 
machines or even entire repetitive process steps. Such a 
modular decomposition of an ontology facilitates the reuse 
and sharing of partial knowledge formalized in several 
ontologies across different domains and use cases. 
Consequently, authoring and maintenance efforts to create 
additional ontologies can be drastically reduced.   
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Achieving Resilience in Military Logistics with Cluster-Forming Technologies 
 

Gerald Schneikart*, Josef Frysak, Karoline Langner, Walter Mayrhofer 
 

Abstract: The combat power of military troops is highly dependent on resilient supply chain management. Recent trends in the application of offensive drone technologies elevate 
the risks of supply chain failures along the last mile and demand pre-emptive resilience strategies. This paper presents a concept for increased resilience in military logistics that 
considers requirements elicited with methods from process engineering in collaboration with experts from the Austrian military logistics school. On a basic level, the concept is 
defined by a) decentralization of repositories at the battalion and company level achieved by cluster-forming technologies, and b) cross-docking for short-time supply points. The 
presented concept depends on the successful integration of cluster-forming technologies, but if done properly, it has the potential to improve the resilience of modern military 
logistics. 
 
Keywords: clustering; cross-docking; decentralization; last mile; military logistics; resilience; supply chain management 
 
 
1 INTRODUCTION 
1.1 Increasing Resilience of Logistics Systems 

 
Even though logistics originated in the military during 

the second half of the 20th century, research in civilian 
logistics outpaced military logistics [1]. Both sectors aim at 
improving efficiency and effectiveness when integrating 
novel technologies or strategies, but the overarching 
objectives may be different. In contrast to civilian industries, 
which strive for high efficiency with respect to financial 
terms [1], military operations need to remain effective in 
supporting combat powers of their troops at all costs [2, 3]. 
The stability against unexpected disruptions threatening 
either the efficiency or the effectiveness of a supply network 
and the ability to "restore normal supply network operations" 
can be dubbed "resilience" [4], while there might not be a 
commonly accepted definition of supply chain resilience [5]. 

Novel strategies and technologies can be implemented to 
improve resilience. One civilian example that illustrates this 
issue, is the introduction of counterfeit drugs into circulation 
somewhere along the pharmaceutical logistics chain. Recent 
developments in blockchain and robotics technology could 
therefore establish more transparent, automatized and 
resilient pharma supply chain processes that are much harder 
to corrupt [6]. On a more global scale, other threats to 
logistics and supply chain security are associated with a 
rising probability of natural disasters resulting in supply 
outages [7, 8]. As a possible countermeasure, artificial 
intelligence may attenuate the negative effects by providing 
backup plans and fast solutions for alternative routings [9]. 

Although certain novel technologies like blockchain, 
Internet-of-Things (IoT) or Artificial Intelligence may be 
appropriate to improving resilience in civilian logistics, their 
application in the military context often needs to consider a 
different set of requirements to show comparable positive 
effects. Effective military supply chain management requires 
a high level of flexibility in the establishment of supply 
routes, especially on the last mile [10]. If enemy attacks 
targeting single entities, such as transport vehicles or supply 
points, are successful, reactive mitigation measures can be 
implemented to reduce the risk of supply disruptions [11], 

e.g., using alternative means of transportation or by 
establishing other supply points at different locations. 

 
1.2 Optimization of Resilience by Decentralization 

 
Continuous improvements to modern reconnaissance 

and weapons systems for precision strikes against long-
distance targets, such as the application of drone 
technologies, increase supply chain vulnerability [12, 13]. As 
countermeasure, pre-emptive strategies for resilience 
optimization are needed at any supply level [11], even at 
locations far behind the frontline. In this respect, 
decentralization of repositories seems promising [10]. 

Civilian logistics are often highly centralized, and 
efficiency is achieved by minimizing resource utilization, 
e.g., a single supplier, process automation, or relying on a 
single authority for decision-making. However, such highly 
efficient supply chains have low resilience against any kind 
of disturbance due to sole dependency on single resources 
and little redundancy. For example, the COVID-19 crisis and 
subsequent supply chain disruptions were associated with 
highly dependent and vulnerable supply chains. This 
suggests that companies with decentralized logistics 
structures and processes are more capable to adapt to 
unforeseen changes or impacts [14, 15]. 

While it may seem obvious, what decentralization in 
logistics means in a civilian context, decentralization of 
military logistics remains, to our knowledge, an open 
research gap and raises the following questions: 
• Q1: How can decentralization of the military supply 

chain, from the battalion level to the frontline, be 
achieved? 

• Q2: What are the requirements for a transformation 
towards logistical decentralization of the last mile? 

• Q3: Which risks and opportunities may arise from such 
a supply chain decentralization? 

• Q4: How can the resilience of decentralized military 
logistics be evaluated? 
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1.3 The Research Project RESISTANT 
 
The demand for decentralizing technology solutions and 

pre-emptive transformation strategies is the basis of the 
research project RESISTANT. The importance of keeping 
armed forces ready for potential future threats due to modern 
weapon systems, e.g., autonomous or unmanned aerial and 
ground vehicles, is increasingly showcased in foreign 
military conflicts. Therefore, the Austrian government partly 
funded RESISTANT in order to develop a concept for supply 
chain decentralization, that also meets the demands of 
western military logistics (NATO). RESISTANT is a 
consortium project composed of collaborating research 
institutions of universities, universities of applied sciences, 
start-up companies in the industry 4.0 sector, and the 
Austrian Federal Ministry of Defence [16-19]. 

The project addresses aforementioned research questions 
by applying a combination of qualitative research and design 
science approaches to develop a concept for decentralization 
and first versions of the enabling communication and 
transportation technology solutions. The project scope 
primarily comprises small expendable supply items, 
including commodities needed by squads to maintain combat 
power, e.g., ammunition for rifles and guns, rations, or 
medical supplies. Goods needed by specific branches, e.g., 
fuel, spare parts, or electronics, are out of project scope. 

This paper presents the concept of the envisioned 
logistical decentralization, and its enabling technology 
currently developed in collaboration with logistics experts 
from the Austrian armed forces as part of RESISTANT. 

 
1.4 Organization of the Rest of the Article 

 
This article is organized as follows: Section 2 describes 

the methods applied for elicitation of the requirements of the 
solution and the development of the decentralization concept. 
Section 3 describes the envisioned concept, the underlying 
technology paradigm and is complemented with a short risk-
benefit analysis. Section 4 discusses the advantages and 
limitations of the decentralization concept. 

 
2 METHODS 
2.1 The Overall Design-Science Research Approach 

 
The RESISTANT project essentially follows a design-

science research approach. Design-science research is a 
framework in Information Systems research, which aims at 
acquiring new knowledge by combining behavioural and 
system design and development approaches. More 
specifically, the Information System research paradigm 
proposes to derive new knowledge by developing artifacts 
(products or services) that serve specific business needs. 
These artifacts originate from the practical environment but 
are developed based on theoretical foundations and 
methodologies. A key aspect of the design-science approach 
is the constant, iterative assessment and refinement of the 
artifact based on field applications. Thereby, theoretical as 
well as practical rigor drive the developmental process while 
simultaneously generating novel knowledge [20]. 

2.2 Semi-Structured Interviews and Process Analyses 
 
In order to gain a basic understanding of the practical 

socio-technical environment, e.g., logistics processes of the 
Austrian military, methods from the process management 
discipline were applied. Process survey techniques in the 
form of semi-structured interviews were used to collect 
qualitative data about respective environments. Based on that 
data, process analyses were conducted using the Business 
Process Model and Notation (BPMN) standard, version 2.0.2 
[21]. 

The BPMN models enabled basic requirements 
elicitation and process optimization under consideration of 
various technology implementations and were discussed with 
the experts of Austrian military logistics. This paper presents 
the schematics of a future state process model and 
summarizes the basic knowledge gains. 

 
3 RESULTS 
3.1 Decentralization Achieved by Dynamic Clustering 

 
The idea envisioned by RESISTANT is to increase the 

resilience of military logistics by the fragmentation of 
repositories at different organizational levels and keeping 
each fragment mobile in order to reduce reconnaissance from 
the enemies. The inherent challenges with such an approach 
are apparently associated with dynamically managing goods 
distributed to each repository fragment and controlling the 
entire repository’s inventory that is spread across a pre-
defined geographic terrain. Therefore, cluster-formation 
enabled by communication technology is needed for the 
synchronization of inventory information between individual 
repository fragments. The resulting "network" of mobile 
repository fragments represents a dynamic cluster of data 
points. 

The applied principle of dynamic clustering is illustrated 
by the example shown in Fig. 1, which shows a two-
dimensional terrain with three clusters spread at distinct 
locations at time (t) = 0. The third dimension that would 
represent differences in altitudes was avoided for simplicity. 
Each cluster is defined by seven cluster-forming units 
(CFUs), which refer to single repository fragments 
represented by, e.g., a single container or a mobile storage 
rack distributed in the field within a kilometre. 

Cluster formation depends on visual or radio contact as 
well as pre-defined thresholds for distances between 
individual CFUs. A CFU belongs to a cluster, as long as 
connection to at least one other CFU is established. 
Considering that the CFUs are mobile (dynamic clustering), 
a CFU could thus leave its cluster by exceeding the distance 
threshold to proximal CFUs (t = 1 and t = 2) or losing contact. 

The single condition for cluster formation is visual or 
radio contact and the threshold for distances between CFUs. 
Accordingly, two CFUs are sufficient to form a cluster, as 
long as they are separated by a distance smaller than the 
threshold (t = 3). 

Since individual CFUs are mobile, even entire clusters 
could theoretically move within the terrain. If clusters or 
CFUs of distinct clusters approach each other, both clusters 
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integrate, once at least one CFU in each cluster moves within 
the threshold and connects to at least one CFU of the other 
cluster (t = 4 and t = 5, respectively). 

 

 
Figure 1 The principle of dynamic clustering 

 
3.2 Cross-Docking for Commodity Transactions between 

Clusters 
 
Since military supply chains have repositories of goods 

at each hierarchical level, dynamic clustering could 
theoretically be applied at each level. The presented concept 
for decentralization focuses on all downstream hierarchies, 
starting from the battalion level and ending at the foxhole, 
because military supply is increasingly vulnerable towards 
the frontline [10]. According to the analysis of the current 
supply processes (unpublished), two levels for cluster 
formation were considered reasonable, e.g., at the battalion 
and the company or platoon level (Fig. 2). 

In the resulting concept, the transfer of commodities 
between those cluster levels requires solutions for cross-
docking of transported goods between CFUs of different 
cluster levels. In the current supply process, different 
technologies for storage and transportation are used at each 
military hierarchical level. For example, a warehouse is 
established at the battalion level and trucks are generally used 

for transportation to distribution points near the frontline. 
Final delivery to the foxhole happens by manual carriage. 

Considering the current logistical situation, the 
envisioned concept works with trucks capable of picking up 
roller containers (also called a hooklift container) intended 
for transport of multiple days of supply (DOS) of 
commodities (see Section 1.3 for specifications). The 
containers are equipped with communication technologies 
for cluster-formation. When loaded onto a truck, each 
container represents a mobile CFU capble to form clusters 
with nearby containers at the battalion level. 

For cluster formation at downstream levels, i.e., clusters 
affiliated to companies or platoons, trucks and heavy 
containers are considered less suitable for dynamic clustering 
due to their insufficient degree of possible decentralization. 
Reasons for this rationale are, first and foremost, the vicinity 
of the frontline, which signifies high risk of detection by the 
enemy and loss of several DOS in a single strike. Hence, 
larger numbers of smaller vehicles are needed, ideally 
autonomous unmanned ground vehicles (UGVs) capable of 
carrying supplies close to the frontline [10]. 

When DOS are ordered for delivery, a truck from the 
battalion cluster and a CFU from the company or platoon 
cluster need to meet at a temporary supply point for the 
downstream transfer of DOS. Whatever the means of 
transport at the company or platoon level are, the 
technologies of the meeting CFUs require a technical 
solution for semi- or fully automated cross-docking. The 
major requirement is to keep the duration of the meeting to a 
minimum, because the increased resilience of the 
decentralized dynamic clustering should not be compromised 
by elongated times needed for setting up the temporary 
supply point and the exchange of goods. 

Once the truck from the battalion delivered the ordered 
DOS to a downstream cluster, it either can move to a new 
temporary supply point to meet another downstream CFU for 
further DOS delivery, return to the battalion cluster to wait 
for a new order, or go further upstream to a repository at the 
brigade level to pick up a new container with fresh DOS. 

After the CFU from the company or platoon acquires the 
ordered DOS from the battalion truck, it returns to its cluster 
waiting for instructions to finally deliver the goods to the 
combat troops. If squads from the frontline are ready for 
resupply (e.g., during a combat break) and order a pick-up of 
DOS, the CFU meets a squad from the ordering troops at a 
temporary supply point near the frontline, where the soldiers 
acquire the DOS and eventually distribute it to their 
comrades in the foxholes. The empty CFU then returns to its 
cluster at the company or platoon level until it receives new 
instructions for resupply with DOS delivered by a battalion 
truck. 
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3.3 A Paradigm Technology Solution for DOS Transportation 
and Dynamic Clustering 
 
The decentralization concept presented above was used 

for technical requirement elicitation and refinement in the 
RESISTANT project. While the technical development 
activities are still ongoing at the time of writing this paper, in 
the following the status of the transport item technology that 
enables dynamic clustering is presented. The core technology 
is a smart box/rack-system developed by the Austrian start-
up company BOOXit. In the context of previous applied 
research projects, their returnable transport item solution has 
been improved [22] and evaluated for specific use cases in 
the pharmaceutical industry [6, 23]. 

The proprietary BOOXit technology is a promising 
transport solution providing a range of innovative features. 
The top of the box is covered with nobs reminiscent of 
Lego® bricks (Fig. 3A). The knobs allow for simple load 
securing without additional means of fixation (e.g., straps, 
shrink wraps, nets, tie downs, or fasteners), when multiple 

boxes are stacked, or storage of boxes in proprietary racks, 
which enable the usage of the boxes as drawers (Fig. 3B). 
The racks themselves also contain the knob feature for 
pooled transportation and fixation on compatible pallets (Fig. 
3C, 3D). 

The underlying vision of the BOOXit technology is to 
provide a smart transportation and logistics ecosystem 
relying on a single transport item solution, which consists of 
fully automated processes along entire supply chains. 
Moreover, the BOOXit technology allows for the integration 
with various logistics 4.0 technologies, e.g., communication 
systems for real-time monitoring of current positions or 
temperatures, as well as robotic systems for full automation 
of warehousing and a pick-by-light/put-by-light system for 
semi-automated assistance of delivery personnel (Fig. 3B) 
[22]. BOOXit also is the enabling transport item solution for 
the decentralization concept described above, and the 
box/rack-system is compatible with previously mentioned 
roller containers (Fig. 3E). 

 

Figure 2 Decentralization of military repositories at different supply levels enabled by mobile cluster-forming solutions. The infographic illustrates the path of goods (amounts 
measured in one Day-Of-Supply; dos) distributed from cluster-forming container systems at the battalion level (orange circles) via cluster-forming unmanned ground vehicles 

(UGVs) at the company or platoon level (green circles) to the consuming troops (gray circles) at the frontline (red line). Cross-docking between clusters happens at temporarily 
established meeting points (blue circles). The black double-arrows illustrate possible paths of cluster-forming units or squads transporting one or multiple dos. Orange or green 

bold double-arrows between circles represent cluster formation of at least two connected cluster-forming container units or UGVs. 
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Figure 3 A 3D rendering of the BOOXit box/rack-system. (A) A BOOXit box with 
the proprietary knob structure visible. (B) The boxes can be used as a drawer in 

BOOXit racks. An integrated pick-by-light system assists warehouse personnel with 
box handling. (C, D) The knob structure on BOOXit racks allows pooling of multiple 
rack units to be loaded onto various transport systems without additional tie downs, 
fasteners or load securing. (E) One-shot-load storage of BOOXit box-rack-units into 

a roller container (also called a hooklift container) 
 
Furthermore, the communication technology required 

for dynamic cluster formation is also developed in the 
RESISTANT project (Fig. 4A). The envisioned roller 
containers are equiped with automatic inventory control 
system in its interior (Fig. 4B), which provides the required 
cross-docking features for semi- or fully automated delivery 
of goods to company or platoon clusters (out of scope of the 
RESISTANT project). 

 
Figure 4 A 3D rendering of the BOOXit container system. (A) The principle of roller 

containers forming clusters. Each container directly connects with all nearby 
containers to form a cluster of equivalent network points. Connection between units 

happens automatically and depends on visibility in the field. (B) The envisioned 
roller containers are equipped with a fully automated inventory control system for 

cross-docking purposes. 
 
3.4 Requirements in View of Further Development 

 
The major challenge in implementing the presented or a 

comparable concept for the decentralization of logistics is the 
integration of technical solutions that enable dynamic 
clustering. The reason for this is that the repository fragments 
(CFUs) are dislocated and spread across a smaller or larger 
geographical terrain, but there still is the need to keep a 
"virtual common inventory", just as there would be in an 
integrated, central warehouse system. Therefore, the CFUs of 
a cluster permanently need to synchronize information about 
their individual inventory. The major requirement is a stable 
connection of each CFU with at least another CFU of the 
same cluster. In case a single CFU loses its connection, it 
saves the information about its current inventory status until 
automatic reconnection with a cluster for synchronization 
with the entire cluster’s inventory takes place. 

Another essential technical requirement enabling 
dynamic clustering is an independent power supply of each 
CFU. Different from warehouse entities, which can directly 
be connected to a supply network, mobile CFUs distributed 
in the field need to carry their own batteries for prolonged 
energy supply. This requires the integration of recharging 
technologies, such as energy-self-sufficient means 
(photovoltaics or other forms of energy harvesting) or power 
generators, e.g., when carried by a truck. Alternatively, 
recharging stations need to be established within clusters or 
at nearby locations. 
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3.5 Risks Associated with the Presented Decentralization 
Concept 
 
Dynamic clustering as illustrated in this paper certainly 

contains considerable risks that could turn into threats 
substantially compromising the resilience level of the supply 
chain. The most obvious risks are summarized in the 
following. 

For example, the dependency on independent energy 
sources, e.g., integrated batteries, represent risks associated 
with the unavailability of CFUs during the process of 
recharging, i.e., the working number of CFUs is temporarily 
reduced. In addition, charging stations could become a target 
of enemy sabotage. In order to minimize the risk of no 
charging opportunities within the cluster, multiple charging 
stations would be required, which increases the necessary 
effort to implement the decentralization concept by dynamic 
clustering (e.g., due to geographical constraints of the 
charging infrastructure). 

The problem with energy supply is even aggravated by 
the fact that the cluster concept needs to be "dynamic", which 
results in high-energy demands, compared to a static 
network, which would demand energy only for 
communication. Constantly moving CFUs consume electric 
energy (transportation by electric UGVs) or gasoline (e.g., 
transportation of the container system by truck). In further 
consequence, operating costs are most likely higher 
compared to the current situation of central warehousing and 
supply chain management. In order to counteract this 
problem, energy-self-sufficient solutions, e.g., solar panels or 
wind power can be considered. 

The functionality of the concept is highly dependent on 
transport units constantly circulating back and forth. If the 
backhaul of empty boxes from the frontline to the brigade 
does not occur, the supply chain ultimately breaks down due 
to the unavailability of transport crates. In order to keep the 
supply chain running, the circulation of boxes needs to be 
tightly controlled. The automatic communication system of 
the clustering system itself could provide the necessary 
information of individual crates’ position, movement and 
availability. 

 
3.6 Opportunities Presented by the Decentralization Concept 

 
Once implemented, dynamic clustering offers several 

opportunities, each of which contributes to improved 
resilience. Apart from keeping a stable supply chain, despite 
outage or destruction of a single CFU, the communication 
infrastructure that keeps the cluster functional theoretically 
enables real-time demand monitoring. Since each CFU 
synchronizes its inventory information with the residual 
cluster, the entire cluster is capable to communicate specific 
demands from the frontline back to the brigade. The 
prerequisite is permanently running a continuous and stable 
communication line from the frontline via each cluster level 
back to the brigade warehouse system. However, real-time 
detection of consumption currently might not be possible for 
most of the consumables, i.e., rifle ammunition. 
Consumption of consumables at the frontline can only be 

indirectly measured by the number of DOS delivered or by 
the number of empty crates returned. Eventually, the near 
real-time monitoring also would improve accuracy in 
demand forecasting. 

 
3.7 Evaluation of Resilience 

 
The available literature about evaluating resilience of 

supply chains, which is reviewed in detail in other 
publications [24], indicates industrial and research interest in 
having benchmarking solutions available. However, 
comparability of resilience performance is difficult, because 
of differences in supply chains’ dependencies on reference 
factors, which determine resilience. As implied in the 
introduction, resilience can basically be defined by reactive 
or pre-emptive (also proactive) factors and metrics defining 
the resilience strategy [11, 25], although more dimensions 
were also suggested [24]. 

The probably most suitable evaluation method that could 
currently be adapted for the evaluation of the presented 
decentralization concept was published by Mari et al. [26]. 
They defined four metrics to determine supply chain 
resilience: ‘accessibility’, ‘robustness’, ‘responsiveness’ and 
‘flexibility’ based on the holistic view of supply chains as 
complex networks of interconnected units. This approach 
intends to capture all players and factors involved in a supply 
chain network. As for the evaluation of the presented 
decentralization concept based on dynamic clustering, the 
evaluation approach (or other published means) would 
require a confined analysis of supply with commodities 
delivered from the battalion level to the foxhole. The 
analyses of any upstream factors of the supply chain process 
would thus be redundant. 

Alternatively, the implementation of the decentralization 
concept itself could be seen as the introduction of an 
additional resilience metric (next to the other four) that 
captures the level of decentralization of the supply chain. 
Regardless of the approach applied, it must be considered 
that the development of the metrics by Mari et al. were 
derived from civilian logistics [26], which might change in 
the context of military logistics due to different overall 
objectives, i.e., cost efficiency vs. fail-safety. 

 
4 DISCUSSION 

 
The described concept for the decentralization of 

military logistics by fragmentation of repositories appears 
promising for increasing the resilience of supply chains 
between battalions and troops at the frontline. Probabilities 
of sabotage of entire repositories or delivery routes is 
reduced, because enemies would need to uncover the 
positions of all fragments and delivery points for successful 
supply chain disruption. Furthermore, the likelihood of 
enemy detection is even reduced as all repository fragments 
are mobilized, and delivery points are established only 
temporarily within short timeframes due to automated cross-
docking and constant repositioning. 

The inherent advantage of dynamic clustering is an 
increased degree of automation when managing the flow of 
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goods from the battalion to the frontline. This would also 
allow for more accurate demand forecasts based on the 
consumption rates continuously reported back from the 
frontline. However, the problem of monitoring consumption 
rates at the frontline still leaves room for discussion, since 
automatic detection of consumption rates (of rations or 
ammunition) is currently only possible by indirect means, 
e.g., by extrapolation from backhaul of empty transport 
items. 

Note that the backhaul of empties can be accomplished 
by applying the same mechanisms used for forward 
transportation. Squads could exchange empty boxes at the 
temporary delivery points once they meet for pickup of fresh 
supplies (Fig. 2). The UGVs would then carry the empties 
within their cluster until cross-docking with the truck from 
the battalion at the upstream delivery point (in return, the 
UGV picks up a full box). Eventually, the truck returns the 
empties upstream to the brigade for refilling. The circle of the 
transport items would thus be closed, which provides the 
potential to reduce costs and environmental burdens 
associated with packaging waste, thus contributing to efforts 
in executing strategies for "Green Defence" [27, 28]. 
Moreover, this backhaul circle might even be used to remove 
garbage or dirty clothing from the frontline for recycling or 
cleaning.  

The derived decentralization concept obviously has its 
limitations. The cluster and transportation technologies in 
their current developmental stages still need to clear the 
proof-of-concept readiness level and be piloted in selected 
processes. Therefore, testing the concept by employing real 
military resources is currently not possible. Nevertheless, it 
serves as a platform for iterative requirements elicitation, 
because it was derived based on expert information from the 
Austrian military logistics school and involves the latest 
science-based knowledge in logistics solutions. 

 
5 CONCLUSION 

 
The presented research underscores the importance of 

integrating modern logistics technologies and innovative 
strategies to ensure the continuous or even improved combat 
readiness level of military forces. As the RESISTANT 
project progresses, it will contribute valuable insights and 
solutions for resilient supply chain management with 
implications beyond military applications. 
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Abstract: The purpose of the proposed study is to provide the required data transmission characteristics in the Industrial Internet of Things (IIoT) system. Our efforts are primarily 
aimed at increasing the probability of message delivery, as well as reducing the likelihood of their duplication in wireless networks based on the Message Queuing Telemetry 
Transport (MQTT) protocol. The article offers a scheme and description of the automated control system, which is based on the use of original models to assess the probability of 
delivery and the likelihood of duplicate messages. The control parameters are the quality of service (QoS) level and the number of allowed retransmissions (Nretry). Conducting 
computational experiments and deploying the system in a real environment have shown that its application makes it possible to improve the requirements for the probability of 
message delivery by 7.2 percent and the probability of their duplication by 8.6 percent compared to existing adaptive QoS approaches. Due to the results achieved, the proposed 
system is recommended for use in IIoT networks, which place increased demands on the reliability of data delivery. 
 
Keywords: Automated Control System; Industrial Internet of Thing (IIoT); MQTT Protocol; Network Optimization; Probabilistic Modelling; Quality of Service (QoS); Telemetry 
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1 INTRODUCTION  
 

Wireless data transmission systems currently serve as a 
technical basis for monitoring and control for solving various 
applied problems[1]. In particular, energy-efficient wireless 
sensor networks are in demand, on the basis of which the 
Internet of Things systems operate [2-4]. Such systems 
provide the collection of data received in the form of 
telemetry messages from numerous sensors. Internet of 
Things systems are used in agriculture [5-7], energy [8, 9], 
medicine [10-12], and many other areas. 

Industrial Internet of Things (IIoT) systems are being 
actively implemented at modern manufacturing enterprises, 
allowing real-time monitoring of the technical condition and 
correct functioning of the equipment used. IIoT systems 
include numerous sensor nodes connected to certain elements 
of production equipment (mechanisms, machines, process 
lines). Such sensor nodes contain sensors for measuring 
parameter values, with the help of which the serviceability 
and operability of the operating industrial equipment is 
monitored. Sensor nodes are also equipped with transceiver 
modules used to receive service messages to configure their 
operation and send measured telemetry data to the network 
server of the production process control centre (hereinafter 
referred to as the control center). To transmit and receive 
messages, sensor nodes as end devices are connected to the 
IIoT network, usually using wireless channels. 

The use of the IIoT system should be aimed at ensuring 
preventive management of production technological 
processes. These processes should be adjusted before failures 
or emergency situations occur, ensuring the exclusion of 
negative consequences (harm to workers' health due to 
mechanical damage, electric shocks or equipment fires, as 
well as material damage from unplanned downtime of 
production lines, forced purchase of new equipment or 
expensive repair of failed equipment). In the process of 
monitoring the technical condition of functioning production 
equipment, telemetry data is transmitted from the IIoT 
network sensor nodes to the control center network device at 

a certain frequency, as well as when dangerous deviations of 
the measured parameter values from the required standards 
are detected. 

In order to promptly eliminate the causes of possible 
emergency situations, it is necessary to ensure a high 
probability of messages delivery containing telemetry data. 
At the same time, it is necessary to minimize the receipt of 
duplicate messages by the control center, as they can lead to 
incorrect diagnostics of the state of the controlled equipment. 
It should also be taken into account that the message delivery 
characteristics deterioration can be caused by an excessive 
volume of packet traffic transmitted in the IIoT network. In 
addition, for this reason, the energy consumption of sensor 
nodes increases significantly, so it is necessary to take 
measures to reasonably reduce the number of packets 
transmitted in the network. 

One of the most common standards is the MQTT 
protocol. It is the basis of IIoT systems operation. It provides 
the implementation of three levels of data transmission 
quality [13-15]. The lowest level, called QoS-0, does not use 
retransmissions of corrupted or lost messages. QoS-1 
assumes sending confirmations for correctly received 
information packets, but allows for duplicate messages. The 
highest level (QoS-2) uses double confirmations and 
guarantees the absence of duplicates of delivered messages. 

The choice of the implemented QoS level significantly 
affects the characteristics of message delivery in the system. 
It should ensure the probability of message delivery not 
lower than the specified value, the probability of message 
duplicate delivery not higher than the specified value, as well 
as the minimization of packet traffic transmitted in the IIoT 
system. 

To improve the quality of packet delivery in IIoT 
networks based on the MQTT protocol, it is proposed to use 
machine learning capabilities and the concepts of software-
defined networks (SND) [16].With this extension, multicast 
messages are sent simultaneously to a group of subscribers 
without using a broker [17]. The RT-MQTT extension has 
been created, which integrates the advantages of SDN and 
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the MQTT protocol. This development allows you to set 
requirements for the transmission of messages in real time 
and ensure their fulfillment using network backups [18]. 

In order to increase the speed and reliability of delivering 
the most important messages, the p-MQTT extension has 
been developed [19]. However, the messages that are most 
sensitive to delivery time are sent earlier than others. To 
implement this approach, virtual message queues are created. 
Each queue is assigned a specific priority, according to which 
the order of message processing is set. 

To reduce message delivery delays, data transmission 
quality settings are adjusted at the software level. At the same 
time, the services are adapted to the specific applications 
used [20-22]. 

An analysis of the above developments has shown that 
they are not directly aimed at providing the required values 
for the probability of message delivery in the IIoT network. 
In addition, the available work does not assess the likelihood 
of duplicate messages, which should be minimized by 
duplicating messages, since receiving duplicates may lead to 
incorrect diagnosis of the condition of the monitored 
equipment. Based on this, it is proposed to fill the lack of 
theoretically sound solutions aimed at ensuring the reliability 
of transmission of telemetry messages in industrial Internet 
of Things networks. 

The purpose of this study is to ensure the required 
characteristics of data delivery in the industrial Internet of 
Things network based on the automated control system 
development for the telemetry message transmission. 
 
2 LITERATURE REVIEW 
  

A literature review on the study topic showed that the 
lowest level of QoS-0 has the least protocol redundancy [23], 
[24]. When implemented, it does not use repeated 
transmissions of distorted or lost information packets, which 
ensures a low volume of traffic transmitted in the IIoT 
system.  

The QoS-1 level assumes the transmission of 
confirmations for correctly (error-free) received information 
packets; in this case, if the confirmation has not been 
received by the sending device before the timeout expires, 
then the corresponding information packet is retransmitted. 
The number of allowed retransmissions Nretry is one of the 
controlled parameters in the system. The peculiarity of the 
QoS-1 level is that when it is used, duplication of delivered 
messages is possible. 

QoS-2 is the highest level of data transmission quality, 
which guarantees the absence of duplicates of delivered 
messages by using double confirmations of correct packet 
reception. The disadvantage of this level is that the volume 
of transmitted traffic is the highest.  

Using QoS level and the allowed number of 
retransmissions, it is necessary to achieve an increase in the 
message delivery probability in the IIoT system. On the other 
hand, duplication of delivered messages should be 
minimized, since it can lead to incorrect diagnostics of the 
monitored equipment state. In addition, an important 
criterion is the reduction of transmitted traffic volume. The 
analysis showed that the issues of choosing the QoS level and 
the Nretry parameter taking into account the achievement of 

all the listed requirements in industrial Internet of Things 
systems are not given enough attention in scientific and 
technical publications. 

Issues of control over the data transmission quality in 
MQTT networks are the subject of separate developments. In 
particular, a dynamic controller has been proposed that is 
capable of assessing the state of the underlying network in 
terms of end-to-end delay and packet error rate and assigning 
the best QoS value to a node [25]. In order to support real-
time services with MQTT quality of service classes, a set of 
software extensions has been developed, the use of which 
allows to increase the timeliness of network traffic 
transmission [26]. A solution has been proposed that 
integrates software-defined network (SDN) technology and 
the MQTT protocol. In this case, user-defined protocol 
settings are used to ensure the timeliness of data 
transmission, allowing for setting real-time requirements 
[27]. 

An approach is proposed that involves checking the 
relevance of messages transmitted in the MQTT network. If 
the message is out of date, the broker requests an updated 
message from the publisher before forwarding it to 
subscribers. This approach is useful in industrial control 
systems, where real-time data transmission is critical. 
However, implementing this approach requires the 
transmission of a significant amount of service traffic [28]. A 
load balancing scheme is proposed that allows for the 
uniform use of network equipment for processing incoming 
packets [29]. An adaptive mechanism for selecting MQTT 
message delivery paths based on reinforcement learning is 
developed, which makes it possible to increase the reliability 
of data transmission and limit the consumption of network 
resources [30]. 

The existing approaches to creating adaptive QoS in the 
Internet of Things networks discussed above are 
implemented in the form of various modifications of the 
MQTT protocol. The RT-MQTT (Real Time MQTT) 
extension has been created, which integrates the advantages 
of SDN and the MQTT protocol [27]. This design allows you 
to set requirements for real-time message transmission and 
ensure that they are met using network backups. 

In order to increase the speed and reliability of delivering 
the most important messages, the p-MQTT (Priority MQTT) 
extension has been developed [19]. However, the messages 
that are most sensitive to delivery time are sent earlier than 
others. To implement this approach, virtual message queues 
are created. Each queue is assigned a specific priority, 
according to which the order of message processing is set. 

Sensor receiving and transmitting devices connected to 
an IIoT network are usually low-power and have low 
performance. This ensures their main advantage, which is 
low energy consumption. In addition, the transmission of 
messages by these devices is carried out in a wireless 
environment in which the influence of noise and various 
interferences is high. To deliver data in conditions of limited 
resources and unstable communications, an extension 
adapted for use in wireless sensor networks has been 
developed. This version of the protocol is called MQTT-SN 
(MQTT for Sensor Networks) [25, 26]. Unlike the basic 
protocol, in the MQTT-SN version, the number of 
retransmissions is a parameter whose values can be changed. 
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This standard recommends setting these values in the range 
from 3 to 5, but there are no automated tools that select and 
set the most acceptable number of retransmissions depending 
on the current conditions of data delivery in the IIoT network. 
A brief description of the main approaches to QoS 
management in Internet of Things networks is presented in 
Tab. 1. 

 
Table 1 Features Of Qos-Adaptive Modifications Of The MQTT Protoco 

Modification RT-MQTT p-MQTT MQTT-SN 

Features 

Using network 
backups using 

an SDN 
controller 

Assigning 
priorities to 
transmitted 
messages 

A simplified version 
of MQTT with the 
ability to adjust the 
parameters of repeat 

transmissions 

Advantages 
Support for 
real-time 

messaging 

Improving the 
speed of 

delivery of 
critical event 

messages 

Reduced power 
consumption, 

increased reliability 
of data transmission 

Disadvantages 

No means are 
provided to 

reduce 
message 

duplication 

There are no 
means of 

increasing the 
probability of 

message 
delivery. 

There is no 
automated adaptive 
selection of Nretry 

 
Thus, the review can be summarized, The existing QoS 

management solutions allow improving the indicators of 
communication security, average delay and the number of 
correctly received packets, but they are not directly aimed at 
ensuring the required values of the probability of delivery 
and the probability of duplication of messages in the IIoT 
system, and do not take into account the intensity of packet 
traffic. As review result, it can be stated that at present there 
is a need to improve the process of data delivery in the 
industrial Internet of Things system. To this end, it is 
proposed to develop an automated system for a reasonable 
adaptive choice of the implemented QoS level and the 
allowed number of retransmissions Nretry. This development 
should be based on an assessment of the performance 
characteristics of the IIoT network in accordance with the 
MQTT-SN protocol. 

 
3 METHODOLOGY 
 

The developed system is based on the use of probabilistic 
models of the message delivery process in the IIoT system in 
accordance with the QoS-0, QoS-1 and QoS-2 levels, which 
are regulated by the MQTT-SN protocol.  

 
3.1 Models for Assessing IIoT-Message Delivery 

Characteristics 
 
Using QoS-2 level and the Nretry parameter, the 

message will not be delivered from the sensor device to the 
network device of the control centre if any of the following 
event's sequences occur: 
• the PUBLISH information packet is correctly received; 

the PUBREC confirmation packet is correctly and timely 
received; the PUBREL service packet is incorrectly 

received; after retransmission, the PUBREL service 
packet is incorrectly received; 

• the PUBLISH information packet was received 
correctly; the PUBREC confirmation packet was 
received incorrectly and/or untimely; after 
retransmission, the PUBLISH information packet was 
received correctly; the PUBREC confirmation packet 
was received correctly and timely; the PUBREL service 
packet was received incorrectly; after retransmission, the 
PUBREL service packet was received incorrectly; 

• PUBLISH information packet received correctly; 
PUBREC confirmation packet received incorrectly 
and/or untimely; PUBLISH information packet received 
correctly after retransmission; PUBREC confirmation 
packet received incorrectly and/or untimely; 

• PUBLISH information packet received correctly; 
PUBREC confirmation packet received incorrectly 
and/or untimely; PUBLISH packet received incorrectly 
after retransmission; 

• PUBLISH information packet received incorrectly; 
PUBLISH information packet received correctly after 
retransmission; PUBREC confirmation packet received 
correctly and on time; PUBREL service packet received 
incorrectly; PUBREL service packet received 
incorrectly after retransmission; 

• the PUBLISH information packet was received 
incorrectly; after retransmission, the PUBLISH 
information packet was received correctly; the PUBREC 
confirmation packet was received incorrectly and/or 
untimely;  

• the PUBLISH information packet was received 
incorrectly; after retransmission, the PUBLISH 
information packet was received incorrectly. 
 
Taking these events into account, the probability that the 

message will not be delivered from the sensor device to the 
IoT device of the control center can be estimated using the 
following expression: 
 

( ) ( )
( ) ( ) ( )
( ) ( )
( ) ( )

( ) ( ) ( )
( ) ( ) ( ) ( )

0 1 2 1 2 1 2

1 1 2 1 2 1 2 1 2

1 1 2 1 2

1 1 2 1 1

1 1 1 2 1 2 1 2

1 1 1 1 2 1 1 1 1 .

P P P PC P P

P P PC P P PC P P

P P PC P PC

P P PC P

P P P PC P P

P P P PC P P

= ⋅ ⋅ ⋅ − ⋅ − +

+ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅ − ⋅ − +

+ ⋅ − ⋅ ⋅ − ⋅ +

+ ⋅ − ⋅ ⋅ − +

+ − ⋅ ⋅ ⋅ ⋅ − ⋅ − +

+ − ⋅ ⋅ − ⋅ + − ⋅ −

                  (1) 

 
Where P1 is the probability of correct reception of the 

information packet PUBLISH; P2 is the probability of 
correct reception of the confirmation packet PUBREC; PС is 
the probability of timely receipt of the confirmation package 
PUBREC, that is, receiving this packet before the timeout 
expires. 

The probability of correct reception of the PUBLISH 
information packet can be estimated using the expression: 
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( )1 1 1 ,P L BER= − ⋅                         (2) 
 
where L1 is the bit length of the physical layer information 
block in which the packet PUBLISH is encapsulated; BER is 
the bit error rate in wireless channels used for data 
transmission. 

To calculate the probability of correct reception of the 
PUBREC confirmation packet, the following expression can 
be used: 
 

( )2 1 2 .P L BER= − ⋅                                  (3) 
 

Where L2 is the bit length of the physical layer 
information block in which the PUBREC confirmation 
packet or the PUBREL service packet is encapsulated. 

In accordance with these models, the probability of 
message delivery in the IIoT system while ensuring the QoS-
2 level can be calculated using the expression: 
 

2
1 1

0

2

1 (1 ) (1 2) (1 ) .
Nretry

Nretry Nretry i

i

PD

PP PP P PP+ +

=

=

   = − − + ⋅ − ⋅ −  
    

∑
(4) 

 
Where PP is the probability of correct and timely 

information reception and confirmation packets, to calculate 
the value of PP, the expression is used: 
 

1 2 .PP P P PC= ⋅ ⋅                                  (5) 
 

When level QoS-1 is provided and Nretry = 1 is set, the 
message will not be delivered from the sensor device to the 
control center network device if the PUBLISH information 
packet is not received correctly during the first attempt and 
after its retransmission. Taking this into account, the 
probability of message delivery in an IIoT system 
implementing the above-mentioned level of data 
transmission quality can be estimated using the following 
expression: 
 

( )
211 1 1 1 .NretryPD P + = − −                                  (6) 

 
At QoS-0 level, a message will be delivered in an IIoT 

system if the PUBLISH information packet is correctly 
received by the server, then being sent from the sensor 
device, and then, after being sent from the server, it is 
correctly received by the network device of the control 
center. Taking this into account, the probability of message 
delivery in IioT system at QoS-1 can be estimated using the 
expression: 
 

20 1 .PD P=                                               (7) 
 

At QoS-1 level, an important functioning characteristic 
of the IIoT system is the message duplication probability. As 

a result of the study, the following expression was obtained 
to estimate this value: 
 

22 (1 ) (1 ) .PDUBL PONCE PNOT PONCE PONT= ⋅ − − − − − (8) 
 

Where PONCE − is the message delivery probability 
without duplicates from a sensor device to a server, as well 
as the message delivery probability without duplicates from 
a server to a network device of the control center; PNOT is 
the probability that a message will not be delivered from a 
sensor device to a server, as well as the probability that a 
message will not be delivered from a server to a network 
device of the control center. 

The PONCE value can be estimated using the formula: 
 

[ ]
1

0
1 (1 1) 1 (1 2 ) 2 (1 1) .

Nretry
Nretry i

i

PONCE

P P Nretry P PC P PC P
−

=

=

  = − + ⋅ − ⋅ + ⋅ − 
  

∑ (9) 

 
The value PNOT can be estimated using the formula: 

 
1(1 1) .NretryPNOT P += −                               (10) 

 
So, for the first time, the models presented above reflect 

the dependence of the probability of delivery and the 
probability of duplication of telemetry messages on the 
current characteristics of data transmission in the IIoT 
network. The mentioned models allow to calculate important 
characteristics of data transmission in the IIoT network, 
which include PD0, PD1, PD2 and PDUBL. The values of 
these quantities can be used to select the level of message 
delivery quality and the permitted number of packet 
retransmissions. In the process of this selection, it is also 
necessary to take into account the criteria determined by the 
specifics of the controlled technological process. Based on 
the specifics of the production where the IIoT system is 
deployed, the probability of telemetry message delivery 
should not be lower than the specified GPD value, and the 
probability of duplication of delivered messages should not 
exceed the specified GPDUBL value. For a theoretically 
justified selection of the message delivery quality level and 
the permitted number of packet retransmissions, a system of 
automated control of data transmission characteristics in the 
industrial Internet of Things network is proposed. The 
diagram of this system is presented below. 

The mentioned models allow to calculate important 
characteristics of data transmission in the IIoT network, 
which include PD0, PD1, PD2 and PDUBL. The values of 
these quantities can be used to select the level of message 
delivery quality and the permitted number of packet 
retransmissions. In the process of this selection, it is also 
necessary to take into account the criteria determined by the 
specifics of the controlled technological process. Based on 
the specifics of the production where the IIoT system is 
deployed, the probability of telemetry message delivery 
should not be lower than the specified GPD value, and the 
probability of duplication of delivered messages should not 
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exceed the specified GPDUBL value. For a theoretically 
justified selection of the message delivery quality level and 
the permitted number of packet retransmissions, a system of 
automated control of data transmission characteristics in the 
industrial Internet of Things network is proposed. The 
diagram of this system is presented below. 
 
3.2 The Proposed Automated System 
 

The proposed automated system for controlling the 
parameters of telemetry message transmission in the 
industrial Internet of Things network is installed on the 
computing equipment of the control center. The diagram of 
this system is shown in Fig 1. The functioning of this system 
is based on the use of Eqs. (1) – (10), which were obtained 
during the development of message delivery models in the 
IIoT network. 

The telemetry data transmitted by the sensor nodes over 
the IIoT network are received by the control center network 
device, then are sent to the BER measurement module. The 
measured BER values are transmitted in parallel to the PD0 
evaluation module, PD1 evaluation module, and PD2 
evaluation module. 

In the PD0 evaluation module, the current PD0 value is 
calculated using Eq. (5). This value is then fed to the selection 
criteria fulfillment control module. In this module, the PD0 
values are compared with the specified GPD value. The GPD 
value is set by the network administrator using the selection 
criteria setting interface. If PD0 ≥ GPD is true, the 
implementation of the QoS-0 level is recommended when 
exchanging data with the corresponding sensor device, so the 
value of the recommended data transmission quality level 
LQoS is assigned the value 0. This value is fed to the LQoS 
and Nretry setting module. If PD0 < GPD, then the selection 
criteria fulfillment control module sends a request to the PD1 
evaluation module to calculate the PDUBL value. 

In the PD1 evaluation module, the PDUBL value is 
calculated using Eqs. (6) – (8) for Nretry = 1. The calculated 
PDUBL value is led to the selection criteria execution control 
module, where the PDUBL values are compared with the 
specified GPDUBL value. The GPDUBL value is set by the 
network administrator using the selection criteria setup 
interface. If PDUBL ≤ GPDUBL, then the selection criteria 
fulfillment control module sends a request to the PD1 
evaluation module to calculate the PD1 value. In the PD1 
evaluation module, using Eqs. (2) and (4), the PD1 value is 
calculated for Nretry = 1. 

If PD1 ≥ GPD, then when exchanging data with the 
corresponding sensor device, it is recommended to 
implement the QoS-1 level, therefore the value of the 
recommended level of data transmission quality LQoS is 
assigned the value 1. This value and the value Nretry = 1 are 
led to the LQoS and Nretry setup module. If PD1 < GPD, 
then the selection criteria execution control module sends a 
request to the PD1 evaluation module to calculate the 
PDUBL value when Nretry = 2. Then the operations are 
performed in the above sequence until the condition PD1 ≥ 
GPD is met. If the condition PDUBL > GPDUBL is true, then 
the selection criteria fulfillment control module sends a 

request to the PD2 evaluation module to calculate the PD2 
value. 

 

 
Figure 1 Scheme of automated control system 

 
In the PD2 evaluation module, the value PD2 is 

calculated using Eqs. (1) – (3) when Nretry = 1. This value is 
then sent to the selection criteria fulfillment control module. 
In this module, the PD2 values are compared with the 
specified GPD value. If PD2 ≥ GPD, then when exchanging 
data with the corresponding sensor device, it is recommended 
to implement the QoS-2 level, therefore the value of the 
recommended level of data transmission quality LQoS is 
assigned the value 2. This value is led to the LQoS and Nretry 
setup module. If PD2 < GPD, then the selection criteria 
fulfillment control module sends a request to the PD2 
evaluation module to calculate the PD2 value when Nretry = 
2, etc., until the condition PD2 ≥ GPD is met. 

The recommended values of LQoS and Nretry can be 
adjusted by the network administrator if necessary. To 
provide this possibility, the calculated values of PD0, PD1, 
PD2, GPDUBL, LQoS and Nretry are provided to the 
network administrator from the selection criteria fulfillment 
control module. The LQoS and Nretry setup module 
transmits service data on the recommended values of the data 
transmission quality level and the permitted number of 
packet retransmissions to the sensor device. Based on this 
data, the recommended values of the above-mentioned 
telemetry message transmission parameters are set in the 
sensor device settings.  

 
4 RESULTS AND DISCUSSION 
 

The logic of the evaluation modules PD0, PD1 and PD2 
and the module for monitoring the fulfilment of selection 
criteria is implemented in the form of software in the Python 
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language version 3.12.5. Using this software, a series of 
computational experiments were carried out with the 
following initial data: L1 =256 bits; L2 = 128 bits; PC = 1; 
GPD = 0.9; GPDUBL = 0.1. Fig. 2 shows some results of 
software functioning. 
 

 
Figure 2 Results of computational experiments 

 
As a result of experiments, it was found that in the IIoT 

system, with BER values not exceeding 2×10‒4 it is 
recommended to use the QoS-0 level, with BER values from 
3×10‒4 to 4×10‒4 the QoS-1 level and Nretry = 1 should be 
used, and with BER from 6×10‒4 to 10×10‒4 the QoS-2 level 
and Nretry = 2 should be used. 

Then, the second series of computational experiments 
was conducted, which checked the fulfillment of the 
specified data delivery requirements and estimated the packet 
traffic in the IIoT system without and with the proposed 
algorithm. In this case, the values of V were estimated, i.e., 
the average number of packets transmitted in the IIoT system 
within 1 hour. It was assumed that the packet traffic was 
generated by 1000 sensor devices, each of which transmitted 
4 telemetry messages within 1 hour. 

 

 
Figure 3 Diagram of the dependence of the value of V on the BER values when 

implementing the QoS-1 level 
 

The obtained results are presented in the form of 
diagrams in Figs. 3-6. In these diagrams, the experiments 
results in which the telemetry message delivery requirements 
were met are marked by green, and the experiments results in 
which these requirements were not met are marked by red. 

 
Figure 4 Diagram of the dependence of the value of V on the BER values when 

implementing the QoS-1 level and Nretry = 1 
 
Figs. 3-5 show diagrams obtained without using the 

proposed automated control system. These results were 
observed at fixed values of the data transmission quality level 
and the permitted number of packet retransmissions. Fig. 6 
shows the results of computational experiments conducted 
using the proposed automated control system. 

 

 
Figure 5 Diagram of the dependence of the value of V on the BER values when 

implementing the QoS-2 level and Nretry = 2 
 

 
Figure 6 Diagram of the dependence of the value of V on the BER values when 

using the proposed automated system 
 
Then, using the developed software, experiments were 

conducted in a real IoT network. 20 network LoRaWAN 
devices with LW002-TH temperature and humidity sensors 
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were connected to the eight-channel gateway MKGW2-LW. 
The MQTT-SN protocol was used to control data 
transmission at the application level in QoS-0, QoS-1 and 
QoS-2 modes. To change the BER level, we increased or 
decreased the distance between the sensor network devices 
and the gateway. The GW C-1200 protocol analyzer for 
LoRa wireless networks was used to measure the Bit Error 
Rate. The period of sending messages by each touch device 
was 1800 seconds. As a result of the experiments conducted 
in real conditions, the data presented in Tab. 2 were obtained. 
Analysis of these data showed that they correspond as much 
as possible to the simulation results. 

 
Table 2 Comparison of Results of Computational Experiments 

Conditions for 
computational 
experiments 

Message delivery 
requirement fulfillment 

percentages 
(confidence intervals 

with a confidence 
probability of 0.95) 

Average traffic 
intensity, thousands of 

packets per hour 

Fixed level QoS-0 20 0.8 
Fixed level QoS-1 40 17.78 
Fixed level QoS-2 100 36.06 
Application of 
automated control 
system 

100 24.32 

 
The analysis of the table shows that in cases of setting 

fixed levels of data transmission quality without using an 
automated control system, the implementation of the QoS-0 
level allows fulfilling the data delivery requirements only by 
20% and is accompanied by an average traffic intensity of 0.8 
thousand packets within 1 hour. The implementation of the 
QoS-1 level allows fulfilling the data delivery requirements 
by 40% with an increase in the average traffic intensity to 
17.78 thousand packets within 1 hour. The implementation 
of the QoS-2 level allows to fulfill the data delivery 
requirements by 100% with an increase in the average traffic 
intensity to 36.06 thousand packets within 1 hour. The use of 
an automated control system allows for 100% achievement 
of the required data delivery characteristics and, compared to 
the implementation of the fixed QoS-2 level, makes it 
possible to reduce the average traffic intensity by 32.5% (to 
24.32 thousand packets within 1 hour). 

 
Table 3 Comparison of the Results of the Proposed Approach and the Adaptive 

QoS Algorithm Based on SDN Technology 
Indicators Percentage increase or decrease  

Average Message Delivery Rate Decrease by 18.2 - 20.4 
Duplicate Messages Decrease by  6.4 - 8.6 
The Probability Of Message Delivery Increase by 5.8 - 7.2 
Power consumption of network devices  Decrease by 4.5 - 5.3 

 
Tab. 3 shows experimental data showing how much the 

results of using the proposed approach increase or decrease 
compared to the results of using the adaptive QoS algorithm 
based on SDN technology [27]. The results are presented as 
percentages in confidence intervals with a confidence 
probability of 0.95. 

A comparative analysis shows that the use of adaptive 
QoS based on SDN gives better results in the speed of 
message delivery, which is important for ensuring timely 
data transmission in real-time applications. In situations 
where it is necessary to increase the probability of message 

delivery and reduce their duplication, the use of the proposed 
system provides more preferable results. 
 
5 CONCLUSION 
 

Thus, the presented automated system for parameters 
management of telemetry message transmission in the IIoT 
network provides a theoretically justified choice of the level 
of message delivery quality and the allowed number of 
packet retransmissions depending on the current bit error 
rate. The use of the system allows us to provide the specified 
values of the delivery probability and the message 
duplication probability, while significantly reducing the 
average traffic intensity compared to the implementation of 
a fixed level of data transmission quality with double 
confirmations.  

Further research within the considered topic framework 
will be devoted to the substantiation of the values of the 
telemetry message delivery probability and the delivered 
messages duplication probability, which will preferably be 
used in the automated control of data transmission 
characteristics in the Industrial Internet of Things network 
deployed at a specific manufacturing enterprise. In the future, 
this will make it possible to use the proposed automated 
system for managing the transmission of telemetry data 
messages in the IIoT network, taking into account the criteria 
determined by the specifics of the controlled technological 
process. 
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Geometric Modeling of 2D Regions in AutoCAD Using the Marching Squares Algorithm with 
R-Functions  

 
Nuraliev Fakhriddin Murodillayevich, Inoyatov Mirzayor Bakhtiyor ugli*, Ibodullaev Sardor Nasriddin ugli, Umarova Dildora Bakhtiyarovna, 

Giyosov Ulugbek Eshpulatovich 
 

Abstract: This study presents a methodology for geometric modeling of two-dimensional regions in AutoCAD based on the theory of R-functions by V. L. Rvachev combined with 
the Marching Squares algorithm. A specialized RFM 2D Plugin was developed in C# for the AutoCAD.NET API, enabling users to define geometric domains through implicit 
functions of the form f(x, y) = 0 and to construct complex composite regions via R-operations (conjunction, disjunction, and negation). Region boundaries are extracted 
automatically using the Marching Squares algorithm with bisection-based edge interpolation (an accuracy of Δx/1024) and are rendered as closed AutoCAD Polyline contours 
filled with Hatch objects and unified into a single editable Group. The method was validated on three classes of planar domains — four simple primitives (circle, ellipse, rectangle, 
triangle), parabolic and hyperbolic regions, and three complex composite models (a house, a six-pointed star, and a chess-king piece) composed of up to 15 primitive functions. 
The results show that a single analytical expression replaces the multi-command sequences required by conventional parametric modeling, that the number of contour points 
grows linearly and the computation time quadratically with grid resolution, and that boundary smoothness can be controlled through a single Rα parameter. The study demonstrates 
that embedding R-functions theory directly within the AutoCAD .NET environment yields a unified, flexible, and practically applicable framework for modeling irregular and 
analytically defined planar domains. 
 
Keywords: 2D geometric modeling; AutoCAD; Hatch; implicit domain; Marching Squares; R-functions 
 
 
1  INTRODUCTION 
 

Computer-Aided Geometric Modeling (CAGM) is an 
integral part of modern engineering design and is widely used 
in construction, mechanical engineering, aerospace, and 
other fields. In professional CAD systems such as AutoCAD, 
2D regions are typically created using parametric 
commands—"Circle", "Ellipse", "Rectangle"—and their 
associated "Trim", "Fillet", and "Boolean" operations [1, 2]. 
However, conventional parametric methods exhibit 
significant limitations and complexity when constructing 
regions with intricate geometries—such as intersections of 
multiple curved boundaries, or regions bounded by parabolic 
or hyperbolic curves. In particular, drawing each boundary 
curve individually and then manually trimming and joining 
them is a multi-step process that reduces design efficiency [3, 
4]. 

An effective alternative to this problem is modeling 
based on implicit functions (i.e., F(x, y) = 0). In this 
approach, a geometric region is defined by f(x, y) ≥ 0, where 
f(x, y) = 0 denotes the boundary, f(x, y) > 0 the interior, and 
f(x, y) < 0 represents the exterior [5, 6, 7]. The mathematical 
foundation of implicit modeling is the R-functions theory 
proposed by academician V.L. Rvachev in 1963 [8, 9]. R-
function is analytical analogs of logical operations 
(conjunction ∧, disjunction ∨, negation ¬), which enable set-
theoretic operations on geometric regions using continuous, 
differentiable functions [10, 11]. 

To display the boundary of an implicitly defined region 
on screen or within a CAD system, it must be converted into 
a sequence of points forming a polyline. For this purpose, the 
Marching Squares (MS) algorithm is employed—the two-
dimensional analogue of the Marching Cubes algorithm 
proposed by Lorensen and Cline in 1987 [12]. The Marching 
Squares algorithm examines the sign change of the function 
at each cell of a 2D planar grid and generates isoline 
segments based on 16 possible configurations [13, 14]. 

Maple [13] was the first to investigate this algorithm in the 
context of 2D geometric design. Newman and Yi [5] 
presented a comprehensive survey of the Marching 
Cubes/Squares algorithms. 

Shapiro [10] extensively covered the application of R-
functions in geometric modeling and computational 
mechanics, introducing the concept of semi-analytic 
geometry. Pasko et al. [15] formalized the Function 
Representation (FRep) concept and developed a 
methodology for performing set-theoretic operations, 
blending, offset, and metamorphosis on implicit functions. 
Ricci [16] proposed a constructive geometry approach for 
computer graphics, a work that served as an important 
foundation for practical applications of R-functions theory. 

The R-Function Method (RFM) is also widely applied in 
engineering. Rvachev and Sheiko [17] demonstrated its 
broad use in boundary value problems in mechanics. 
Tsukanov and Shapiro [18, 19] developed the SAGE 
meshfree system and successfully applied the RFM to natural 
frequency analysis of 2D structures. Kurpa et al. [20] applied 
the RFM to vibration analysis of porous functionally graded 
material (FGM) plates, demonstrating its contemporary 
engineering relevance. 

However, there are almost no studies in the existing 
literature on the direct application of R-functions theory to 
the AutoCAD environment—that is, the development of a 
practical software tool that automatically visualizes 2D 
regions as Polyline and Hatch objects based on user-entered 
formulas. The aim of the present study is to fill precisely this 
gap by developing a plugin that integrates R-function with 
the Marching Squares algorithm and operates via the 
AutoCAD.NET API, and by evaluating its effectiveness 
experimentally. 

AutoCAD was deliberately selected as the target 
platform for several complementary reasons. First, it is one 
of the most widely deployed CAD systems in industry, with 
a global user base of more than 38.5% according to 6sense 
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market analytics, which maximizes the practical reach of the 
developed tool [21]. Second, AutoCAD exposes a mature, 
well-documented managed programming interface — the 
AutoCAD.NET API — that provides direct access to the 
drawing database, to the geometric entities (Polyline, Hatch, 
Region), and to the command pipeline required for automatic 
visualization. Third, its native object model maps naturally 
onto the output of the Marching Squares algorithm: isoline 
segments become Polylines and filled domains become 
Hatch objects without any intermediate file-format 
conversion. Finally, AutoCAD is a de facto industry standard 
in architecture, civil, and mechanical engineering, so a plugin 
embedded in this environment can be integrated directly into 
established professional workflows rather than requiring a 
separate, stand-alone application. 

The scientific novelty of the study consists of: (1) the 
practical application of R-functions theory and the Marching 
Squares algorithm integrated with the AutoCAD.NET API; 
(2) the presentation of numerical results for simple and 
complex 2D domains and a comparative analysis with 
conventional AutoCAD commands. 
 
2  LITERATURE REVIEW 
 

The literature analyzed in this section was identified 
through a systematic search of the following bibliographic 
databases: Scopus, Web of Science, IEEE Xplore, the ACM 
Digital Library, and Google Scholar. The search combined 
the key terms “R-functions”, “implicit modeling” / “implicit 
surfaces”, “Marching Squares” / “Marching Cubes”, 
“function representation (FRep)”, “constructive solid 
geometry”, and “AutoCAD .NET plugin” using Boolean 
operators, for example: (“R-functions” AND (“Marching 
Squares” OR “implicit modeling”) AND (“CAD” OR 
“AutoCAD”)). The search covered publications from 1963 to 
2026. Studies were included if they addressed (i) the 
theoretical foundations of R-functions, (ii) the 
polygonization or boundary extraction of implicit domains, 
or (iii) engineering applications of implicit / function-based 
modeling; studies were excluded if they did not involve 
implicit or function-based representations, or were not 
available in English or Russian. After removing duplicates 
and applying these criteria, 33 core works were retained and 
are organized below into five thematic subsections. 
 
2.1  Foundations of R-functions Theory 
 

The founder of R-functions theory, academician V. L. 
Rvachev, proposed in 1963 a new method for the analytical 
description of geometric objects [8]. In his fundamental 
monograph published in 1982 [9], Rvachev developed the 
complete mathematical theory of R-functions and applied it 
to the solution of boundary value problems. An R-function is 
a real-valued function whose sign (positive or negative) 
depends solely on the signs of its arguments. This property 
allows logical operations to be expressed as continuous, 
differentiable functions, which is of fundamental importance 
in geometric modeling. 

Shapiro [11] was the first to extensively cover the R-
functions theory in English, and his 1991 technical report 
served as a primary source for the Western scientific 

community. Shapiro’s 2007 fundamental review article [10] 
provided a detailed analysis of the applications of R-function 
in computational geometry, boundary value problems, and 
optimization. Shapiro [6] also investigated the properties of 
real functions for solid representation, substantiating their 
potential for use in 2D and 3D modeling systems. 

Rvachev and Sheiko [17] demonstrated the effectiveness 
of the R-Function Method in boundary value problems in 
mechanics and developed a methodology for constructing 
analytical solution structures over complex geometric 
domains. Rvachev, Sheiko, Shapiro, and Tsukanov [22] 
proved the completeness of RFM solution structures, thereby 
establishing the mathematical rigor of the method. Rvachev 
et al. [23] developed a method for transfinite interpolation 
over implicitly defined sets using R-function. 
 
2.2  Implicit Domains and Functional Representation 
 

Implicit modeling—representing geometric objects via 
functions of the form f(x, y) ≥ 0—has been extensively 
studied in the fields of computer graphics and CAD. 
Requicha [1] established the theoretical foundations for solid 
representation by comparing CSG (Constructive Solid 
Geometry) and B-Rep (Boundary Representation) methods. 
Ricci [16] proposed a constructive geometry approach for 
computer graphics, being the first to introduce the idea of 
performing logical operations on implicit functions. 

Pasko et al. [15] formalized the FRep concept and 
developed an extended set of operations based on R-
function—set-theoretic operations, blending, offset, and 
metamorphosis. Gomes et al. [24] produced a monograph 
providing a detailed account of the mathematical 
foundations, data structures, and algorithms for implicit 
curves and surfaces. Bloomenthal et al. [25] compiled a 
foundational handbook on implicit surfaces, making a 
significant contribution to the development of the field. 
 
2.3  Marching Squares Algorithm and Contour Extraction 

Methods 
 
The problem of finding the f(x, y) = 0 isoline that forms 

the boundary of an implicit domain and converting it into a 
sequence of points is referred to in computer graphics as 
isocontour extraction. The most widely known method in this 
field is Marching Squares—the 2D version of the Marching 
Cubes algorithm proposed by Lorensen and Cline [12]. In the 
Marching Squares algorithm, the four corner values of each 
cell in a 2D grid are examined, and isoline segments are 
generated for 2⁴ = 16 possible configurations. 

Maple [13] was the first to investigate the application of 
the Marching Squares algorithm in geometric design and 
space planning. Nielson and Hamann [14] proposed the 
asymptotic decider method to resolve the ambiguity problem 
in Marching Cubes/Squares. Ho et al. [26] developed an 
adaptive, feature-preserving contour extraction method. De 
Araujo et al. [27] presented the most comprehensive survey 
on the polygonization of implicit surfaces, comparing 
Marching Squares, Marching Cubes, and other methods in 
detail. In a related image-analysis context, Mantz et al. [28] 
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employed Minkowski functionals within a marching-square 
framework, demonstrating the algorithm’s versatility beyond 
geometric modeling. 
 
2.4  Engineering Applications of the R-Function Method 
 

The R-Function Method (RFM) is widely applied not 
only in geometric modeling but also in computational 
mechanics and engineering analysis. Tsukanov and Shapiro 
[18] created the SAGE meshfree system and applied the 
RFM to fluid dynamics problems. Tsukanov and Shapiro 
[19] developed a methodology for meshfree natural 
frequency analysis of 2D structures. Freytag, Shapiro, and 
Tsukanov [29] proposed an approach for integrating finite 
element analysis with implicit geometry. 

In recent studies, Kurpa et al. [20] successfully applied 
the R-Function Method to the vibration analysis of porous 
FGM plates. Vescovini [30] developed the Ritz R-Function 
Method for the analysis of variable stiffness composite 
panels. These studies confirm the relevance of the R-
Function Method in modern engineering. 
 
2.5  Plugin Development in CAD Systems 
 

Zhang and Zhang [31] provided a detailed account of 
secondary development technology for AutoCAD based on 
the.NET API. Bloomenthal [32] proposed efficient 
algorithms for polygonizing implicit surfaces. However, no 
studies are found in the existing literature on the direct 
application of R-functions theory to the AutoCAD 
environment or on its integration with the Marching Squares 
algorithm. This constitutes the scientific novelty of the 
present work. 
 
3  METHODOLOGY 
 

Before the method is described in detail, its originality is 
stated explicitly. To the best of the authors’ knowledge, this 
is the first work that integrates V. L. Rvachev’s R-functions 
theory directly with the Marching Squares algorithm inside 
the AutoCAD .NET environment as a single, fully automated 
pipeline. The novelty is threefold. (1) Methodological: a 
complete formula-to-geometry chain is proposed, in which 
an arbitrary R-function expression is parsed into an 
executable delegate, sampled on a uniform grid, contoured 
by Marching Squares with bisection refinement, and emitted 
directly as native AutoCAD Polyline and Hatch objects. (2) 
Algorithmic: the classical Marching Squares procedure is 
combined with Rα-parametric R-operations and bisection-
based edge interpolation (ten iterations, giving an accuracy 
of Δx/1024), so that the smoothness of the reconstructed 
boundary is controlled through a single parameter α. (3) 
Implementation: a reusable C# plugin (RFM 2D Plugin) 
delivers this capability through the standard AutoCAD 
ribbon and palette interface. Unlike earlier FRep and 
meshfree implementations, which operate as stand-alone 
tools, the present approach embeds implicit modeling 
natively within a mainstream commercial CAD system. 
 

3.1  Mathematical Apparatus of R-function (2D Case) 
 

In representing a planar region using an R-function, the 
function f(x, y) is employed, where f(x, y) > 0 denotes the 
interior, f(x, y) = 0 the boundary, and f(x, y) < 0 the exterior 
of the region. For basic 2D primitives, the analytical 
functions are defined as follows:  
- Circle: center (x0, y0), radius R: 

2 2 2
0 0( , ) ( ) ( ) 0f x y R x x y y≡ − − − − ≥                              (1) 

 

 
Figure 1 Representation of a circle defined by its center (x0, y0) and radius R 

 
- Ellipse: center (x0, y0), semi-axes a and b 

2 2
0 0

2 2
( ) ( )

( , ) 1 0
x x y y

f x y
a b
− −

≡ − − ≥                                (2) 

 

 
Figure 2 Representation of an ellipse defined by its center (x0, y0) and semi-axes a 

and b 
 
- Rectangle: dimensions a × b, via conjunction of 2 

functions 
1 2

rectangle 1 2

( ) 0, ( ) 0
0

f x a x f y b y
F f f
≡ − ≥ ≡ − ≥

≡ ∧ ≥
                                 (3) 

 

  
Figure 3 Representation of a rectangle defined by its dimensions a and b 

 
- Triangle: conjunction of two linear functions 

1 2

triangle 1 2

0, 0

0

hh y x a y
a

F

ω ω

ω ω

 ≡ − − ⋅ − ≥ ≡ ≥ 
 

≡ ∧ ≥
                          (4) 

 

 
Figure 4 Representation of a triangle defined by its base a and height h 
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Complex regions are constructed as logical combinations 
of simple primitives via R-function. Rα-parametric R-
function system [10, 11] defines three basic operations as 
follows: 
- Conjunction (∧): 

( )1 2 2
1 2 1 2 1 2 1 2(1 ) 2f f f f f f f fα α−∧ ≡ + ⋅ + − + − ⋅ ⋅ ⋅    (5) 

- Disjunction (∨): 

( )1 2 2
1 2 1 2 1 2 1 2(1 ) 2f f f f f f f fα α−∨ ≡ + ⋅ + + + − ⋅ ⋅ ⋅   (6) 

- Negation (¬): 
 f f≡ −                                                                (7) 

Here, −1 < α ≤ 1 controls the degree of boundary 
smoothness. When α = 0, the R0 system yields smooth, 
rounded boundaries (e.g., rounded corners of a rectangle). 
When α = 1, the R1 system employs min/max functions, 
preserving sharp corners [8–10]. This property is particularly 
significant in 2D modeling, as it allows the user to generate 
regions with different boundary characteristics using the 
same formulas (Fig. 5). 
 

       
     R1 - conjunction 𝑥𝑥 ∧1 𝑦𝑦                             R1 - disjunction 𝑥𝑥 ∨1 𝑦𝑦 

        
     R0 - conjunction 𝑥𝑥 ∧0 𝑦𝑦                                R0 - disjunction 𝑥𝑥 ∨0 𝑦𝑦 

Figure 5 R-conjunctions and R-disjunctions for the two well-known R-function R0 
systems and R1 

 
3.2  The Marching Squares Algorithm 

 
The Marching Squares algorithm [12, 13] was employed 

to find the f(x, y) = 0 isoline as the boundary of the R-
function-defined region and to visualize it in AutoCAD as a 
Polyline. The operating procedure of the Marching Squares 
algorithm consists of the following steps: 
1)  Grid formation: A uniform grid of NX × NY dimensions 

is generated within the specified domain boundaries 
(xmin, ymin) − (xmax, ymax). The size of each cell is 
determined as follows: (Δx, Δy) → Δx = (xmax − 
xmin)/NX, Δy = (ymax − ymin)/NY.  

2)  Grid value computation: f(x, y) is evaluated at all (NX + 
1) × (NY + 1) grid nodes. This step has O(N²) complexity. 

3)  Cell configuration identification: the f values at the 4 
corners of each cell are checked; if f ≥ 0, the 
corresponding bit is set to 1, yielding a 4-bit index (0–
15). Indices 0 and 15 indicate the region is entirely inside 
or outside; the remaining 14 configurations define 
isoline segments. 

4)  Interpolation: On each edge where the sign changes, the 
isoline point is determined using the bisection method. 
In this study, 10 bisection iterations were applied, 
providing an accuracy of Δx/1024 [14]. 

5)  Segment chaining: the resulting (A, B) segment pairs are 
assembled into ordered polylines by geometric 
proximity. Closed contours are identified automatically. 
 
The difference between the Marching Squares algorithm 

and Marching Cubes [12] is that it operates in a 2D plane and 
generates a 2D polyline instead of a 3D mesh. This is directly 
compatible with AutoCAD’s Polyline and Hatch objects, 
which facilitates seamless integration. 
 
3.3  Plugin Architecture and Operating Algorithm 
 

The developed RFM 2D Plugin is written in C# and uses 
the AutoCAD.NET API libraries [31]. The plugin is loaded 
via the NETLOAD command and consists of the following 
main modules: 
− FormulaParser2D - analyzes user-defined mathematical 

formulas and converts them into f(x, y) delegates. It 
supports implicit multiplication and functions such as 
abs(), sqrt(), sin(), and cos().  

− RFunction2D - a mathematical library for R-function, 
including Rα-conjunction (5), Rα-disjunction (6), 
negation, and their multi-argument variants.  

− MarchingSquares - a complete implementation of the 
Marching Squares algorithm: covering grid generation, 
cell configuration, bisection interpolation, and segment-
to-chain merging. 

− ContourBuilder - converts the results into AutoCAD 
objects: including Polyline (for boundaries), Hatch (for 
interior region filling), and Group (to unify all generated 
objects). 

− FormulaInputDialog2D - user interface: enables function 
input, parameter definition, R-operations tree 
construction, and configuration of grid boundaries and 
precision.  

 
The plugin’s operating algorithm (Fig. 6) is implemented 

in the following sequence: 1) Input and Configuration: The 
user enters n functions and their parameters, defines α 
parameter, grid boundaries, and resolution, and constructs 
the final R-function expression (e.g., f1 ∧ f2 for a rectangle). 
2) Formula Parsing: The FormulaParser2D module analyzes 
each function. 3) R-Function Synthesis: The RFunction2D 
module generates a single delegate that performs Rα-
operations. 4) Isoline Generation: The MarchingSquares 
module populates the grid and generates isoline segments. 5) 
Contour Assembly: Individual segments are merged into 
ordered Polylines. 6) AutoCAD Visualization: The 
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ContourBuilder renders the result in AutoCAD as Polyline + 
Hatch + Group objects. 
 

 
Figure 6 Block diagram of the RFM 2D Plugin operating algorithm 

 

 
Figure 7 The AutoCAD interface following the integration of the RFM-based plugin 

 
3.4  Experimental Methodology 

 
To evaluate the effectiveness of the proposed method, 

three test categories were established: (a) Simple Primitives: 
Includes circle, ellipse, rectangle, and triangle, typically 
modeled using 1–2 functions. (b) Conjunction-based 
Regions: Includes parabolic and hyperbolic regions, modeled 
using 2–3 functions. (c) Complex Composite Domains: 
Includes regions combined via multiple R-operations, 
involving 4 or more functions. For each model, the following 
performance parameters were analyzed: 1) Resolution: Grid 

accuracy levels of 40, 50, 60, 100 and 200. 2) Construction 
Time: The total time required to generate the model, 
measured in seconds. 3) Contour Point Count: The total 
number of points generated for the resulting boundary. The 
image below Fig. 7 illustrates the AutoCAD environment 
after the plugin has been integrated.  
 
4  RESULTS 
4.1  Experimental Environment 

 
All experiments were conducted in the following 

technical environment: Processor — Intel Core i7-7800 (6 
cores, 12 threads, 3.2 GHz); RAM — 32 GB DDR4; 
Graphics — NVIDEA GeForce RTX 2060 6 GB; Software 
— AutoCAD 2025 on the Windows operating system; Plugin 
— RFM 2D Plugin developed on the.NET Framework [33]. 
 
4.2  Results for Simple Domains 
 

The results obtained for simple 2D primitives are 
presented in Tab. 1. 
 

Table 1 Experimental Results for Simple 2D Regions 
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1 Circle 2 2
circle 25 0F x y≡ − − ≥  40 0.02 135 48 

2 Ellipse 
2 2

ellipse 1 0
16 4
x yF ≡ − − ≥  50 0.02 102 48 

3 Rectangle 

( )1 5 0f x x≡ − ≥  

( )2 3 0f y y≡ − ≥  

rectangle 1 2 0F f f≡ ∧ ≥  
50 0.02 133 52 

4 Triangle 
1 0yω ≡ ≥

2 3 3 0y xω ≡ − − − ≥  

triangle 1 2 0F ω ω≡ ∧ ≥  
40 0.03 90 52 

 

   
                             a)                                                 b) 

    
                             c)                                                 d) 

Figure 8 Visualization of simple 2D regions using the built-in AutoCAD plugin 
interface: (a) circle, (b) ellipse, (c) rectangle, and (d) triangle 

 
These four primitives — circle, ellipse, rectangle, and 

triangle — were selected because they form the minimal yet 
representative set of canonical 2D shapes from which the 
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majority of engineering profiles are composed. They cover 
the two fundamentally different boundary types handled by 
the method: smooth, curvature-continuous boundaries 
(circle, ellipse) and piecewise-linear boundaries formed by 
the conjunction of half-planes (rectangle, triangle). They also 
exercise both single-function primitives (circle, ellipse) and 
primitives that require the R-conjunction of several functions 
(rectangle, triangle), thereby validating the core operations of 
the method on the simplest possible cases before proceeding 
to composite domains. The corresponding domains generated 
by the plugin are shown in Fig. 8, where the circle (a), ellipse 
(b), rectangle (c), and triangle (d) are rendered as closed 
Polyline boundaries with solid Hatch fills. 

 
4.3  Results for Parabolic and Hyperbolic Domains 

 
Results for parabolic and hyperbolic domains bounded 

by conjunction operations are presented in Tab. 2 and Fig. 9. 
As shown in Fig. 9, the parabolic domain (a) is reconstructed 
as a smooth concave region bounded by a parabola and a 
horizontal line, while the hyperbolic domain (b) reproduces 
the characteristic two-branch profile, both rendered as closed 
Polyline–Hatch objects by the plugin. 

 
Table 2 Experimental results for parabolic and hyperbolic domains 
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1 Parabolic 
domain 

2

1 0,
8
xf y≡ − ≥ 2 10 0f y≡ − ≥  

parab.d. 1 2 0F f f≡ ∧ ≥  
60 0.04 163 48 

2 Hyperbolic 
domain 

2 2

1 1 0
9 4
x yω ≡ − − ≥

2 15 0,xω ≡ − ≥ 3 12 0yω ≡ − ≥  

hyper.d. 1 2 3 0F ω ω ω≡ ∧ ∧ ≥  

100 0.15 293 68 

 

  
a) 

 
b) 

Figure 9 Visualization of parabolic and hyperbolic domains using the built-in 
AutoCAD plugin interface: (a) parabolic domain, and (b) hyperbolic domain 

 
4.4  Results for Complex Composite Domains 

 
Results for complex composite regions constructed from 

multiple primitives using R-operations are presented in Tab. 
3. 

The house, six-pointed star, and chess-king models were 
chosen to represent three increasing and qualitatively distinct 
levels of geometric complexity. In this study, complexity is 
defined and measured by three objective indicators reported 
in Tab. 3: (i) the number of primitive functions composing 
the model, (ii) the number of R-operations (conjunctions, 
disjunctions, and negations) in the resulting expression tree, 
and (iii) the topological complexity of the boundary, 
expressed by the number of disjoint contours and interior 
holes. The house (11 primitives, 10 R-operations) represents 
a predominantly rectilinear composite domain dominated by 
conjunctions; the six-pointed star (9 primitives, 8 R-
operations) introduces rotational symmetry and a high 
proportion of disjunctions; and the chess-king piece (15 
primitives, 14 R-operations) combines curved and rectilinear 
primitives with nested operations and an interior hole, 
yielding the highest topological complexity. This graded 
selection allows the scalability of the method to be assessed 
as the number of primitives and operations increases. 
 

Table 3 Experimental results for complex composite domains 
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1 2D geometric model of a house 11 200 1.1 1 215 76 
2 2D geometric model of a six-

pointed star 
9 200 1.4 550 80 

3 Chess king piece 2D geometric 
model 

15 200 1.1 752 92 

 
4.4.1 R-function-based 2D Geometric Modeling of a House 

 
The resulting domain is shown in Fig. 10. The house 

model is obtained by combining a rectangular base, a 
triangular roof, a rectangular door, and a circular window 
through R-conjunctions, disjunctions, and a negation that 
subtracts the door and window openings, demonstrating the 
construction of a composite domain with interior holes. 
 

 
Figure 10 AutoCAD visualization of a complex composite domain: 2D geometric 

model of the house 
 

( )1 16 0f x x≡ − ≥ , ( )2 10 0f y y≡ − ≥ , ( )( )3 6 10 0f x x≡ − − ≥ ,

( )4 5 0f y y≡ − ≥ , ( )( )5 2 4 0f x x≡ − − ≥ , ( )( )6 4 8 0f y y≡ − − ≥ ,
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( )( )7 12 14 0 0f x x≡ − − ≥ ≥ , ( )( )8 4 8 0f y y≡ − − ≥ ,

( )9
55 10 1 8 0

11
f y . x ≡ − − − − ≥ 

 
, 10 10 1 0f y .≡ − ≥ , 

( ) ( )2 2
11 1 8 12 6 0f x y .≡ − − − − ≥ ,

( )house 1 3 4 5 6 7 8 9 10 11( ) ( ) ( ) ( ) ( ) 0F f f f f f f f f f f f≡ ∧ ∧¬ ∧ ∧¬ ∧ ∧¬ ∧ ∨ ∧ ∧¬ ≥  
 

4.4.2 R-function-based Geometric Model of a Six-pointed Star 
 

The resulting domain is shown in Fig. 11. The six-
pointed star is generated as the R-disjunction of two 
overlapping triangles with a central circular hole subtracted 
by negation, illustrating how rotational symmetry and a non-
convex boundary are handled by the method. 
 

 
Figure 11 AutoCAD visualization of a complex composite domain: the resulting 2D 

geometric model of the six-pointed star 
 

( )2
1 16 8 0f x≡ − ÷ ≥ , ( )2

2 25 10 0f y≡ − ÷ ≥ ,

( ) ( )( )2 2
3 3 5 9 6 0f x y≡ + + + − ÷ ≥ , ( ) ( )( )2 2

4 3 5 9 6 0f x y≡ − + + − ÷ ≥ ,

( ) ( )( )2 2
5 3 5 9 6 0f x y≡ + + − − ÷ ≥ , ( ) ( )( )2 2

6 3 5 9 6 0f x y≡ − + − − ÷ ≥ ,

( )( )2 2
7 6 9 6 0f x y≡ − + − ÷ ≥ , ( )( )2 2

8 6 9 6 0f x y≡ + + − ÷ ≥ ,
2 2

9 4 0f x y≡ − − ≥ ,
( )star 1 2 3 4 5 6 7 8 9 0F f f f f f f f f f≡ ∧ ∧ ∧ ∧ ∧ ∧ ∧ ∧¬ ≥  

 
4.4.3 R-function-based 2D Geometric Model of a Chess King 
 

The resulting domain is shown in Fig. 12. The chess-king 
profile is the most complex test case: it combines curved 
primitives (the rounded head and base) with rectilinear 
primitives (the body and cross) through nested R-operations, 
producing a single connected boundary that would require a 
long sequence of trim-and-join commands in conventional 
CAD. 
 

( )( )1 3 2 3 2 0f x . . x≡ + − ≥ , ( )2 1 2 0f y . y≡ − ≥ ,

( )3 2 8 0 21 1 2 0f x . . y .≡ + − − ≥ , ( )4 2 8 0 21 1 2 0f . . y . x≡ − − − ≥ ,

5 1 2 0f y .≡ − ≥ , 6 9 0f y≡ − ≥ , ( )( )7 1 1 0 0f x x≡ + − ≥ ≥ ,

( )( )8 9 10 5 0f y . y≡ − − ≥ , ( )22

9
11 5

1 0
2 56 1 96

y .xf
. .

−
≡ − − ≥ ,

( )22

10
12 5

1 0
3 24 0 1225

y .xf
. .

−
≡ − − ≥ , 

( )( )11 0 25 0 25 0f x . . x≡ + − ≥ , ( )( )12 12 8 15 0f y . y≡ − − ≥ ,

( )( )13 1 1 0f x x≡ + − ≥ , ( )( )14 14 14 5 0f y . y≡ − − ≥ ,

( )22

15
5 5

1 0
5 29 0 16

y .xf
. .

−
≡ − − ≥ ,

king 1 2 3 4 5 6 7 8 9 10

11 12 13 14 15

( ) ( ) ( )

( ) ( ) 0

F f f f f f f f f f f

f f f f f

≡ ∧ ∨ ∧ ∧ ∧ ∨ ∧ ∨ ∨ ∨

∧ ∨ ∧ ∨ ≥
 

 

 
Figure 12 AutoCAD visualization of a complex composite domain: 2D geometric 

model of the chess king piece 
 
4.5 Analysis of Resolution, Performance, and Numerical 

Stability 
 
The quantitative results in Tab. 1–Tab. 3 can be analyzed 

along three dimensions: spatial accuracy, computational cost, 
and memory usage. Across all tested models, the number of 
contour points is governed by the length of the domain 
boundary and the grid step, and therefore scales linearly with 
the grid resolution, O(N), whereas the computation time 
scales approximately quadratically, O(N²), because every cell 
of the N×N grid is evaluated. For example, in Tab. 1–Tab. 3 
the resolution ranges from 40 to 200 while the recorded 
computation time ranges from 0.02 s to 1.4 s and the contour-
point count from 90 to 1 215, which is consistent with this 
complexity model. A consolidated plot of computation time 
and contour-point count against the number of primitive 
functions and grid resolution is shown in Fig. 13. 

Accuracy vs. resolution. The spatial accuracy of the 
extracted boundary is determined by two factors: the grid 
step Δx (which decreases as the resolution N increases) and 
the bisection refinement applied on each sign-changing edge. 
With ten bisection iterations, the edge-intersection error is 
bounded by Δx/1024, so the overall boundary error decreases 
as O(1/N). For the tested models, increasing the resolution 
from 40 to 200 reduced the mean boundary deviation from 
0.68 to 0.14 units. 

Memory usage. The memory required by the algorithm 
is dominated by the scalar grid of sampled function values 
and by the list of generated contour points; both grow as 
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O(N²) and O(N) respectively. The measured memory 
footprint of each generated 2D figure is reported in the 
"Memory (KB)" column of Tab. 1–Tab. 3, ranging from a 
minimum of 48 KB for baseline shapes at N = 40 up to a 
maximum of 92 KB for the complex chess-king piece at N = 
200. 

Convergence and numerical stability. The bisection 
method used for edge interpolation is unconditionally 
convergent: because the function changes sign across the 
edge, each iteration halves the bracketing interval, 
guaranteeing geometric convergence to the isoline at the rate 
Δx/2k after k iterations. Numerical stability is further ensured 
by the sign-based nature of R-functions — the contour 
decision in each cell depends only on the signs of the four 
corner values, not on their magnitudes, so the algorithm is 
robust to scaling and to ill-conditioned function values near 
the boundary. No oscillation or divergence was observed in 
any of the tested models. A quantitative convergence study, 
in which the same model is evaluated at successive 
resolutions (N = 40, 50, 60, 100, 200) and the boundary error 
is tabulated, is summarized in Tab. 1–Tab. 3.  

 

 
Figure 13 Computation time and contour-point count as functions of grid resolution 

(measured data from Tab. 1–Tab. 3) 
 

Table 4 Comparative analysis of the R-Function Method and conventional 
AutoCAD commands 

Metric R-function + MS Conventional 
Commands 

Domain 
representation method 

Analytical formula 
f(x, y) ≥ 0 Parametric commands 

Complex domain 
construction 

R-operations tree 
(single expression) 

Sequential: 
Trim/Join/Boolean 

Boundary smoothness 
control 

Yes (by increasing 
resolution) 

No (or manually via 
Fillet) 

Modification process Changing parameters in 
the formula 

Manual re-execute of 
commands 

Reusability Yes (formulas are 
saved) 

Yes (if stored as 
scripts) 

Implicitly defined 
shapes (parabola, 
hyperbola) 

Direct analytical 
formula 

Difficult (constructed 
via points) 

Learning curve / 
Complexity 

Requires mathematical 
knowledge Interface is intuitive 

 
4.6  Comparison with Conventional Methods 
 

To compare the proposed R-Function Method with 
conventional AutoCAD commands, an experiment was 

conducted to generate identical regions using both 
approaches. The results are presented in Tab. 4. 
 
5  DISCUSSION 

 
The results obtained lead to several important 

conclusions. Firstly, the effectiveness of the combined 
application of R-functions theory and the Marching Squares 
algorithm in the AutoCAD environment was experimentally 
confirmed. The plugin successfully generated a diverse range 
of geometric shapes, from simple primitives (circle, ellipse, 
etc.) to complex composite domains. Each region is 
represented as a single mathematical expression, which 
fundamentally differs from the conventional sequential 
command-based approach.  

Secondly, bisection interpolation within the Marching 
Squares algorithm allows for high-precision determination of 
isoline points. Ten bisection iterations ensure an accuracy of 
up to 1/1024 of the cell size, which is sufficient for practical 
applications. As the resolution increases, the number of 
contour points grows linearly O(N), proportional to the grid 
boundary perimeter, while the computation time increases 
with O(N2) complexity relative to the grid area [12, 13, 27].  

Thirdly, the combination of Polyline + Hatch + Group in 
the plugin architecture proved to be an effective solution. 
Each contour is created as a closed Polyline, and the interior 
region is generated as a SOLID Hatch, with all objects 
unified into a single Group. This enables AutoCAD users to 
work with familiar standard objects—allowing them to edit 
contours, modify color parameters, delete, and perform other 
commands. 

However, the method also has certain limitations. First, 
in the implicit approach, the region boundary is defined by a 
mathematical formula, requiring a certain level of 
mathematical proficiency from the user. In the conventional 
parametric method, the user interacts via a visual interface. 
Second, for highly complex formulas involving a large 
number of variables and R-operations, computation time may 
significantly increase. Third, the Marching Squares 
algorithm is non-adaptive, applying uniform precision across 
the entire grid, which leads to redundant computations in 
areas far from the boundary. In the future, implementing an 
adaptive octree/quadtree approach [27] could address this 
limitation.  

Comparing the results with other studies, the FRep 
system by Pasko et al. [15] is the closest analog. However, 
the FRep system was developed as a standalone software tool 
without AutoCAD integration. The SAGE system by 
Tsukanov and Shapiro [18] is designed for meshfree 
computation and, unlike our method, focuses on physical 
analysis (vibration, heat conduction) rather than geometric 
visualization. This study distinguishes itself by being 
specifically designed for practical modeling within a CAD 
environment. 

Critical comparison with prior studies. The accuracy, 
performance, and flexibility of the proposed method can be 
positioned relative to earlier work. In terms of boundary 
extraction, the present approach uses the same Marching 
Squares foundation analyzed by De Araujo et al. [27] and 
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refined by Nielson and Hamann [14], but, unlike those 
general-purpose polygonizers, it couples the extraction 
directly to an R-function field and to native CAD output. 
Compared with the FRep system of Pasko et al. [15] and the 
constructive approach of Ricci [16], which provide rich 
implicit-modeling operators but render through external 
visualization pipelines, the proposed plugin produces 
editable AutoCAD entities directly, trading some of the 
generality of FRep for seamless CAD integration. Relative to 
the meshfree RFM systems of Tsukanov and Shapiro [18, 19] 
and Kurpa et al. [20], which apply R-functions to numerical 
analysis rather than to drafting, the present work targets 
interactive geometric construction. In terms of measured 
performance, the linear O(N) growth of contour points and 
quadratic O(N²) growth of computation time observed here 
(Tab. 1–Tab. 3) are consistent with the complexity reported 
for Marching Squares/Cubes in [12, 13, 27], achieving a 
highly competitive accuracy-to-time ratio on all benchmark 
shapes. 

Practical implications and industrial applications. The 
developed plugin has several concrete applications in 
engineering practice. Because complex domains are 
described by a single editable formula rather than by a long 
sequence of draw-trim-join commands, the tool is well suited 
to parametric design and design optimization, where the 
same shape must be regenerated repeatedly with different 
parameters. Typical industrial use cases include the 
generation of irregular structural cross-sections and cut-outs 
in mechanical and civil engineering, the rapid creation of 
analytically defined cam, gear, and gasket profiles, the 
preparation of boundary contours for downstream finite-
element or CNC/CAM processing, and educational use for 
teaching implicit geometry within a familiar CAD interface. 
Since the output consists of standard Polyline, Hatch, and 
Group objects, the generated geometry integrates directly 
with existing AutoCAD-based documentation and 
manufacturing workflows without conversion. 
 
6  CONCLUSION 
 

In this study, a new practical approach for the geometric 
modeling of 2D regions in the AutoCAD environment was 
developed and experimentally validated based on V. L. 
Rvachev’s R-functions theory and the Marching Squares 
algorithm. The key results are as follows:  
1) A dedicated RFM 2D Plugin was developed in C# using 

the AutoCAD.NET API. The plugin enables users to 
input an arbitrary number of analytical functions, 
construct an 𝑅𝑅𝛼𝛼-parametric R-operations tree, and 
visualize the resulting domains as Polyline and Hatch 
objects.  

2) The Marching Squares algorithm combined with 
bisection interpolation generates high-precision isoline 
contours. The segment chaining algorithm automatically 
identifies closed contours, ensuring geometric integrity.  

3) The plugin was successfully tested on simple primitives 
(circle, ellipse, rectangle, triangle) as well as complex 

composite domains (parabolic, hyperbolic, and 
combined regions).  

4) Comparison with conventional AutoCAD commands 
demonstrated that the proposed method offers significant 
advantages in terms of parametric flexibility, reusability, 
and the modeling of implicitly defined shapes.  

 
Limitations of the methodology. Several limitations 

should be acknowledged. First, defining a domain requires 
the user to express it as an analytical R-function, which 
presupposes a level of mathematical proficiency not 
demanded by conventional graphical CAD commands. 
Second, the Marching Squares algorithm employed here is 
non-adaptive: it applies a uniform grid over the whole 
domain, so computation and memory are spent on regions far 
from the boundary, and very thin features or sharp corners 
may be under-resolved unless the global resolution is 
increased. Third, the current implementation is restricted to 
two-dimensional regions and to static (non-animated) 
geometry, and its performance for formulas containing a very 
large number of R-operations has not yet been optimized. 
These limitations define the scope within which the present 
results hold and motivate the future work outlined below. 

The following areas are considered promising for future 
research: (a) implementing automatic precision control using 
adaptive quadtrees; (b) integrating 2D and 3D plugins into a 
unified system; (c) expanding the plugin's functionality in the 
direction of parametric design; and (d) incorporating a 
graphical "R-operations tree builder" or visual scratchpad 
into the plugin interface. Because implicit modeling relies on 
algebraic expressions and therefore imposes a steeper 
learning curve than standard graphical CAD workflows, such 
a visual formula-composition tool — in which primitives and 
R-operations are assembled as nodes of a tree rather than 
typed as text — would make formula construction 
substantially more intuitive and lower the entry barrier for 
practicing engineers. 
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Maintenance and Repair of Battery Electric Vehicles in Germany 
 

Norbert Schreier  

  
Abstract: After a surge between 2019 and 2023, Battery Electric Vehicles (BEV) registrations declined in 2024, with customers facing the expiry of state subsidies. In addition, 
actual studies showed, that the repair costs of BEVs are considerably higher than that of classic Internal Combustion Engine vehicles (ICEV). This research aims to answer the 
question, why BEVs require higher repair costs than ICEVs, while having a lower technical complexity drivetrain and requiring less maintenance. Focusing on the research question, 
a mixed-methods approach is used combining a secondary analysis based on recent studies of insurance companies and road assistances. The study describes the technical 
differences between BEVs and ICEVs and analyses their maintenance and repair strategy. Regarding practical and managerial implications, the results could help BEV 
manufacturers to enhance their product and maintenance strategies. This study could support decision-makers to better understand the BEV market. 
 
Keywords: Battery Electric Vehicle (BEV); cost; maintenance; repair 
 
 
1 INTRODUCTION 
 

Since 2019 registration numbers of Battery Electric 
Vehicles (BEV) in Germany increased continuously, despite 
a relatively low range of the early available models and 
insufficient charging infrastructure. The increase was fired 
by a growing number of different models on the market and 
significant state subsidies. This trend came to an end in 2024: 
after 18,4 % respectively 524.219 BEVs of in sum 2,84 
million newly registered passenger cars in 2023, the number 
declined to 380.609 in 2024 [1]. 

Generally, the reasons for this decline are mainly seen in 
the stop of state subsidies and the resulting higher purchasing 
costs. Nevertheless, there are other reasons, why "Germans 
continue to struggle with the purchase of electric cars" [2]. In 
2024 several car rental and trading companies reduced their 
BEV fleet not only in Germany, but internationally: "Sixt 
USA, a subsidiary of Germany-headquartered Sixt SE, and 
American rental car giant Hertz Global Holdings are slashing 
their BEV fleets after experiencing expensive repair costs, 
weak customer demand and a dramatic drop in resale prices 
for such cars." [3] 

During the last years, several studies have emphasized 
the importance of Total Cost of Ownership (TCO) for the 
market success of BEV. In 2012 Propfe et al. predicted the 
cost competitiveness of different propulsion systems for the 
German auto market in 2020. He concluded, that electric 
vehicles will profit from lower maintenance and repair costs 
and a higher expected resale value [4]. Nevertheless, there 
have been contradictory results from different studies ([5-7]). 
Some are stating less yearly maintenance and repair costs for 
electric vehicles in some countries like the USA and some 
increased costs in other countries, like Turkey ([5-7]).  
 
2 RESEARCH QUESTIONS AND METHODOLOGY 
 

This study is part of an ongoing research program and 
aims to examine the reasons for BEVs high repair costs and 
tries to answer the following research questions: 
RQ 1: What are the technical differences between BEV and 
ICEV? 

RQ 2: Which strategies are practiced for maintenance and 
repair? 
RQ 3: What are the deriving cost factors for maintenance 
and repair of BEV? 

 
To address the research questions, a mixed-methods 

approach is used, which contains a literature analysis and 
qualitative expert interviews. Targets of the literature 
analysis are to represent the actual state of research as well 
as the actual state of practice based on recent studies of 
insurance companies and road assistances. 
 
3 TECHNICAL DIFFERENCES BETWEEN BEV AND ICEV 
 

The classic vehicle technology has been characterized by 
internal combustion engine drives based on the petrol or 
diesel principle, manual or automatic transmissions and 
mechanical power distribution to the drive wheels. In 
addition, there were mechanical/hydraulic auxiliary units 
such as steering, brakes, suspensions and damping. Together 
with the introduction of electronic safety and comfort 
systems, these have been successively electrified since the 
1980s. Fundamentally, however, the conventional vehicle is 
still based on the classic mechanical structure.  

Electromobility is changing this principle from the 
ground up: the elimination of mechanical drive components 
opens up opportunities for new vehicle concepts and mobility 
systems, depending on the degree of electrification of the 
drivetrain. The introduction of high-voltage electrical 
systems into vehicle technology not only changes the drive 
technology, it also acts as an accelerator for the electrification 
of the last mechanical or mechanical-hydraulic auxiliary 
units. Steering and braking signals more and more will be 
transmitted electronically (steer-by-wire and brake-by-wire). 
Steer-by-wire and brake-by-wire systems will find their way 
into the various forms of electromobility as well as into the 
more advanced conventional vehicles. Together with the 
further computerization and networking of automobiles, this 
in turn enables driver assistance systems for the realization 
of autonomous driving. 

The effects of the various electrification concepts on 
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maintenance and repair result from the different technical 
configurations of electric vehicles compared to conventional 
vehicles with petrol or diesel engines.  

While full hybrid and plug-in hybrid vehicles have an 
internal combustion engine and mechanical drivetrain in 
addition to the electric components (electric motor, traction 
battery, electric drivetrain and, if necessary, a device for 
external electric charging), range extender vehicles do not 
have a mechanical drivetrain - the power is mainly 
distributed to the wheels by the electric drivetrain. In purely 
battery-electric vehicles, the combustion engine and fuel 
system are also omitted.  

This study focuses on battery electric cars (BEV). 
Electric motor, power electronics, high-voltage-battery and 
charging unit are the main parts, which determine the vehicle 
concept of BEVs (see Fig. 1).  

 

 
Figure 1 Technical components of BEV [8] 

 
4 CONCEPTS FOR MAINTENANCE OF ICE VEHICLES AND 

BEV 
 

The internal combustion engine and the mechanical 
drive train determine the maintenance and repair concepts of 
conventional vehicles. The energy source is liquid fuel from 
a fuel tank. The chemical-mechanical energy conversion and 
mechanical power transmission generate heat, friction and 
wear in the engine and the entire mechanical drivetrain. 
For these reasons, the following maintenance activities must 
be carried out at certain intervals: 
- Oil change including oil filter change, 
- coolant change, 
- spark plug change, 
- air filter change, 
- timing belt change, 
- fuel filter change and 
- brake fluid change. 
 

The most important wear-related repair work and the 
associated replacement of components are: 
- Brake pads and brake disks, 
- exhaust system and 
- clutch. 
 

Focusing on battery electric vehicles (BEV), all 
combustion engine components and the mechanical 
drivetrain are eliminated. An electric motor/generator, a 

traction battery and the complete electric drivetrain are 
installed. The high-voltage battery is charged externally 
using an appropriate charger.  

Due to the significantly different technical 
configurations of BEV vehicles, there are major differences 
in the maintenance and repair work compared to 
conventionally powered vehicles [9]. In terms of 
maintenance, all work associated with the combustion engine 
and the mechanical drive is eliminated. In addition, the 
following work must be carried out:  
- checking the power electronics 
- replacing the dryer cartridge and,  
- replacing coolants in the battery and power electronics 

cooling circuits (depending on the manufacturer and 
conceptual method).  

 
In the case of wear repairs, not only the clutch but also 

the complete exhaust system is now no longer required. 
Furthermore, due to energy recuperation, wear on the brake 
pads and discs can be expected to be reduced. Nevertheless, 
tire wear of electrified vehicles is discussed controversially: 
due to better acceleration in combination with higher vehicle 
weight compared to conventional vehicles higher tire wear 
can be expected [10, 11]. 

The available maintenance and repair cost data on BEVs 
is limited because of a relatively small number of vehicle 
models in the market. 2021 Liu et al. compared total cost of 
ownership of battery electric vehicles and internal 
combustion engine vehicles [7]. It is observed that the ICEV 
maintenance and repair cost increases with the vehicle price, 
while the BEV maintenance and repair cost remains steady 
and low regardless of the vehicle price variance. This is 
because BEVs are almost maintenance-free with fewer parts 
to be replaced and no need to regularly change auxiliary 
fluids (such as engine oil) during the vehicle's life compared 
with ICEV [7]. The study "Electromobility – Implication for 
After Sales" examined the different maintenance costs of 
BEV in comparison to ICEV in 2014 [11]. The study 
concluded, that BEVs maintenance labor costs are 
approximately 13% and wear parts costs 72% under the costs 
of comparable ICEV [11]. 

In sum it can be stated, that low maintenance costs are a 
real advantage of BEV and play a decisive role in the cost-
of-ownership calculation. 
 
5 CONCEPTS FOR REPAIR OF ICE VEHICLES AND BEV 
 

When it comes to the repair concept of vehicles, the goal 
of cost-effectiveness in line with current value, while also 
taking into account the requirements of the workshop 
environment, is essential for a successful vehicle concept. 
This largely determines serviceability, insurance rating and 
cost of ownership. The repair costs consist mainly of labor 
and parts costs. Therefore the technical layout of the vehicle, 
the determination of the spare parts and the repair methods 
are crucial factors. In addition to that, several safety 
measurements have to be taken into account when working 
with high-voltage technology.  

In general, for BEV repair the following technical 



Norbert Schreier: Maintenance and Repair of Battery Electric Vehicles in Germany 
 

TEHNIČKI GLASNIK 20, 3(2026), 489-492                                            491 

systems are of relevance [12]: 
The high-voltage battery is the most expensive part of a 

BEV. It stores the electrical energy, can be recharged and is 
responsible for the vehicle's energy supply during operation. 
Due to its size and weight, the battery is usually installed in 
the vehicle floor. It consists of individual battery modules 
containing several battery cells. Depending on the desired 
range and performance, the batteries differ in the number of 
modules and therefore in their size. The vehicle layout, the 
battery design and its protection measures have strong 
influence on the repair and maintenance costs. In addition, 
HV lithium-ion batteries are very sensitive to mechanical 
damage. In case of an accident, the batteries have to be 
checked according to the OEM rules and even with minor 
deformation or scratches frequently have to be replaced. 
Depending on OEM and model the following repair options 
are available:  
• complete replacement with a new HV battery 
• replacement with a refurbished battery or  
• partial repair with replacement of cell modules. 
 

The thermal management system keeps the vehicle drive 
within an optimum temperature range. Temperature 
regulation is particularly important for the electric motor, the 
power electronics and the battery. To protect the components 
from overheating, the permissible temperatures must always 
be maintained in the drivetrain. While the motor and power 
electronics only need to be cooled, the battery must be cooled 
or heated depending on the outside temperature. It consists of 
different cooling circles which need to be checked and the 
cooling liquids have to be changed on a regular basis. In case 
of a repair, the cooling system components can be dismantled 
and replaced. 

The On-board-charger and battery management system 
monitors and controls the entire charging process with an 
external power source. It ensures safe and efficient energy 
transfer, which protects the battery cells from overcharging 
and maximizes charging efficiency. In addition, the on-board 
charger converts the AC voltage supplied by the external 
power source into the DC voltage compatible with the 
vehicle. Together with the charging cable and the charging 
socket it has to be checked in case of malfunctions in the 
charging process. In case of a repair, the defect parts ca be 
replaced. 

The power electronics control the electric drive and 
establish the connection between the electric motor and the 
high-voltage battery. Both the electric motor and the high-
voltage battery are supplied with power by the power 
electronics. The electric motor is supplied with power during 
normal driving operation when the motor drives the vehicle 
forwards or backwards. When the high-voltage battery is 
supplied with power, the electric motor works as a generator 
during recuperation and the vehicle's battery is charged by 
not accelerating. These electric components are quite robust 
and usually are not repaired but replaced in one spare part.  

The high-voltage cables in the vehicle can be identified 
by their orange color. They are used to allow up to 800 Volts 
without interference and are consisting of the actual 

conductor, a primary insulation, a braided shield, a foil shield 
and a sheath. There is information about damaged HV-cables 
by weasels, which could not be verified in scientific studies 
at the time being. 

There are several studies and databases, which indicate, 
that the repair costs of BEV are higher than in ICEV and play 
a decisive role in the cost-of-ownership calculation. 
Referring to a comparison of insurance costs between BEV 
and ICEV the Allianz Center for Technology states, that "the 
repair costs of electric vehicles are on average 30 to 35% 
higher than those of comparable cars with combustion 
engines" (p. 1 in [13]). In insurance cases above 7000 €, the 
costs of damage of BEV are 18% higher than the costs of 
ICEV. The reasons are lying mainly in higher spare parts cost 
and higher labor cost (p. 27 in [14]).  

While general spare parts are at the same price level than 
parts for ICEV, the HV-specific parts are more valuable. The 
most expensive high voltage spare part of BEV is the traction 
battery. The second reason are the significantly higher labor 
costs compared to combustion engines. As a rule, 
independent workshops at the time being hardly repair on the 
HV-system of BEV. For this reason, authorized workshops 
carry out a high proportion of repair work on BEV, for which 
the hourly rates are significantly higher than at independent 
workshops. For complex repairs the vehicles even have to be 
taken to central test centers. All of these reasons are leading 
to significantly higher labor costs. In addition, the BEV fleet 
is relatively young (p. 27 in [14]). The high actual value of a 
BEV also increases the higher repair costs. 
 
6 SUMMARY 
 

It can be stated, that BEV require higher repair costs than 
ICEV. Mainly because of their technical concept, the cost of 
maintenance is lower, but the cost of spare parts as well as 
the cost of labor for repair work are significantly higher than 
for ICEV. The results of this study may give impacts and 
recommendations for practice and research.  

A reduction of BEV repair costs could be an important 
aspect to enhance the acceptance of BEV technology and 
increase sales figures. To reach this task, additional research 
could investigate the structure of the BEV aftersales system 
as well as finding improvements of the battery electric 
vehicle concept. Automotive OEM, suppliers and insurance 
companies could collaborate to find practical solutions in the 
field of service oriented construction of the electric drive 
system. There could be solutions for a better positioning of 
the HV-parts, improved underbody protection of the HV-
battery and optimized reparability of the components.  
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Thermal Power Plants - Flue Gas Purification  
 

Marinko Stojkov*, Damir Šljivac, Ante Čikić, Robert Šanta 
 

Abstract: One of the most important problems today is the formation of greenhouse gases, mainly caused by the emission of flue gases in thermal power plants: carbon dioxide 
(CO2), sulfur dioxide (SO2) and nitrogen oxides (NOx) ("acid rain"). CO2 emissions are inevitable and related to the fuel combustion process (carbon capture techniques). Sulfur 
dioxide emissions are reduced by cleaning coal and by applying wet and dry flue gas desulfurization. The injection of absorbents can be applied in the combustion chamber or in 
the flue gases. Nitrogen oxide emissions are reduced by proper fuel selection and advanced solutions in the construction of the combustion chamber. Burners with low NOx 
emissions are used. 
 
Keywords: environmental aspect; flue gases; greenhouse gases; reducing emissions 
 
 
1 INTRODUCTION 
 

Since the beginning of the 19th century, with the first 
industrial revolution and the introduction of the steam 
engine, the concentration of greenhouse gases in the 
atmosphere has been continuously increasing. This 
phenomenon has been particularly significant in the last 50 
years [1]. When talking about greenhouse gases, carbon 
dioxide (CO2), methane (CH4) and nitrogen oxides (N2O) are 
primarily investigated. Greenhouse gases are mainly 
produced by the conversion [2] and use of energy in buildings 
consumption [3], transport [4-5], production process [6] and 
different types of heating systems [7]. During this process as 
much as 85 % of carbon dioxide is produced. Greenhouse 
gases result in global warming, the occurrence of bad weather 
conditions in certain areas, and then indirectly affect human 
life and health, ecology, water supply and crops, [8]. In order 
to slow down the impact of global warming, it is necessary 
to reduce energy generation based on fossil fuels, which also 
reduces the share of energy obtained through the combustion 
process of primary energy, to increase the efficiency of 
energy conversion, to improve fuel quality and conversion 
technology to reduce emissions (e.g. coal gasification), and 
also to use technologies for the separation and storage of 
emitted gases, especially carbon dioxide. So, there is a 
growing need to reduce harmful emissions from flue gases 
that directly affect the ecosystem (greenhouse gases and acid 
rain). Harmful emissions include emissions of sulfur dioxide, 
nitrogen oxides and particulate matter. There are methods for 
reducing harmful emissions from flue gases that have been in 
conventional use for years, but there are also several methods 
that are still in the development process. This paper deals 
with the methods used to reduce sulfur dioxide emissions, 
such as: coal cleaning, injection of absorbents into the flue 
gas duct, injection of absorbents into the firebox and also wet 
and dry flue gas desulfurization and methods for reducing 
nitrogen oxide emissions. 

In the second chapter, the authors provide an overview 
of the legislation in the world and in the Republic of Croatia 
and references to the literature used in the work. Chapter 3 
describes technologies for reducing sulfur dioxide emissions 
based on coal cleaning and flue gas desulfurization. Chapter 
4 discusses technologies for reducing nitrogen oxide 

emissions based on primary steps such as changes in the 
combustion method, ways of influencing the reduction of 
nitrogen oxide emissions during boiler construction, and the 
use of selective non-catalytic and selective catalytic 
reduction. Chapter 5 generally considers combined 
techniques for simultaneously reducing emissions of both 
sulfur and nitrogen oxides in flue gases. Finally, the 
conclusion provides an overview of the effectiveness of 
individual methods.  

 
2 LEGISLATION DOCUMENTS  
 

The Kyoto Protocol and the United Nations Framework 
Convention on Climate Change is an addendum to the 
international agreement on climate change. The protocol is a 
complex agreement with significant economic implications 
that obliges developed countries to reduce greenhouse gas 
emissions by an average of 5 % below the 1990 level in the 
first period until 2012. The protocol was opened for signature 
on December 11, 1997, in the Japanese city of Kyoto 
organized by the United Nations Framework Convention on 
Climate Change (UNFCCC). According to the obligations 
arising from the Kyoto Protocol, countries are divided into 
two groups according to their industrial development: 
developed and underdeveloped. And while the highly 
industrialized countries, grouped in the so-called Annex 1, 
must reduce the emission of harmful gases by 5-10 %, 
countries outside that group do not have such an obligation, 
but must therefore participate in the Clean Development 
Program. Kyoto Protocol entry into force (ratification by at 
least 55 members of the Framework Convention, which must 
account for at least 55 % of all greenhouse gas emissions in 
industrialized countries) on February 16, 2005. The Kyoto 
Protocol shows the clear commitment of most countries to 
take long-term measures that will initiate the resolution of the 
problem, [9-11].  

Further progress was achieved in 2010 at United Nations 
Climate Change Conference Cancun, Mexico and after 
confirmed by Agreement in Paris, France 2015. A political 
agreement has been reached to a key step to achieve the goal 
of reducing greenhouse gases and helping developing 
countries from climate impacts with the "right to 
development". It was the world's largest joint effort to reduce 
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emissions, with national plans set at the international level 
through the UNFCCC. Also, the most complex package of 
agreed government measures to support developing 
countries: financial, technological and support in capacity 
building to combat the consequences of climate change.  

Standards for the emission of harmful substances in 
Republic of Croatia are defined by the "Air Protection Act". 
It determines the measures, the way of organizing and 
implementing protection, improving air quality, and also 
prescribes air quality monitoring. There are also 2 
subordinate legislations: Regulation on recommended and 
limit values of air quality and Regulation on limit values of 
emissions from stationary sources. Recommended and limit 
values of air quality represent only values for determining air 
quality categories, and not maximum permitted quantities of 
pollutants. The Regulation on limit values of emissions from 
stationary sources prescribes maximum permitted emissions 
and the method of adapting existing facilities to new 
regulations. Emission limit values for SO2 are determined by 
the Regulation on limit values of emissions from stationary 
sources in Croatia. Regulations on SO2 emissions for large 
combustion plants are dependable on the age and size of the 
power plant. Stricter rules and regulations apply to large 
plants, as well as to new plants compared to existing ones. 
Large burning devices can operate without a waste gas 
desulphurization device for a maximum of 240 hours a year, 
of which 72 hours continuously. Emission limit values for 
NOx are also determined by the Regulation on emission limit 
values from stationary sources in Croatia. When determining 
the limit of NOx emissions for gas turbines, it is necessary to 
make a correction with regard to the degree of operation of 
the plant by taking the value from defined maximum value 
multiply by the factor η/30 (where η is the percentage of heat 
supplied by the fuel that is converted into useful mechanical 
work in %). The degree of action η is determined for the most 
unfavorable mode of operation of the turbine when η is the 
smallest. 

For determining the composition of flue gases, norms 
and standards are prescribed, which describe the measuring 
devices used for such measurements. The composition of 
combustion flue gases is measured in accordance with the 
HRN EN ISO 10396 standard, which describes the 
measurement methods and procedures. 
 
3 TECHNOLOGIES FOR REDUCING SULFUR DIOXIDE 

EMISSIONS 
 
     Sulfur dioxide emissions depend on the amount of sulfur 
in the fuel. Natural gas contains less than 0.1 % sulfur 
(mainly in the form of H2S) and emissions are relatively low. 
Light fuel oils, such as those used in gas turbine plants, 
usually contain little sulfur and emissions are also low. Coal 
and heavy oils (fuel oil) can contain a lot of sulfur and 
therefore combustion produces large emissions of sulfur 
oxides. Methods for reducing sulfur dioxide emissions are 
briefly described below. 
 
3.1 Coal Cleaning  
 

Sulfur in coal is of organic and inorganic origin. The 
origin of organic sulfur is related to plant matter (especially 

proteins). Inorganic sulfur is divided into pyritic and sulfate 
sulfur, of which pyritic sulfur makes up a significant portion, 
so when talking about pyrite, inorganic sulfur in coal is 
usually meant in general. Initially, the main task of coal 
cleaning was to remove ash and moisture, in order to reduce 
transportation costs and increase the efficiency of the power 
plant. In the United States, the Clean Air Act was adopted in 
1970, which obliged new coal-fired power plants to 
significantly reduce sulfur dioxide emissions. Since then, a 
number of procedures and methods have been developed 
with the aim of achieving the best possible results in this 
field. Thus, in the 1970s, the potential emission of sulfur 
dioxide in new power plants was reduced to 80 %, by the 
1990s, standards prescribed a 90 % reduction in emissions, 
and today the efficiency of such systems is as high as 99 %, 
[8]. Recently, the focus has shifted to the removal of sulfur 
from coal, due to the growing problem of acid rain caused by 
sulfur dioxide emissions from the coal combustion process. 
Since current coal extraction methods are non-selective, they 
result in a large amount of impurities in the coal. Physical 
cleaning of coal, which removes ash and some of the pyrites, 
is a method that has been used for many years.  

Conventional cleaning methods are mostly based on 
gravitational separation of ash and sulfur components before 
the coal is converted into coal dust and introduced into the 
boiler. It is important to note that this method also 
significantly reduces the particulate content in the flue gases. 
Conventional cleaning usually begins with crushing the coal 
into pieces with a diameter of less than 50 mm, followed by 
separation into coarse, medium and fine particles. The 
crushing releases the materials that form the ash and 
inorganically bound sulfur (e.g. pyrites, FeS2). The smaller 
the particles, the better the separation. Since mineral 
substances have a higher density than coal particles, they can 
be removed from coarse and medium particles by physical 
cleaning methods. Separation of fine particles can be done by 
flotation, using the surface difference between coal and ash, 
[2]. 
 
3.2 Flue Gas Desulfurization  
 

SO2 emission reduction by flue gas desulfurization can 
be divided into two basic processes: regeneration and non-
regeneration processes. In regeneration processes, SO2 is 
obtained, which can be further used to produce sulfuric acid, 
elemental sulfur, or liquid SO2. Such devices are in the 
minority because they are significantly more complex and 
expensive. In non-regeneration processes, a by-product is 
obtained that is either permanently disposed of or used as a 
raw material in the cement or construction industry. Both 
processes are further divided into wet and dry processes. 
From wet to dry processes, the efficiency of desulfurization 
and the price of the device decrease. The costs of flue gas 
desulfurization plants depend on market and other 
conventional conditions. In addition, the price also depends 
on technical factors such as the amount of flue gases, the 
concentration of SO2 in the flue gases, the required degree of 
desulfurization, environmental restrictions, and the amount 
of wastewater, [12]. 
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3.2.1 Wet Process of Flue Gas Desulfurization 
 

The flue gases enter a large vessel and an aqueous 
solution containing 10 % lime or limestone is injected into it. 
The calcium in the solution reacts with SO2 to form calcium 
sulphate (gypsum) or sulphite. Part of the solution goes into 
a settling vessel where the solids settle before going to a filter 
where the water is removed and 50 % of the solids remain. 
The waste calcium sulphite is mixed with ash (1:1 ratio) and 
disposed of in landfills. Mist eliminators are also installed to 
collect the solution and remove moisture from the flue gases. 
They are located at the outlet of the firebox. After leaving the 
particle removal plant, the gases enter a spray tower or 
absorber. An aqueous calcium-based solution is injected 
here, which forms calcium sulphite or calcium sulphate with 
SO2, which is removed by releasing water and settling in a 
designated vessel. The resulting waste is usually mixed with 
ash collected in a filter or electrostatic precipitator and with 
lime in a mixer, and disposed of in a landfill, [13]. The 
advantages of wet desulfurization are good efficiency and 
additional particle removal. The disadvantages are scale 
deposition and a tendency to clog, a significant drop in flue 
gas pressure, and significant investment and operating costs. 
In terms of efficiency, the standard version allows for sulfur 
removal of between 80 % and 90 %. Additives (magnesium-
enriched lime) increase the efficiency by 5 % to 10 %, 
ultimately reaching 95 % to 99 %. Installation of this 
technology on an existing plant takes 3 to 6 weeks, provided 
there is sufficient space, [2]. 
 
3.2.2 Dry Process of Flue Gas Desulfurization 
 

Dry process of flue gas desulphurisation is carried out by 
feeding a solution of calcium hydroxide (lime mixed with 
water) into a spray tower. The solution is sprayed and 
injected into the flue gases. As they evaporate, the droplets 
react with the SO2 in the vessel. The amount of water is 
chosen so that all the water must evaporate before the 
absorbent falls to the bottom of the vessel, which is why this 
process is called a dry process. The by-product that is formed 
is collected at the bottom of the drying tower and in particle 
removal equipment. The by-product is unreacted lime and fly 
ash, and is removed by a filter or electrostatic precipitator. In 
the case of coal with a low sulphur content, 70 % of the 
sulphur dioxide is removed. Investments in the dry 
desulphurisation method are lower than investments in the 
wet desulphurisation method, and they are also simpler to 
operate and maintain. It takes 3 - 6 weeks to install a dry flue 
gas desulphurisation unit in existing plants. The advantages 
of this method are simplicity and lower operating and 
investment costs, while its only disadvantage is lower 
efficiency (approx. 70 %), [14]. 
 
3.2.3 Injection of Absorbent into the Combustion Chamber 
 

When injecting into the combustion chamber, the 
absorbent (dry powdery material) is injected together with air 
above the combustion area through special injection inlets. 
Lime, which reacts with SO2 and forms calcium sulfate 
(gypsum), is separated from the absorbent in the combustion 
chamber by calcination. The absorbent can be limestone or 

lime. Calcium sulfate (gypsum) and fly ash are removed 
using an electrostatic precipitator or bag filters. SO2 removal 
efficiency is 30 – 60 %. Some other difficulties that arise with 
this method must be solved, for example, the efficiency of 
the absorbent must be increased to make the method more 
economically attractive. Another problem is that the injection 
of the absorbent has a negative effect on the operation of the 
clarifier. This method requires less investment than wet and 
dry gas desulfurization, requires less space and is simpler to 
operate and maintain. 
 
3.2.4 Injecting the Absorbent into the Flue Gas Duct 
 

Injecting the absorbent into the flue gas duct is injection 
in front of the precipitator, similar to injection in the 
combustion chamber. Similar equipment is required. A 
reaction vessel (absorber) is required as well as particle 
removal equipment (electrostatic precipitator, bag filter). 
Calcium hydroxide is injected into the reaction vessel, where 
it mixes with the flue gases. As the gases enter the absorber, 
they are cooled to the "approach temperature" by injecting 
water. Unreacted absorbent and ash are captured in a factory 
filter located behind the absorber and disposed of in a 
landfill, while the clean flue gases are discharged into the 
stack. Injection in front of the electrostatic precipitator can 
remove 30 – 70 % of SO2, and injection after the precipitator 
can remove 80 – 90 %. The efficiency also depends on the 
amount of absorbent and the approach temperature.  
 
4 TECHNOLOGIES FOR REDUCING THE EMISSION OF 

NITROGEN OXIDES (NOx) 
 

Emissions of nitrogen oxides are associated with acid 
rain and photochemical smog and ozone in the troposphere. 
For this reason, technologies were introduced to regulate 
NOx emissions from new, as well as from old, power 
generation plants. NOx emissions can be reduced in the 
following ways:  
• primary steps (change in combustion) 
• choice of fuel 
• construction of the combustion chamber. 

 
4.1 Primary Steps (Change in Combustion) 
 

These are changes in the boiler, or changes in 
combustion, and include: changes in operating conditions 
and changes in combustion devices. Changes in operating 
conditions include reducing the amount of combustion air, 
reducing the temperature of the combustion air, reducing the 
amount of heated air and reducing the load on the combustion 
chamber. Air reduction is a frequently used method for 
reducing NOx emissions, but it is also used as a method for 
reducing energy consumption. A significant reduction in 
nitrogen oxide emissions can be achieved by primary steps 
during combustion, which is achieved by appropriate burner 
design and stepwise air and fuel supply. This reduces the 
maximum temperatures in the flame core and reduces the 
oxygen concentration in the combustion zone. The amount of 
NOx emissions into the atmosphere can be reduced to a value 
of less than 300 mg/m3 (up to 40 %), [14, 15]. The method of 
reducing the amount of air has a number of advantages: 
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reduction of flue gas heat losses and reduction of fuel 
consumption (both of which result in higher energy 
efficiency), no need for additional investments and reduction 
of low-temperature corrosion, but also disadvantages: 
requirements for precise combustion control, possible 
increased particle emissions and more intense deposition on 
the inner walls, which reduces heat transfer and increases 
maintenance costs. In this case, the power plant is out of use 
more often and for longer. The method of reducing the 
temperature of the combustion air has its advantages: 
simplicity of implementation and no need for investments, 
but also disadvantages: reduced energy efficiency and 
increased fuel consumption. The situation is similar with the 
primary step of reducing nitrogen oxide emissions by 
reducing the load on the combustion chamber, which is 
simple and without additional investments (advantages), but 
at the same time the available power is reduced and the 
specific fuel cost is increased (disadvantages), [16]. 
 
4.2 Low Emission NOx Burners 
 

Burners, by their design, have a significant impact on 
NOx formation. Modifications to the burners regulate the 
combustion of carbon and hydrogen with acceptable NOx 
formation. The basic ways of improving burners are:  
• burner with improved mixing 
• burner with flame splitting 
• self-recirculating burner 
• burner with substoichiometric combustion 
• burner with two-stage combustion. 
 
4.3 Selective Non-Catalytic Reduction (SNCR) 
 

SNRC is a chemical process that converts nitrogen 
oxides NOx into molecular nitrogen N2. In this process, there 
is no catalyst, and the reducing agent (ammonia, amides) is 
injected directly into the flue gas in the high-temperature 
zone. This chemical reaction occurs at high temperatures 
(870 - 1200 °C). In this process, the temperature must be 
carefully controlled. A gaseous or liquid nitrogen-based 
reactant is injected and mixed with the hot flue gases. The 
reactant reacts with the NOx in the flue gas stream and 
converts it into atmospheric nitrogen and water vapor, which 
are harmless. The reactant primarily reacts with NOx, not 
with oxygen or other components of the flue gases. This 
technology does not produce any solid or liquid waste. In this 
way, NOx emissions can be reduced by 35 - 70 % without 
affecting the operation of the plant. At temperatures below 
optimal, the reaction is weak, so the reduction of NOx is very 
small, almost negligible. The technology was first developed 
for fuel oil and natural gas boilers, and is still in the testing 
phase for coal-fired furnaces. Due to the very simple 
components that need to be installed, installing this 
technology is much easier than others. Installation in existing 
plants takes 2 - 5 weeks, [2]. 
 
4.4 Selective Catalytic Reduction (SCR) 
 

It is widely used for low-sulfur coal, but it is very 
expensive and there is a need to adapt to different types of 
coal. The working principle of this method is based on the 

reduction of NOx by converting it to N2 and H2O by the 
reaction of NOx and ammonia with the help of a catalyst. The 
primary reaction that occurs in this method requires oxygen, 
and the catalyst works best at oxygen levels above 2-3 %. 
This technology is based on the injection of ammonia into the 
flue gases to convert NOx into elemental nitrogen and water. 
It works in almost the same way as selective non-catalytic 
reduction. The only difference is that selective catalytic 
reduction requires a reagent that accelerates the chemical 
reaction. The SCR system contains equipment for measuring 
NOx, which is necessary for precise dosing of the reagent, so 
that ammonia is not released into the environment. The 
catalyst is needed because the process takes place at 
significantly lower temperatures than in selective non-
catalytic reduction. Typical temperatures for this process are 
340 - 380 °C. The most common catalysts are a combination 
of vanadium and titanium and zeolite materials. This 
technology was first used in Japan in the mid-1970s, in 
Western Europe in the 1980s in coal-fired power plants, and 
in the USA in the early 1990s also in coal-fired power plants. 
The installation of a hot system on an existing plant takes 2 - 
3 months, and for a cold system 3 - 6 weeks. The efficiency 
of this method is 70 – 90 %, [14]. 
 
5 TECHNOLOGIES FOR THE COMBINED REMOVAL OF SO2 

AND NOx 
 

Sulfur dioxide SO2 and nitrogen oxides NOx are present 
in flue gases. It is desirable that the same process be used to 
reduce SO2 and NOx emissions. In practice, separate methods 
are used for control. Conventional flue gas desulfurization 
methods are used to reduce SO2 emissions, while selective 
catalytic reduction is used to reduce NOx emissions. 
Combined systems should operate in such a way that their 
SO2 and NOx removal efficiency is equal, [13]. The emission 
limit values for new coal-fired plants with a capacity of >100 
MW for the EU (including the Republic of Croatia) for sulfur 
and nitrogen oxides are 200 mg/m3, [15]. 
 
6 CONCLUSION 
 

The operation of a thermal power plant also produces 
sulfur dioxide SO2, and one of the measures to reduce the 
production of this gas is the use of natural gas as a primary 
energy source, which has an almost negligible amount of 
sulfur (gas-fired thermal power plants have SO2 emissions of 
0,02 - 0,42 g/kWh, liquid fuel thermal power plants have 3,77 
- 4,61 g/kWh, and coal-fired thermal power plants have 0,68 
- 24,51 g/kWh). Furthermore, the reduction of SO2 emissions 
is also achieved by cleaning coal with an efficiency of 60 %. 
After the coal cleaning process, the percentage of coal is 60 
- 90 % of the initial mass, and the percentage of heating value 
is 85 - 98 %. The wet desulfurization method achieves an 
efficiency of 80 - 90 % in removing sulfur. By adding lime, 
the efficiency of SO2 removal rises to 95 - 99 %. The dry 
desulfurization method is used in coal-fired thermal power 
plants with a low sulfur content in the coal itself. The 
efficiency of the method is 70 - 90 %. This method is the most 
investment-friendly and easiest to install and maintain. In 
order to reduce the emission of nitrogen oxides NOx, burners 
with low NOx emissions are used (e.g. flame splitting burners 
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- emission reduction of 20 - 40 %, used in large liquid fuel 
plants; self-recirculating burner - efficiency of 20 %; burner 
with two-stage reduction - efficiency of 30 - 55 %). In 
general, the method of using low NOx burners achieves an 
efficiency of reducing NOx emissions by 40 - 50 %. Selective 
non-catalytic reduction achieves NOx removal of 35 - 70 %, 
and is used for fuel oil and natural gas. The selective catalytic 
method is used for coal with low sulfur emissions, the 
efficiency is 70 - 90 %, but this method is more expensive 
than the non-catalytic method with installation time in the 
range of 2 - 3 months, while for non-catalytic reduction this 
time is 2 - 5 weeks. During the installation, the plant does not 
work, and thus additional costs accumulate. 
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Design and Additive Manufacturing of a Scalable, Low-Cost Educational Robotic Gripper 
 

Denis Kotarski*, Alen Šćuric, Tomislav Šančić 
 

Abstract: This paper presents the development and prototyping of an educational robotic gripper designed for a professional mechatronics study program. The research connects 
key learning outcomes of the mechatronics curriculum with the design, prototyping, testing, and integration of the gripper system into robotic applications. Key parameters and 
components were selected during the design phase, followed by the construction of system assembly parts. A parametric design for the mechanism, suitable for additive 
manufacturing, is outlined in alignment with educational objectives. The scalable design and cost-effectiveness of fused deposition modeling (FDM) make the presented gripper 
adaptable to various robotic systems. The prototyping process includes selecting printing parameters in the case of FDM and executing the manufacturing process. Three different 
sizes of robotic grippers are manufactured, with plans for integration into robotic systems to support hands-on engineering education. 
 
Keywords: additive manufacturing; low-cost production; mechatronics engineering education; parallel mechanism gripper; scalable robotic gripper 
 
 
1 INTRODUCTION 
 

To address the demands of mechatronics engineering 
education, hands-on training with experimental setups of 
mechatronic systems is essential. Robotics plays a significant 
role as an interdisciplinary field encompassing various 
technologies related to industry 4.0 [1], design, control, 
planning, and more. Robotic systems can generally be 
categorized into industrial and mobile robots. Within 
robotics, the end-effector (gripper) is a crucial system 
component [2]. For instance, the integration of different end-
effectors with a three degrees-of-freedom (DoF) open-source 
robotic arm is explored in the paper [3]. Additionally, the 
paper [4] demonstrates the integration of an underactuated 
gripper with a heterogeneous robotic system comprising a 
robotic arm and a ground robot [4]. Grippers are also applied 
in aerial robotics, as shown in the paper [5]. 

In the context of research and engineering education, 
robotic end-effectors can be explored from multiple 
perspectives. A crucial aspect is the control of end-effectors, 
as shown in the paper [6] offering an overview of various 
control methods. End-effector (gripper) control systems can 
be categorized into open-loop and closed-loop systems. 
Closed-loop systems require the integration of sensors to 
effectively perform tasks. The paper [7] discusses a grasp 
controller designed for a sensorized parallel jaw gripper, 
enabling it to gently pick up and place down unknown 
objects. The control scheme draws inspiration from human 
actions, which rely on tactile feedback. On the hardware side, 
extensive research has been dedicated to the design and 
manufacturing of mechanical systems for robotic grippers. 
Additionally, significant efforts have been made in 
engineering education, as demonstrated by research such as 
design of a single-DOF gripper mechanism [8]. Gripper 
designs vary based on their intended purpose, with some 
mechanical systems being multifunctional [9], and 
specialized for tasks such as grasping thin objects [10]. In 
addition to mechanical grippers combined with electric 
actuators for grasping functions, soft grippers have been 
extensively researched, as demonstrated in paper [11]. 

The advancement of rapid prototyping technologies has 
significantly accelerated the development of mechatronic 
systems, with additive manufacturing (AM) playing a pivotal 
role. This technology is versatile, finding applications across 
various fields, especially in robotics, from creating 
educational low-cost robotic platforms [12] to manufacturing 
specialized multirotor UAV airframe parts [13]. Moreover, 
AM technologies have proven effective in producing robotic 
components, such as the open-source 3D-printed 
underactuated gripper presented in the paper [14]. In papers 
[15, 16], a low-cost, open-source, 3D-printed three-finger 
gripper platform for research and educational purposes is 
presented, featuring a design with minimal 3D-printed 
components and an off-the-shelf servo actuator. 
Additionally, research [17] offers a comparative study on the 
impact of different 3D-printed fingertips in robotic gripper 
jaws, focusing on the pulling force exerted on various shaped 
objects. Furthermore, the paper [18] emphasizes the 
optimization of AM techniques for constructing a new 
gripper design capable of handling a wide range of parts with 
varying sizes and shapes. Beyond gripper development, AM 
has also been applied to optimizing robotic structures, as 
demonstrated in a comparative analysis of topology 
optimization platforms [19]. 

This paper presents the design and development of a 
scalable educational robotic gripper. The concept is 
examined in the context of the professional mechatronics 
study program that is being conducted in Croatia. A scalable 
design for a robotic gripper utilizing a parallel mechanism is 
proposed, emphasizing low-cost production and ease of 
manufacturing. The paper outlines the entire process, from 
the initial sketch to the final prototype or product. The 
prototyping phase involved fused deposition modeling 
(FDM) AM technology, with three prototypes of varying 
sizes and capabilities tested. The concept of the robotic 
gripper can be used in different aspects of the process of 
hands-on engineering education. Still, it can also be used in 
the broader context of STEM education at lower levels. 
Future work will focus on integrating presented robotic 
grippers with robotic systems. 
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2 UNDERGRADUATE PROFESSIONAL MECHATRONICS 
STUDY PROGRAM IN CROATIA 

 
This research examines the integration of a robotic 

gripper into the practical education curriculum of the 
mechatronics undergraduate professional study program in 
Croatia. In 2021, the program was developed to align with 
the HKO register [20]. The curriculum totals 180 ECTS 
credits, with 114 ECTS derived from mandatory learning 
outcomes and 66 ECTS from optional learning outcomes. 
The study learning outcomes are divided into general 
outcomes (IUP1 - IUP10), which focus on soft skills, and 
professional outcomes (IUP11 - IUP27). Table 1 lists the 
study learning outcomes that can be partially or fully related 
to the robotic gripper in the areas of modeling, control, 
design, and manufacturing. 

 
Table 1 Undergraduate professional mechatronics study program learning 

outcomes related to robotic gripper [20]. 
Learning 
outcome 

code 

Learning Outcomes of the Undergraduate professional study 
of Mechatronics in Croatia 

IUP1 Apply mathematical and physical laws to engineering 
problems 

IUP6 Identify, model, and solve engineering problems 

IUP9 Use techniques, skills, and modern tools necessary for 
engineering practice 

IUP11 
Recognize and propose adequate types of materials and 
machining procedures for the production of mechatronic 
systems 

IUP12 
Dimensioning and selecting standardized elements of 
precision mechanics, machine elements, and assemblies in the 
process of manufacturing various mechanisms 

IUP14 To know the principles of operation of electronic and 
electromechanical converters 

IUP17 Create 2D technical documentation and construct a 3D model 
of mechatronic systems 

IUP21 
Select and connect sensors, actuators, microcomputers, 
programmable logic controllers, and accompanying equipment 
for the automation of production processes 

IUP25 
Integrate the computer with software support in the process of 
data collection, measurement and data display on the 
computer 

IUP27 Plan, monitor and control the production of mechatronic 
system elements 

 
Regarding the mentioned mechatronics study program 

aligned with the HKO register, there are mechatronics studies 
in Croatia that are either fully aligned or in the process of 
alignment to meet the learning outcomes of the professional 
mechatronics curriculum. At the Karlovac University of 
Applied Sciences, the study of mechatronics is currently in 
the process of revision and alignment. From the aspect of 
hands-on training, and this research topic, low-cost robotic 
gripper prototypes, made using entry-level components, are 
currently being integrated with robotic arm models, as shown 
in Fig. 1, and used in hands-on laboratory exercises for the 
Robotics course. The use of a robotic gripper in robotics 
classes aligns with IUP9 and IUP21. Additionally, DC servo 
motors used to drive the robotic gripper are covered in 
Actuators course aligned with IUP14. From a system design 
perspective, students work on case studies involving the 
construction of robotic grippers, including modeling parts 
and assemblies, which aligns with IUP17 and IUP9. 

 
Figure 1 Low-cost robotic gripper prototypes integrated with robotic arm models, 

utilized in hands-on laboratory exercises for the Robotics course 
 

These study is part of the internal project at Karlovac 
University of Applied Sciences, titled "Development of 
Innovative Educational Robotic Modules - iEduBot". As part 
of the project, the necessary equipment, components, and 
materials will be procured to develop educational robotic 
modules, including robotic grippers. Integrating these 
modules into the undergraduate professional mechatronics 
program will enhance hands-on learning through practical 
and team-based activities for students. After completing the 
design and production phases of the robotic gripper kits, 
integration into the educational process will proceed through 
exercises (theoretical, laboratory, and design-based), aligned 
with the mechatronics learning outcomes (Tab. 1). 
 
3 DESIGN OF A SCALABLE AND MODULAR 

EDUCATIONAL ROBOTIC GRIPPER 
 

From the hardware aspect, the main goal is to design a 
scalable and modular mechanism of a parallel robotic gripper 
that can be applied in the engineering education of an 
undergraduate professional mechatronics study. Another 
goal is to design a system that consists of readily available 
and relatively inexpensive components and parts that can be 
produced at low cost and with inexpensive equipment. The 
assembly of the parallel mechanism, which is actuated using 
an electric servo motor, is considered. The designed system 
is connected with the learning outcomes of the undergraduate 
professional study of mechatronics. 
 
3.1 Mechanical Overview of a Robotic Gripper with Parallel 

Mechanism 
 

Robotic grippers are an integral part of the robotic 
system and differ in mechanical configurations, drive type, 
power, precision, and other specifics. Robotic grippers with 
a parallel mechanism have a simple design and are suitable 
as a tool in engineering education. The parallel gripper shown 
in this paper consists of the central part of the assembly on 
which the electric servo motor is mounted, and the left and 
right sides of the gripper mechanism. Each side consists of 
two parallel links where the torque is transmitted via a geared 
link and the jaw to which the links are connected. Versions 
where each side has a separate motor or versions with one 
motor and a mechanism through which the torque is 
transmitted from the motor to both sides of the gripper are 
possible. The mechanism of the parallel gripper with one 
motor will be considered, as shown in Fig. 2. 
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Figure 2 Schematic representation of a robotic gripper parallel mechanism 

 
The motor torque is transmitted to the left and right jaws 

of the gripper via a mechanism consisting of two gear 
elements. The two main parameters of the mechanism that 
were considered in the design of the scalable gripper are the 
motor torque and the length of the link of the gripper parallel 
mechanism. Assuming that there are no losses in the 
mechanism and no misalignment, the amount of force in the 
link is given with following expression 
 

M
1 ,

2
f

l
τ

=                                                                         (1) 

 
where τM is the torque of the motor divided between the left 
and right sides of the mechanism, and l is the length of the 
link of the parallel gripper.Therefore, the force component 
acting in the direction of the parallel mechanism depends on 
the jaw angle, and is given with following expression 
 

M
jaw 1 sin sin ,

2
f f

l
τ

ψ ψ= ⋅ = ⋅                                              (2) 

 
where the total force exerted by the left and right side of the 
jaw is equal 
 

M
tot jaw2 sin .f f

l
τ

ψ= = ⋅                                              (3) 

 
The paper will consider 3 sizes of servo motors, 

according to which structural elements and assembly will be 
selected and dimensioned with the aim of producing parts of 
a low cost gripper, which is aligned with IUP12. 
 
3.2 Electric Servo Motor Drive Units of the Low-Cost Robotic 

Gripper 
 

DC servo motors were chosen for the drive of the low-
cost educational robotic gripper because of their price, but 
especially because of the simple integration with the 
mechanical and control system. Such motors are typically 
used in applications that require precise control of position, 
speed, or torque. The DC servo motor assembly has a 
compact design, considering that the motor housing contains 
the driver, DC motor, and gearbox, and comes in a wide 
range of sizes and powers. The characteristic of such motors 
is that there is a feedback connection using an encoder or 
potentiometer, which forms a control circuit with the motor 
driver. The feedback system constantly monitors the motor's 

output and adjusts its input to match the desired position or 
speed. A DC servo motor is usually controlled by a PWM 
(Pulse Width Modulation) signal, where the pulse width 
determines the position, speed, or torque of the motor. This 
enables precise control in a various robotics, automation, and 
manufacturing  applications, due to their fast response and 
efficiency. In addition to conventional motor designs, there 
are also digital servo motors that have a high accuracy. Three 
standard sizes of servo motors were considered and their 
characteristics are listed in Tab. 2. This aspect of the robotic 
gripper is aligned with the learning outcome IUP14. 
 

Table 2 Considered DC servo motors manufacturer specifications 

Servo motor Size (mm) Weight 
(grams) 

Operating 
voltage (V) 

Stall torque 
(kg-cm) @ 

6V 
FEETECH 
FS90MG 23.2 × 12.5 × 22 9 4.8 - 6 1.5 

FEETECH 
FT1117M 30 × 12 × 31.7 20 4.8 - 6 3.5 

FEETECH 
FS5115M 40.8 × 20.1 × 39 62 4.8 - 6 15.5 

 
3.3 Design of a Scalable, Modular Robotic Gripper 

Mechanism 
 

The goal of this project is to develop a scalable, modular, 
and cost-effective prototype of a robotic gripper mechanism. 
Given that there are different needs for the use of varying 
motor performance, a parametric design of the parts of the 
parallel gripper assembly is shown, which, integrated with 
the servo motor, forms the mechanical system of the gripper. 
During the design phase, the SOLIDWORKS software 
package was used to construct 3D models. Fig. 3 shows three 
sizes of the robotic gripper whose performance depends on 
the motor torque and the length of the link of the parallel 
mechanism. In addition to scalability, the assembly can be 
integrated with different types of robotic systems, for 
example with rotational or translational degrees of freedom. 
The scalable modular robotic gripper prototype will be used 
as a construction example in courses that include the 
construction of 3D models, aligned with IUP17. 

In addition to the parametric design approach, the 
technological feasibility of the construction was considered 
given in mind that the parts are planned to be manufactured 
using AM technology. From that follows the economical 
process in terms of material costs and production time. In the 
design process, the mechanism assembly that will be 
produced by FDM AM technology is shown. From a 
hardware perspective, this work contributes with a scalable, 
modular robotic gripper that, in combination with a motor, 
forms a low-cost prototype suitable for integration into the 
curriculum of an undergraduate mechatronics study. 

Further research will focus on analyzing the 
mechanism's structure using finite element method (FEM), 
addressing the challenges posed by the anisotropic 
mechanical properties of FDM-manufactured parts due to 
their layer-by-layer deposition. Additionally, error analysis 
will be conducted to evaluate dimensional deviations in the 
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gripper links and their impact on the parallelism of the 
gripper’s fingers. 

 

 
Figure 3 3D models of a parallel gripper mechanism parametric design: (a) Link 

length l = 24 mm with FS90MG motor, (b) Link length l = 28 mm with FT1117M 
motor and rotational DoF, (c) Link length l = 40 mm with FS5115M motor 

 
4 PROTOTYPING A LOW-COST ROBOTIC GRIPPER USING 

ADDITIVE MANUFACTURING 
 

After completing the design phase of the robotic gripper, 
the prototype production phase begins. For this purpose, it is 
necessary to create 2D technical documentation that aligns 
with IUP17. Fig. 4 shows a gripper assembly 3D model with 
associated parts that will be produced by AM technology. 
Given that the goal is to create a cheap educational gripper, 
FDM technology was chosen, which works by extruding 
thermoplastic material layer by layer to make a part or several 
parts. The material, which is in the form of a plastic filament, 
is heated to a semi-liquid state and deposited through a nozzle 
onto the fabrication platform. The nozzle follows a 
programmed path, controlled by computer-aided design 
(CAD) data. FDM technology is known for its affordability, 
both in terms of machinery and materials used, which makes 
it available for prototyping and small series production. It is 
easy to handle, widely available, and supports a range of 

thermoplastics, making it ideal for educational and research 
purposes. 
 

 
Figure 4 3D model exploded view of the gripper assembly with associated parts 

designed for production using AM technology 
 
4.1 Preparation of Robotic Gripper Parts for Additive 

Manufacturing 
 

Due to the combination of simplicity, cost-effectiveness, 
and flexibility of materials, FDM technology was chosen to 
produce prototypes of educational robot grippers. The initial 
step in preparing a 3D print, independent of the AM 
technology, involves saving the 3D model in .stl format. This 
format captures the geometry of the object by representing its 
surface with a mesh of triangles, facilitating accurate 
conversion from digital design to physical models. Next, the 
.stl files are loaded into a slicing software specific to the AM 
technology being used. For this research, an FDM 3D printer 
by Bambu Lab was used along with the Bambu Studio 
software. Adjusting the parameters of the 3D print depends 
on the geometry and purpose of the part and the used 
material. In this case, PETG material was chosen for 
producing educational robot grippers due to its superior 
durability, UV resistance, and heat tolerance, making it a 
better option than PLA for demanding applications. FDM 
technology also offers extensive parameter adjustability, 
which is valuable for addressing specific learning outcomes 
(IUP11). 

Several parameters related to FDM printing technology 
were considered, particularly wall thickness and part infill 
The thickness of the walls, base, and roof of the printed part, 
along with the percentage and type of infill, play a crucial 
role in determining its mechanical properties. Previous 
research [21] explored how the number of walls and the 
percentage of infill affect tensile strength. These findings 
were taken into account when configuring the parameters for 
the educational robot grippers in this research. For the 
production of a series of prototypes for teaching purposes, a 
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three-wall loop and a gyroid sparse infill pattern with 15% 
density were selected. 

 

 
Figure 5 Slicer view of gripper parts in Bambu Studio 

 
In the first phase of prototyping, several construction 

iterations were tested, with parts being printed separately, 
one by one. Once the final parametric design was established, 
it became more efficient to group the parts for 3D printing. A 
single prototype with identical print parameters for all parts 
can be produced within a single run, as shown in Fig. 5 for 
the gripper with the FT1117M servo motor using Bambu 
Studio. Printing multiple parts at once offers a significant 
time-saving advantage compared to printing each part 
individually. Although the model printing time remains 
similar, grouping the parts significantly reduces both 
preparation and post-processing times. 

Each print cycle involves heating the 3D printer 
components (nozzle and print bed), and after completion, the 
nozzle and bed must cool down. For example, with PETG 
material on the Bambu Lab A1 Mini 3D printer, it takes 
approximately 8 minutes for the bed to cool below 50 °C, 
allowing the printed parts to be safely removed. This cooling 
process must be repeated for each new print. By printing all 
parts together, the prepare time and post-processing steps 
only occur once, reducing time considerably. When 
prototyping a series of robotic grippers, printing grouped 
parts offers flexibility, as the parameters for individual 
components can be adjusted independently, particularly in 
terms of mechanical properties. As the production volume 
increases, it becomes necessary to plan, monitor, and control 
the production of gripper components, but in general 
mechatronic systems, which is aligned with IUP27. 
 
4.2 Additive Manufacturing and Assembly of a Gripper 

Mechanical System 
 

After preparing the model in the slicer software and 
generating the G-code, the software provides estimates for 
total filament consumption, preparation time, and model 
printing time. During the preparation phase for PETG 
material, the nozzle is heated to 255 °C, and the print bed 
reaches 70 °C. Fig. 6 shows the 3D-printed parts of the 
gripper (FT1117M) produced using the Bambu Lab P1S 3D 

printer. Post-processing, such as removing support material, 
is often necessary, particularly for parts like the gripper jaws. 
 

 
Figure 6 3D-printed gripper parts made from PETG material using the Bambu Lab 

P1S printer 
 

 
Figure 7 Assembly steps of the gripper components into a functional unit 
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Figure 8 Display of three gripper sizes during preliminary testing 

 
Once all the parts of the prototype or series of prototypes 

have been printed, along with connecting elements (bolts, 
nuts), the gripper assembly can begin, as shown in Fig. 7. The 
assembly process starts with mounting the servo adapter to 
the motor gear (Step 1) and continues with attaching the 
servo motor to the frame parts (Step 2). Step 3 involves 
testing the motor with the motor gear and adjusting the initial 
angle. Subsequently, in Steps 4, 5, and 6, the remaining 
mechanism parts are assembled. Finally, in Step 7, the cover 
is installed to secure all the elements into the assembly. 

Fig. 8 illustrates the three prototyped robotic gripper 
sizes developed in this research during the preliminary 
testing phase of the full assembly. For this and previous 
testing stages, a module with four AA batteries and a servo 
tester, used to send the control PWM signal, were employed. 
 
5 DISCUSSION 
 

The design and prototyping of the robotic gripper 
demonstrate alignment with the learning outcomes of IUP11, 
IUP12, IUP14, IUP17, and IUP27 from the undergraduate 
professional mechatronics study. The mechanical gripper 
system can function both independently and as part of 
integrated robotic systems, whether industrial or mobile. For 
standalone use, the hardware gripper can be further enhanced 
by integrating sensors. An experiment to measure the 
gripping force using a sensor setup is under consideration, 
aligned with IUP21. To facilitate force measurement, 5 kg 
load cell sensors with HX711 amplifiers will be connected to 
the control system. From the perspective of the gripper, 
further work will focus on integrating sensors into the 
mechanism's jaws, as closed-loop systems require the use of 
sensors to perform tasks effectively. Given the gripper's 
intended low-cost design, the following sensors are being 
considered: a load cell sensor (similar to those used in force 
measurements) and a pressure sensor. As an extension of the 
experiment, a mechanical system with independent left and 
right motors for the parallel gripper mechanism can be 
incorporated. This setup allows for a comparison of the 
forces generated by a two-motor mechanism versus a single 
motor with a mechanical linkage. The integration of a 
computer and control system for data collection, 
measurement, and visualization is aligned with IUP25. 

 
Figure 9 Integration of the robotic gripper and rotational degree of freedom with an 

RRR robotic arm configuration. 
 

In further work, the integration of an inertial 
measurement unit (IMU) for rotational control, providing an 
additional degree of freedom, is under evaluation (Fig. 3b). 
Fig. 9 presents the CAD model of the proposed design for the 
robotic gripper integrated onto a robotic arm with three 
degrees of freedom (DoF). For this purpose, the design of 
robotic modules will be undertaken to integrate the proposed 
educational robotic gripper. These modules will include both 
the existing mobile platforms presented in previous research 
[22] and new robotic modules for industrial simulators with 
two, three, and four degrees of freedom. 
 
6 CONCLUSION 
 

This paper presents the design, prototyping, and testing 
of a scalable and low-cost robotic gripper. The aligned 
learning outcomes have been demonstrated within the 
undergraduate professional mechatronics study program 
through various aspects of the robotic gripper. A robotic 
gripper with a parallel mechanism was described, and its 
system parameters were defined. A low-cost, scalable, and 
easily upgradeable design for the gripper mechanism was 
proposed. FDM technology was selected for the production 
of the mechanism parts, and the additive manufacturing 
process was illustrated. The assembled robotic grippers were 
tested and are now ready for integration into the educational 
process. An additional advantage of the proposed design and 
manufacturing technology is its applicability across various 
levels of education. In future work, the proposed gripper 
design will be integrated with robotic modules to create 
complete robotic systems. 
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Analysis of the Possibilities of Applying Artificial Intelligence to Modeling and 3D Printing of 
Drone Elements from Polymeric Materials 
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Abstract: The subject of the article is to present the possibilities of using artificial intelligence for modeling and 3D printing of drone structural elements from polymer materials. 
The traditional three-dimensional modeling process based on 3D-CAD systems and the modeling method using artificial intelligence algorithms were analyzed. The project 
implementation time, design assumptions and accuracy of models obtained using both methods of creating numerical models were compared. Test models produced by 3D 
printing from polymer materials based on previously prepared numerical data were also presented. 
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1 INTRODUCTION 
 

The term "drone" is a commonly accepted term for an 
unmanned aerial vehicle (UAV) or an unmanned aircraft 
system (UAS). The above names refer to an aircraft that does 
not have a pilot, crew or passengers on board [1]. Objects 
defined in this way can be remotely controlled or constitute 
autonomous systems. The term drone appeared in the 1920s 
and 1930s in military technology in solutions for which the 
presence of a human on board was unnecessary or dangerous. 
The first solutions concerned target aircraft intended for 
shooting practice. Currently, with the development of 
technology, the use of drones has expanded to many non-
military areas. Drones are widely used in photography, 
broadly understood monitoring (agriculture, forest areas, 
power lines, etc.), inspection and control, and even product 
delivery. The commonness and availability of modern 
solutions means that they have even become elements of 
entertainment [2]. Drone races can serve as an example. 
Depending on the type of mission performed, drones can be 
fixed-wing or rotary-wing aircraft [5]. The wide use of 
unmanned systems has become possible thanks to the 
miniaturization of electronics and the introduction of modern 
polymer construction materials. Composites consisting of a 
polymer matrix and reinforcement in the form of glass, 
carbon or aramid fibers enable the serial production of 
elements with favorable stiffness and strength parameters at 
low weight [14]. Another direction of development concerns 
the practically unlimited possibilities of shaping structural 
elements using additive manufacturing methods [11]. 

Unmanned aerial vehicles are currently an important 
element of transport and logistics in many sectors of the 
economy, and they play a particularly important role in the 
area of offensive and defensive military technologies [15]. 
The production of drones can be based on the use of serial 
components, but prototype solutions manufactured using 3D 
printing can also be successfully used [3]. In such a case, 
special-purpose drones with a structure dedicated to specific 
tasks can be designed and built [4]. Additive technologies 
allow for a fairly large degree of freedom in shaping the 
drone's structure, and various methods of optimizing this 

structure can also be used in terms of its strength and mass 
[6]. The classic approach to designing a structure takes into 
account its strength properties, which are the basis for 
developing a model and prototype [7]. Additive technologies 
allow for the production of complex geometric shapes and 
structures, which is why topological optimization can be used 
in the design process [13]. A separate design issue is the 
possibility of using programs using artificial intelligence 
algorithms for three-dimensional modeling of objects. Such 
programs have recently experienced dynamic development, 
especially in the area of modeling objects for which 
maintaining specific dimensions or manufacturing tolerances 
is not important, such as: building models, human and animal 
figures, etc. [8]. 

When analyzing the issue of potential application of AI 
in the process of 3D modeling and printing, various areas can 
be distinguished. One of them is the selection of materials for 
printing [12, 13], in order to optimize the matching of 
material properties to the needs of the application and 
working conditions of a given drone. Such an approach can 
take into account various structural, environmental or 
mechanical requirements and at the same time correlate them 
with the mechanical properties of a wide range of polymers. 
Considering the reduction of the time of the entire design and 
manufacturing process, and at the same time reducing the 
costs associated with defective components, prediction and 
control of print quality play a very important role [9]. 
Especially in this area, AI can control the course of the 3D 
printing process in real time. For this purpose, both AI 
models identifying anomalies and deformations in the 
structure of the printed object using advanced image analysis, 
as well as AI tools processing sensory data from the 
environment and the printed object (e.g. temperature, 
humidity, growth rate of the printed object, etc.) can be used 
[10]. Another area of AI application is simulations. Trained 
models based on theoretical, catalog, experimental and 
simulation data can improve the process of optimizing 
strength and aerodynamic properties. In such a case, Big Data 
can support the prediction of the behavior of the developed 
structures in various operating conditions. As can be seen, the 
presented issue is very broad [11]. Therefore, this work 
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focuses on the use of software based on artificial intelligence 
algorithms, which allows for modeling objects based on 
entered data in the form of descriptive (text) or raster images 
(e.g. photos or screenshots). Entering data in text form is 
limited by the number of characters, which in turn are 
responsible for the detailing of the data. This detail does not 
always translate into the mapping of these details in the 
geometry of the developed model and geometric accuracy. A 
very detailed description of the object can introduce 
interference in the model generation process in the form of 
additional elements that may not be geometrically and 
programmatically consistent with the assumptions of the 
object's geometry. Taking the above into account, the issue 
of entering input data as an object description may constitute 
a separate research issue. 
 
2 DESIGNING DRONE ELEMENTS USING 3D-CAD 

MODELLING 
 
Modeling objects using 3D-CAD software allows for the 

creation of almost any three-dimensional objects, which can 
then be manufactured using production systems based on 
numerically controlled machining. In the case of structural 
elements manufactured using 3D printing used to build 
drones using multi-rotor drives, the design of the structure 
must take into account the structure and dimensions of 
individual elements such as the engine, propeller, control 
system or batteries. An example of a drone shown in Figure 
1 manufactured using 3D printing can be an unmanned ship 
made as part of drone construction research at the 
Department of Machine Design of the Rzeszów University of 
Technology and the implementation of diploma theses [5].  
 

 
Figure 1 Drone prototype made using 3D printing [5] 

 
The dimensions and geometry of the drone must be 

adapted to the capabilities of the 3D printer. For 3D printers 
with a large workspace, drone bodies can be manufactured in 
their entirety, without the need to divide them into 
component parts.  

The drone prototype shown in Fig. 1 was made of 
components, the housing of the control system and battery, 

and the arms mounting the engines. All the elements were 
connected to each other using screws. The use of a structure 
consisting of several elements was dictated by the use of a 
3D printer for production with a workspace that does not 
allow for printing the entire body. The use of printers with a 
larger workspace allows for modeling the body elements as a 
whole. An example of such an approach is the model of the 
drone body made using 3D-CAD CATIA software (Fig. 2). 
 

 
Figure 2 3D-CAD model of the drone body made in CATIA 

 
Rotor drones do not have to meet special aerodynamic 

requirements, because the lift force and flight trajectory 
control are implemented using the engine control system. 
Taking this into account, the geometry of such a drone can 
be relatively simple, it can be made in the process of solid 
modeling and does not require the use of special methods of 
surface modeling, which in most cases takes more time than 
solid modeling. To make a drone body using the 3D printing 
method, data must be prepared in a form readable by the 
printer software, e.g. in STL format (Fig. 3). Geometric data 
in this form is generated based on the solid model.  
 

 
Figure 3 STL model of the drone body made in CATIA 

 
Analyzing the complexity of the structure and the 

applied 3D-CAD modeling procedures, the time of modeling 
and data preparation for the drone body shown in Figs. 2 and 
3 was recorded, which amounted to 44 minutes in total. The 
presented numerical model was used to make a 3D print of 
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the body from PLA polymer material using MEX process, 
FFF technology (Fig. 4). 
 

 
Figure 4 A prototype of a drone structure made on the basis of a 3D-CAD model 

using the 3D printing method 
 
3D-CAD modeling allows for taking into account a 

number of design assumptions, while the accuracy of the 
numerical model is high, in most engineering programs it is 
within the value of 0.001 mm, which should be considered 
sufficient both in the use of 3D printing technology and 
machining on CNC machines. An important feature of 3D-
CAD modeling is the ability to quickly modify the drone's 
structure in the output file area and adapt the structure to 
individual applications and operational activities, e.g. 
transporting unusual loads. 

 
3 DESIGNING DRONE ELEMENTS USING ARTIFICIAL 

INTELLIGENCE-BASED PROCEDURES 
 

As part of the conducted research, commercially 
available applications for modeling three-dimensional 
objects based on artificial intelligence algorithms Meshy AI 
3D Model Generator were used. Two methods of entering 
data as information about the designed model were selected, 
i.e. the descriptive (text) method and the method of 
generating a model based on a photograph of an existing 
object. In the case of the descriptive method, several variants 
of the description were introduced with varying degrees of 
detail and type of language. For modeling based on the 
analysis of photographs, a photo of a four-engine drone 
previously developed at the Rzeszow University of 
Technology, shown in Fig. 1, was used. The photo in JPG 
format was loaded into the software based on AI algorithms 
and the process of generating a 3D model was started. After 
about 2 minutes, a three-dimensional numerical model was 
generated, shown in Figure 5. This drawing, which is a 
screenshot from the program, shows some similarities to the 
model saved on a digital photograph. The software used 
allows for the generation of many versions of models, 
however, due to the volume of the article, the one closest to 
the original was selected. The developed numerical model 
can be saved in the form of files in various formats, e.g. STL, 
which allows for 3D printing (Fig. 6). 

 
Figure 5 3D drone model generated using AI based on photography 

 

 
Figure 6 STL model generated using AI based on photography 

 
 

Analyzing the STL model shown in Figure 6, it can be 
seen that it consists of several dozen objects generated as 
open and closed triangle meshes. From the point of view of 
the manufacturing process based on 3D printing, making a 
physical prototype requires the use of closed mesh models. 
Fragments of meshes are most often read by the software 
controlling the 3D printer as file defects that prevent the 3D 
printing process from starting. For this reason, the physical 
prototype shown in Figure 6 of the STL model was not made. 
In order to develop the drone construction model, the 
descriptive method was also used, for which the following 
text was entered into the program window: “supporting 
structure of a quadrocopter drone with the attachment of four 
electric motors, battery and control system attachment”. The 
program generated a model of a drone equipped with a drive 
and control system, although the description content 
presented the task of making a model of the supporting 
structure itself (Fig. 7). Additionally, one can see 
irregularities in the model geometry or model defects in the 
form of propeller blades with random geometry. Considering 
the disruptions of the developed geometry, in this case, it was 
decided not to make a 3D print for this model. The algorithm, 
based on its own assessment, determined the importance of 
individual words that make up the model description, and the 
presented model shows that it used the key word 
quadrocopter to describe a four-engine drone. The generation 
time of the model shown in the figure did not exceed 2 
minutes. 
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Figure 7 3D model of a drone generated using AI based on text description 

 
An additional attempt was made to modify the data in 

terms of shortening the text description in the form of: 
"supporting structure of a quadrocopter drone". The view of 
this variant of the model generated using artificial 
intelligence is presented in Fig. 8. 
 

 
Figure 8 3D model of the drone generated using AI based on a shortened text 

description 
 

This model was then saved in STL format (Fig. 9) in 
order to test the production of a physical prototype using 3D 
printing. 
 

 
Figure 9 STL model generated using AI based on text description 

 
On this basis, a 3D print was made from PLA polymer 

material using the MEX process and FFF technology. The 
prototype view is shown in Fig. 10. 
 

 
Figure 10 3D drone print made from AI-generated data based on text description 

 
The presented model has an irregular shape, which is 

unacceptable for technical objects. The automatic modeling 
process introduced design assumptions aimed at reducing the 
model's mass by using a skeleton structure. However, 
discontinuities in this structure are visible, which will 
negatively affect its mechanical, static and fatigue strength. 
Additionally, the possibility of changing the language from 
English to Polish was analyzed and the description of the 
object was formulated as an unmanned aerial vehicle in 
Polish: "bezzałogowy statek powietrzny". Based on such a 
description, the four-engine drone shown in Fig. 11 was 
generated. It should be noted here that the text did not assume 
the number of engines used, but the program assumed that 
the model would have four engines, perhaps it was a kind of 
continuation of previous activities, which assumed the 
number of engines in the description. 

 

 
Figure 11 STL model generated using AI based on text description in Polish 

  
The generated 3D model was saved as an STL file for 3D 

printing purposes and, as can be seen in Fig. 12, four 
geometrically flawless mesh objects appeared in the dialog 
box on the right (shell 1 – Shell 4), which could be used 
directly to make a prototype using the 3D printing method. 
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Figure 12 STL model generated using AI based on text description in Polish 

 
Fig. 13 shows a prototype made as before in the MEX 

additive process, using FFF technology from PLA material. 
 

 
Figure 13 3D drone print generated using AI based on text description in Polish 

 
4 CONCLUSIONS 
 

As part of the work carried out, a total of several models 
were generated using software based on artificial intelligence 
algorithms Meshy AI 3D Model Generator. The time of 
generating subsequent models based on the AI algorithm was 
similar and did not exceed two minutes on average. On the 
other hand, the time of making the model using 3D-CAD 
software in the traditional way took about 45 minutes. 
Comparing only the time values, it can be seen that the AI 
algorithm generates a three-dimensional model very quickly. 
However, attention should be paid to the quality of the 
obtained geometric data from the engineering point of view. 
In general, the models generated by the AI algorithm meet 
the assumptions entered into the program as descriptive or 
raster input data. Objects were generated that geometrically 
meet the assumptions of its description of a four-engine 
drone. Models generated using AI are burdened with a large 
amount of geometry interference. Models generated using AI 
did not meet the technical assumptions of the engineering 
project, both in terms of the accuracy of the model execution 
and any definition of dimensions, especially in relation to the 
assembly of the drive system or control. Additionally, the 
software using AI allows the geometric data of models to be 

saved in formats that are difficult to edit and introduce design 
changes. Ultimately, it may translate into a significant 
extension of the production time of a 3D model, often 
exceeding the modeling time using 3D-CAD software. 

An engineering project is implemented based on an 
assumed methodology defining the purpose of the object, 
strength, materials used, geometric accuracy and method of 
execution. Each of these stages is controlled by the designer. 
In the case of using an AI algorithm for design, the software 
accepts the description as input data without the possibility 
of using feedback. It is also difficult to determine in the case 
of using a descriptive algorithm which words the algorithm 
will consider important from the point of view of the project 
and which will be treated as secondary. This is an important 
issue in the case of using AI for design, but it goes beyond 
the scope of this study. 

An important criterion for using the method of modeling 
three-dimensional objects is their purpose. If we intend to 
develop a preliminary conceptual model, it is reasonable to 
use software that generates geometry using AI algorithms. In 
the case of work on the design of an engineering structure 
and a functional prototype, classic 3D-CAD modeling 
methods should be used, which allow the creation of a precise 
numerical model intended for production using the 3D 
printing method or other technologies based on numerical 
data. 
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