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Evaluation of typers and properties if phase change
materials for heat emitters in buildings
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Abstract

Along with efforts to reduce carbon dioxide emissions and energy consumption,
the use of renewable energy sources has also become increasingly widespread.
Phase change materials (PCMs) are suitable for addressing energy storage
challenges arising from these changes, as well as for reducing the heating and
cooling energy demands of buildings. Additionally, PCMs can be effectively
used to reduce peak heat demand and thermal load. To apply PCMs efficiently in
buildings, it is essential to understand their types and properties. In this article, I
will review the types and thermophysical properties of phase change materials
that can be used in buildings, based on published studies.

Keywords

PCM, building, latent heat, phase change, energy storage, peak loads

1. Introduction

In recent years, efforts to reduce greenhouse gases, especially carbon dioxide
emissions, have intensified. One possible means of reducing emissions is to use
renewable energy sources instead of fossil fuels to cover our energy needs.
Another means of reducing emissions is to increase energy efficiency and build
buildings that use less energy while maintaining the level of indoor comfort. One
of the biggest challenges in the application of renewable energy sources is the
storage of the “produced” energy. Since the energy production and consumption
profiles are different, we need efficient energy storage solutions. Phase change
materials, thanks to their latent heat, provide the opportunity for high energy
density energy storage. PCM can be placed in a separate storage container, or
even directly next to the heat emitter (for example, next to underfloor heating

pipes).
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PCM built into the building envelope in hot climate zones can absorb summer
heat loads during the hottest hours and release the absorbed heat at night. This
way, it can protect the building's rooms from external heat loads and reduce the
energy demand for mechanical cooling. In cold climate zones, PCM built into
the walls of heated rooms can reduce heat demand peaks during the coldest
hours.

2. Phaese change materials for use in buildings

In the following, the term phase change material (PCM) refers to materials
that use the property of undergoing phase transformation during heat absorption
and heat release at a temperature we consider favorable. The definition also
shows that the term phase change material refers to an arbitrarily defined set of
materials and, depending on our goals, different materials may belong to this set.
The use of many materials capable of phase change (such as ice, iron, zinc) in
buildings is not possible because their melting point does not fall within the ideal
temperature range for us.

2.1 Properties of phase change materials

Phase change materials are materials that release or absorb heat during a
phase change (usually a liquid-solid or solid-liquid change). The advantageous
property of the phase change is that it occurs at a nearly constant temperature.
The theoretical (ideal) process can be more easily interpreted with the help of the
temperature-enthalpy diagram. (Figure 1.) The advantage of using PCMs lies in
the high energy density energy storage. As a result, phase change materials
integrated into the building envelope are able to delay the timing of peak loads.
(Al-Yasiri & Szabo, 2021)

Heat storage as sensible heat

material leads to temperature

increase when heat is stored (e.g. brick) Heat storage as latent heat material
- 1T gl s
rl' C | JL X throughout the phase changing process
keeping the temperature constant

PCM - Latent heat

miehing

Solid + Liquid ' Liquid
Stored Heat [kg.kg']

Solid

Figure 1. Temperature of the phase change material as a function of the thermal energy stored by a
unit mass of PCM (Al-Yasiri & Szabo, 2021)
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Figure 2. illustrates that for most real phase change materials, the phase
change process does not occur at a discrete temperature value, but rather over a
temperature interval. Melting and freezing start at different temperatures and the
two processes take different “paths” on the enthalpy-temperature diagram (this is
the phenomenon of hysteresis). (Que, et al., 2021) (Hu, et al., 2020) The
phenomenon of supercooling (undercooling) can also be observed in Figure 2.
When the liquid PCM is cooled to or below the temperature required for the
onset of freezing, the liquid-solid phase transition does not occur. The
temperature of the liquid PCM can be further reduced below the temperature
required for the onset of freezing without the solid phase appearing. A small
mechanical effect (shaking or introducing a small particle into a liquid) suddenly
initiates the freezing process, which occurs “explosively” in an extremely short
time. (Matolcsi, 2012)

oy
Hysteresis

Enthalpy /Kl /ke

Temperature/K

Figure 2. Interpretation of hysteresis and supercooling (subcooling) phenomena using the
enthalpy-temperature diagram (Que et al., 2021)

The most important physical properties of phase change materials are illustrated
in Table 1.

Table 1. Physical properties of phase change materials (Al-Yasiri & Szabé, 2021)

Property Unit Symbol
Fusion heat kl/kg Lo
Melting point °CorK to or To
Specific heat kJ/(kg*K) c
Thermal conductivity W/(m*K) A
Density kg/m? p
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When choosing phase change materials, in addition to thermophysical
properties, attention should be paid to the following properties and
characteristics of the PCM:

e phase segmentation (phase separation): During the solidification of the
liquid phase, freezing starts at several points and the solid phases do not
always coalesce (Andrassy, 2021)
chemical and thermal stability
corrosivity
flammability
leakage
supercooling: the liquid must be cooled below the freezing point for the
phase transformation to start (mechanical effect such as vibration or the
introduction of a small particle causes freezing to occur suddenly)
(Matolcsi, 2012)

e aging: deterioration of properties with time or with an increase in the

number of phase change cycles

(Ning, 2025) (Lamrani, 2021) (Al-Yasiri & Szabo, 2021)

Al-Yasiri and Szabd summarized the requirements for phase change
materials and their thermophysical properties. Ideal PCMs should have a high
melting point, high specific heat (both in solid and liquid phases), good thermal
conductivity, and high density. The ideal phase change material is non-
flammable, non-toxic, ages slowly, has a small density difference between the
liquid and solid phases, does not require supercooling to initiate freezing, and
can withstand a sufficiently large number of phase change cycles without
deterioration of its thermophysical properties. (Al-Yasiri & Szabo, 2021)

Real phase change materials cannot satisfy all the beneficial properties at the
same time, so a compromise will be required regarding one of the
characteristics.

The phase change materials studied by Al-Yasiri had melting points of
22...47 °C, heats of fusion of 147...245 kJ/kg, densities of 770...1530 kg/m? in
the liquid phase and 815...1681 kg/m? in the solid phase. The specific heats of
the studied PCMs fell between 1.46...2.72 [kJ/(kg K)]. (It should be noted that
the specific heats of liquid and solid PCMs are different.)

2.2.  Determination of the caloric thermophysical properties of phase change
materials

A differential scanning calorimeter (DSC) is most often used to determine the
temperature and enthalpy values of phase transitions, as well as the heat of
transformation (e.g. heat of fusion). The essence of the procedure is that a
sample and a reference piece with known thermophysical properties are heated
so that their temperatures remain equal. The properties of the sample can be
determined from the difference between the heat flows required to keep the
sample and the reference piece at the same temperature. (ch.bme.hu)

8
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Figure 3. illustrates the operating principle of the differential scanning calorimeter and the typical
DSC curve obtained during the test.

(a) N (b)
Tpm

Empty Sample

[

Temperature and Heat

Heat flow (w/g)

Flux Sensor

Baseline
1

Temperature (°C)

Figure 3. a) Typical DSC curve; b) working principle of differential scanning calorimeter
(Gao, et al., 2024)

2.3. Types of phase change materials for use in buildings
Phase change materials that can be used in buildings can be classified into three

main groups, as illustrated in Figure 4.

Phase change |

v S
Organic ' Inorganic | ' Eutectic

v v
1. Paraffins 1. Hydrated salts 1. Inorganic-inorganic
2. Non-paraffins 2. Metallic PCMs * 2. Organic-inorganic
-Esters 3. Organic-organic
-Fatty acids
-Alcohols
-Glycols

Figure 4. Types of phase change materials that can be used in buildings (Al-Yasiri & Szabo, 2021)
(Lawag & Ali, 2022)

Wang et al. grouped organic phase change materials based on other criteria
(Figure 5.) (Wang et al., 2022)
Wang emphasizes that paraffins are mixtures of alkanes with 20...40 carbon
atoms. The melting point and latent heat of paraffins can be modified according
to our needs by changing the number of carbon atoms (molecular weight) and
composition. (Wang et al., 2022) Paraffins have good thermal stability, high

9
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melting heat and can be used in a wide temperature range (between 15...45°C).
Their advantageous properties are also that they do not cause corrosion, are
relatively cheap and minimal supercooling is sufficient to initiate freezing.
Disadvantages include that they are flammable, have low thermal conductivity
and are incompatible with some plastic containers. (Lawag & Ali, 2022)

The advantageous and disadvantageous properties of different types of phase
change materials are illustrated in Table 2. (Tyagi, 2022) (Al-Yasiri & Szabo,

2021)
Organic PCMs
Alkanes B Other (non-alkane) types of organic
1. Alkane PCMs
mixtures -Acids (e.g. fatty acids)
-Paraffins -Materials built from
2. Pure alkanes macromolecules (polymers)
-Hexadecane -Aleohols
-Heptadecane

Figure 5. Classification of organic phase change materials (Wang et al., 2022)

Table 2. Advantages and disadvantages of organic, inorganic and eutectic phase change materials

Organic PCMs Inorganic PCMs Eutectic PCMs
High thermal High ener,
Advantages e Chemical stability c oi ductivity stfrage :'f!nsityn
e Low ;upercoollng High latent heat can be achieved
* Nophase _ (heat of fusion) with it in a given
seg;ne:t.atlon Non-flammable volume
. Noltfe |n|te. t Definite melting Definite melting
m_e ing poin point point
e High latent heat Good chemical
(heat of fusion) and thermal
e  High thermal stability
conductivity Low subcooling
e High latent heat
(heat of fusion)
] Significant Expensive
Disadvantages e Flammable subcooling Low thermal
. H}:gh volume High volume conductivity
Change change Leakage
e Low thermal

conductivity

Incompatible with
metals

Low chemical and
thermal stability
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. Phase
segmentation

Conclusions

. Phase change materials that can be used in buildings can be divided into
three groups: Organic, inorganic and eutectic PCMs

. The ideal properties of phase change materials are: high specific heat (in
solid and liquid phases), high latent heat, high thermal conductivity, high
density, melting point adapted to the application area, chemical stability, thermal
stability, slow aging, low subcooling, non-toxic, non-corrosive

. Phase change materials cannot satisfy all the beneficial properties at the
same time, so a compromise will be required regarding one of the characteristics

. A differential scanning calorimeter is most often used to determine the
caloric thermophysical properties of phase change materials

. In most cases, articles dealing with the application of phase change
materials in buildings focus on the building envelope and are related to hot or
cold climatic environments. The use of PCMs in heat transfer surfaces and their
investigation under continental climatic conditions is a less researched area.
Therefore, my research will address this topic.
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Simulation and modelling of a tracking cylindro-parabolic
collector using trnsys software
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Abstract

In the field of solar power generation, parabolic collector technology is regarded as
one of the most cost-effective and robust solutions, offering high efficiency in
capturing solar energy. This study examines the simulation and practical
implementation of a cylindro-parabolic collector (CPC) integrated with a solar
tracking system. MATLAB was utilised for the design of the CPC, including the
determination of the aperture angle and the analysis of solar radiation distribution. A
detailed theoretical analysis was conducted to optimise the dimensions of the
parabolic curve, followed by a simulation using TRNSYS software to evaluate the
system’s operational performance. The construction of the system involved
assembling key components, including the reflective surface, receiver, fluid heating
circuit, and a mechanical solar tracking device, which is controlled by electronic
circuits programmed to adjust the collector’s position in real time according to the
sun’s movement. A custom software application was developed to manage the
system and facilitate the acquisition of important parameters, such as temperature
and solar intensity. This approach integrates theoretical modelling with practical
implementation, providing valuable insights into the efficiency and reliability of
parabolic collectors for solar power applications.

Keywords

solar power, parabolic collector, solar tracking, TRNSYS simulation, thermal
efficiency

1. Introduction

In recent years, the development of parabolic solar collectors has advanced
significantly, driven by their cost-effectiveness and robust design (Touaref et al.,
2025). Cylindro-parabolic collectors (CPCs) are particularly prominent in solar
energy applications, including electricity generation, due to their high efficiency
and reliability (Panja et al., 2025). The integration of sun-tracking systems with
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CPCs enhances their performance by maintaining optimal solar alignment
throughout the day (Panja et al., 2025). Advanced simulation tools, such as
TRNSYS, are instrumental in the design and evaluation of these systems,
enabling detailed modelling of their dynamic behaviour (Liu et al., 2025).

This study presents the theoretical design, simulation of a parabolic collector,
equipped with a sun-tracking mechanism. The design process involved
determining the dimensions of the parabolic curve, followed by simulating its
operational performance using TRNSYS to account for solar radiation effects.
The practical implementation encompassed constructing the collector's
supporting structure, the focal system containing the heat transfer fluid, and the
mechanical assembly of the sun-tracking system, complemented by programmed
electronic control units. Custom-developed software was employed to control
the system and facilitate the acquisition of operational parameters through a data
logger interfacing via the computer's serial port. This comprehensive approach
aims to validate the system's performance and efficiency, contributing to the
ongoing development of cost-effective and robust solar energy solutions.

2. Theoretical study and mathematical models

Theoretical study and mathematical models are essential for evaluating the
optical performance of cylindro-parabolic collectors. These models help
optimize the collector's design by analysing factors like geometry, reflectivity,
and solar concentration, ensuring maximum efficiency in capturing solar energy.

2.1. Optical performance of a cylindro-parabolic collector
2.1.1. Concentration ratio
The most common definition of the concentration ratio is based on the

concept of surface area. It is given as the ratio of the aperture area to the receiver
area, by Eq. 1 and as shown in the Fig. 1 (Touaref et al., 2025):

C =2

Ay

where A4y is the aperture area, 4, is the absorber area.

14
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Figure. 1. Relationship between the concentration ratio and the receiver temperature

Low concentrations (I < C, < 10 = Tc = 150 °C), Medium concentrations
(10 < C. < 100 = Tc = 150 °C), High concentrations (C, > 100 = Tc > 500 °C).

2.1.2. Absorbed radiation
The absorbed radiation per unit of aperture area can be expressed at Eq. 2
(Touaref et al., 2025) as follows:

Qabs = G G Nopt (2

where gq»s is the absorbed radiation per unit of aperture area (W/m?), C, is the
concentration ratio, G is the incident solar radiation (W/m?), 7,y is the optical
efficiency of the concentrator.

2.2. Thermal performance of a cylindro-parabolic Collector

The calculation of the performance of cylindrical parabolic concentrators
follows the same calculation method as that of flat-plate thermal collectors.

The power gained at the collector Q,, can be calculated by knowing the values of
the parameters Fr and U . Eq. 3 for thermal performance (Touaref et al., 2025):

QuZFRA(G_UL (Tm_Ta)) (3)
A.
where Q,, is the useful heat power gained at the collector (W), Fy is the collector
heat removal factor, 4 is the aperture area of the concentrator (m?), G is the

15
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incident solar radiation (W/m?), U; is the heat loss coefficient (W/m?K), T,, is
the mean temperature of the collector (°C), T, is the ambient temperature (°C).

2.2.4. Efficiency of the solar collector

The efficiency of the solar concentrator can be defined as the ratio of the useful
heat power gained at the collector @,, to the total incident solar radiation G on
the aperture area A,. The Eq. 4 for the efficiency is:

_
M= Ga “)

where 7 is the efficiency of the solar concentrator, Q,, is the useful heat power
gained at the collector (W), G is the incident solar radiation (W/m?), A, is the
aperture area of the concentrator (m?).

2.3. Schematic diagram of the system used

Fig. 2 presents a comprehensive schematic diagram of the system, illustrating
the acquisition system alongside all essential control and monitoring functions.
The diagram highlights key components, including the parabolic collector, solar
tracking mechanism, heat transfer circuit, and data acquisition system. It also
depicts the integration of sensors for measuring parameters such as temperature,
solar radiation, and wind speed.

Additionally, the schematic outlines the role of the electronic control unit, which
processes real-time data and adjusts the concentrator’s position accordingly. The
system is further linked to a computer interface for data logging and
performance analysis, ensuring efficient operation and continuous monitoring,.
The heat transfer circuit is also depicted, showing the flow of the working fluid
through the system, enabling the transfer of thermal energy from the collector to
the heat exchanger. Sensors are strategically placed throughout the setup to
measure critical parameters such as ambient temperature, fluid inlet and outlet
temperatures, solar radiation intensity, wind speed, and system pressure. These
measurements are crucial for evaluating the system's efficiency and
performance.

16
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Figure. 2. Schematic diagram of the system

2.4. Simulation of the CPC's operation using TRNSYS
The simulation model is as follows: TYPEOf: Solar radiation model, TYPE65:
Object for graphical display, TYPE74: CPC collector, TYPE3b: Circulation

pump, TYPE91-2: Heat exchanger

This setup allows for the dynamic simulation of the energy system, covering
solar radiation, the concentrator's thermal performance, circulation, and heat

exchange processes as shown in the Fig. 3:

4 > )
- 3
Weather conditions :
\
Pump cPC ﬁ s ) !
tank: e q:\“? it Oscilloscope
. ; 1
i o ; Efliciencies R )
e [l 5
5 H i
controller l
.............. DR

tank

o

Load profile Daily load

Figure. 3. TRNSYS-Based simulation of the CPC's performance

17



Mechan

ical Engineering Letters, Volume 26

2.5. Simulation results

The simulation results provide insights into the performance of the cylindrical

lic concentrator. Key outputs include Temperature variations at different
points in the system; Thermal efficiency of the concentrator; Heat gain at the
receiver and Effect of solar radiation on system performance, as shown in the

parabo

Figs. 4 to 6:
120 T
—=—Qutput Temperature (°C)
—a—Input Temperature (°C)
¢
=
]
g2
5
U 1 1
6 7.66 9.7 11.57 16.29 17.14 19
Simulation Time = 19.00 (hr)
Figure. 4. Simulation results of the CPC with a flow rate Q = 12 kg/h
100 T
—=— Qutput Temperature (°C)
—4— Input Temperature (°C) |
80
9
v 60 - =
=
é
g 40
o
3
20
0 1
6 7.66 9.71 11.57 16.29 17.14 19

18
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Figure. 5. Simulation results of the CPC with a flow rate Q = 48 kg/h
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Figure. 6. Temperature evolution of the CPC system over time

3. Description of the implemented concentrator

This section outlines the design, components, specifications, and
performance optimisation of the concentrator, highlighting its efficiency and
integration.

3.1. Operating principle

The cylindro-parabolic collector is oriented towards the East at sunrise. Solar
tracking is ensured by a controlled electric actuator. A heat transfer fluid,
circulated by a pump, transports the absorbed heat to a heat exchanger located
inside the storage tank.
The system is managed by a computer program that optimizes energy
concentration throughout the day by controlling an electronic board via the
computer’s parallel port.
To achieve this, multiple parameters are acquired through a data logger that
communicates via the serial port. The collected data is processed, stored, and can
be displayed in real time on a magnetic storage medium.
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3.2. Implementation of the cylindro-parabolic collector

3.2.1. Curve design
The shape of the cylindrical-parabolic concentrator is determined by the
equation of a parabola, which is given by Eq. 5 (Touaref et al., 2025):

x2
Y=+ ©
where y is the height of the parabolic curve at a given point x(m), x is the

horizontal coordinate (m), f'is the focal length of the parabola (m).

3.2.2. Construction of the supporting structure

Based on Eq. 5, to achieve a parabolic shape for the sheet metal (mirror), a
metallic frame was constructed. The sheet metal was securely fixed onto the
frame using rivets, as shown in the Fig. 7:

0.8}

Y -axis

—— Parabolic Mirror
—— Linear Receiver
Incoming Rays
02! Reflected Rays
-1 -0.5 0 0.5 1
X-axis

Figure. 7. Design of the CPC and aperture angle

4. Tests on the stationary concentrator

As shown in Fig. 8, installing a cylindro-parabolic collector with a solar tracking
system involves several key considerations to optimise its efficiency. The first
step is determining the optimal tilt angle, which is typically set equal to the
latitude of the site. This ensures that the collector is positioned to capture the
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maximum amount of solar energy throughout the year. Additionally, the
collector must be oriented southward in the horizontal plane to align with the
sun's path, allowing it to maximise exposure to sunlight during daylight hours.
This specific configuration is a crucial factor in enhancing the overall
performance of the concentrator.

Once the optimal tilt angle and orientation are set, the system is considered a
stationary concentrator. This means that, unlike dynamic tracking systems that
actively follow the sun's movement, the concentrator remains fixed in position,
relying on its initial design to capture solar energy efficiently. By ensuring the
collector is placed at the correct tilt and orientation, it maximises energy capture
without requiring further adjustments. This configuration is ideal for regions
where the sun's path remains relatively consistent and stable, allowing the
stationary concentrator to deliver reliable and effective performance over time.

-

S (South)
___________ by W (West)

- -
- I
- -

E (East) N (North)

Figure. 8. South-facing stationary concentrator

For solar tracking, An optical photoresistor sensor model CDs, was installed
in the system to detect the solar radiation which connected to a driver to rotate
the concentrator during the day by changing sunrays’ angle. The concentrator
axis was driven by a 12 V DC electric-motor with a gearbox.

The operation and implementation of the proposed solar tracking system (see
Fig. 9) is like the principle of photovoltaic solar tracking, namely using the
Maximum Power Point Tracking (MPPT) technique:

The automatic technology determines the position of the central point with two
axes and provides movement commands required (Touaref et al., 2025). The
movement of the absorber ensures that the reflection image and the focal point
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overlap during both periods. Through electronic sensors (light sensors) sensitive
to solar radiation and thermal sensors sensitive to solar temperature, the solar
tracking mechanism is determined by a control board designed to pass through
this parabolic concentrator with an iron bar that allows tilting or not tilting the
parabolic concentrator using the motor.

\
’
L e

Figure. 9. Solar tracking system: Electronics and electrical components, and the mechanical
method

To assess the efficiency of the system, tests were conducted on the
concentrator, as shown in the Figs. 10, 11 and 12. During these experimental
tests, temperatures at the focal point were measured throughout the day,
including the temperature of the heat transfer fluid 7%, the temperature of the
absorber tube T, the ambient temperature 7,, and solar radiation E. Tests
conducted with a 30° tilt angle on a clear day yielded the following results:
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6. Conclusion

In this study, a bibliographic review was carried out alongside an analysis of
relevant documentation to determine the necessary equipment for the system.
The design of the cylindrical-parabolic collector was developed, with a focus on
optimizing the parabolic curve. A simulation using TRNSYS software was then
conducted, incorporating the effects of solar radiation.

The results effectively demonstrated the system’s operational behaviour and
thermal performance. Additionally, the system was constructed, including its
supporting structure, the focal system containing the heat transfer fluid, and the
actuator mechanism responsible for solar tracking. Tests were performed under
steady-state conditions with varying flow rates, revealing that the outlet
temperature of the heat transfer fluid remained below 100 °C due to the use of
water as the working medium.

The final phase of the study focused on evaluating the system’s overall
efficiency. The simulation results provided key insights into its thermal response
and performance under different solar radiation levels. This analysis allowed for
the identification of critical parameters affecting efficiency, enabling potential
design optimizations. A comparison between simulated data and theoretical
expectations has confirmed the system’s feasibility for practical applications.
Furthermore, the research highlighted several possible improvements that could
enhance the performance and efficiency of the concentrator system. One such
improvement involves using alternative heat transfer fluids with superior thermal
conductivity and heat retention properties, which could significantly enhance
energy absorption and transfer. Additionally, modifications to the design of the
absorber tube, such as improved coatings or enhanced thermal insulation, could
help reduce heat losses and improve overall efficiency. Another key
advancement lies in integrating an advanced tracking mechanism that
dynamically adjusts the concentrator’s orientation in real time to maximise solar
exposure throughout the day. Such a system would ensure optimal alignment
with the sun, significantly improving energy capture and conversion efficiency.
These findings contribute to the ongoing development of solar energy
concentration technologies by identifying critical areas for refinement and
providing a strong foundation for future advancements in the field.

NOMENCLATURE
A Aperture area of the concentrator (m?)
Ay  Aperture area (m?)
A,  Absorber area (m?)
C. Concentration ratio
f Focal length of the parabola (m)
Fr  Collector heat removal factor
G  Incident solar radiation (W/m?)
qa»s Absorbed radiation per unit of aperture area (W/m?)
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Q. Useful heat power gained at the collector (W)

T, Ambient temperature (°C)

T» Mean temperature of the collector (°C)

Ur Heat loss coefficient (W/m?.K)

x  Horizontal coordinate (m)

y  Height of the parabolic curve at a given point x (m)
n  Efficiency of the solar collector

nopr  Optical efficiency of the collector
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Abstract

The study compares the thermal performance of two PV panels with identical
characteristics. One solar panel was converted into a PVT panel, where the
cooling water flow rate was changed in two steps. The modification involves
retrofitting the conventional PV panel with copper piping and an aluminium
adhesive to enhance thermal conductivity and facilitate active cooling.
Experiments were conducted under Hungary’s climatic conditions, where
temperature data were collected for both panels while the water flow rate was
varied from 4 1/min to 7 /min. The results reveal that the modified PVT panel
consistently operates at lower temperatures than the unmodified PV panel.
Statistical analysis via ANCOVA further indicates that each 11/min increase in
water flow rate corresponds to an approximate 0.58 °C increase in the
temperature difference AT between the two panels, even after controlling for
ambient temperature and solar irradiance. These findings underscore the
effectiveness of enhanced thermal management in maintaining optimal operating
temperatures and suggest potential improvements in electrical output.

Keywords

Photovoltaic-Thermal (PVT) System, Conventional PV Panel, Working
Temperature, Water Flow Rate, Cooling Efficiency, ANCOVA.

1. Introduction

Photovoltaic thermal (PVT) technologies have been studied since the 1970s,
with research focusing on design variations, working fluids, and other factors
that influence performance (Chow, 2010). The combined analysis of electrical
and thermal efficiencies effectively illustrates the overall performance of PVT
systems, as these systems simultaneously extract heat from the photovoltaic
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model (PV) while maintaining the optimal temperature necessary to achieve
maximum electrical output.

Ale's (2022) study reveals that the temperature of photovoltaic (PV) modules
and other factors significantly affect how well PV systems perform. The
research shows a strong positive connection between module temperature and
critical performance metrics like solar irradiance, short-circuit current, output
power, and conversion efficiency. For the specific monocrystalline module
studied, the optimal operating temperature was around 60°C. Typically, solar
panels are tested under standard conditions, and it was noted that for every
degree Celsius increase in temperature, the panel's efficiency drops by about 0.4
% to 0,5 % (Natarajan et al., 2011).

Similarly, Al-Ghezi (2022) looked into how solar radiation and operating
temperatures affect PV panels using simulations and real-life outdoor
experiments. The results showed that higher operating temperatures negatively
impact panel performance. Specifically, while a 1°C increase leads to a slight
rise in current (around 0.068%), it also causes a decline in voltage (about
0.34%), output power (approximately 0.489%), and efficiency (roughly
0.586%). Dash and Gupta (2015) further explored the link between temperature
and the power generated by different types of solar panels, using temperature
coefficients as a reference. Their findings indicated that monocrystalline panels
suffer the most, with an average power loss of 0.446% for each degree Celsius
increase in temperature.

Meanwhile, Chander et al. (2015) conducted simulations to understand how
higher temperatures affect PV panel performance, regardless of changes in solar
radiation. They found that increased temperatures lower the fill factor, open-
circuit voltage, and maximum power while directly impacting the short-circuit
current. Tripathi (2021) focused on sunny days in February 2020 in Telangana,
India, examining how solar radiation and ambient temperature influence PV
panel temperatures. The study accurately predicted panel temperatures by
employing a multi-linear regression model with low mean square error, noting a
peak of 78.50°C under solar irradiance of 1140 W/m? and an ambient
temperature of 36°C. These findings support the idea that extended exposure to
high temperatures can harm panel efficiency and potentially damage the cells,
negatively affecting overall performance and structural integrity.

To address the adverse effects of high working temperatures on the electrical
output of PV panels, the PVT (thermal photovoltaic panel) configuration is
positioned as a primary solution. In this system, integrating a thermal
management mechanism with the PV panel actively extracts excess heat, thereby
maintaining optimal operating conditions. However, achieving maximum
electric and thermal efficiency with a PVT system is impossible due to the
energy conservation principle. Nonetheless, to increase the overall efficiency of
the PVT module, the most essential factors are the flow rate and fluid inlet
temperature, as the cell temperature is heavily dependent on these (Radziemska,
2009), as well as the ambient temperature. For water-based PVT, an increase in
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water flow rate increases the heat transfer coefficient, and Charalambous et al.
(2011) have shown that the PVT efficiency is a function of the flow rate. Tiwari
(2009) discovered that the overall exergy efficiency of systems initially rises
with the mass flow rate, peaking at 0.006 kg/s before it starts to decline.
Similarly, Morita (2000) found that for two different photovoltaic/thermal
(PV/T) panel setups, the optimal mass flow rates were 1.4x1072 kg/s for one
design and 4.9x1073 kg/s for the other, with the first configuration achieving a
higher maximum energetic efficiency.

Kalogirou (2001) explored various water flow rates—0, 20, 25, 50, 100, and
150 litres per hour—and identified 25 I/h as the ideal rate, which led to an
average annual electrical efficiency of 7.7% and a total efficiency (combining
electrical and thermal) of 31.7%. Chow (2003) noted that increasing the water
mass flow rate from 0.002 kg/s to 0.004 kg/s could result in a combined
efficiency exceeding 70%. However, this high efficiency was usually reached
outside the typical design parameters, highlighting the importance of accurately
optimizing flow rates. In addition, Nualboonrueng (2013) reported that among
mass flow rates ranging from 10 to 75 kg/h, a flow rate of 20 kg/h provided the
best thermal and electrical outputs. Lastly, Li, Chen, and Novakovic (2025)
examined a micro heat pipe PV/T system at flow rates of 0.16 /s, 0.26 I/s, and
0.36 L/s, concluding that 0.36 L/s offered the best performance, achieving a
thermal conversion efficiency of 38.0%, photovoltaic conversion efficiency of
15.9%, and an overall efficiency of 53.9%.

In conclusion, climatic conditions and operating temperature emerge as the
two key factors in evaluating the performance and technical features of
photovoltaic thermal (PVT) systems. While previous research on how flow rate
affects PVT performance has offered valuable insights, these investigations have
predominantly focused on regions outside of Hungary. Consequently, this paper
aims to fill that gap by examining how the volume flow rate of water, which
serves as the heat transfer medium in our case, influences the operating
temperature of a modified PVT panel. This study will optimise system
performance specifically for Hungary's distinct climatic conditions.

2. Experimental

This study used a standard PV panel and a modified version (Figure 1.a)
featuring copper pipes attached to a Synthetic Resin adhesive containing 75%
aluminium to enhance thermal conductivity (Figure 2.b). By adjusting the
cooling flow rate, we aim to identify the optimal configuration for maximizing
the system's performance. Sensors were employed to monitor changes in
temperature, sunlight intensity, and ambient temperature, all aimed at designing
a PV system that not only sustains but potentially improves its efficiency as
temperatures rise, ultimately boosting solar energy performance.
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2.1 Material

The experimental setup assessed how the flow rate of water as a heat transfer
medium affected photovoltaic (PV) systems. The setup features a standard PV
panel and a modified version (Figure 1). The modified panel has copper pipes
attached to its backside using a Synthetic Resin adhesive containing 75%
aluminium, applied in thicknesses ranging from 3 to 5 mm (Figure 2).
Additionally, the system allows for adjustments to the cooling medium's flow
rate to enhance heat removal, and it incorporates 20 mm of XPS insulation to
minimize heat loss and maintain proper temperature control. A central
component of the setup is an Arduino-based control unit, which is crucial for
coordinating data collection and real-time monitoring through a network of
strategically placed sensors. The system also includes a 10-litre thermal storage
tank (Figure 3), which is essential for the cooling process of the modified PV-T
panel. It stores and manages the cooling fluid to ensure a consistent supply.

Figure 1. Experimental Setup, a: PV and PVT, b: back side of both panels

Within our experimental framework, we utilised a carefully selected array of
sensors to monitor and enhance the performance of both conventional and
modified PV systems. These sensors are essential for gathering real-time data
and critical for assessing system behaviour and efficiency. The LM335
temperature sensor was implemented to deliver accurate temperature
measurements at various system points, maintaining precision within 1°C across
a wide range. Additionally, the TF 6003.0000 BG irradiance sensor was
employed to measure solar irradiance; it detects global radiation using a silicon
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diode paired with a PMMA dome, making it ideal for photovoltaic applications
as well as for climate research and agricultural purposes.
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Figure 2. PVT Modified model design cross-section

Figure 3. Arduino-based control unit and the storage tank

Over four months (June, July, August, and September) in the energetic
building’s laboratory at the Hungarian University of Agriculture and Life
Sciences, our experimental setup was deployed from 10:00 AM to 04:00 PM to
evaluate conventional and modified PV systems. The modified system, featuring
copper pipes attached to the panel’s backside with a specialized adhesive
containing 75% aluminium, enhances thermal conductivity and cooling
efficiency. We incrementally adjusted the flow rate while using the TF 6003.100
irradiance sensor mounted on the PV panel via the PV-Sensor Mount and the
LM335 temperature sensors, which were installed using dedicated Thermal
Probe Brackets, to capture real-time data on irradiance, ambient temperature,
and thermal variations. This comprehensive monitoring enabled us to optimize
system performance and identify the optimal configuration for maximizing heat
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capacity.

3. Results and discussion

The analysis utilizes data from two selected days to investigate the impact of the
water's volume flow rate (Q), which serves as a heat transfer medium, while
setting the supply temperature (Tin water temperature at the inlet of the modified
PV panel) on both days at 10°C and under similar external conditions, on
maintaining the PV panel at an optimal operating temperature for satisfactory
electrical output. By examining these key variables, our goal is to understand
how changes in these factors influence the operating temperature of the modified
photovoltaic panel TPVT compared to that of the conventional panel TPVT and,
consequently, how they affect the temperature difference (AT = TPV- TPVT).
An ANCOVA statistical approach was considered to determine the model for the
impact of the main independent variable, flow rate (Q), on the dependent
variable, AT, under the covariate variables solar irradiance (I) and ambient
temperature (Tamb). This understanding will guide improvements in cooling
efficiency and overall system performance.

3.1 The impact of the volume flow on AT

3.1.1 Observational Results and Graphical Analysis

Two flow rates (4 1/min and 7 I/min) were tested for two days to investigate how
varying the cooling-water flow rate influences the temperature difference
between a conventional photovoltaic (PV) panel and a photovoltaic-thermal
(PVT) panel. On 19 September, the system was operated at 4 1/min, whereas on
18 September, the flow rate was increased to 7 I/min. Throughout both days, the
PV and PVT panel temperatures were measured at regular intervals (between
10:00 AM and 04:00 PM) alongside ambient temperature (Tamp) and solar
irradiance (I), ensuring that any observed differences in performance could be
associated with the change in flow rate and the naturally varying weather
conditions.

Table 1 provides descriptive statistics for the key variables measured during
each test day. It reports the average temperature of the conventional PV panel
(Tpv) and the modified PVT panel (Tpyr) and the difference between the two
(AT). Additionally, AT is expressed as a percentage (ATag) to facilitate
comparison under different flow rates.
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Table 1. Descriptive statistics for Tpv and Tpvr, AT, Tamb and I on 18 Sept (7 //min) and 19 Sept (4

//min).
Date Tin Q Descriptive Tev Tevr AT AT,y Tamb I
[°C] [I/min] Statistics [°C] [°C] [°C] [%] [°C]  [W/m?]
Mean 25.82  23.90 1.91 24.36  709.20
19- Standard deviation 4.94 5.26 0.76 238  215.07
10 4 7.41%
Sep Min 1233 10.67 1.86 19.93 387091
Max 30.66 28.40 4.96 26.50  899.60
Mean 29.09 25.84 3.25 27.65  720.29
18- Standard deviation 3.30 4.19 1.13 3.19 133.17
S 10 7 11.17%
€p Min 19.71  13.06 1.65 20.89  264.25
Max 3424 3144 6.97 30.79 914.61

Figure 4 and Figure 5 display the temperature changes in both PV and PVT

as a function of time for each flow rate condition (4 //min on 19 September and
7 l/min on 18 September). The Tpy and Tpyr temperatures in Figure 4 gradually
rise over the day, with Tpyr consistently remaining lower than Tpy. The
difference AT, as calculated from Table 1 (7.41%), shows a moderate
temperature gap between the two panels, with a maximum observed difference
of 4.96°C at 10:40 AM. On 18 September, with a flow rate of 7 //min, the
temperatures again increased over time, but the gap between the PV-T and PVT-
T is wider compared to 19 September. The AT is higher (11.17%), with a peak
difference of 6.97°C at 10:50 AM. The visual comparison between the two
charts indicates that increasing the flow rate from 4 //min (19 September) to 7
I/min (18 September) results in a higher temperature difference (AT) as
expected, confirming that the higher flow rate enhances the cooling capacity of
the PVT panel and increases the temperature gap between the PV and PVT
panels.
Figure 6 provides a box-and-whisker comparison of AT under 4 //min and 7
//min flow rates. The median of the 4 //min group (blue) is around 2 °C, while
the 7 //min group (orange) has a higher median of about 3 °C. Moreover, the
interquartile range (IQR) is narrower for the 4 //min condition, indicating less
variability in AT compared to the 7 //min group, which has a broader IQR. The
whiskers and outliers show that, although AT sometimes exceeds 5 °C or 6 °C at
7 l/min, most values still cluster above those from the 4 I/min group. This
confirms that a higher flow rate consistently yields a more significant
temperature difference, implying more effective cooling of the PVT panel than
the conventional PV.
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3.1.2 Statistical Evaluation Using ANCOVA

Analysis of Covariance (ANCOVA) is a statistical method that integrates
features of both analysis of variance (ANOVA) and regression. In our study,
ANCOVA is an ideal tool to determine whether the cooling water flow rate
significantly affects the temperature difference (AT) between the conventional
PV and the PVT panel. Importantly, ANCOVA allows us to control for the
potentially confounding effects of ambient conditions, specifically solar
irradiation and ambient temperature, which are known to influence panel
temperatures. By including these continuous covariates, we can isolate and
accurately quantify the effect of flow rate on AT.

Our model is structured as follows:

AT = 0By + B (Flow rate) + B,(Solar Irradiation) +
@;(Ambient Temperature) + ¢ )

e AT — Temperature difference (Dependent Variable)

e [, — The baseline value of AT when all predictors are zero. (Intercept)

e [@; — Flow Rate; Captures the effect of increasing the cooling water flow
rate (Independent variable)

. 5 — Solar Irradiation;

e [; — Ambient temperature; These covariates adjust for day-to-day
variations, ensuring that changes in ambient conditions do not confound
the effect of the flow rate.

e € — This represents the error term. It captures the variability in AT not
explained by the predictors /flow rate, solar irradiation, and ambient
temperature/. (Residual)

Table 2. Regression/ANCOV A Coefficients results assessing the impact of flow rate and ambient
conditions on AT.

Coefficient Standar t Povalue Lowe  Upper Lower Upper
K d Error  Stat r95%  95% 95.0%  95.0%
Tntercept 3.63 077 472 130347E-05 209 516 209  5.16
Flow rate 0.58 008 753  2.0xI0® 042 073 042  0.73
[/min]
Solar )
Irradiation 0.00 0.00 ) 0.007377735  0.00 0.00 0.00 0.00
0 77

[W/m?]
Tt [°C] -0.11 0.04 276 0.007409630 -0.20 -0.03 -0.20 -0.03

Table 2 displays the ANCOVA results assessing the impact of flow rate,
solar irradiation, and ambient temperature on AT):
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o Intercept: The intercept (3.6273) represents the baseline AT when all
other variables (flow rate, solar irradiation, and ambient temperature) are
zero. It mainly serves as a reference point in the model.

e Flow Rate [//min]: This positive and highly significant coefficient
(0.5764, p = 2.0x107'%) indicates that increasing the flow rate by 1 L/min
raises AT by roughly 0.58°C, even after controlling for ambient
conditions. It confirms that the PVT panel’s cooling effectiveness grows
as the flow rate increases.

e Solar Irradiation [W/m?]: Although small in magnitude, the coefficient is
negative (-0.00176,
p = 0.0074), implying that higher solar irradiation slightly reduces AT.
Each additional 1 W/m? of solar irradiance is associated with a slight
reduction in AT by about 0.00176 °C. As irradiation rises, both panels
warm up, narrowing the temperature gap between them.

e Ambient Temperature [°C]: With a negative coefficient (—0.1137, p =
0.0074), each 1 °C rise in ambient temperature corresponds to a 0.11 °C
decrease in AT. In warmer conditions, both panels start from a higher
baseline temperature, which reduces the PVT panel's relative cooling
advantage.

These findings confirm that flow rate is the primary driver of the temperature
difference between the PV and PVT panels. While ambient conditions do
significantly affect AT, the strong positive coefficient for flow rate supports the
conclusion that higher flow rates enhance the cooling performance of the PVT
system relative to a conventional PV panel.

In addition to the ANCOVA coefficients, an ANOVA confirmed that the model
is statistically significant, with predictors accounting for approximately 57% of
the variance in AT. Furthermore, the residual analysis revealed that the errors are
minor and randomly distributed, indicating that the assumptions of linearity,
homoscedasticity, and independence are satisfactorily met.

Conclusions

The study demonstrates that optimising the water flow rate in a modified
photovoltaic-thermal (PVT) system significantly improves cooling performance,
boosting overall system efficiency. The experimental setup involved a standard
PV panel enhanced with copper piping and aluminium adhesive to increase
thermal conductivity, allowing for careful monitoring of temperature changes
under controlled flow conditions and a conventional PV panel stand-alone to
compare it with the modified one.

The findings reveal that raising the water flow rate from 4 //min to 7 //min
dramatically increases the temperature difference (AT = Tpy- Tryr) between the
standard PV panel and the modified PVT panel. ANCOVA analysis further
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validated this conclusion, showing that for every 1 //min increase in flow rate,
AT rises by about 0.58 °C, even considering the effects of ambient temperature
and solar irradiance. Although ambient conditions have a slight negative impact,
the flow rate is the main factor driving improved cooling efficiency.

Focusing on Hungary's specific climatic conditions, this study addresses an
important research gap and lays a solid foundation for optimising PVT
performance. Overall, the research confirms that effective thermal management
through enhanced water flow keeps operating temperatures within an ideal range
and can potentially increase electrical output, contributing to the advancement of
solar energy technologies.

The next paper will build on these findings by examining how inlet
temperature, treated as an independent variable, affects AT while considering
irradiance and ambient temperature as covariates. Additionally, future research
will investigate the practical effects of removing or adding insulation to the
system on overall PVT performance. This upcoming work aims to deepen our
understanding of thermal management strategies, ultimately leading to increased
efficiency and more adaptable designs in next-generation photovoltaic-thermal
technologies.
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Abstract

Filament extrusion is a fundamental technology in plastic processing, in which a
polymer material is melted and formed into a continuous filament (Gao et al.,
2019). The process is crucial for 3D printing, as most printers use molten
filament to produce objects (Wang et al., 2021). With the spread of 3D printing
and the increasing demand for custom manufacturing, filament extrusion and the
use of various additives are expanding. This article discusses the production of
graphite-filled PLA filaments in different weight percentage compositions and
the investigation of filament diameters.

Keywords
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1. Introduction

Additive manufacturing is a technology that can be used to rapidly produce parts
by using 3D geometric information of objects and adding materials layer by
layer. FDM technology was developed in the 1970s, and by the 1980s it was
used not only for prototyping but also for the production of main parts (Wang et
al. 2019). Additive manufacturing faces problems compared to traditional
manufacturing, but the mechanical properties of the parts produced in this way
are better, since the composite materials used in additive manufacturing combine
the best properties of their materials (Valvez et al. 2020). Additive
manufacturing technology has become most widespread with 3D printing, which
allows the high-precision and low-cost production of physical models and
complex geometric structures (Jha et al. 2020, Shanmugam et al. 2020). The raw
materials for 3D printers are polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS), polyvinyl alcohol (PVA), PETG and its derivatives. PLA and
ABS filaments are widely used due to their recyclability, marketability and cost-
effectiveness (Wang et al. 2019)
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1.1 Filament extrusion in general

The process for producing filaments is extrusion, a multi-step process. First, the
raw granules or powder are fed into a screw, where the material is melted under
pressure and heat (Throne, 2015). The homogeneous melt is then forced through
a nozzle, where solidification and cooling processes occur (Peng et al., 2020).
The consistency of the final diameter of the filament is of paramount
importance, as it affects the subsequent printing application (Turner et al., 2014).
The selection of the appropriate extrusion parameters depends on several factors,
such as the type of polymer, melting temperature, screw profile geometry,
temperature control, cooling rate, all of which influence the optimization of the
material viscosity, filament crystallinity, internal stresses, and thus the final
mechanical properties of the printed object (Gibson et al., 2021, Sun et al,,
2018). In the following, the extrusion of PLA filament and its difficulties will be
explained, as the article discusses the production of graphite-filled PLA
filament.

PLA (polylactic acid) is a biodegradable polymer that is often used in 3D
printing due to its easy processability, low melting point, and environmentally
friendly properties (Gebhardt et al., 2017). During extrusion, the material is fed
into the extruder in the form of granules or powder, where it is heated to a liquid
state and a filament of the desired diameter is created by extrusion through
nozzles (Turner et al., 2014). The filament diameter is a critical parameter in 3D
printing, and its accuracy is essential during printing, as too thick or thin
filaments can lead to defects, such as adhesion problems between layers or
geometric inaccuracies (Wang et al., 2007).

The extrusion temperature affects the viscosity of PLA, which affects the
filament diameter; at low temperatures, it leads to an increase in the thickness of
the filament, while at high temperatures, the material is too fluid and causes the
filament to become thinner (Levenhagen & Dadmun, 2018). Pressure is also an
important factor, as too high a pressure leads to a decrease in the filament
diameter (Rahim et al., 2019). The initial diameter of the filament is also
affected by the nozzle size, and the final diameter is also affected by the cooling
rate, as rapid cooling can cause the filament to shrink, and slow cooling can
cause the filament to deform (Kantaros & Karalekas, 2013).

Other influencing factors are the flow properties: viscosity, shear rate.
Viscosity is temperature-dependent, and increasing the extrusion speed also
increases the shear rate, which can reduce the viscosity and affect the filament
diameter (Li et al., 2017).
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2. Experimental

2.1. Material

During the study, graphite-filled PLA filaments with different compositions
(0.5%, 1%, 2%, 5%) were produced in a single-screw extruder for subsequent
mechanical tests. The physical and mechanical properties of the materials used
in the study are given in Table 1.

Table 1. Physical and mechanical properties of PLA (Saglam et al. 2022, Khan et al. 2023)

Material Tensile strength  Modulus of elasticity Hardness Melting temperature
(MPa) (MPa) (Shore D) (o)

PLA 42 104 75 180-220°C

The graphite used in the study was commercially available, particle size: 80% <
80um, purity 87%. During the study, several weight percentage compositions
were tested, above 5% composition, blockages occurred in the filament outlet
nozzle of the extruder.

2.2. Method

The filaments used in FDM type 3D printers are produced in an extruder. In this
study, the filaments were obtained from a laboratory type extruder filament
machine, as shown in Figure 1. The structure of the extruder machine is as
follows: a granule feeder is located at the top of the machine, where the raw
material is loaded, the internal screw pushes the material forward while melting
it evenly. There are several heating zones in the extruder body, which ensure the
correct processing temperature. The molten plastic exits through a precision
nozzle, which determines the final diameter of the filament (1.75 mm or 2.85
mm). The drawn filament thread passes through an air-cooled channel and then
enters the winding unit, which ensures a uniform and orderly filament.

$Suz

Figure 1. Extrusion machine for filament production
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Table 2. Technical characteristics of the filament extruder machine

Properties Values
Extruder machine size 506x216x540 mm
Nozzle diameter @ D 1,75 cm
Extrusion screw diameter @ @ 0,5-3 mm

Power 110 -240V, 50 - 60 Hz

The PLA + graphite composite filaments used in the study were extruded on
the extruder machine shown in Figure 1. The parameters recommended by the
manufacturer were used and then optimized in several steps until the filaments
with the desired composition were produced. The granulate was always mixed
with the amount of graphite powder corresponding to the required composition
(Table 3) before being loaded into the machine, after one minute of mechanical
mixing.

Table 3. Mixing ratios of PLA and graphite powder

% Granulate (g) Graphite powder (g)
0% 100 -
0,5% 99,5 0,5
1% 929 1
2% 98 2
5% 95 5

The extruder has four heating zones, which were optimized to achieve the
appropriate (bubble-free, smooth surface) filaments (Table 4).

Table 4. Optimal process parameters for PLA filaments

Material Temperature Extrusion
speed (rpm)
Zone 1 Zone 2 Zone 3 Zone 4
PLA 210 215 215 220 3,5

The filaments produced in the extruder were tested by measuring the diameter
every 1 meter of length. Table 5 shows the diameter values measured during
filament production
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Table 5. Diameter of filament samples.

. (] (0] (0] (0] (0] Average | Standard . o
Material mm) (mm) |(mm) | (mm) | (mm) | ® (mm) deviation Failure%
PLA+.0% 1,6 |1,65 |1,67 1,7 1,7 1,664 0,0416 2,50
graphite
PLA +

0,5% 1,57 | 1,64 | 1,7 1,68 1,65 1,648 0,0497 3,02
graphite

o,

PLA+.1A) 1,69 [1,62 | 1,6 1,73 1,6 1,648 0,0589 3,57
graphite
PLA+.2% 1,87 1,91 |[1,81 1,75 1,82 1,832 0,0610 3,33
graphite

o,

PLA+.5A) 1,61 | 1,48 |[1,48 1,47 1,92 1,592 0,1923 12,08
graphite

When examining the diameter of the filaments, it can be seen that the thickness
of the filaments varies between 1.48-1.81 mm. The processes were optimized by
adjusting the temperature, but due to the aggregation of the graphite powder, a
constant 1.75 mm filament could not be produced, the diameter always varied
between 1.70-1.80 mm, however, during the FDM test printing, small bodies
were produced from these, which will be examined later.

Figure 2. Pure PLA and graphite-enriched PLA fibers (a, 0% graphite + PLA, b, 0.5% graphite +
PLA, c, 1% graphite + PLA, d, 2% graphite + PLA, e, 5% graphite + PLA)
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PLA’s low-temperature processability, high mechanical performance, eco-
friendly structure, good surface quality and compatibility with reinforcements
made it the final material of choice in this study.

In industrial applications, it can be difficult to maintain a uniform temperature
at all points, which can affect the quality consistency of the filament. In
particular, homogeneous dispersion of graphite particles into the PLA matrix can
be more difficult on a larger scale. In larger extruders, temperature control can
be optimized with multi-chamber heating systems. In addition, by using stronger
mixing mechanisms, a homogeneous distribution of graphite particles can be
achieved. If the filament cannot be completely cooled during high-speed
production, rough surfaces and low mechanical strength problems can occur. For
fast production lines, additional cooling channels or fans can be installed to
ensure adequate cooling of the filaments at the exit point.

3. Results and conclusions

This article presents a study on the production of graphite-reinforced PLA-based
composite filament. The aim of the study was to first determine the processing
parameters of PLA filaments, produce composite filaments (1.7-2.00 mm)
according to these parameters, and then test 3D printing with filaments with
different graphite compositions.

According to the study results, the operating temperature, extrusion speed
parameters, and the amount of graphite additive have a great influence on the
diameter of the filaments. During extrusion, the filament cools down rapidly at
the nozzle outlet when exposed to ambient temperature. If the ambient
temperature is too low (for example, in an air-conditioned environment or in the
case of direct fan cooling), the filament cools down faster, which can lead to the
formation of distorted crystal structures.
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Abstract

This study introduces a novel method to measure and compare vibration levels
in Cartesian and Delta 3D printers using MATLAB® Mobile™ as sensor for
acceleration data acquisition. While Cartesian and Delta printers are widely
utilized in additive manufacturing, their vibration characteristics under similar
printing conditions remain unknown. Results revealed that Delta printers
exhibited four times greater displacement than Cartesian printers, attributed to
kinematic differences in motion control. Significant displacement errors due to
sensor underscores the need for specialized sensors in vibration analysis of 3D
printers where displacements are small.

Keywords

3D printer, Cartesian, Delta, Vibration, Displacement

1. Introduction

Over the years, 3D printing technology has undergone substantial advancements
giving rise to diverse printer designs tailored to different requirements and
applications. Cartesian and Delta printers are the two most used configurations
in fused deposition modelling (FDM) and other additive manufacturing
processes.

Cartesian printers (fig. 1) operate on a cartesian coordinate system which
comprises three perpendicular axes: X, Y and Z. The printer head moves along
these axes to deposit material layer by layer to achieve the final product. On the
other hand, Delta printers (fig. 1), use parallel kinematic system with three arms
that moves in a triangular way. Their design permits the print head to move in a
spherical coordinate system, enabling faster and more efficient printing. The
Delta configuration helps to achieve high speed while cartesian printer are slow
and smoother motion, greater production volume, making useful in rapid
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prototyping application. (Zhuk & Klotchko, 2024) (Kiranlal et al., 2023)
(Schmitt et al., 2018).

Delta printer, generally, produce better surface quality due to the smoother
and more continuous motion while cartesian printer tend to have better
dimensional accuracy but might show more layer line. The smoother motion of
Delta printers can lead to more uniform layer adhesion, potentially improving
wear resistance. In Cartesian printers, the wear resistance can vary more
significantly with changes in speed and other parameters(Schmitt et al., 2018).
Tyagi et al. utilized FEA to evaluate various parameters such as total
deformation, equivalent stress, natural frequency and the stiffness of three 3D
printers: Cartesian, Polar, and Delta. The conclusion shows that the Cartesian
printer presents large deformation and least stiffness, indicating potential
challenges in maintaining print quality under loads, Delta printer has faster
printing capabilities, but lower stiffness compared to the Polar Printer. The polar
printer exhibits the highest stiffness and the least deformation (Tyagi et al.,
2024). Pandya also used finite element analysis to find the fundamental
frequencies and mode shapes of 3D printed PLA beams alongside an
experimental setups (Pandya, 2023).

Ipekgi et al. investigated the impact of mechanical improvements on
vibration and surface roughness in a Cartesian 3D printer (Ipekci, 2023). Biatas
et al. to focused on the impact of reducing mechanical vibration in 3D printers
on the quality of printed produced by measuring systematically the vibration
before and after modification to the printer’s structure (Bialas et al., 2023). By
the method of Biatas et al., the amplitude is reduced by 50-70%, which
improved the dimensional parameters of printed products. On another hand,
Kopets et al. propose a method to estimate the natural frequencies of Cartesian
3D printers based on their kinematic schemes. (Kopets et al., 2022).

Buchalik & Nowak, 2021 discussed the types of sensors utilized in measuring
small dimensions and masses (Buchalik & Nowak, 2021) like vibration scanning
method. Gomathi et al, wused conventional accelerometers, micro-
accelerometers, and micro flown sensor to measure the vibrations in 3D printers
(Gomathi et al., 2021).

It can be seen through this literature review that no study has compared the
vibration level of Delta and Cartesian printers, neither a MATLAB Mobile
sensor used to measure the acceleration. This is going to be the object of current
study.
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Cartesian Delta

Figure 1: Schematic of Cartesian and Delta Printer (Schmitt et al., 2018)

2. Materials and methods

2.1 Testing geometry

To compare the level of vibration between the Delta and Cartesian printers, two
types of geometry were proposed: a pyramid and a cone (fig. 2). These
geometries were chosen based on assumption that it brings the printers to change
more often position as long as the printing process is going on. Printers performs
circular motion for the cone and rectilinear motion for the printing process of the
pyramid. The motion is in by the three axes: X, Y and Z. The printed pyramid
has the following dimensions: length is equal to 30mm, width 30 mm and the
height is 30 mm too. For the cone, the base has 30 mm as diameter while the
height is half of the height of the pyramid.

The material used is a Polylactic acid commonly called PLA. The printing
parameters on the two machines are similar. The layer height was set at 0.2mm,
the infill density was 30%, grid was chosen to be the infill pattern, the print
speed was fixed at 40mm. s~ while the travel speed was three times the print
speed.

Figure 1 : Printed Specimen
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2.2. Measurement method
As we have said above, we have not read any article that compare the vibrations
of 3D printers based on their kinematics. So, using a phone where is installed the
MATLAB® Mobile™ as sensor data collector to record the acceleration in X, Y,
and Z coordinates in meters per second squared. Figure 3 shows the different
axis, Y is on the direction of the length of the phone, X is perpendicular to the
width of the phone while z axis is perpendicular to the screen of the phone.
To use MATLAB sensor, open the app on your phone, go to ‘Sensors’,
then ‘Sampling Parameters’, then ‘Motion Sensors Sample Rate’ to
choose the frequency. The range of the frequency goes from 0 — 100Hz.
Once this has been done, acceleration recording can be started. Acceleration
along the z-axis comprises gravity g. Once recording finished, the data are saved
on the MATLAB Drive.

z

\\\ '
L ——

/

Figure 2 : Device axis orientation

3. Results and discussion

After the acquisition of the data and analyse them using MATLAB code. The
objection of the analyse is to find some variables like speed, displacement, the
frequency of the printer.

To find variables like speed, displacement, from basic physic, we know that
speed is obtained by integrating the acceleration, and the displacement by
integrating the speed. By doing so using in-built MATLAB function ‘cumtrapz’,
we get the displacement from both accelerations measured for the Delta and
Cartesian Printers. The first constat we can get from reading the fig 4 is that the
displacement of the Delta is four times greater than the one of Cartesian Printer.
Thus, can be understood that the cartesian vibrates less.

50



Mechanical Engineering Letters, Volume 26

The second constat is that this displacement is higher to be believed. As it is
noticed on the figure 4, the displacements are not abnormally high. Even after
filtering the error by subtracting the mean of the acceleration, it does not help
much. The reason behind this is that the MATLAB sensor has a very big bias
before any measurement and by this is not good in measuring small
displacements as it can be proved by these mathematical equations.

From physic, we know that:

v(t) = [ a(t)dt
= [ (a, + bias)dt
v(t) = v, + bias Xt (eq.1)

The displacement is found by integrating the speed:
x(t) = [v(t)dt
= [ (v, + bias x t)dt

1
x(t) = x, + Ebias X t? (eq.2)

So, for a bias of 0.01 during 60 seconds, the error would reach:
1
error = =% 0.01*60% =18m

It is impossible to calibrate the MATLAB sensor to reduce the error close to
zero before any measurement. We can conclude that MATLAB® Mobile™ sensor
is not good in measuring small displacement.

After seen this abnormality, we have stopped pursuing further analysis, like
finding the higher frequencies for example.
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Figure 3 : Displacement of a Delta Printer vs Cartesian
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4. Conclusions

In this study, we cover a comparative vibration analysis between Cartesian and
Delta 3D printers by using MATLAB® Mobile™ for acceleration measurement.
The results demonstrated that Delta printers, despite their faster printing
capabilities, produced four times greater displacement than Cartesian printers
during comparable printing tasks.

The displacement calculations, derived from double integration of acceleration
data, revealed significant challenges in using MATLAB® Mobile™ for
vibration analysis. Sensor bias introduced substantial errors, rendering the tool
unsuitable for small-displacement measurements critical to additive
manufacturing.
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Abstract

Additive manufacturing (AM) using polylactic acid (PLA) and fused deposition
modeling (FDM) has emerged as a pivotal technology for producing lightweight,
high-strength components with complex geometries. This study investigates the
parameters in 3D printing such as layer thickness, nozzle temperature, raster
orientation, and the speed of printing, and they effect on tensile strength and
hardness of PLA-specimens. The analysis was made using the Taguchi L9
orthogonal array. Results show that layer thickness and raster orientation have
significant effects on mechanical properties. Optimum for tensile strength (51
MPa) is obtained at 0.1 mm layer thickness, 210 °C nozzle temperature, 0° raster
orientation, and 30 mm/s printing speed. Maximum hardness shore D (80) was
achieved with a +45° raster orientation at similar conditions. Further, it was
noticed that the hardness and tensile strength are in a proportional relation when
the print orientation parameter is the variable.

Keywords

FDM / Parameters optimization / Polylactic acid (PLA) / Hardness/ Tensile
strength

1. Introduction

3D printing has become one of the widely known additive manufacturing
techniques that builds components layer by layer based on 3D-modeled data
considering the diversity of structures and geometries of the objects it produces
[1]. Unlike conventional subtractive manufacturing methods, which involve
material removal, AM enables intricate design customization, reduces material
waste, and enhances production efficiency [2]. The rapid advancements in AM
have facilitated its application across various industries, including aerospace,
automotive, biomedical. Among the different AM techniques, Fused Deposition
Modeling (FDM) is extensively utilized due to its simplicity, cost-effectiveness,
and ability to produce functional polymer-based components with a wide range
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of material options, such as polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS), and polyethylene terephthalate glycol (PETG) polycarbonate,
among others [3].PLA is a widely used material in 3D printing technology due
to its easy handling and minimal warping [4]. Besides reduced warping issues,
this bio polymer is produced by fermenting agricultural crops like potatoes,
maize, or sugar beets [5]. For this reason, PLA is also considered
environmentally friendly and is rated by researchers as a biomedical polymer
[6,7]. Being produced through utilizing renewable resources, lactic acid-based
PLA is also biodegradable. It also possesses a lower melting point of
approximately 190-220°C [8,9]. However, the mechanical performance of 3D-
printed PLA components is highly influenced by printing parameters such as
raster orientation, print speed, layer thickness, nozzle temperature, and infill
density. Previous studies have demonstrated that optimizing these parameters is
critical for achieving superior tensile strength, hardness, and overall structural
integrity. In recent years, numerous studies have focused on demonstrating how
optimizing these parameters is critical for achieving superior tensile strength,
hardness, and overall structural integrity. Wittbrodt et al. [10] examined how
printing temperature affects the tensile strength of 3D-printed PLA components,
finding a direct relationship between the two. Their results showed that as the
printing temperature increased, so did the tensile strength, with the average
breaking stress rising from 53 MPa at 190°C to 59 MPa at 215°C. Similarly,
Studies by Song et al. [11], Afrose et al. [12], and Chacon et al. [13]
demonstrated that 3D-printed parts with a 0° axial orientation or a 45° angle and
100% infill exhibited superior mechanical properties compared to those with a
90° transverse infill. Specifically, parts printed at 90° were more brittle, lacking
a plastic deformation phase in their stress-strain behavior. In contrast,
components printed at 0° or 45° displayed greater ductility and an elasto-plastic
response under both tensile and compressive loads. Experimental studies on
different thermoplastic materials, including PETG and carbon fiber-reinforced
composites, have revealed that infill density, deposition rate, and printing
orientation are critical factors in optimizing the final product’s strength and
durability [14]. Additionally, researchers have explored statistical approaches
such as the Taguchi design of experiments to systematically evaluate process
parameters and their interactions. While several studies have explored the
correlation between FDM parameters and hardness, research on optimal
conditions and their combined effects remains limited. Leonardo Santana et al.
[15] applied Taguchi's experimental design to study the effect of filament
diameter, fluidity, and deposition rate on PETG and PLA properties,
demonstrating that these factors significantly impact mechanical performance.
ANOVA analysis has also been utilized to assess the influence of infill density
and feed rate on tensile strength, further supporting the need for parameter
optimization in FDM-based fabrication [16]. Kumar et al. [17] found that
increasing infill density (80%) and optimizing print speed (60 mm/s) enhanced
both tensile strength and hardness. Maguluri et al. [18] reported that higher
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extrusion temperatures (220°C) and full infill density (100%) improved layer
bonding, achieving the highest Shore D hardness (84.62). In this study, we are
investigating the influence of key FDM printing parameters like raster
orientation, print speed, layer thickness and nozzle temperature on the tensile
strength and hardness of PLA specimens. A Taguchi L9 orthogonal array is
employed with Minitab software to systematically analyze the effects of these
parameters and determine the optimal conditions for enhanced mechanical
properties. Tensile and hardness tests are performed to evaluate the mechanical
behavior of the samples, and statistical methods such as ANOVA are applied to
assess the significance of each parameter. The findings of this study help deepen
the understanding of how FDM printing parameters influence the hardness and
tensile properties of PLA components. By analyzing these effects, this research
provides valuable insights that can guide future advancements in real-life
applications, particularly in the expanding fields of industrial manufacturing and
biomedical engineering.

2. Materials and methods

2.1. Materials and Sample preparation

In this study, the biodegradable material used for 3D printing is PLA, designed
as per ASTM standards using CAD software. The CAD model was exported to
slicing software for preparation. Specimens were manufactured using an FDM-
based 3D printer raise pro 3D. The Taguchi method [19,20] with an L9
orthogonal array was employed to optimize process parameters and evaluate
their effects on mechanical properties. Four critical printing parameters: printing
speed, nozzle temperature, layer thickness, and raster orientation were
considered at three levels each as illustrate in Table 1. The fixed parameter
levels maintained during specimen preparation are outlined in Table 2.
Specimens were fabricated according to ASTM D638 and D785 standards for
tensile and hardness tests [21,22], respectively as presented in Figure 1. Shore
hardness testing was performed using a durometer to measure material quality,
with the higher hardness values indicating improved part strength. The
experiments followed the Taguchi design to statistically evaluate the influence
of the selected parameters. Table 3 details the various tests conducted according
to these configurations. Equation (1) represents the S/N ratio used to identify
optimal settings, focusing on maximizing mechanical performance. The results
were analyzed to establish the relationship between parameters and the
properties of the printed components.

SN, = —10log [%2{;1 = %] )
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Table 1. The Selected variables and values.

Factors 1 2 3
Lowlevel Mediumlevel High level

A Layer thickness 0.lmm 0.2mm 0.3mm

B  Nozzle temperature  200°C 210°C 220°C

C  Printing speed 30 mmy/s 60 mm/s 90 mm/s

D  Raster orientation 0° 45/-45 ° 90 °

Printing steps Mechanical test

Indenter needle

Pressure knob — -

—
Hardness D value (( 4 ‘ |

Zero button

I st | | Optimization analysis

Figurel. Process from 3D printing till mechanical

Table 2. Fixed printing parameters

S.NO Parameter Level Unit
1 Filament diameter (PLA) 1.75 mm
4 Nozzle diameter 0.4 mm
5 Infill pattern Linear -

6 Platform temperature 60 °C

8 Build orientation Flat -
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Table 3. Experimental Taguchi design L9.

A B C D
No Layer Nozzle Printin Raster orientation (°)
thickne  Temperature g
ss (mm) (°C) speed(
mm/s)
1 0.1 200 30 0
5 0.1 210 60 45/-45
0.1 220 90 90
3 0.2 200 60 90
4 0.2 210 90 0
5 0.2 220 30 45/-45
6 0.3 200 90 45/-45
7 0.3 210 30 90
3 0.3 220 60 0
9

2.2.Mechanical test

The mechanical properties were evaluated using an MTS Insight®
electromechanical universal testing machine with a 200 kN load capacity.
Tensile tests were performed at a displacement rate of 5 mm/min until specimen
failure, as shown in Figure 2. Load and displacement data were recorded at a
sampling rate of 100 Hz throughout the tests.

2.3. Hardness measurement

A digital Shore D durometer was utilized to evaluate the hardness of the printed
specimens as shown in Figure 1. The instrument features a measuring range of
0-100 HD, a resolution of 0.5 HD, an indenter depth range of 0—2.5 mm, and a
test pressure range of 0-45.5 N. To guarantee precise measurements, each
specimen was firmly placed on a sturdy slab before testing. During the test, the
indenter needle was applied vertically to the specimen, and the hardness value
was recorded within the pressure foot making full contact with the specimen
surface. Each specimen was tested five times to ensure consistency and
reliability of the results.

2.4. Optimization using Taguchi method

To evaluate the influence of key parameters on UTS, tensile strength, and
hardness, Figures 3 and 4 depict their effects on both properties. Meanwhile,
Tables 4 and 5 rank the input parameters, as determined through analysis using
Minitab software.
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3. Results and discussion

3.1. Effect of FDM printing parameters on Tensile strength

Figure 2 shows the result of the tensile strength and Figure 3A illustrated that
changing the raster orientation from the heights to low level had a positive effect
on tensile strength and the same was observed when the nozzle temperature was
changed to middle level 210°C. On the other hand, increasing the layer thickness
and the printing speed from low to high level resulted in tensile strength
decrease. According to Table 4, raster orientation had the greatest impact on
tensile strength, leading to an average increase of 48%. Layer thickness followed
as the second most influential factor, contributing to a 13% increase. Nozzle
temperature, ranked third, caused a decrease in tensile strength from 33 MPa to
30 MPa when increased from low to high settings, with an average reduction of
2.4 MPa. Lastly, printing speed resulted in a 4% increase in tensile strength.

50
45
40

35
3
2
2
1
1
0
1 2 3 4 5 6 7 8 9

Experiment number

Tensile Strength (MPa)
o U o un o

[5,]

Figure 2. Tensile strength (Mpa)
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Table 4. Minitab-Identified Input Parameters Influencing Tensile Strength

Level Layer Nozzle Printing Raster  orientation
thickness temperature speed (mm/s) (°)
(mm) (W)

1 33,11 30,29 31,84 42,26

2 28,67 32,69 31,78 29,92

3 32,39 31,19 30,55 21,98

Delta 4,442 2,41 1,29 20,28

Rang 2 3 4 1

The interaction plot in Figure3 B illustrates the relationship between tensile
strength and key FDM parameters: raster orientation, layer thickness, nozzle
temperature, and printing speed, highlighting notable interaction effects. In the
plot, non-parallel trend lines provide strong evidence of interaction, particularly
between raster orientation and printing speed. For example, at a 0° raster
orientation, tensile strength decreases as printing speed increases, likely due to
reduced interlayer adhesion caused by faster deposition rates. Similarly,
significant improvements in tensile strength are observed when raster orientation
is adjusted from 90° to 0°, especially in combination with a layer thickness of
0.1 mm and a printing speed of 30 mm/s. A linear regression analysis was
conducted to establish a predictive relationship for tensile strength based on
these parameters. The regression equation, presented in equation 2 and table 5,
offers a reliable method for estimating tensile strength for specific FDM settings.
The coefficient of determination underscores the strength of this model,
confirming a robust correlation between tensile strength and the FDM
parameters. Layer thickness, Nozzle Temperature, Printing Speed, and Raster
Orientation are denoted by A, B, C, and D, respectively

Regression Equation (2):

Tensile = 31.40 +1.700 A 0.1 -2.733 A 0.2+ 1.033 A_0.3 - 1.133 B_200
+1.300 B_210 - 0.1667 B_220 + 0.4667 C_30 + 0.3667 C_60 -
0.8333 C_90+ 10.87 D_0- 1.467 D_45-9.400 D_90
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Main Effects Plot for Means
Data Means

Layer thickness

Nozzle temperature Printing speed Raster orientation

45 -

Mean of Means

20
01 02 03 200 210 220 30 60 90 0 45/-45 90
Data Means
TL 40 TL
- 0.1
L3 —®- 02
=== 3
- 20
[ 40 Nzl Tp
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40 Speed
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Figure 3. Main effects parameters on the: A) tensile strength, B) Interaction Plot for Tensile

R-sq

Table 5. ANOV A model for shore D hardness

R-sq(adj) R-sq(pred)

98.19%

96.39% 90.85%
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3.2. Effect of FDM printing parameters on PLA material hardness (Shore D)
Shore hardness evaluates a material's resistance to indentation using a durometer
with a specialized indenter tip. This tip extends 2.54 mm below the flat presser
foot, with the indentation depth determined by the polymer's hardness and
viscoelastic properties. For Shore D hardness, the ASTM D2240 test method
specifies a sharp conical indenter and a stiff spring. When pressure is applied,
the durometer measures the indenter’s position relative to the presser foot and
calculates the hardness value based on the correlation defined in Equation 3 of
the instrument manual:

Hardness (Shore D) = 100 — [ 5 oLzs] 3)

Where L represents the indenter's displacement.

Table 6 presents the measured hardness values along with their means and
standard deviations.

Table 6. Hardness results

Exp Hardness (shore D) Min. Max. Mean StDev
1 2 3 4 5
1 755 755 735 760 760 735 760 75 0.978
2 770 775 770 785 775 77.0 785 775 0.500
3 755 755 765 765 760 755 765 755 0.400
4 76.0 750 76.0 73.0 730 73.0 76.0 745 1.500
5 745 745 735 720 725 720 745  73.0 1.020
6 785 78.0 765 795 775 765 795  78.0 1.000
7 73.0 735 720 745 735 720 745 735 0.790
8 73.0 750 750 740 745 73.0 750 745 0.683
9 665 695 700 70.0 665 665 70.0 68.5 1.443

Figure 4A presents the effects of the process parameters on the hardness of
FDM-printed PLA parts. The results indicate that decreasing the layer thickness
from 0.3 mm to 0.1 mm significantly enhances hardness, mainly by improving
interlayer adhesion and minimizing void formation. Similarly, altering the raster
orientation from 0° or 90° to £45° had a positive impact by promoting uniform
load distribution and stronger bonding at the layer interfaces. Printing speed also
influenced hardness, with a lower speed of 30 mm/s providing smoother
filament deposition and better interlayer bonding. Among the temperature levels,
the middle value of 210°C was found to be optimal, ensuring a balance between
filament liquidity and adhesion quality. According to Table 7, layer thickness
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was the most influential parameter, with a Delta value of 3.67, followed by
printing speed (3.00), nozzle temperature (2.33), and raster orientation (1.67).
The higher Delta values for layer thickness and printing speed emphasize their
critical roles in determining hardness, while nozzle temperature and raster
orientation contributed more subtle, yet still significant, improvements.

Figure 4B highlights the interaction effects among the parameters. The non-
parallel lines in the interaction plot indicate strong interactions, particularly
between layer thickness and raster orientation. The combination of 0.1 mm layer
thickness and +45° raster orientation consistently yielded the highest hardness
values, illustrating the synergistic effects of these settings. The interaction
between layer thickness and printing speed also demonstrated a clear trend, with
slower printing speeds further enhancing the mechanical properties when
combined with thinner layers yielding the highest hardness values 77.5 and 78.0
the same in the literature reported that changing parameters can improve the
hardness value for PLA [18,23,24].

Table 7. Input Parameters Affecting Hardness D

Level Layer thickness Nozzle temperature Printing speed Raster orientation

(mm) (WO) (mm/s) ©
1 74.00 70.67 73.67 72.67
2 71.67 73.00 70.67 72.33
3 70.33 72.33 71.67 71.00
Delta 3.67 2.33 3.00 1.67
Rang 1 3 2 4

As show in Figure 5, the maximum response values are represented by deep
green regions colour, while minimum response values are represented by light
green regions. Maximum Hardness value i.e. more than 74 which is visible as
deep green coloured regions when print speed varied from 90 to 30 mm/sec,
raster orientation from 0 to 45 degree and layer height from 0.3mm to 0.1mm.

Table 8. ANOVA results for shore D hardness

Parameter DOF Sum of squares ~ Means squares  Contribution
Layer thickness 2 24.389 12.1944 39.51%
Printing speed 2 9.056 4.5278 14.67%
Raster orientation 2 26.722 13.3611 43.29%
Error 2 1.556 0.7778 2.52%

Total 8 61.722 100%
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To establish a relationship between the hardness of a 3D printed component
and the previously mentioned factors, a linear regression analysis was
conducted. The relationship presented in Equation 4, Table 8 and 9 can be used
to predict the estimated value of hardness for chosen printing parameters in the
FDM method. A coefficient of determination signifies the relationship strength
of outcome hardness and FDM printing parameters.

Regression equation Shore D Hardness (4):
Hardness = 7444 +1556A 0.1 +0.7222A 02 -2278A 0.3 -
0.1111 B_200 + 0.5556 B_210- 0.4444 B 220 + 1.389 C 30

-0.9444C 60 -0.4444C 90 -2.278D 0+ 1.889D 45
+0.3889 D 90

Table 9. ANOV A model for shore D hardness

R-sq R-sq(adj) R-sq(pred)
97.48% 89.92% 55.63%

Figure 4. Main effects parameters on the: A) Hardness, B) Interaction Plot for Hardness

Main Effects Plot for Means

A Data Means

Layer thikness Nozzel Temperature Printing speed Raster Orientation

76 |
75| /\
74

73

Mean of Means

72

0.1 0.2 0.3 200 210 220 30 60 90 (o] +*45 90
Interaction Plot for hardness
B Data Means
ZUIU Z|‘U ZZ‘U 3,0 GIU BIU q 4‘5 S‘El
Layer thikness /\’: ;>/\. /}\.
< = F7e Layer
L N N, T~o4 v’ " thikness
. L - e l7z2 — —e— 0.1
e, e -~ —— 0.2
- LI »
. « - | ca b L] 0.3
Nozzel Temperature '.‘ > -.\ Sval Nozzel
~ .*"4":)': e Temperature
- - g —— 200
L - 72— 210
‘t - 0 - o
¥ - - 68
Printing speed Printin
g
76
L= speed
o-cb-o —e 30
,I 72 R 60
& capa 90
-+ 88

Raster Orientation

64



Mechanical Engineering Letters, Volume 26
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3.3. Multiple response optimization: tensile strength and hardness

To examine the accuracy of the Taguchi technique in predicting tensile and
hardness, the sample was prepared and tested according to equation number 1
and input optimal parameters results from Figure 3 and 4 with 0.1 mm layer 210
nozzle temperature 30mm/s printing speed and 0-degree orientation for tensile
and +45 degree for hardness. Figure 6 shows the new measured indentation of
the 3D printed PLA sample and the tensile curve. The mean values of hardness
(Shore D) and tensile strength were 80 and 51 MPa, respectively. The observed
values showed a variance when compared to those predicted using the Taguchi
technique. Therefore, the Taguchi DOE has proven to be a reliable approach for
predicting the mechanical characteristics of 3D printed models produced with
the FDM process, demonstrating high accuracy.

60
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Figure 6. New measured indentation and tensile curves

Conclusions

This study investigated the mechanical performance of 3D-printed PLA
through experimental evaluation of tensile strength and hardness properties,
utilizing a Taguchi L9 fractional factorial design. Nine experimental runs were
conducted, each with three specimens tested for tensile properties and five for
hardness, analyzing the influence of key process variables: layer thickness,
nozzle temperature, raster orientation, and printing speed.

The findings revealed that:

1. The optimum parameters for maximizing tensile strength were a layer
thickness of 0.1 mm, nozzle temperature of 210°C, raster orientation of 0°, and
printing speed of 30 mm/s. Among these, raster orientation and layer thickness
emerged as the most influential factors in enhancing tensile properties.
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2. For hardness, the optimal settings were a layer thickness of 0.1 mm,
nozzle temperature of 210°C, raster orientation of £45°, and printing speed of 30
mm/s.

3. The ideal parameter combinations resulted in significant mechanical
improvements, with tensile strength increasing from 40 MPa to 51 MPa and
hardness improving from 68.5 to 80.
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Abstract

This research presents the development of a robotic system integrated with a
Python-based program for plant health analysis and automated irrigation control.
The system employs a multi-spectral sensor to capture electromagnetic
interactions of sunlight with plants, leveraging machine learning models to
classify plant health status and adjust irrigation accordingly. This report details
the robot’s software structure, decision-making processes, sensor integration,
and potential improvements for real-world applications. The study also explores
the potential scalability of the system for large-scale agricultural use and
integration with loT-based remote monitoring.

Keywords

Robotics, Agriculture, Machine Learning, Plant Health, Automated Irrigation,
IoT

1. Introduction

Agricultural robotics plays a crucial role in precision farming, enhancing
productivity and sustainability through automation. This research focuses on the
development of a robot capable of assessing plant health and executing irrigation
decisions based on spectral data analysis. The core innovation lies in the
integration of machine learning algorithms with real-time sensor data to ensure
accurate and efficient water distribution. The study also evaluates the feasibility
of expanding the system to support predictive analytics and remote monitoring
via cloud-based solutions.

During the preparations, we conducted a trial measurement on commercially
available C45 material quality to test the measurement method and necessary
technical conditions. During the trial measurements, we examined the
relationship between different machining settings, machining temperature, and
surface roughness.
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In this study, we present the results of the trial measurements and provide
detailed explanations of the measurements and analyses carried out during the
machining process. We will reference previous research and expert opinions in
order to provide readers with appropriate and reliable results. In the following
chapters, we will present in detail the methods, results, and conclusions of the
trial measurements.

2. Materials and methods
The robotic system comprises:
- A multi-spectral sensor (camera) for capturing plant reflectance data.
- Python-based software handling data processing, model predictions, and

actuator control. The core of the program, encapsulating the robot's logic.

Below is an outline of the software and commands. Figure 1 and 2 show the
program.

TF you're working with a version-controlled repository, you can clone it as follows:

uld load 2 trained machine learning mod

Figure 1. Program
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tes a multispectral that captures reflected light in different spectral bands.

Initializes the sensor with a list of spectral bands (e.g., Red, Green, Blue, NIR).

: Simulates the capturing of reflected light across the defined spectral bands, returning random reflectance values between 8 and 1.

se helper functions facl , model loading, and prediction:

d on the data.

python
robot

method begins the robot's continuous monitoring and decision-saking loop. Tt will capture sensor data, process it, and make irrigation fons accordingly.

Figure 2. Program

_init_(self): The constructor initializes the robot by loading data and a pre-
trained model, creating an empty list index (likely for storing vegetation
indices), and instantiating a Sensor object.

load_data (self): Loads data using the read data() function from the utils
module. The exact format and source of this data are not clear from the provided
code, but it likely contains information relevant to plant health (e.g., sensor
readings, spectral data).

load_model (self): Loads a pre-trained machine learning model using the
load_model() function from the utils module. This model is presumably used to
predict plant health.

Start (self): The main loop of the robot's operation. It continuously captures
reflected light data from the sensor, decides based on the data, and then pauses
for 1 second.

get ndvi (self, red_band, near_infrared_band): Calculates the Normalized
Difference Vegetation Index (NDVI) from red and near-infrared light readings.
NDVI is a common metric used to assess vegetation health.

vegetation_indices (self): Calculates NDVI for a set of input data
(presumably spectral bands). The current implementation has a bug: it calls
get ndvi with a single argument x but get ndvi expects two arguments
(red band, near infrared band). This will cause a TypeError. The map function
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is also not being used correctly; it should pass two arguments to the get ndvi
function.

take_decision (self): Uses the loaded model to make a prediction about plant
health based on the loaded data. It prints the prediction ("Healthy", "Stressed",
or "Unhealthy") and then calls do_irrigate () with different percentages based on
the prediction.

do_irrigate (self, percentage): Simulates irrigation by printing a message
indicating the irrigation percentage. In a real-world scenario, this method would
likely control actuators to perform actual irrigation.

control(self): This method is currently empty and does nothing. It's likely
intended to control other robot actuators based on the decisions made, beyond
just irrigation. The program is shown in figure 3 below.

Figure 3. The main .py Terminal

- A machine learning model for classifying plant health into three categories:
Healthy, Stressed, Unhealthy.

- A decision-making module that adjusts irrigation levels based on predictions
as shown in figure 4 below.
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robotpy X

robotpy

Figure 4. Decision making module

- An optional IoT module for remote data transmission and monitoring.

3. Results and discussion

The program successfully classified plant health and adjusted irrigation levels.
As shown in figure 5 below.

£ Select Kernel

x(y_train)], (min(y_train_pred), max(y_train_pred)], color="r', linestyle='—')

Unhealthy

g

Healthy @

Healthy stressed Unhealthy
Experimental Logs

£ TERMINAL

Figure 5. Plant classification into categories

74



Mechanical Engineering Letters, Volume 26

While the program was able to classify the plants into three categories, certain
challenges were identified:

- Bug in vegetation indices (): Incorrect parameter passing caused a
TypeError, requiring function revision.

- Empty control () method: Intended for broader robotic actuation beyond
irrigation but currently unimplemented.

- Data Format Uncertainty: The structure of input data needs clarification
for model training and refinement.

- Error Handling: The absence of exception handling mechanisms for sensor
failures and data inconsistencies.

- Cloud Connectivity Enhancements: The IoT integration can be further
improved to support automated alerts and predictive maintenance features.

4. Conclusion

This research presents a robotic system capable of plant health monitoring and
automated irrigation. While the system effectively classifies plant conditions and
adjusts irrigation, further refinement is needed to address function bugs, enhance
control mechanisms, and improve data handling. The integration of loT-based
solutions has the potential to extend the system's capabilities for large-scale
agricultural applications. Future work will focus on real-world testing, predictive
analytics, and full-scale [oT integration.
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Abstract

A thorough understanding of the abrasive nature of lunar regolith is crucial for
mitigating the damage to mechanical components during lunar missions. This
paper describes in detail the 3-body abrasive wear testing procedure of 1.4404
(EN) steel grade shaft and natural PTFE lip seal rotating pair in a sand-pot test
device. Fraction 4 of the five predefined particle size fractions from the LX-
TH100 Lunar highland simulant was used to demonstrate the testing procedure
for a distinct particle size. The study outlines the torque variations in the rotating
shaft/seal mechanism caused by abrasive wear. This research paper will serve as
a guideline for future tests to compare the trend lines of the torque changes and
running distances in the case of different fractions. To replicate Lunar
conditions, future experiments will employ a custom-built pin-on-disc tribo-test
rig in addition to a sand-pot test rig. Furthermore, the findings will be used to
calibrate the model, reduce the margin of error and validate the results in
Discrete Element Modelling.

Keywords

Lunar regolith, abrasive wear, tribological model, particle size fractions.

1. Introduction

The main challenge in Lunar exploration projects is the abrasive wear process
caused by lunar regolith. The geometric, mechanical, and adhesion
characteristics of lunar dust are different from those of dust under the earth’s
environment (Gaier & Berkebile, 2012; Li et al., 2023). Approximately one-fifth
of the lunar regolith layer is less than 20 um which is categorized as a lunar dust
(Kawamoto, 2014; Zanon et al., 2023). Its extremely abrasive nature is caused
by a lack of erosion on the moon's surface, micrometeorite bombardments,
silicate content, and electrostatic charging (Nikki Welch, 2021; Zanon et al.,
2023). Seals, shafts, axles, interlocks, joints, and airlocks are among the
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structural elements harmed by lunar dust abrasion (Gaier & Berkebile, 2012).
Tribological parts only account for a small portion of the total cost of the
spacecraft, but they frequently cause malfunctions that threaten the mission by
disrupting the spacecraft either totally or partially (Mukhtar et al., 2023).

Recent studies have employed numerical modelling to predict the abrasive
wear of mechanical parts in space exploration (Afshar-Mohajer et al., 2015; Li et
al., 2023). Numerical modelling is a promising, cost- and time-effective
approach (Valerie Wiesner, 2024) for assessing and predicting the abrasive
nature of lunar regolith. Methods such as the Discrete Element Method (DEM)
and Finite Element Analysis (FEA) allow for the detailed simulation of
interactions between regolith particles and materials, considering factors such as
particle size, shape, distribution, and mechanical properties to provide a
comprehensive understanding of abrasive wear mechanisms (Xi et al., 2021).
However, the development, verification, and validation of numerical models
require extensive experimental testing to ensure reliable results. Designing and
testing machines and tools that operate on the lunar surface with terrestrial
equivalents (simulants) is standard practice (Barko et al., 2023). Lunar simulants
were designed to reproduce the composition, mineralogy, morphology, and size
distribution of different types of lunar regoliths. According to the literature, most
of the time, no thorough characterization is provided with their release, and there
are no lunar regolith simulants that can address the wide range of use cases
required for exploratory missions (Windisch et al., 2022). The studies were
conducted using fine and coarse types of advanced lunar regolith simulants, LX-
TH100 and LX-M100, which are appropriate for mechanical studies (Keuntje et
al., 2024). Both simulants mimicked the particle morphology and particle size
distribution of lunar regolith, as determined from samples from the Apollo and
Luna missions (Seidel et al., 2023). Accurate tribological models depend on
precise input data, including the size distribution of the abrasive particles. Using
simulants with various size fractions allows for more realistic wear rate
modelling, particularly under prolonged exposure to lunar dust. Testing
materials with distinct size fractions allows researchers to systematically
evaluate their durability for space exploration (Trigwell, 2013) and gain insights
into specific wear mechanisms (Kawamoto, 2014). Different 3-body abrasive
testing mechanisms together with different lunar regolith features from a size
distribution standpoint will provide a detailed picture of the abrasive
characteristics of lunar soil.

To this end, in this research work, one distinct particle size fraction from
previously prepared LX-TH100 lunar simulant was used to determine proper
imitation of the lunar environment by Nitrogen gas in a custom-built sand-pot
device. Stainless steel rotating shaft and PTFE spring loaded seal pair was tested
under a continuous Nitrogen gas flow and under a Nitrogen gas environment
prefilled for 5 minutes.
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2. Experimantal

In this work, Fraction 4 from the previously prepared five fractions of LX-
TH100 lunar simulant (Table 1) was used in 3-body abrasive wear testing by
sand-pot test device. The LX-TH100 is made of anorthosite rock containing
primarily plagioclase (>95%), corresponding to the lunar terrae regions (B.
Turapov, 2024).

Table 1. Five different size fractions of LX-TH100 Lunar highland simulant for the 3-body
abrasive test (Turapov & Kalacka, 2024).

Name Particle size distribution
Fraction 5 1.4pum - 2.0pm
Fraction 4 lpm - 1.4pm
Fraction 3 710pm - lpm
Fraction 2 125um - 710pm
Fraction 1 Opm - 125pum

For the shaft material, 1.4404 (EN) steel grade and for the sealing natural
PTFE lip seal was utilized. Three-body abrasive wear testing of the rotating shaft
was conducted according to was conducted according to DIN 50322 standard,
category VI. For each case rotating shaft/seal mechanism is planned to run for
0.25h, 7h and 24 hours (Figure 1).

Figure 1. Test run sequences
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Before testing, shafts and sealings undergo ultrasonic cleaning in an ultrasonic
bath for 20 minutes (Figure 2), followed by 24 hours of drying in a drying
cabinet DRY30EA at 22 to 24°C (Figure 3).

e e T 1

Figure 2. Cleaning shafts and seals in an ultrasonic bath.

Figure 3. Drying shafts, seals and Lunar regolith in the drying chamber.
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After the cleaning and drying the surface roughness of the shaft samples was
measured in accordance with the DIN 4768 standard, and the results are
recorded (Figure 4).

Figure 4. Surface roughness test of stainless steel shaft sample

Lunar regolith simulants were also dried in a drying chamber for 24 hours. The
inside of the sand pot chamber and the inner surface of the cover plate (top of
the sand pot) were cleaned with IPA and laboratory tissue. The installed sand-
pot test rig is illustrated in Figure 5.

Figure 5. 3-body abrasive wear testing by sand-pot test rig.
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A sample of sealing has been placed into the housing (SKF assembling set) of
the chamber cover and the driving shaft unit has been placed into the chamber
cover. As soon as the chamber was prepared, it was inserted into the sand pot
machine according to the keyway position, the torque head was lowered along
the guideway to the chamber contacts, and the connection was tightened with
two screws. The shaft was fixed at the dead end, and the chamber unit was lifted
to its measurement position. The chamber was prefilled with T5.0 Linde N2 gas
supply for 3 minutes with a 50 cm®/min gas mass flow rate. A camera was
connected, and the shaft alignment and sealing were checked.

3. Results and discussion.
The results of the surface roughness analysis (Figure 6) will be used for the
comparison with the surface evaluation after the test. Additionally the results

will be used for the comparison of different particle size fractions abrasive
properties.

Measured Profile
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Work Name Sample [ Operator Mitutoyo
Measuring Tool SurfTest SJ-201 | Comment Ver4.00
Standard 1SO 1997 Evaluation length 10.0 mm
Profile R Cut-Off 2.5 mm
Range AUTO Filter PC75

Ra 0.65 um

R 4.13 um

Rz 4.13 um

Rq 0.75um

Copyright (C) 2001-2010 Mitutoyo Corporation

Figure 6. Surface roughness result of Ln-Ss-Lx-TH100-Fr4.
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The designation Ln-Ss-Lx-TH100-Fr4 explanation is Ln-Lunar, Ss-Stainless
steel (shaft material), Lx-TH100 — Lunar regolith simulant type, Fr4 — fraction 4.
This designation system will be used in future research also.

In the system with a PTFE lip seal on a rotating stainless-steel shaft
(circumferential v=0,1 m/s), the starting torque due to the friction loss was
0,1525 N*m, steadily running as long as the lip seal reaches 5.74 m. sliding
distance. Then, the abrasive regolith particles get into the contact zone of the lip
seal causing a frictional increase and instability (Figure 7).

PMX_1 CH 2-1[01]

1,4

U M Ay

200 400 600 800
Time [s]

Figure 7. The change of driving torque of the shaft/seal pairs working in the imitated lunar
environment.

After 21.2 m. sliding distance, the lip seal was partially damaged, Lunar
particles started to come out from the chamber of the sand-pot device with a
gradual decrease of torque due to wear out of sealing and reduction of particles
in the chamber. After 91 m. sliding distance, the test was stopped with 0.63 Nm
torque.

4. Conclusion

The current study practically describes testing a 3-body abrasive wear process
between the Lunar regolith with distinct particle size with stainless steel
shaft/PTFE seal rotating pair. Starting from the material preparation, the
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procedure was established step by step in accordance with safety standards, DIN
4768 and DIN 50322 standards, and the research conducting ethics.

The 3-body abrasive wear test in the sand-pot test device reported the trend lines
of the torque changes and running distances due to the abrasive wear nature of
Lunar regolith. Based on the research results, bigger particle sizes have higher
abrasive properties. Cited five particle size fractions will be used to replicate the
lunar environment in experimental analysis for further evaluation. Future studies
will assess the wear performance of a polytetrafluoroethylene (PTFE) seal and
stainless steel shaft using a specially designed pin-on-disc tribo-test rig and
sand-pot test rig.
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Abstract

The studied solar-pot is a recent invention, which is made for environmentally
friendly cooking or heating (by utilizing solar energy) of foods and liquids. Its
structure is similar to a double pipe heat exchanger, it has an outer mantle and an
inner cooking tank. The goals of the paper are presenting a recent physically-
based mathematical model describing the solar pot and carrying out computer
experiments with it, assembling an experimental system of the pot connected
with a solar collector and performing measurements on it. Based on the results,
the solar pot can successfully be used for cooking or sterilizing foods or liquids
during the studied time period, in Hungary. In particular, based on measured
data, the temperature level needed for heat treatment (75 °C) can be maintained
in the cooking tank for several hours (~5 h, on the average) in a typical day in
May.

Keywords

solar-pot, solar cooking, measurements, mathematical modelling, simulation
results

1. Introduction

The thermal energy provided by the sun is used to treat food in different ways.
Examples include drying (Kalita et al., 2024), baking and cooking (Mehling
2023). Solar food preparation devices operated with solar energy are known, in
which solar energy directly heats a surface or air along it in a closed box, and the
heat is transferred from there to the closed vessel placed in the box (Saxena et
al., 2020). With this solution, the preparation of food by cooking cannot be
solved in many cases (Bigelow et al., 2024). However, there are solar cookers
able to produce the temperature required for cooking, which is 73.9 °C
according to USDA (2025). Typical types are the reflective panel (Gupta et al.,
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2021), the parabolic (Saini et al., 2023) and the evacuated tube solar cooker
(Hosseinzadeh et al. 2020). These are the so-called direct-type food processing
devices. Indirect types use a solar collector to produce the thermal energy
needed for food processing.

In Zhou et al. (2023), a solar cooker with solar collector and heat storage is
investigated in China. The main goal of the research was to investigate the effect
of the quartzite heat storage medium on the system. For this, a mathematical
model describing the performance of the system was prepared. Based on the
results, the version with quartzite heat storage increases the performance of the
system, and the investment cost also decreases. The solar share was 71% which
clearly means a significant reduction in the carbon dioxide emission with regard
to the cooking activity. In the investigations of the present paper on a mantle-pot
equipment that we call solar pot, working with only solar heat, the solar share is
even higher, 100%. Nevertheless, the completion of the pot with some auxiliary
heating may come into consideration in the future, as it is mentioned in the
Conclusions. (It would decrease the solar share but increase the operating period
of the pot.)

In Hosseinzadeh et al. (2021), a research is conducted on an indirect type
solar food processing device with nanofluid working medium. One of the main
elements of the system is the parabolic solar collector, at the focal point of which
the working medium is heated by flowing through it. The other important
element is the cooking unit, which consists of a copper pot and the copper pipe
that surrounds it (wrapped around it). The heated working medium flows in this
pipe, thus transferring the heat to the cooking space. A separate tank was also
installed between the cooking unit and the collector. Due to the parabolic
collector, the spiral heat exchanger and the additional tank, the structure of the
system is more complex and thus its implementation is obviously more
expensive than the system of the solar pot of this paper, which uses a more
conventional evacuated tube collector and the solar pot similar to a simple,
jacketed heat exchanger.

In Getnet et al. (2023), it was investigated how the performance of the system
changes when the collector is supplemented with reflectors in an indirect solar
food processing system equipped with a flat plate collector. They found that
without a reflector the highest temperature of the outlet working medium is 71
°C, and the highest energy efficiency is 63%. It can be stated that the system is
not suitable for cooking as the minimum safe temperature for cooking is 73.9 °C
according to USDA (2025). On the other hand, thanks to the addition of
reflectors, these values were respectively 103.65 °C and 79%. It should be
mentioned that the additions made in order to increase the performance of the
equipment significantly increased the complexity of the system. The system
examined in this paper has a simpler design and does not contain phase change
material.

The main elements of the system examined in this paper are the solar
collector and the so-called solar pot. In the literature, there are mathematical
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models for collectors and solar heating systems (Buzas and Farkas 2000,
Castellanos et al. 2020), however, as it is a recent invention, no model has yet
been worked out for the solar pot. In terms of design, the solar pot is similar to a
tube-in-tube heat exchanger or a solar storage tank. Models for those are already
available in the literature. There are two main types of models. One is the black-
box type and the other one is the physically-based model. The physically-based
model relies on the physical background of the modelled system or process,
which is therefore often difficult to set up in the case of a complex system
(Kalogirou et al., 1999). Black-box modelling does not take into account the
physical background, it represents a more result-oriented approach, the creation
of the model is typically simpler (Brus and Zambrano 2010, Zheng et al. 2023).

The Hottel-Whillier-Bliss physically-based mathematical model worked out
for flat plate collectors (Hottel and Woertz 1942) can be used to describe the
temperature distribution of the working medium along the length of the collector
as a function of place and time. The model was also extended to evacuated-tube
collectors (Ratkai et al. 2024a). In Buzas et al. (1998), a physically-based
mathematical model was developed that can be used to describe the temporal
behaviour of a flat plate collector. Estimation of the temperature of the outlet
working medium is made possible by a differential equation formulated on the
basis of the energy balance of the collector. In Vig (2007), a black-box type
neural network model was made, which can be used to model the thermal
behaviour of a flat plate collector. Knowing the intensity of solar radiation, the
ambient temperature and the temperature of the working medium entering the
collector, with a constant mass flow, the temperature of the outlet heat transfer
medium can be predicted with the model. In Kicsiny (2014), a black-box model
based on multiple linear regression was developed for solar collectors. As a
result, the appropriate temperature of the outlet working medium can be
calculated. The identified and validated model was compared to the physically-
based model of Buzas et al. (1998). The results showed that the model in
Kicsiny (2014) was able to predict the temperature of the outlet working
medium more accurately. The importance of the model, in addition to the
appropriate accuracy (average accuracy better than 5%), is due to its simplicity.
It requires little calculation and can be used for any type of collector (e.g.,
evacuated tube collector).

There are several mixed storage models in the literature. In Buzas and Farkas
(2000), a physically-based mathematical model was developed. An ordinary
differential equation based on the energy balance of the tank allows the
temperature of the tank to be calculated. The model does not take into account
the heat capacity of the solar storage material. In Hiris (2022), a physically-
based mathematical model for a mixed storage was worked out, based on the
heat balance of the storage, which can be used to calculate the temperature of the
storage. A similar model can be found in Badescu (2008). In Kicsiny (2018), a
black-box model based on multiple linear regression was developed for mixed
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solar storages, which can be used to determine the geometric average
temperature of the storage.

When modelling tube-in-tube heat exchangers, energy balance is often
assumed between the working media of the two sides, neglecting the
environmental heat exchange (Bradley 2010, Zohuri 2017). In Géczi et al.
(2019), various mathematical models for tube-in-tube heat exchangers similar to
the solar pot examined in this paper were developed. The physically-based
model takes into account the heat exchange with the environment, too. A black-
box type mathematical model was also developed in Géczi et al. (2019) based on
multiple linear regression, which also takes environmental heat exchange into
account. The models were validated using measurements on a heat exchanger.
Based on the results, the physically-based model not neglecting the heat
exchange with the environment can estimate the temperature of the outlet
working medium more accurately than the other model version assuming energy
balance between the two sides of a heat exchanger. The black-box model proved
to be more accurate than both models, in case of considerable environmental
heat exchange.

The content of the present paper, with recent results (Ratkai et al. 2024c) and
new measured data, is as follows:

1. A recent physically-based mathematical model is presented to describe
the examined, recently invented solar pot. Computer simulations are made
with the model, based on which conclusions are drawn regarding the
practical applicability of the solar pot.

2. An experimental system of the hydraulically connected solar pot and a
solar collector is physically assembled. The different variables of the
system (different temperature values) are measured. Based on measured
data, conclusions are drawn regarding the practical applicability of the solar
pot.

3. New measurements made in a longer period between 16 May and 03
June 2024 underlie the applicability of the solar pot (see Figure 16.)

The structure of the paper is the following: Section 2 contains the description of
the modelled and measured system. Section 3 presents the physically-based
model of the solar pot along with the simulation results. In Section 4, the
measurements made on the experimental system and the measured data are
shown. Section 5 serves with conclusions and future research proposals.

2. System description

The solar pot (shown in Figure 1) is a recent invention, which gained a utility
model protection in 2021 from the Hungarian Intellectual Property Office under
patent number 5489 (Géczi and Kicsiny 2021). Currently, the pot is in prototype
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status, that is, a single specimen of it has been produced, from stainless steel
(AISI 304) with a thickness of 2 mm, so far, for research purposes. However, it
is already published by means of the mentioned patent, so it could be produced
by a proper manufacturer commercially, in compliance with the related legal
regulations.

The device is made for environmentally friendly cooking or heating of foods
and liquids. Its structure is similar to a double pipe heat exchanger. It has an
outer mantle and an inner cooking tank. Cooking or heating is done as follows.
The mantle heats the cooking tank by circulating working medium (water or
else) along the cooking tank’s outer surface. The mantle forms a closed
hydraulic circuit with a solar collector. The working medium in the mantle and
the interior of the cooking tank are hydraulically separated from each other,
which implies heating and cooking can be executed hygienically. The pot can
also be used for reheating foods or heating liquids not only in connection with
food preparation. Using the device, heating and cooking can be made with the
utilization of renewable solar energy. The solar pot has the advantage that it can
be connected to an existing solar heating system (Ratkai et al., 2024b). It is an
indirect-type food processing equipment, which can be used with any collector
using liquid as working fluid. If there is insufficient solar energy, one can heat
the pot with a stove or a cooking plate as well.

Figure 1. Photos of the solar-pot (Ratkai et al. 2024c).

89



Mechanical Engineering Letters, Volume 26

In the experimental system of this paper, the solar pot is connected to an
evacuated tube solar collector. Figure 2 presents the sketch of the pot containing
the main geometric sizes and measuring points (for three temperatures) on it.

Cover
® -

Tm,Out 5 cm
T <3 5 | |
Mantle
=
| 20 cm
20 cm
Cooking tank
— V% = 773 cm
\ |
Tm,in ‘ | 15 cm | ‘
| 20 cm |

Figure 2. Sizes and measuring points of the solar-pot (Ratkai et al. 2024c).

The experimental solar heating system with the solar pot and the time-dependent
variables along with the parameters of the system are shown in Figure 3.

In Figure 3, t denotes the time dependence of the variables. These variables
are the following:

e T..: temperature of the solar collectors’s environment (outdoors), °C,
e T in: solar collector inlet (water) temperature, °C,

e T, out: solar collector outlet (water) temperature, °C,

e Ti: temperature in the cooking tank, °C,

o T, temperature of the solar pot’s environment (indoors), °C,

e Ty, in: mantle inlet (water) temperature, °C,

e Ty out: mantle outlet (water) temperature, °C.

90



Mechanical Engineering Letters, Volume 26

Tc,out(t)*Tm,in(t)

Tc,e(t)
Solar pot
V; . . .
& Fluid level in the cooking tank
Tm,out(t):Tc,in(t) Cover
Solar T MR
collector e <F | CAme
+———Mantle
Ty(t) |_ Upin
\V/ Apji
! T L Cooking tank
p.e
@ T, in®O=T¢ out® Vin
Tc,in(t):Tm,out(t) i

Figure 3. The solar pot and the experimental system (Ratkai et al. 2024c).

As the fluid in the mantle is considered mixed, the (homogeneous) temperature
inside the mantle is (consequently) considered the same as the mantle outlet
temperature. (Basically, this temperature also corresponds to the, geometrically,
mean fluid temperature in the mantle.) As the pipes connecting the solar pot and
the collector are insulated and their volume is neglected, we consider the solar
collector outlet temperature and the mantle inlet temperature equal (Tc,out =
Tm,in). The same holds for the solar collector inlet temperature and the mantle

outlet temperature (TC,in = m,out)-

The constant parameters of the system are the following:

A.: surface area of the collector (one side), m?,

Ap, e surface area of the mantle to the environment, m?,

Ay surface area of the cooking tank to the environment, m?,
Ap,in: surface area between the mantle and the cooking tank, m?,

. w
U.: overall heat loss coefficient of the solar collector, R

. w
Up,e: overall heat loss coefficient of the solar pot, —-,
¢ m<K
Up,in: overall heat transfer coefficient between the mantle and the

. w
cooking tank, R 3

v: volumetric flow rate of the pump, mT,
V,: volume of the collector, m3,

Vpn: volume of the mantle, m3,

V;: volume of the cooking tank, m3.

During the tests, the cooking tank is filled with water up to the top of the mantle
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and covered by a stainless steel plate. The stainless steel cover can be removed
during the cooking process to check the state of the handled food or drink.
Accordingly, there is atmospheric pressure inside the cooking tank. We also
circulate water between the solar pot and the solar collector as the working fluid
(Réatkai et al., 2024c).

3. Mathematical modelling

The model of the solar pot is a physically-based mathematical model based on
the energy balance of the pot. It consists of two submodels (due to the jacketed
structure of the pot), one for the mantle temperature and the other for the
cooking tank temperature, constituting a system of differential equations. Both
equations are non-homogeneous linear differential equations with constant
coefficients. The model uses temperature differences only, which allows the use
of either Celsius or Kelvin values.

3.1. Mathematical Model

Equations (1, 2) represent the model of the solar pot. Equation (1) is for the
mantle, while Equation (2) is for the cooking tank temperature:

M -V . Am,eUp,e _ ApinUp,in _
) at Vo (Tm,ln Tm,out) + oV (Tp,e Tm,out) + PV (Tt
T out)> (1)
dT¢ _ Ap,inUp,in AteUpe
Fr pcV (Tm,out - Tt) + pcV, (Tp,e - Tt)a

where the density of water is p and the specific heat capacity is c.

3.2. Simulation Results

Equations (1, 2) were fed into the Matlab/Simulink programming environment.
The computer realization of the model can be seen in Figure 4.
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Tm,out

Tt

Tm,out

¢

Differential equation
of the mantle

Differential equation
of the cooking tank

Figure 4. Computer realization of the mathematical model (Ratkai et al. 2024c).

To run the model, the values of the solar pot’s parameters need to be provided.
Ape = 0.19m?, Ay = 0.041 m?, Apin = 0.112 m?, V,, = 3.6911 (= 3.691 -
1073 m?), and V; = 4.4181 (= 4.418- 1073 m3) are geometric parameters of
the physically manufactured solar pot (see Figure 1 in Section 2). The density
(p) and specific heat capacity (c) of water are also needed. These values are
1000 - and 4200 k;—K respectively.

w
m?K
(overall heat transfer coefficient) are made by calculations

The determinations of Up. = 20.4 (overall heat loss coefficient) and

w
Up,in =351 2K
based on recommendations from the literature.
Up e 1s the overall heat loss coefficient between the mantle and the solar pot’s

environment. It is determined by considering the following:

1. Convective heat transfer between the inside of the mantle and the inner
surface of the mantle’s wall. (This wall is adjacent to the environment.)
Taking into account the liquid in the mantle (water) and the material of the
mantle’s wall (stainless steel), and assuming forced convective heat transfer
along the inner surface of the mantle’s wall, the heat transfer coefficient is

850 %, which is an average value according to Cao (2010).

2. Thermal conduction inside the mantle’s wall. Taking into account the
material of the mantle’s wall, which is stainless steel (with a thickness of

0.002 m), the thermal conductivity coefficient is 15 %, which is an
average value according to Cao (2010).
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3. Convective heat transfer between the outer surface of the mantle’s wall
and the solar pot’s environment. Taking into account the material of the
mantle’s wall (stainless steel) and the air surrounding the pot from outside,
and assuming free convective heat transfer along the surface of the wall, the

heat transfer coefficient is 21 %, which is an average value according to
Cao (2010).
The above details were fed into the Engineering Toolbox (2025) online program,
which made the necessary calculations for the overall heat loss coefficient. The

resultis Up o = 20.4 mVZK.

In the value of A, (which is the responsible surface regarding the heat loss of
the cooking tank to the environment), the surface area of both the cover and that
part of the tank’s wall which is above the mantle are included. Furthermore, Uy ¢
is applied to this surface when determining the heat loss of the cooking tank to
the environment. Of course, this approach contains certain simplifications
(which is clearly advantageous when one would like to apply the model in the
practice) since it does not take into account that there is some air between the
tank’s fluid and the cover. Nevertheless, it must underestimate the pot’s real heat
performance a bit since the air has some (advantageous) thermal insulating
effect. It also means that we do not provide even a slight advantage for the solar
pot when presenting its potential applicability. In addition, we carried out
simulations (not detailed here) where we tried to model the special effect of the
air under the cover. In fact, the difference was so slight (within 1% regarding the
modelled temperature values) that we think they are not worth dealing with in
the present model.

Up,in 1s the overall heat transfer coefficient between the mantle and the cooking
tank. It is determined by considering the following:

1. Convective heat transfer between the inside of the mantle and the outer
surface of the cooking tank’s wall. Taking into account the liquid in the
mantle (water) and the material of the cooking tank wall (stainless steel),
and assuming forced convective heat transfer along the surface of the wall,

. . w L
the heat transfer coefficient is 850 ——, which is an average value

m?2K’
according to Cao (2010).

2. Thermal conduction inside the mantle’s wall. (For more details, see Note
2 above.)

3. Convective heat transfer between the inner surface of the cooking tank’s
wall and the inside of the cooking tank. Taking into account the material of
the wall (stainless steel) and the liquid in the cooking tank (water), and
assuming free convective heat transfer along the surface of the wall, the

heat transfer coefficient is 650 %, which is an average value according to
Cao (2010).
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The above details were fed into the Engineering Toolbox (2025) online program,
which made the necessary calculations for the overall heat transfer coefficient.

The result is Up i, = 351 v

m2K’

Tpe(t) is assumed to be constant as the solar pot is located in an air-
conditioned mobile container, so Ty, o := Ty o (t) := 25°C, in accordance with the
temperature set inside the container. The initial values of the model are also set
to this value, so Ty, out(0) == 25°C and T;(0) := 25°C. (Accordingly, our model
can be applied for a solar pot inside a building, which is a rather general
situation, since the outside effects, like the effect of sky, solar irradiance, wind
speed etc. are not considered.) For the sake of simplicity, Ty, in (t) (= Tc out(t))
is set constant in the simulations, 80 °C. Choosing this temperature value, it was
taken into consideration that it can easily be reached and maintained for a longer
time on a typical day in May in Hungary (see e.g., Figure 9 in Section 4.2), and
that this inlet temperature is probably high enough for the cooking tank to reach
the minimum temperature for sterilizing foods—based on our preliminary
assumption. This minimum temperature is 73.9 °C, but in this work 75 °C is
aimed due to safety purposes. The simulations were carried out with two
different volumetric flow rate (v) values, which can be realized in the
experimental system as well. The results of the simulations are presented in
Figures 5 and 6. More specifically, Figure 5 presents the modelled T, o+ and Tg

3
temperatures in case of v = 100% (=2.78- 10_5mT), while Figure 6 presents

3
them in case of v = 200% (=5.56-107° mT). The running time of the
simulations was 1 h in both cases.

100

90

Temperature (°C)

0 10 20 30 38 40 50 60
Time (min)
Figure 5. Result of the simulation in case of v = 100% (Ratkai et al. 2024c).
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Figure 6. Result of the simulation in case of v = 200% (Ratkai et al. 2024c).

In Figures 5 and 6, it can be seen that the cooking tank temperature reaches
75 °C, which is normally enough for the sterilization of foods. It can also be
stated that this temperature is reached in less time with higher flow rate. With

100+, it took 38 min (see Figure 5), while with 200+, it required 28 min (see
Figure 6). In addition, the maximum (final) tank temperature was 76.5 °C in case
of 100+ and 77.7 °C with 200

4. Experimentation

4.1. Experimental System
During the measurements, the values of T¢e, Tiin (= Tcout)> Tmout (& Tein)»
Tpe, Tt and v are measured. The temperatures are measured with K-type

thermocouples (with an average uncertainty of 1 °C), the pump flow rate is
measured with a Kobold Unirota URM-33 33H G5 (Nyiregyhaza, Hungary) 0

type flow meter (with an average uncertainty of 6 %). As additional information,
the (global) solar irradiance on the collector’s plane is also measured (in %).
The type of the solar irradiance sensor is Theodor Friedrichs 6003.3000 BG
(Elmshorn, Germany) (with an average uncertainty of 30%). The collector,
with 2.2m?, is oriented to the south, its tilt angle is 40°.
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The pipes connecting the solar pot and the collector are insulated and their
volume is neglected. As a result, we consider the mantle inlet water temperature
and the solar collector outlet water temperature equal (Tm,in = Tc,out). The same
goes for the mantle outlet water temperature and the solar collector inlet water
temperature (Tm,out = Tc,in). The structure of the experimental system, installed
at the campus of the Hungarian University of Agriculture and Life Sciences
(G6dollo, Hungary), is shown in Figure 3, the physically manufactured solar pot
is presented in Figure 1 and the connected evacuated tube solar collector can be
seen in Figure 7.

Figure 7. Photo of the solar collector (Székely et al. 2021).

4.2. Experimental Results
During the measurements, the same flow rates were used as in the simulations.
The temperature of the solar pot’s environment (T, ) was also constant 25°C as
the temperature of the mobile container where the solar pot is located was set to
this value with an air-conditioner. Figures 8, 9, 10, 11, 12, 13, 14 and 15 present
the graphs of all measurement results. Figures 9 and 11 show the measurement
results of two days (26 May 2024 and 28 May 2024) when the flow rate was set
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to 100 I/h. In Figure 13 and Figure 15, the measured data of two days (29 May
2024 and 30 May 2024) are presented when the flow rate was set to 200 1/h. On
the left side of the figures (a), the graphs of Ty, i, (= T¢ out) and T¢ e can be seen,
on the right (b), there are the graphs of Ty, o, and T;. As additional information,
Figures 8, 10, 12 and 14 show the solar irradiance on the four measured days.

Figures 9, 11, 13 and 15 demonstrate that the cooking tank temperature
reached the safe cooking temperature of 75 °C during the measurements in the
early afternoon, between 12:00 and 13:00. The temperature of the cooking tank
was higher than this value until late afternoon, between 17:20 and 18:00. The
only exception was on 30 May when the tank temperature decreased below 75
°C at 16:18 due to the cloudier weather than usual. According to the
measurements, it can be stated that the volumetric flow rate has no considerable
influence on the heating. Both examined flow rate values made the safe cooking
possible for a satisfactory time interval within each measured day. The measured
values of Ty, oyt and Ty are almost equal, which is in accordance with the final
modelled temperature values in the simulations (see Figures 5 and 6).
Additionally, Figure 16 shows measured Ty, oyt and T, values in a longer period
between 16 May and 03 June 2024.

In summary, the measured results reinforce the simulated ones, which
underlie that the solar pot is really able to cook (sterilize) safely (liquid) foods
and drinks.
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Figure 8. Measured values of the solar irradiance on 26 May 2024, between 8:00 and 22:00
(Ratkai et al. 2024c).
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Figure 9. Measured values of T ¢, Try in (= Tcout) on the left (a) and Ty, oy, Tt on the right (b) on
26 May 2024, between 8:00 and 22:00, when v = 100 5 (Ratkai et al. 2024c).
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Figure 10. Measured values of the solar irradiance on 28 May 2024, between 8:00 and 22:00
(Ratkai et al. 2024c).
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Figure 11. Measured values of T ¢, Ty in (= Tcout) on the left (a)l and Ty, out, Tt on the right (b)
on 28 May 2024, between 8:00 and 22:00, when v = 1OOH (Ratkai et al. 2024c).
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Figure 12. Measured values of the solar irradiance on 29 May 2024, between 8:00 and 22:00
(Ratkai et al. 2024c).

100



Mechanical Engineering Letters, Volume 26

110 110

100 100

31

Temperature [°C

, \
v
v
P v
- A
60 N 3
N
! .
0 ’ Y
.
L ~
0 ! e
! o
( =
0
10
0 0 ™~ e
8:00 0:00 2:00 14:00 16:00 18:00 20:00 22:00 8:00 10:00  12:00 12:29 14:00 16:00 17:44 18:00 20:00 22:00
= = =Tm,in =Tc,out}) =——=Tce = ==== Tm,out

(a) (b)

Figure 13. Measured values of T ¢, Tpyy in (= Tcout) on the left (a)l and Ty, out, Tt on the right (b)
on 29 May 2024, between 8:00 and 22:00, when v = ZOOH (Ratkai et al. 2024c).
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Figure 14. Measured values of the solar irradiance on 30 May 2024, between 8:00 and 22:00
(Ratkai et al. 2024c).
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Figure 15. Measured values of T e, Ty in (= Teout) on the left (a)l and Ty, out, Tt on the right (b)
on 30 May 2024, between 8:00 and 22:00, when v = ZOOE (Ratkai et al. 2024c).
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Figure 16. Measured Ty, o and Ty values between 16 May and 03 June 2024

5. Conclusions

In the paper, a recent physically-based mathematical model was presented and
an experimental system was assembled for a recently invented solar pot. The
solar pot, as an environmentally friendly technical tool, utilizes renewable solar
heat, provided by a solar collector as the heat source, for cooking or heating
foods, drinks or other liquids. Based on both the simulated and the measured
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results, the solar pot, containing an inner cooking tank (where the cooking or
heating task is realized) and an outer mantle (connected directly to the solar
collector), can be used successfully to cook or sterilize different dishes and
liquids. In particular, based on measured data, the temperature level needed for
heat treatment (75 °C) can be maintained in the cooking tank for several hours
(~5 h, on the average) in a typical day in May in Hungary.

Future research plans include the investigation of how long does it take for the
solar pot-collector system to cook different dishes (like pasta, meat etc.) in
different seasons and weather conditions. The possibility and relevance of
different types of auxiliary (not solar) heating solutions (in addition to the solar
collector) may also be examined, in order to extend the operating period of the
solar pot. With respect to the presented mathematical model, the establishment
of a maximally precise version of it (considering sky effects, the effect of air
under the cover, the temperature dependence of certain parameters, like the mass
density and the specific heat capacity of water, etc.) may come into question in
the future.
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Abstract

This study investigates the tribological behavior of glass fiber reinforced epoxy
(GFRP) composites under abrasive wear conditions using a pin-on-disc
experimental setup. GFRP composites are widely used in automotive, aerospace,
and structural applications due to their high strength-to-weight ratio and
corrosion resistance; however, their wear performance in abrasive environments
remains a critical concern. The research focuses on evaluating abrasive wear
resistance by incorporating controlled abrasive particulate media (e.g., silica
sand) between the composite pin and rotating steel disc. Key parameters,
including applied load, sliding velocity, abrasive particle size, and filler
concentration, were systematically varied to analyze their influence on wear rate
and friction coefficient. Wear mechanisms were characterized using confocal
microscopy to identify surface degradation modes such as fiber fragmentation,
matrix cracking, and particle embedment. This study presents a measurement
method that the authors developed to subsequently determine the wear properties
of composite material pairings based on an experimental design.

Keywords

epoxy, glass fiber composite, adhesive wear, abrasive wear, pin-on-disc wear

1. Introduction

Glass fiber reinforced epoxy composites are widely used in various industries
due to their desirable mechanical properties, corrosion resistance, and cost-
effectiveness. Understanding the tribological behavior of these composites is
crucial for their successful application in dynamic and wear-prone environments.
This study aims to investigate the wear resistance of glass fiber reinforced epoxy
composites under abrasive wear conditions using a pin-on-disc experimental
setup. The tribological behavior of glass fiber reinforced epoxy composites is
influenced by various factors, such as normal load, sliding velocity, and the
presence of abrasive particulates (Sarkar et al., 2017). Previous studies have
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reported the effects of these parameters on the friction and wear characteristics
of these composites. (Sarkar et al., 2017) (Suresha et al., 2006) (Berg et al.,
1973) The current study seeks to build upon these findings and provide a
comprehensive understanding of the wear resistance of glass fiber reinforced
epoxy composites under abrasive conditions. In this work, a pin-on-disc
experimental setup was employed to evaluate the tribological performance of
glass fiber reinforced epoxy composites. In our article, we present the procedure
we developed, which, we hope, can be used to test the wear resistance of
composite components under mixed wear conditions. The university has a long
tradition of wear testing. Among other things, our researchers have tested the
wear properties of closed-cell aluminum foams made by direct foaming and gas
injection and their matrix materials using a pin-on-disc testing device. (Gabora,
2020) Researchers developed AlISil2 aluminum syntactic foams reinforced with
iron (GM) and ceramic (GC, SLG) hollow spheres via low-pressure infiltration.
Pin-on-disc tests against steel under dry/lubricated conditions showed friction
and wear depended on reinforcement type. GC ceramic spheres in lubricated
tests provided optimal performance (1 = 0.08-0.12), leveraging oil retention for
enhanced wear resistance. (M4jlinger, 2016)

During the development of the procedure, a key consideration was to
simultaneously induce adhesive wear and abrasive wear during testing. To
achieve this, the pin-on-disc method was augmented with the addition
of abrasive particles. Another critical aspect was ensuring the procedure
remained relatively rapid and enabled the comparison of multiple composite
types under identical parameters. Microscopy measurements were conducted to
quantify the extent of wear and characterize the surface
morphology. Preliminary testing was performed to validate the functionality of
the methodology and demonstrate its efficacy. The materials employed in the
preliminary tests are detailed below.

2. Materials and methods

The matrix material

In our research, we use an epoxy resin matrix. Structural epoxy resins are widely
employed in various industrial applications due to their exceptional mechanical
properties, chemical resistance, and dimensional stability. A review of the
published literature reveals that many researchers have investigated the wear
properties of epoxy resins, but these studies always attempt to achieve better
properties by adding some type of material. Jakab and colleagues incorporated
reinforced materials (polymer and mineral fillers) into epoxy resin matrices and
examined the improvement in the overall performance of the composites, which
could enable the industrial application of these materials in environments
subjected to intense wear. (Jakab, 2021)
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It is difficult to find a clear consensus in the literature regarding the wear
properties of certain polymer matrix materials. Wear resistance is a complex
concept, as it encompasses various factors such as abrasion, friction, and surface
degradation during use (Radmanovac et al., 2017). The wear properties of
structural epoxy resins are influenced by numerous factors, including the
chemical composition of the resin, the presence and distribution of fillers or
reinforcements, the curing process, and the environmental conditions to which
the material is exposed. (Pham, H., 2005) Therefore, it is not meaningful to
study the standalone wear properties of epoxy resins, as the reinforcing phase of
the composite structure significantly influences the final properties.

In our research, we used MGS LR 635 laminating epoxy resin as the matrix
and MGS LH 635 hardener for manufacturing the test specimens. This is a type
of resin widely used in Hungary and applied across numerous fields. The choice
of this resin was based on its common usage, ensuring that the results can be
utilized in many industrial contexts. The resin-to-hardener ratio was 100:33.

Table 1. Main mechanical properties of the epoxy matrix

Tensile Tensile Yield Bending  Bend
modulus strength strain modulus  strength
. Cured
Materi .
density
DIN EN DIN ENISO  DIN EN DINEN  DIN EN ISO
1SO 527-2  527-2 1SO 527-2  ISO 178 178
[g/cm?] [GPa] [MPa] % [GPa] [MPa]
LH635 1.15-120 ~3.6 ~85 ~6 ~3.8 ~ 140

The fiber reinforcement material
The wear behavior of glass fiber-reinforced epoxy composites has been
compared to that of carbon/aramid hybrid-reinforced epoxy composites. The
results showed that the substitution of the glass fiber weave with the
carbon/aramid weave led to a 35% reduction in the coefficient of friction on
average. Additionally, the carbon/aramid hybrid-reinforced epoxy composites
demonstrated superior wear performance under milder sliding conditions, with
the wear rate being an average factor of 22 lower than that of the glass fiber-
reinforced epoxy composites (Larsen et al., 2006). This suggests that the choice
of fiber reinforcement can significantly impact the tribological properties of
polymer-based materials, and alternative reinforcement options such as
carbon/aramid hybrids may be more suitable for applications requiring low
friction and high wear resistance. However, glass fiber-reinforced epoxy
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composites have demonstrated excellent abrasion resistance in pin-on-disc
experiments, making them a viable choice for applications where high wear
resistance is a priority. (Jawad, 2019) On effect of the wearing the adhesive bond
is continuing to decrease, which strength of composite structure leads to
reduction. That is why, the protection against wear plays very important role in
assurance of durability of composite materials and long lifetime (Suresha et al.,
20006)

For the test specimens, we used a plain weave fabric with a density of 220
g/m?. Another key consideration in selecting the fiber reinforcement was to
choose a material that is widely used in industrial applications. The fabric type,
designated as UTE 220 P, is a fiber reinforcement material with a surface
treatment compatible with E-type epoxy resin.

Table 2. Main mechanical properties of the glass fiber (Ku, 2011)

Cured Tensile Yield

Material density strength strain Bending modulus
[g/cm?] [MPa] % |GPa]
UT%ZZO 2.5 ~2000 ~0.5 ~70

Manufacturing the specimen

The fabrication of the glass fiber reinforced epoxy composite materials involved
a hand lay-up technique followed by compression molding. This process resulted
in a woven E-glass fiber reinforced epoxy composite with a fiber content of 45
wt%. The fiberglass reinforcement was laminated in 6 layers, thus producing test
specimens with a thickness of 1.5 mm.

The wear process was interrupted twice. To ensure precise microscope
positioning, alignment interfaces were fabricated on the specimen to enable
accurate repositioning. The specimen surfaces were not pretreated prior to
measurements. The geometric shaping of the composite plate was achieved via
CNC milling. The figure below illustrates the composite plate fabrication
process on the left and the technical drawing of the specimen on the right.
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Figure 1. a.) the composite plate fabrication process b.) The technical drawing of the specimen

Pin-on disc procedure

The working principle of the pin-on-disc wear measurement is relatively simple.
A specimen, typically in the form of a pin, is placed in contact with a rotating
disc, which is made of the material to be tested. The pin is pressed against the
disc with a specific normal force, and the disc is rotated at a constant angular
velocity, causing the pin to slide against the disc surface. During the test, the
mass loss of the pin or the depth of wear on the disc is measured to determine
the wear rate of the material.(Sarkar et al., 2017) The figure below illustrates the
schematic of the measurement setup. The wear pin comprises a hardened bearing
ball, which was adhered to the pin shaft to establish a thermally neutral bond
(i.e., without heat input). The bearing ball exhibits a hardness of 38 HRC. This
bearing ball was pressed onto the specimen surface during testing.

The pin-on-disc setup allows for the controlled evaluation of various
parameters that influence the wear behavior of materials, such as the normal
load, sliding speed, sliding distance, and the properties of the materials involved.
The specific wear rate, which is the volume of material lost per unit of sliding
distance and normal force, is often used as the primary measure of the wear
performance of the tested materials. The results of the tribological evaluation
reveal that the friction and wear behavior of the glass fiber reinforced epoxy
composite are influenced by the duration of sliding, normal load, and sliding
velocity. (Sarkar et al., 2017) Increased normal load was found to lead to higher
wear, while the coefficient of friction decreased. Conversely, higher sliding
velocities resulted in increased wear, while the coefficient of friction initially
peaked at 5.01 m/s before decreasing. (Singh et al., 2021)
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Figure 2. Schematic diagram of the pin-on-disc procedure

The wear rate is calculated using the equation: W =Am / (p * L * F,), where
W is the specific wear rate, 4m is the mass loss of the specimen, p is the density
of the specimen, L is the sliding distance, and F), is the normal load applied. This
equation allows researchers to quantify the material's resistance to wear under
the specified test conditions. The specific wear rate, W, represents the volume of
material removed per unit of sliding distance and normal force, providing a
standardized metric to compare the wear performance of different materials. By
measuring the mass loss, Am, of the specimen and incorporating the density, p,
sliding distance, L, and normal load, FN, this formula enables a comprehensive
evaluation of the wear characteristics. This information is crucial for
understanding the tribological behavior of materials and selecting appropriate
ones for applications involving sliding or abrasive wear. (Jawad, 2019). The pin-
on-disc wear test is a versatile technique that can be used to study the wear
behavior of a wide range of materials, including metals, ceramics, polymers, and
their composites. As an example, a study on the sliding wear of blended cobalt-
based alloys found that the pin-on-disc experiment revealed a more complex
relationship between the alloy composition and the wear rate (Ahmed et al.,
2020).

During the preliminary testing, the wear testing machine completed three 50-
meter intervals, totaling 150 meters of sliding distance. Interruptions were
necessitated by intermediate microscopy measurements to assess wear
progression. A constant applied load of 7 N was maintained throughout the test.
The ball abraded the specimen along a wear track with a radius of 33.5 mm at a
circumferential speed of 0.05 m/s. Abrasive quartz sand, with an average particle
size of 100 um, was utilized during the wear process. To ensure continuous
retention of the sand within the contact zone, deflector blades were employed.
Data acquisition was performed using the HBM Catman system. HBM catman is
a professional data acquisition and analysis software primarily used for
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engineering measurements, such as mechanical load testing, vibration analysis,
and strain measurement. The software is capable of recording signals in real time
(e.g., pressure, force, acceleration, temperature) from sensors (e.g., strain
gauges, load cells, accelerometers), followed by analysis, visualization, and
documentation of the acquired data. The speed, pin displacement and normal
forces were recorded during the measurement. The measurements were made at
22 °C and 60% humidity. The figure 3. shows the device in operation.

Figure 3. The abrasive pin-on-disc method during measurement

Results and dicussion

The measurement results
Phase 3 of the Measurement: The increase in the wear mark is clearly visible.
The first picture shows the 50-meter run, the second the 100-meter run, and the
third the 150-meter run. It is clear that during wear the fibers always stand in a
different direction compared to the wear. First the fibers lie at 0° and 90°, then
after a 45° turn at 45-45°,

Figure 4. The pin-on-disc method during measurement
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The friction coefficient (u) typically exhibits two distinct phases during
tribological interactions:

1. Inmitial (Run-In) Phase: During this stage, the contact points between
the surfaces have not yet fully adapted. As a result, the value of yu may
fluctuate and remain relatively high due to the macroscopic roughness of
the surfaces.

2. Steady State: After partial surface conformity and the embedding of
wear debris, p stabilizes into an equilibrium state. This phase is most
relevant for predicting long-term behavior under continuous sliding
conditions.

For example, in glass fiber-reinforced epoxy (GFRP) composites, the friction
coefficient generally ranges between 0.2 and 0.4 against a steel counterpart,
depending on fiber orientation and the adhesive properties of the matrix. A
parallel orientation of the fibers relative to the sliding direction can reduce p, as
the aligned fibers help mitigate macro-scale damage by distributing stresses
more effectively. (Hansen et al, 2020) These experiences can be clearly
observed in the following diagram. At first the coefficient of friction is high,
then it decreases and stagnates. Finally, as the ball goes deeper and deeper, it
comes into contact with the specimen over an increasingly larger surface area
and the coefficient of friction increases.

0.2

o
[y
(42

o
=

Friction coefficient [p]

1 6 12 22 30 38 46 54 62 70 78 86 94 102110118126134 142150

Wearing distance [m]

Figure 5. The friction coefficient

The following figure shows the amount of wear in millimeters. The figure
clearly shows that this process shows a linear curve, which is also interesting
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because we are pressing a ball into the test specimen. It would seem logical that
the more the test specimen wears, the larger the surface area of the ball's surface
is in contact with the test specimen and the slower it wears. But this is not what
can be observed in this experiment. We saw that the ball also lost a lot of its
material. About 0.09 mm was also worn off the ball. Thus, we came to the
conclusion. That the abrasive effect of the grains was much higher than that of
the ball. I believe the ball also wore a lot. The total wear of the test specimen is
0.21 mm.

0.35

0.3

0.25

0.2

wear rate [mm)]

0.1

0.05

1 6 12 22 30 38 46 54 62 70 78 86 94 102110118126134 142150
Wearing distance [m]

Figure 6. Wear distance and wear rate on a diagram

Rabinovicz's abrasion wear model, a seminal contribution to the field of
tribology, has long been recognized as a fundamental framework for
understanding the complex mechanisms underlying the wear of materials
subjected to abrasive conditions. The Rabinovicz model, first introduced in the
1960s, provides a systematic approach to predicting the wear behavior of
materials under abrasive conditions (Altaie et al., 2017). At the core of the
model is the recognition that wear is a complex interplay between the material
properties, the nature of the abrasive medium, and the operating conditions.
Rabinovicz posited that the wear rate of a material is directly proportional to the
applied load and inversely proportional to the hardness of the material, a
relationship that has been widely validated through extensive empirical studies.
(Amrishraj & Senthilvelan, 2018) The experimental results confirm a clear
correlation between wear depth and the Rabinowicz abrasive wear model. The
material loss of the GFRP composite specimen (0.21 mm) and the steel ball
(0.09 mm) over a 150 m sliding distance exhibited a linear trend, consistent with
the fundamental equation of the Rabinowicz model: W=H/k-L,where “k” is the
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wear coefficient (dependent on material and abrasive particle
properties), “L=L, " is the applied load (7 N), and “H” is the hardness of the
wearing material. According to this model, material loss is proportional to the
load and the hardness of the abrasive particles (quartz sand, ~1100 HV), while
inversely proportional to the hardness of the specimen (~200-300 HV). The hard
quartz sand particles effectively cut into the softer composite surface, resulting
in the observed linear wear curve. This behavior is a typical example of two-
body abrasion, where particles act as fixed abrasives.

The Olympus OLS5000 3D Laser Microscope in Wear Testing

The Olympus OLS5000 3D laser confocal microscope serves as a key
instrument in wear testing, aiding in the understanding of wear mechanisms and
the quantitative analysis of surface degradation. This is particularly crucial in
industrial applications where components are exposed to particle abrasion,
friction, or repetitive mechanical loading. As a measurement tool, the Olympus
OLS5000 enables detailed, non-destructive observation of wear processes and
the precise documentation of surface changes at the nanometer scale. Its laser
confocal technology focuses light reflected from the surface, allowing for
"optical sectioning" and the generation of a 3D topographic image of the
sample’s surface. This method is ideal for measuring micro-scratches, craters, or
changes in surface roughness resulting from wear. For instance, following pin-
on-disc or tribometer experiments, the microscope allows for accurate
quantification of wear track depth, the distribution of surface irregularities, and
the extent of particle embedding or matrix delamination.

um um
163.002  163.002

Figure 7. The Olympus OLS5000 3D Laser Microscope in Wear Testing

116



Mechanical Engineering Letters, Volume 26

Future plans for wear test: In future work, we plan to implement a three-factor
experimental design to further investigate the same material. The study will
systematically evaluate the effects of applied load, sliding distance, and sliding
speed on wear behavior under controlled abrasive conditions. The experimental
matrix will include:

e Applied load: 7N, 14 N, and 21 N,
e Sliding distance: 50 m, 100 m, and 150 m,
e Sliding speed: 0.05 m/s, 0.1 m/s, and 0.15 m/s.

The experimental design will follow the pin-on-disc methodology outlined in
our previous study, ensuring consistency in test parameters such as counterface
material (hardened steel disc), abrasive particulate type (e.g., silica sand), and
environmental conditions (temperature, humidity). By employing a full factorial
design (3x3x3), we aim to generate a comprehensive dataset to quantify the
individual and interactive effects of these variables on wear rate, friction
coefficient, and surface degradation mechanisms. Statistical tools, such
as ANOVA (Analysis of Variance), will be applied to identify the dominant
factors influencing tribological performance. Subsequently, abrasive-free wear
tests will be conducted to isolate and analyze pure adhesive wear mechanisms on
the specimens. These tests will eliminate abrasive particulates to investigate how
surface interactions (e.g., micro-welding, plastic deformation, or material
transfer) contribute to wear in the absence of third-body abrasion. Comparative
analysis of abrasive vs. non-abrasive wear modes will provide deeper insights
into the material’s intrinsic wear resistance and interfacial behavior. Post-test
characterization using the Olympus OLS5000 3D laser confocal microscope will
enable high-resolution quantification of wear track morphology, surface
roughness evolution, and subsurface damage. This dual-phase approach
(abrasive and adhesive wear studies) will facilitate the development of predictive
wear models and inform material optimization strategies for applications
requiring tailored resistance to specific wear mechanisms. This systematic
investigation will advance the understanding of multifactorial wear dynamics in
fiber-reinforced composites, bridging the gap between laboratory-scale testing
and real-world operational conditions. The results are expected to guide the
selection of optimal operational parameters and material formulations for
industries such as automotive, aerospace, and heavy machinery, where
component longevity under complex wear scenarios is critical.
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4. Conlcusion

The method is highly suitable for wear analysis of composite materials.
The wear track generated during testing is well-defined and measurable,
yet the process does not induce significant frictional heating that could
thermally degrade the composite matrix (e.g., epoxy softening or fiber-
matrix interface weakening). This ensures the preservation of the sample’s
intrinsic mechanical properties during testing, enabling accurate post-test
characterization.

The methodology provides a robust framework for future experimental
designs. Its repeatability, scalability, and compatibility with standardized
protocols (e.g., ASTM G99 for pin-on-disc testing) make it ideal for
systematic  studies investigating additional variables such as
environmental conditions (humidity, temperature), alternative abrasive
media, or multi-axis loading scenarios.

Microscopic measurements (e.g., 3D laser confocal microscopy, SEM)
enable precise quantification of: Geometric changes: Depth/width of wear
tracks, volume loss via 3D topographical mapping. Surface roughness
evolution: Parameters such as S, (arithmetical mean height) or S,
(maximum height) calculated from profilometry data. Material loss:
Cross-sectional analysis or mass loss measurements validated by
gravimetric methods. These data are critical for correlating wear
mechanisms (e.g., abrasive ploughing, adhesive transfer) with operational
parameters, supporting predictive wear modeling and material
optimization.

However, the experiment revealed that the wear of the specimen (0.21 mm)
was nearly twice that of the steel ball (0.09 mm). This contradicts traditional
two-body abrasion models, where counterface (steel ball) wear is negligible.
Instead, the phenomenon suggests a dominant third-body abrasion mechanism,
where the abrasive action of the quartz sand particles significantly exceeds the
direct wear caused by the ball.

Furthermore, the friction coefficient (u) exhibited a more complex behavior. As
shown in Figure 5 of the article, p varied across three distinct phases:

1.

Initial phase (0-50 m): High p (~0.23) due to surface roughness and
initial embedding of abrasive particles.

Stabilization phase (50-100 m): Declining p (~0.1) as surfaces
partially conformed and abrasive particles distributed more evenly.

Late phase (100-150 m): Renewed p increase (~0.15), despite the
reduced specific load caused by expanding contact area.

This periodic fluctuation in p cannot be explained by the simplified framework
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of the Rabinowicz model. Instead, it reflects the dynamic role of third-body
quartz sand particles, which intermittently cut into surfaces, rolled, or detached
from the contact zone. To fully understand these interactions, further
experiments are required to analyze particle dynamics, including their size,
concentration, and real-time movement during abrasion.
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Abstract

This study uses a unique laboratory experimental system to explore the breakage
of milling tools. The breakdown of milling tools, in addition to wear, is most
often is the break. With this, in addition to the tool cost, the cost of the destroyed
raw material can also be high. Predictive tool failure prediction is required to
avoid tool errors. Our work is related to the development of a comprehensive
predictive system, as part of which we present the development of the laboratory
static tool fracture testing system and its extension in the direction of FEM
simulations. The results showed that the simulation programs can be used
appropriately to develop a predictive tool breakage prediction system. The test
system can be economically designed and used as a system element within
complex tests. At the same time, fracture tests can be well linked to FEM
simulation as well.

Keywords

predictive; milling; breakage of tool; laboratory test; FEM

1. Introduction

The parameters of the milling greatly influence the product and the cost. The use
of the right parameters is essential for economical machining. However,
excessive reduction of the machine main time can be an extremely large
additional load on the tool. Finding the ideal settings and the optimum
parameters is therefore essential, as in addition to the broken tool, the cost of the
damaged product is also high, and machining that is too slow increases the cost
of production in the same way. Manufacturers therefore need to know what
parameters they can work with.

In our work, we present a static fracture test laboratory test method developed as
part of a comprehensive predictive tool failure prediction system. Static fracture
testing alone, of course, is not enough to form a comprehensive view of a
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particular tool. At the same time, as an element of a complex system, it provides
basic initial information for later basic data.

By presenting the static fracture test method we used and prepared, our primary
goal is to present a simplified and economical test system. It can be used for
industrial purposes in addition to educational research tasks. We also consider it
important to validate the test system with the FEM procedure, which computer
simulation will play a significant role in the future development of the system.

Tool breaks during milling

The service life of rotary cutting tools is affected by a number of factors. It is
very important to choose a well-chosen tool material according to the material to
be machined, as well as the geometry, design and setting of the appropriate
technological parameters.

There are basically two needs for machining. The finished product can be
produced in the right quality and economically. Ideally, the workpiece is actually
produced in the desired quality, with adequate productivity and cost factors.
However, this is true in the rarest of cases. Technological parameters may
deviate from the values specified by the programmer, unexpected errors may
occur during machining. Control systems are used to eliminate these problems.
Increasing the efficiency of cutting machining can be solved by maximizing the
utilization of the cutting tool. CNC cutting machines are effective tools for
increasing utilization. However, maximizing tool utilization beyond a limit
reduces efficiency due to tool damage. Ideally, the best use of a tool lasts until it
breaks down if it is replaced before the critical time (the moment of failure). If it
is replaced earlier, the tool has not been used and compared to this theoretical
ideal condition, the tool is specifically more expensive and there is more waste.

Tool life is limited by wear on the cutting edge. The area of wear is well
mapped, the different forms of wear can be well analyzed. Basic tool wear:
abrasive wear, diffusion wear, oxidation wear, fatigue wear, adhesion wear,
surface wear, crater wear, back wear, plastic deformation, edge helmet
formation, heat cracking, chipping, edge breakage. (Fig. 1)

Figure 1. Typical milling tool fractures: full cross section, edge breakout, corner breakout
(source: MATE UNIVERSITY-Lab of Material Science)
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The break is due to tool overload. Many factors work together on the tool
during machining. As a result, harmful vibrations can occur in many cases,
which can cause damage to the cutting edge of the tool. The presence of
vibrations in the cutting process is undesirable. The breakouts and chippings of
the cutting edges mostly suggest some harmful vibrations. They also have a
detrimental effect on the quality of the finished workpiece. Ultimately, they can
also cause premature tool breakage. The phenomenon of harmful vibration has a
high noise effect, so it can be detected by the operator. However, harmful
vibrations can develop even when they are less audible. Therefore, it is
important to monitor the cutting system online and to monitor the vibrations.
This allows the system to be operated optimally and to intervene before harmful
vibrations occur.

Two different types of measurements are used, including direct measurements
(direct indicator of tool wear, e.g., wear width) and indirect measurements
(indirect indicator of tool wear, e.g., vibration, cutting force, etc.). From indirect
measurements we infer directly to monitor the condition of the tool, while from
indirect measurements we infer inferentially using a model-based evaluation
method (J. Wang et al, 2013).

Tool manufacturers strive to reduce harmful vibrations during cutting (source:
Sandvik Coromant). This can be achieved by designing the edge geometry,
applying coatings, or designing the tool body to dampen the resulting vibrations.
In milling (Figure 1 left side), generally the tool performs the main movement
(rotary movement), and the workpiece performs the secondary movement
(movements in X, Y and Z direction). (Fig. 2)

Down-cut Z, | x
end mill

Entry

surface 2

Bottom surface
workpiece

Figure 2. Force components of milling (Luo et al 2007)

The literature on milling tool tests mainly includes tests during dynamic
cutting, a brief summary of which can be seen below.
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Cutting force and breakage measuring methods in milling

There are two commonly used methods to measure cutting forces in milling. The
most common method is to attach the measuring device directly to the
workpiece. Another method is when the measuring unit is connected to the
milling tool or the spindle near to the tool.

Albrecht et al (2004) measured the cutting forces in milling using capacitive
sensors. They installed a capacitance type displacement sensor on the main
spindle of a three-axis CNC vertical machining centre.

Altintas and Park (2004) measured the cutting forces in three dimensions with
combined sensors in their milling experiment. The spindle of a vertical
machining centre was retrofitted with three pairs of piezo-electric sensors. Two
pairs of shear sensors (Kistler 9145) were used to measure lateral forces in the
feed (x-axis) and normal (y-axis), and a pair of compression sensors (Kistler
9135) were used to measure the axial (z-axis) forces in milling. The signals from
each sensor were added and passed through an anti-aliasing filter. The signals
were then amplified by the charge amplifiers.

Kaya et al (2011) used a rotating force dynamometer (Kistler 9123C1111
type) for the dynamic and quasistatic measurement of the three force
components (Fx, Fy, Fz) as well as of the drive moment Mz on a rotating tool.
The output from the cutting dynamometer is transferred with a non-contact
Radio Frequency protocol to charge amplifier (Kistler Corporation, Model
5223B). The rotating cutting force type dynamometer (RCD) has advantages
over fixed dynamometers, such as the cutting forces can be measured on the
rotating tool independently of the size of workpiece and measurement can be
performed on any spatial position (four or five axis milling).

Phokobye et al (2019) used multicomponent dynamometer (Kistler 9255C
type) for measuring the cutting forces during milling. In their research a solid
rectangular work piece of MS 200 TS was clamped to the dynamometer using
two holes and the dynamometer was clamped directly to the machine table.
Milling operations were thereafter performed for dry cutting using different
cutting parameters of cutting speed, feed rate and depth of cut.

Postel et al (2019) used the Cutting force measuring with spindle mounted
vibration sensors. The spindle of a 5 axis CNC machining centre is instrumented
with 5 accelerometers mounted on the non-rotating housing. The objective was
to estimate the cutting forces and vibrations at the tool tip from the
accelerometers attached to the housing during machining.

The following literatures examines tool breakage using different analytical
and on-line methods.

Y. Altintas et al (1988) describe a simple and efficient algorithm for
processing the milling force signal to detect cutter breakage. Using sampling
synchronized with cutter teeth the basic variation per tooth is removed by
calculating average forces per tooth. The first difference of these forces detects
both breakage and some sudden changes in cutting conditions (cornering,
milling over a slot). The second difference distinguishes between the two. The
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algorithm is illustrated by computational simulations as well as by
measurements in milling tests.

Yao et al (2009) introduce a new diagnosis technique for tool breakage in face
milling using a support vector machine (SVM). The features of spindle
displacement signals are first fed into the kernel-based SVM decision function.
After the SVM learning procedure, the SVM can respond in real-time to
automatically diagnose tool fracture under varying cutting conditions.
Experimental results show that this new approach can detect tool breakage in a
wide range of face-milling operations.

C.Y. Wang at all (2015) investigated two types of PVD-coated carbide tools
(TiAIN and TiSiN) to determine the mechanism of cutting tool wear and
breakage and the effects of tool angle, tool diameter, tool extended length,
cutting force and cutting-induced vibration on the tools. The modes of breakage
of the coated carbide tools used for the high-speed milling of hardened steel
were coating peeling, chipping and tip breakage.

Xue Hongjian et al (1997) created a new concept of shape characteristic
detection of tool breakage in milling operations is proposed. The detection of
tool breakage is conducted according to the shape characteristics of discrete
dyadic wavelet decomposition of cutting force. By means of the proposed
method, the influence caused by the variation of cutting parameters and
transients is eliminated. The proposed method is conducted in two steps. Cutting
force signals are decomposed by discrete dyadic wavelet, with the shape
characteristic vectors and after the shape characteristic vectors are fast classified
by the ART2 neural networks. The accuracy and effectiveness of the proposed
method are verified by numerous experiments.

Y.S. Tarng (1990) is presented a study of the cutting force pulsation due to
tool breakage. Monitoring algorithms extracting the cutting force signal changes
caused by tool breakage and further processing the extracted cutting force signal
to recognize tool breakage are proposed. Theoretical studies and experimental
results performed in milling operations have proven the feasibility of the
algorithms proposed. In another work (Y.S. Tarng 1991) from the same author,
we can read the following. The quasi-mean resultant force has been proven to be
very useful for sensing tool breakage in milling. It has been also shown that the
quasi-mean resultant force is proportional to the quasi-mean resultant
displacement of spindle. Therefore, a system for on-line detection of tool
breakage in milling has been developed in this paper by using the difference of
the quasi-mean resultant displacement of spindle.

It can be seen from the review of the professional literature that a number of
articles deal with the investigation of the breakage of milling tools and the
resulting cutting forces. These are mostly dynamic in-cutting tests that aim to
predict, among other things, tool breakage through the determination of the
resulting cutting forces using analytical calculations and the use of on-line
sensors. We have little information about the fracture itself and the formation of
cracks that precede it.
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The aim of our work is to develop a complex test system where, through the
elemental stresses, we induce failures and their pre-failure conditions, the effects
of which can be detected by later cutting tests. Our present work seeks to present
one segment of this extensive research, through the laboratory fracture test
method.

2. Theoretical description of the tests and procedurel

First, let’s take a schematic look at our planned complex tool failure testing

system. (Fig. 3)

A brief description of the main steps shown in the figure is as follows:

Section I: After the preparations, we first determine the Fyreaing force
required to break the tool with static (stationary) fracture tests.
Section II: Load the tool with a 70-80-90% reduction of the previous
Foreaking force during rotation on a properly prepared milling (drilling)
machine.
Section III: Next, the tool so fatigued is subjected to Barkhausen tests.
The reduction of the breaking force depends to a large extent on the degree
of crack formation, if this requires an allocation closer to the breaking
force, 95-90-85-80% can also be used. It is important to use uniformly
decreasing load allocations.
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e Section IV: The processing of the obtained results and their
incorporation into the IT database is the final phase of this logical line. In
the future, the results of the real cutting tests will be included here.

The results obtained in this way, together with the results of the data taken
from industrial production and the preliminary cutting laboratory tests, provide
the basis for the future continuation of the research.

Our studies now presented belong to section 1. These will form the basis for
subsequent fatigue tests, which will be carried out with the help of a
“Barkhausen” magnet crack tester.

Development of breakage testing equipment
In the following, let’s review the fracture testing equipment specifically
developed for the project. The design of the device was based on the following
aspects.
e We need to solve the task using existing equipment.
e The tool clamp must correspond to the actual machine cutting
conditions.
e The tool can be rotated outside the fixed position in the clamp.
e We must clearly obtain data on the nature of the fracture (sudden, e.g.,
exploding or fragmenting, edge cracking) and the degree of breaking force
required by drawing a computer diagram continuously during the
measurement.
The following schematic diagram shows the arrangement and main parts of
the measuring equipment. (Fig. 4)

y//,/vff, 7 7
1 9 Sf /K?

Figure 4. Outline of the breakage test apparatus: 1-stabile base plate, 2- frame (tensile stress
tester), 3- pressure head for rotating tool, 4- pressure head for stationary tool, 5- computer
measurement software, 6- hand clamp and rotator, 7- clamping milling spindle, 8- morse taper tool
holder, 9-milling tools (specimens)
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The tool (9) and the pressure heads (3, 4) are located in the rigid frame
system (1, 2). The pressure head touches the cutting end of the tool by
simulating the depth of grip (2-3-4-5mm). At the tool end, the contact of the
pressure head acts in a circular manner on the tool. The easiest way to achieve
this is with a bearing ring (3). The design of the tool holder and the tool holder
must correspond to real industrial conditions (7, 8). The computer recording the
measurement data (5) continuously records the compressive force in a diagram.

In the following, we review the parts of the equipment marked in the sketch.

Stable basic frame measuring unit
A material testing tensile machine forms the framework for the measurement.
The tensile machine is located in our material testing laboratory, type Zwick-
Roel Z100, with a maximum tensile/compressive force of 100kN.

Tool holder fixing unit, tool holder inserts

The stable gripping of the tool and the provision of the rotation function are
ensured by an original milling (vertical) spindle head (type: ME1000 milling
machine) with morse (MT)-3 conical connection. A special tool holder has been
designed for the vertical head so that the tool can be loaded at the appropriate
length and clamped to the desired extent. Figure 5 shows the complete clamping
structure and morse cone tool clamp. By turning the wheel mounted on its
threaded spindle, the desired position can be set to apply the load.

Figure 5. Assembly drawing of the clamping device and the morse conical tool holder, 1- tool
holder insert with ,,Weldon” sleeve, 2- tool holder shank with morse cone, 3- retraction shaft,
4rotating hand wheel

The tool holder shank (2) must ensure a precise fit to the morse-conical
spindle sleeve of the milling head and must also be secured axially. It includes a
handwheel (4) for fixing and rotating the spindle at one end and a matching hole
at the other end to hold the "Weldon" sleeve (1) (three such inserts are required
for @6, @8 and D10 tools). The tools are fastened with two M6 screws, the insert
is fixed with two M10 screws rotated 90° apart. It is connected to the vertical
head with an MK-3 conical clamp. Part 3 is an M 12 threaded shank. The test can
be performed in two angular positions. This determines whether there is a
significant difference depending on the different angular position of the tool.
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The tool holder inserts are made of C45R material for adequate strength,
however, the brittle material has been avoided to prevent the shank from
breaking in the insert. The inserts have a double-sided design, so that if one side
expands due to the compressive load, it can be used on the other side (Fig. 6).

Figure 6. The tool holder insert with the fixing holes is made for a tool diameter of 6 mm

Pressure inserts
Two types of pressure inserts used for breakage tests have been developed and
are shown in the figure.

Figure 7. Push rod with cylindrical solid and bearing roller end

The simple push rod (figure 7. on the left) creates a tool break in the upright
position. This examines the material properties of the tool shank, in addition to
the fractures that occur during cutting in such a position, e.g., CNC fast
movement. This press was used to test the breaking forces acting eccentrically
on each cutting edge.

The press-fit insert with a bearing end (figure on the right) is used for fracture
tests during rotation, here a bearing ring (which fits the diameter of the tool
under test loads the tool shank during rotation areas of application. (Fig. 8)
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~~~~~

a.) b.) c.) d) e.)

Figure 8. Planned test categories for tool breakage,
Solid tool shank break, b.) Tool cutting part loaded on two edges, c.) Tool cutting part loaded on
one edge, d.) Tool cutting edge loaded, e.) Tool loaded during rotation

Assembling the device group

The following figure shows the assembled breakage tester. The tensile test
machine is used in a pressing function using the appropriate probe fork insert.
Below the load beam is the tool holder with the vertical milling head.

Figure 9. Planned Measurement assembly and load zone

The vertical head is mounted on the test bench with two hex head screws. By
placing the holes on the test bench, positioning has also been solved.

Procedure of measurement
e  Fracture tests were performed on milling tools, which is also
represented by the nature of the load. Fracture tests examine the
maximum load capacity of different tools against static breaking
force. The tools involved in the tests are selected on the basis of the
following characteristics:
e  tool material
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e  tool diameter
e number of cutting edges
e according to technology (milling, drilling)

The principle of measurement is as follows, a solid circular steel exerts a
radial force on the clamped tool. The value of the breaking force at which the
tool breaks is recorded with the help of a computer measuring program. During
the measurement, we follow the steps marked in the following flowchart,
together with the given remarks (Figure 10.).

preparation Mounting the brea_kage |n5(_er1 and tgpr holder
on the measuring machine, positioning
- Tool holder for diameter 6 and 8mm
tool clamping tool diameter, overlap 20mm.
Preload (for prestessing) F___=4N,

preload pressure head ::I\sptl.a[;ernenlD 1mm/min,
this gives the trigger signal to start the measurement.

The F is a displacement of 0, 1Tmm/min, ‘

break,
measurement rteﬁéig(ejala is recorded from here.

After the maximum value of the measured
: breaking force, the measurement is completed
datafile at a force reduction of 80% (possible flow tests
therefore not relevant here).

Excel program

The data is exported to an Excel file,
followed by the creation of the charts.

Completion of report, relevant data

evaluation (F,.F tool end displacement).

braaking’

Figure 10. Main steps of the breakage test procedure

3. Equipment validation

The equipment was tested and validated in two parts. First, break the “typical”
milling tools and then record the measured data. After that, the 3D modelling of
the former milling tool, and then checking this with finite element simulation, is
how close the calculated breaking force approaches the result of the real fracture
test measured on the equipment.

Breakage test with the developed equipment
In the following, let’s review the real breakage test, milling tool, the test
procedure, and the results.
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Specimen milling tool of breakage test
The validation fracture test was performed on a Fraisa P5230 @6 milling tool
(P5230.300 HM MG10 gt) with the following main features (source: Fraisa):

e  Fine-grained, carbide homogeneous structure (without internal
cooling hole)

Raw material with a hardness of 1600HV

Rm tensile strength: 850-1100 MPa

6mm tool diameter (shank and working part)

3 cutting edges

Test procedure, measurement result

The process of the validation test is completely in line with the previous
flowchart. The tester increased the load until the tool broke, while measuring the
deformation and standard force. The measurement results are shown in the
following figure.
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Figure 11. The relationship between deformation and force

The figure 11 shows the complete measurement diagram, in the 0-0.35mm
displacement range at the initial stage of the measurement (0-500 measurement
data after preloading) and then in the 0.35-0.82mm displacement range at full
load (500-1200 measurement data) shows the evolution of the curve up to the
fracture. It can be seen that the relationship between the force and the
deformation is approximately linear, the fracture occurs at 1234 N, with the
magnitude of the deformation is 0.815 mm.
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The following figure shows the original condition of the tool and the fracture
surface (brittle fracture) after the test. (Fig. 12)

Figure 12. Photos of the tool used for validation measurement (Fraisa P5230 ©6) before (left) and
after (right) the breakage test

Repetition of breakage test by FEM analysis

Using the possibilities of computer simulations, we create the “opposite pole” of
the validation tests for the finite element test, the comparison of which with the
real fracture test shows its applicability.

3D CAD model of the tool
For the simulations, a 6-diameter P 5230.300 HM MG10gt milling tool used in
real fracture tests was modelled. The modelling was performed with parametric

engineering CAD software. The following figure shows the appearance of the
3D model (Fig. 13).

Figure 13. Apparent 3D CAD image of the tool model (based on Fraisa P5320 (6)

For the volumetric body model, we also considered the tool edge characteristics,
chamfers, and angles.
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FEM simulation breakage tests
The aim is to determine whether the simulation programs give adequate results
for radial loads. Furthermore, to create a method to determine the critical value
that the tool can still handle and to compare this value with the result of the
actual test. Given the results obtained, a conclusion must be drawn and the
suitability of the method determined.

The simulation was performed with Ansys® Academic Research Mechanical,
Release 17.2 with the Static Structural module. The following aspects were kept
in mind during the simulation:

e The clamping is made on the shank with a fixed grip, as the grip takes
all six degrees of freedom, so this grip is correct.

e Clamping will take place in two lengths.

o The load is applied to the cutting edge for a length of 6 mm.

o The load is applied to one or two corresponding surfaces.

e The voltage drop caused by sharp edges does not matter during the
simulation.

The carbide has a hardness of approximately 90 HRA (Pintér 2018) with a
yield strength of approximately 1000 MPa. Therefore, the force at which such a
load is applied to the tool is recorded. (Fenyvessy 2015)

In determining the value sought, if the voltage exceeds the yield point due
to the force, it will be lower in the next simulation, if it does not exceed,
and vice versa.

Figure 14. The simulated fracture

Figure 14 shows how the stress in the green area reached the yield point and
thus a fracture would occur. Both the simulation and the examined broken tool
showed a brittle fracture. In the following, we look at the results obtained from
the simulations in tabular form (Table 1).
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Table 1. Simulation results of Fraisa P5320 96 fracture at different clamping lengths

1 tool edge 2 tool edges
Tool type vertically
Load 7 ‘, "W
30 mm clamping
length
Required strength 1100 N 1100 N
40 mm clamping
length
Required strength 1050 N 1050 N

The images in the table illustrate the achievement of the yield strength. This
appeared at the top third of the cutting part of the tools, so those parts were
enlarged in the pictures. The complete tools and the stresses that arise in them
are shown below.

It can be seen from these simulations that it gives nearly the same result
regardless of rotation and clamping. The presented structure can be applied on a
theoretical basis to find the force at which the plastic deformation occurs. For
reliability, compare the real and simulated fracture test values in the following.

4. Discussion, comparison of real and simulated breakage test
Clamping and loading are similar to a real fracture test. On the short surface “A”

the force is applied, while on the surface “B” the tool is gripped, tying all six
degrees of freedom. (Figure 15.)
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Figure 15. Structure of comparative simulation and plastic deformation

Excluding the high stress due to the sharp corners of the cutting edges, 800 N
is required to reach 1000 MPa according to the simulation.
Under a force of 1200 N, the deformation develops as shown in the following
figure, in millimeters.
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0,13839
0,069196
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Figure 16. Comparative simulation and deformation

The following figure shows a sectional view of the stress distribution, and
since the yield strength on the inner parts is already significantly lower, a brittle
fracture is conceivable, values are in MPa.
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Figure 17. Comparative simulation and distribution of strength
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5. Conclusion

The results showed that the simulation programs can be properly used to develop
a predictive tool breakage prediction system. The extent of the deviations is
commensurate with the current capabilities of the simulation programs.

The FEM method showed less value in the deformation, but this can also be
explained by the fact that other elements of the device performing the test are
also deformed (vertical head, clamping elements), therefore it shows a higher
value than shown in the simulation.

Determining the load values is not an easy task for this type of brittle fracture,
however, it was visible how the whole cross-section slowly underwent plastic
deformation.

Because the predictive method deviates in the direction of safety and shows the
onset of plastic deformation at 2/3 of the true fracture value, it provides an
acceptable result.

Overall, it can be stated that the simulation can provide a support
corresponding to the breaking point of the tools. It cannot be determined with
full certainty at present, but it can provide a safe limit that is of great help in
determining the cutting parameters. The interaction of the laboratory test method
and the finite element simulations performed in parallel show a favourable
opportunity for our further investigations.

The long-term goal of the studies is to determine sub-data for a larger, more
complex task, to develop predictive tool failure prediction systems.
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Abstract:

In this study, an organically modified montmorillonite (OMMT), was added to
the Stereolithography (SLA) resin. The test specimens were made using a
custom stereolithographic 3D printer and the mechanical properties of the
printed specimens were investigated. The effect of the filler on printing accuracy
was also measured and evaluated. The results showed that the addition of
OMMT at 5% (w/w) decreased the flexural modulus and the maximal flexural
stress by 37%.

Keywords:

DLP, SLA, composite, montmorillonite, resin, photopolymerization

Introduction

Rapid prototyping, particularly SLA 3D printing, has undergone significant
advancements due to developments in material science. Traditional 355 nm SLA
printers are expensive due to specialized laser equipment and the photoinitiators
used, while 405 nm desktop Digital Light Processing (DLP) systems offer a
more affordable alternative but often exhibit inadequate mechanical properties.
To address this issue, researchers are exploring nanocomposites as reinforcing
materials. This study examines the effect of organic montmorillonite
nanoparticles on the mechanical properties of test specimens produced from
DLP resin. The results highlight how the incorporation of OMMT nanoparticles
influences the mechanical characteristics of printed products (Weng, 2016),
(Palucci Rosa, 2021).
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Experimental

The temperature of the resin and the printer chamber is one of the most
significant factors during the experiment, as it affects viscosity by decreasing it,
allowing the material to flow more easily within the resin vat and improve
printability. The effect of temperature is particularly important not only during
the printing of pure photopolymer resin but also in the mixing process and the
printing of photopolymer composite materials. The appropriate temperature
range for dispersion depends on the reinforcing material. In such cases, it is
advisable to use a material with a similar or identical density because a heavier
material will quickly sink into a lower-viscosity liquid, leading to an
inhomogeneous material distribution during printing. This promotes the
formation of stress concentration points, uneven load distribution, and ultimately
the fracture of the final product. In terms of its effect on the chemical structure,
higher temperatures increase the mobility of free radicals and polymers, which
enhances the photopolymerization processes and leads to a higher conversion of
cross-links (Bagheri, 2019).

Photopolymer resin

Photopolymers are resins that change their structural and chemical properties
through photochemical reactions when the exposed light leads to crosslinking.
They consist of a mixture of highly crosslinkable monomers, oligomers, and
light-sensitive photoinitiators. The illumination is usually done with ultraviolet
(UV) light, although it can extend into the visible spectrum. As a result, their
structural properties can be altered under UV light exposure. Oligomers are
molecules made up of a limited number of monomer units, enabling the
formation of branched chain molecules. Thanks to the branching, the
crosslinking grows in all directions in space. The material used in the

experiments is
skin-colored Voxeltek Pro resin, for which the manufacturer did not provide a
Technical Datasheet.

As a result, we referred to the processing parameters of a similar resin with
comparable properties, as recommended by the printer manufacturer (Bagheri,
2019), (Voxeltek, online).

Organic filler material

Organically modified montmorillonite (OMMT) is utilized as a reinforcing agent
due to its unique ability to enhance the mechanical and thermal properties of
materials. When incorporated into resins, OMMT can improve strength,
stiffness, and heat resistance. This is primarily attributed to its layered structure,
which allows for more even dispersion within the polymer matrix, potentially
leading to better interactions between the resin and the reinforcement. Nanomer
L.30P (Table 1.), a high-purity montmorillonite treated with Octadecyl-
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Ammonium (CisHs7NHs"). This organic compound used to modify the surface of
montmorillonite clays like Nanomer 1.30P. By attaching Octadecyl-Ammonium
groups, the polarity of the materials surface is reduced, making it more
compatible with apolar polymers. This can improve dispersion and may provide
stronger mechanical reinforcement in the polymer matrix (Nanomer I.30P,
online source), (Tarablsi, 2012), (Bata, 2024).

Table 1. General data of Nanomer 1.30P (Nanomer 1.30P, online source)

Surface Modifier Octadecyl-Ammonium
Appearance Off white free flowing powder
Surface Modifier Concetration 28-32 wt%

Bulky Density 250-300 kg/m’

Particle Size (Mean) 15-20 um

Specific Gravity 1.9 g/em’

X-ray diffraction (doo1) 1822 A

The surface treatment improves compatibility with the resin, allowing it to
function as an effective additive for enhancing physical performance and flame
resistance. However, the interaction between the resin and Nanomer 1.30P has
not been previously studied, and the effects of heating have not been considered.
Now it is expected that the resin will incorporate well with the treated
nanoparticles to potentially improve its properties. Nanomer 1.30P is typically
used in concentrations ranging from 4-6 wt% for mechanical improvements, and
1-4 wt% for flame retardancy (Nanomer 1.30P, online source).

Custom 3D printer setup

The printing was performed on a Phrozen Sonic Mighty 8K DLP printer (Fig.
1.). This type of printer does not have a built-in heating unit to control the
chamber temperature, so this was achieved using a custom heating system
described in a previous study. This heating device must be capable of
maintaining a stable resin temperature of 40°C. Heating the photopolymer resin
is necessary to reduce its viscosity, ensuring better flow properties and more
uniform layer formation during printing. This helps improve the overall print
quality and may enhance the dispersion of any added reinforcing materials. The
selected resin temperature values were determined based on previously reviewed
studies, which highlight the benefits of heating (Frank, 2022), (Dall'Argine,
2020), (Steyrer, 2018).
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Custom heating unit

Photopolymer-composite

Figure 1. The custom heating unit inside the chamber and set to 40°C

Preparation of photopolymer-composite material

Magnetic stirring (Fig. 2.) is a low-cost mixing method, where a small magnet is
used for mixing the particles, achieved through high-speed rotational movement.
While it is simple and cost-effective, the mixing efficiency is not very high with
this method. Despite this limitation, magnetic stirring is still suitable for mixing
materials with larger particle sizes, similar to manual mixing. However, for
optimal dispersion, especially of nanomaterials, an ultrasonic homogenizer can
be used to improve material preparation. Mixing over a wider temperature range
can also help enhance dispersion.

‘ Photopolymer-composite |

Stirring magnet

Digital display

Time regulator

Rotation regulator

Figure 2. Parts of the magnetic stirring machine (Magnetic Stirrer, online source)

The filler material required for printing was measured using a Kern ABT
120-5DM laboratory scale. Two types of resin were prepared for the experiment:
a pure resin and a resin containing 5% wt% OMMT. The OMMT was mixed
into the resin to investigate its effects on the material's properties. A 5% wt%
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concentration was chosen based on the Nanomer 1.30P datasheet and previous
studies, as well as its potential to enhance the resin's performance without
negatively impacting its overall characteristics. Before mixing, the resin was
heated up to 40°C using an industrial polymer drying oven. The pre-heating of
the resin before mixing was prompted by the OMMT’s tendency to form lumps.
When the resin was at room temperature, the results were unsatisfying, as the
resin aggregated into larger lumps at the bottom of the photopolymer vat during
preliminary test (Fig. 3)
(Nanomer 1.30P, online source).

Photopolymer VAT |

OMMT lumps

Figure 3. Inconsistent dispersion of the reinforcement material in the photopolymer resin

3D printing process

A total of 18 bending test specimens were printed: 9 pieces from the pure resin
with 0 wt% OMMT, and 9 pieces from the resin containing 5% wt% OMMT
(Fig. 4.). The dimensions of the test specimens were 53%10%3 mm, following the
MSZ EN ISO 178 standard for plastic three-point bending test specimens. No
other factors were modified in the slicer or during the printing process, all
manufacturing settings were left at the recommended value mentioned in the 2.1
section.
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Figure 4. Specimen layout on the build platform (ChituBox Slicer Software, online source)

Table 2. contains printing parameters based on the Phrozen Sonic Mighty 8K
official printing profiles that were applied identically in both experiments. In the
present experiment, the specimens were not post-cured, only cleaned with
isopropyl alcohol. With these printing settings, the printing of a set of 9

specimens took 25 minutes.

Table 2. Resin printing parameters (Prozen Resin Profile, online source)

Layer height 0.05
Basic info

Retract speed (mm/min) 150

Layer count 6

Exposure time (s) 35
Bottom Layers

Lifting distance (mm) 8

Lifting speed (mm/min) 60
Transition layers Layer Count 6

Exposure time (s) 2.3
Normal layers Lifting distance (mm) 8

Lifting speed (mm/min) 60

Mode Resting time

Waiting mode
during printing

Rest time after retract

2
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Three-point bending flexural test

During the three-point bending test, the printed prismatic specimens were
subjected to a simply supported loading configuration with a central
concentrated force. The specimens were supported at two points from below,
while the load was applied at a single point from above. The reaction force was
recorded at the specimens midpoint as a function of deflection. Based on the
applied force and the corresponding deflection, the flexural deformation
behavior of the specimens was analyzed. For data evaluation, the determination
of the flexural modulus and the flexural strength was required. The bending tests
were performed using an Instron 3366 universal testing machine (Fig. 5.).

Instron 3366
testing machine

Figure 5. Three-point bending flexural test

Each specimen was placed on the support rollers with the surface that was
not in contact with the build platform facing downward. The support span was
set to 48 mm using a caliper, considering the specimens thickness (16x3 mm)
and following the MSZ EN ISO 178 standard. The bending test was conducted
either until specimen fracture or until a predefined deflection limit was reached.
In this study, the maximum deflection was set to 11 mm. This value was
determined based on three preliminary tests. Table 3. contains the most
important settings for bending, configured in the Bluehill 2 software.
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Table 3. Three-point bending settings of the measurement software

Standard MSZ EN ISO 178

Force measurement range 10 kN

Displacement measurement type Crosshead displacement
Sampling rate 100 ms

Crosshead speed 20 mm/min

Fixture type Three-point bending fixture
Support span 48 mm

Preload IN

Preload speed 10 mm/min

Maximum deflection value 11 mm

Results and conclusion

The results of the three-point bending tests are recorded in Table 4.

Table 4. Three-point bending test results

Maximum Maximum
Pure Flexural Maximum flexural O.MMT Flexural Maximum flexural
. modulus reinforced modulus

specimen (MPa) load (N) stress specimen (MPa) load (N) stress
(MPa) (MPa)

#1 4406 183.35 146.68 #1 2548 115.44 92.36
#2 4199 179.19 143.35 #2 2551 118.86 95.09
#3 3929 154.54 123.63 #3 2693 115.88 92.70

#4 4389 183.82 147.06 #4 2688 114.14 91.31
#5 3987 168.66 134.93 #5 2732 115.63 92.50
#6 4039 170.82 136.66 #6 2902 105.28 84.23
#7 3808 162.70 130.16 #71 2644 116.05 92.84

#8 3815 162.26 129.81 #8 1508 77.96 62.37
#9 3958 169.54 135.64 #9 2765 115.63 92.51
Average 4058,89 170,54 136,44 Average 2559 110,54 87,60

values values
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In tensile testing, an increase in reinforcement content generally leads to
improved mechanical properties up to a certain concentration. However, in
flexural testing, this trend does not necessarily hold, particularly if the
reinforcement does not integrate effectively with the polymer matrix. In the
present study, the decrease in flexural properties can be attributed to the
insufficient interaction between the surface-treated OMMT and the resin (Fig.
6.).

| OMMT reinforced specimens |

Extension (mm)

Figure 6. Pure specimens (left) and OMMT reinforced specimens (right) load-extension graphs

The underlying reason for this is the difference in polarity: OMMT, modified
with octadecyl ammonium, exhibits improved compatibility with certain
polymer systems. However, in this case, the specific photopolymer resin did not
establish a sufficiently strong interaction with the OMMT particles after mixing.
The likely explanation is that the resin predominantly exhibits non-polar
characteristics, while the surface treatment of OMMT aims to enhance
dispersion rather than to ensure strong chemical bonding with non-polar resins.
Consequently, the reinforcement did not integrate effectively, limiting its ability
to enhance the flexural performance. Additionally, further investigation into the
photopolymer resin itself is necessary to better understand its matrix
characteristics, particularly in terms of polarity and compatibility with OMMT.

This would allow for selecting or modifying the resin to achieve improved
dispersion and interaction with the reinforcement. Moreover, the mixing process
plays a crucial role in the final dispersion of OMMT within the resin. Inadequate
mixing can lead to agglomeration, preventing the reinforcement from being
evenly distributed, which negatively affects mechanical performance. Therefore,
optimizing the mixing parameters, including mixing time, speed, and method, is
essential to improve homogeneity. Temperature control is another critical factor,
as the viscosity of the resin changes with temperature, influencing the dispersion
of OMMT. Maintaining an appropriate temperature during mixing and printing
could enhance the distribution of the reinforcement, preventing sedimentation or

148



Mechanical Engineering Letters, Volume 26

uneven dispersion. Future studies should focus on these aspects to develop a
more effective approach for incorporating OMMT into photopolymer resins.
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Abstract:

The growing environmental strain of conventional plastics has prompted the
search for sustainable alternatives, and bio-based plastics have emerged as
promising substitutes. In this article, an integrative Cradle-to-Cradle (C2C) Life
Cycle Assessment (LCA) framework is introduced as a design for circular bio-
based plastics. Building upon conventional linear LCA, which often fails to
account for regenerative use phases, the proposed approach focuses on
biological and technical nutrient cycles to achieve a closed material flow loop.
The paper discusses design principles, systemic considerations, and application
challenges of circular LCA, considering product design, infrastructure, and
policy directions in general. By incorporating C2C thinking into LCA and
design processes, this framework aims to transform bioplastics from single-use
products to regenerative assets in a circular economy. Key findings from
existing literature, industry practice, and material science inform the feasibility
and usefulness of the model in guiding future sustainable material systems.

Keywords:

Bioplastics, Life cycle assessment, Recycling, Circular economy

Introduction

Environmental concerns over plastic waste and dwindling fossil fuel supplies
have led to growing interest in green alternatives to traditional petroleum-based
plastics. [1] In this context, bioplastics produced from renewable biomass, and in
many cases biodegradable, have emerged as the solution of choice. In recent
years, the scientific community has been studying the potential environmental
benefits of bioplastics through life cycle assessment (LCA) approaches that
assess the impacts of manufacturing, use, and end-of-life phases. [2] [3]
Sustainability has become the core requirement in engineering and design.[4]
It requires rethinking the design, manufacture and disposal of products,
infrastructures and industrial systems. In doing so, green engineering has
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developed as a discipline that seeks to minimize environmental damage while
maximizing social and economic gains. It advocates for the development of
systems that conserve energy, minimize waste, and utilize renewable materials.

But while many traditional approaches to sustainability are designed to
reduce the negative impacts of human activity, this mindset can fall short of the
necessary radical transformation in a limited and fragile system.

The Cradle to Cradle (C2C) philosophy is built on a dream in which
everything we make doesn't end up in the bin but is used to create something
new. William McDonough and Michael Braungart first coined the term, which
turns the traditional linear idea of ‘take, make and throw away’ on its
head. Instead, it calls for a biological and technical metabolism system in which
waste is a resource.[5]
In C2C thinking, materials are seen as nutrients in a closed cycle, either safely
returned to nature or reused in industrial cycles. This approach encourages the
design of materials and products that promote regeneration, reduce waste, and
create value in each use.[6] For example, composting industrial products, where
everything has a second (or third, or fourth) productive life.

The introduction of this approach to plastics looks promising. Plastics are
both a blessing and a curse in today's world. They are strong, light, and versatile,
but it is notoriously difficult to dispose of them in an environmentally friendly
way. An economic system known as the "circular economy" seeks to eliminate
waste and promote product reuse. In this system, plastics are no longer
disposable waste, but valuable goods that must go through several life cycles. [7]
Circular approaches to plastics aim to redesign products, make them more
recyclable, and create systems where they can be reused. Governments and
companies, ranging from car parts to packaging, are rethinking how plastics can
be part of the cycle of materials, rather than being incinerated. [8]

Bioplastics

Bioplastics produced from renewable biomass sources such as corn starch,
sugar cane, or cellulose have a lower carbon content than petrochemical plastics
and are changing the face of green growth. The important thing is not where the
plastic comes from, but where it goes.

Bioplastics, as classified in Figure 1, can be composted, recycled, or reused
in high-value applications if they are manufactured according to C2C design
principles. Depending on their technical design, they can be integrated into
biological or technical cycles. The goal is to produce biodegradable or
recyclable materials that can be both recycled and regenerated. [9]
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Figure 1: Main three categories of bioplastics. Adapted from (Muneer et al. 2021)

Life Cycle Assessment

Traditional LCA vs. Cradle-to-Cradle LCA

Life Cycle Assessment (LCA) has been around for centuries as a method of
measuring the environmental impact of products from raw material extraction to
until scrapping. The traditional LCA models, however, tend towards being linear
in their approach and having no mechanism for accounting for circular system
complexities. An example is a traditional LCA, which will measure the impact
of plastic bottles until they are dumped and not account for reuse and recycling.
[10]

This is where 'cradle-to-cradle' LCA comes into the picture, which is an even

more circular and integrated form of LCA that looks at material in a continuous
loop.
Cradle to Cradle LCA considers multiple life cycles of a material rather than a
single 'end of life' since material flows are dynamic and continuous in a real-
world system.
This approach evaluates how materials transform across the stages of
production, use, and regeneration, emphasizing the importance of designing
products from the outset with recyclability, compostability and reintegration into
either biological or technical cycles in mind.[11]

Systemic LCA for Circular Materials
A systemic LCA redirects focus from individual product evaluations to
interrelated systems. It is about combining all types of information:
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environmental impacts, economic compromises, social consequences, and
technical interdependencies. It's not the footprint of the product, it’s the
handprint, or it’s the net positive contribution to the circular system. It's that
bigger picture that makes systemic LCA such a powerful tool for companies
seeking to be in alignment with circular economy goals. [12]

Challenges in Implementing Circular LCAs
The shift from conventional LCA towards systemic LCA, cradle-to-cradle, is not
problem-free. In the first place, data availability is a concern. Circular systems
are rich in complexity and need cross-sector, real-time data. Then, there is the
issue of modelling closed-loop cases: how to forecast the environmental
footprint of a material that will be reused three times within the same situation?
Another is the standardization, like relative to traditional LCAs, which are
formulated from more refined guidelines (e.g., ISO 14040/44), circular LCAs
have no standardized protocols yet. This makes calibration and comparison
difficult. Finally, there must be experts on board who are acquainted with the
science and systems approach of circular appraisal. Without expertise on these
grounds, even well-designed tools don't work. [13]

Closed Loop Material Systems in Circular Bio-Based Plastics

Closed Loop System

A closed-loop system is a sustainable model designed to keep materials
continuously circulating within a production cycle, minimizing waste and the
need for new resources. [14] In this system, products are designed from the start
for reuse, recycling, or safe reintegration into the environment. Rather than
following the traditional linear path of "take, make, dispose," a closed-loop
approach ensures that materials retain their value through multiple lifecycles.
This concept is especially vital in addressing environmental challenges, as it
promotes efficiency, reduces pollution, and supports the transition to a circular
economy. [15]. When applied to bio-based plastics, closed-loop systems aim to
recover and reuse the same material in the same or similar applications, ensuring
zero waste and maximum value retention. Unlike open or cascading loops,
where materials eventually lose functionality, closed loops are designed to be
perpetual. Think of it like pressing the “reset” button every time a product
reaches the end of its use. [16]

This concept is foundational to circular economy principle. It minimizes the
need for virgin material extraction, drastically reduces emissions, and creates
more stable, local supply chains. For bio-based plastics, which are already more
sustainable than petroleum-based plastics, closed loops push the sustainability
bar even higher.
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Designing Bio-Based Plastics for Closed Loop Recycling

The design phase is where the closed loop potential is created or destroyed. For a
bio-based plastic product to be maintained within a closed loop, it will have to
be designed for durability, traceability, and ease of disassembly. This is where
Cradle-to-Cradle design principles shine. [17]

For instance, bio-based PET (polyethylene terephthalate) bottles can be
designed to retain the same chemical properties as conventional PET so that they
are recyclable in existing recycling systems. But that is not all: additives must be
non-toxic, coloring must be recyclable, and labels must be removable. Each
design decision matters [18],[19]. Emerging technologies also allow molecular
marking very tiny invisible markers embedded in plastics to identify the polymer
type, use history, and optimal recycling path. These tags make sorting easier by
automatic systems to maintain materials in the appropriate loop. It is a marriage
of biology, chemistry, and information science turning "waste" into a quality
resource for its next life.

Closed loops don’t just happen in the design lab, but they need real-world
systems to support them. This means:

e Collection networks that efficiently retrieve used plastics.

e Recycling facilities that can handle bio-based materials without
contamination.

¢ Reverse logistics platforms that bring materials back from the consumer
to the producer.

Economic and Environmental Value of Closed Loops

It is the effectiveness of closed loops that makes them so powerful. Each
kilogram of recycled plastic saves energy, raw materials, and emissions. The
environmental benefits are obvious, but the economic ones are just as
compelling. [20]

* Reduced costs of production: Companies can cut costs on virgin materials by
recycling what they already possess

* Resilient supply chains: Closed loops reduce reliance on volatile raw material
markets.

* Compliance with regulation: Many governments now offer incentives, or
impose penalties based on circularity scores

Summary

This study puts the revolutionary potential of integrating Cradle-to-Cradle values
with Life Cycle Assessment of bio-based plastics on the front burner. Unlike

154



Mechanical Engineering Letters, Volume 26

conventional LCA schemes whose target is waste dumping, C2C systematic
thinking considers incessant material flow, aligning with the vision of a circular
economy. By producing bio-plastics that are intended to be recyclable,
compostable, and traceable, one can close the loop and dramatically reduce both
environmental and economic loss. However, realizing this potential is not
merely about product technology but also infrastructure, data systems, and
systems of regulation that support closed-loop logistics. As bioplastics develop
as essential materials for sustainable development, system-level LCA models
will be essential tools to make sure that they contribute positively and
holistically towards environmental, economic, and social objectives.

Conclusion

This paper introduces a forward-looking strategy that links Cradle-to-Cradle
(C2C) principles to Life Cycle Assessment (LCA) in circular bio-based plastics.
Traditional LCA approaches cannot handle the circular material flows and
regeneration cycles of circular economies. This work, on the other hand,
introduces a systems-based LCA approach where several cycles of reuse,
recycling, and reintegration are taken into account, providing a positive lift to
sustainability measurements. It covers the classification and possibilities of
bioplastics, explains traditional vs. C2C LCAs, and explores the central role that
design plays in bringing closed-loop systems into operation. Challenges of data
availability, standardization, and system modeling are also mentioned. The
methodology points out that bio-based plastics, when incorporated into system
C2C loops, have the capacity to shift from being environmentally burdensome to
positive regenerative resources. Ultimately, the paper confirms the transition
toward "doing more good" rather than "doing less harm" in sustainable material
systems.
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