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Analysis of the Interfacial Shear Strength of aBasalt Single Fibre
and Polymer Matrix: Numerical and Experimental Approach

%l E1l EEA 314 GedimirhadMONASTYRECKIZT $AEOA : %1 %. ) ! +) %
1 KaunasTechnology University, Department of Mechanical Engineering

2 Lithuanian Energy Institute, Laboratory of Nuclear Installation Safety

* emilija.stankute@lei.It

Abstract

The mechanical performance ofibre-reinforced composites is strongly influenced by the quality
of the fibre-matrix interface. This research aims to analyse the interfacial shear strength (IFSS)
between a basalt fiore and a polymer matrix using combined experimental and numerical
approaches. Micrebond tests were conducted to measure the IFSS, while finite element
modelling simulated stress distribution and failure process. The results showed that basalt fibres
exhibited moderate interfacial strength with the polymer matrix, and numeri@al simulations
accurately depict the overall pattern of the experimental loadlisplacement behaviour. The study
confirms the potential of basalt fibres for highperformance composites and demonstrates that
combining testing with numerical modelling is an #ective strategy for characterising and
understanding fibre-matrix interactions.

Keywords: basalt fibre, epoxy, polymer composite, interfacial shear strength, finite element
modelling.

1. Introduction

Fibre reinforced polymer (FRP) composites have becomerucial materials in engineering and
structural applications due to their excellent strengthto-weight ratio, corrosion resistance and
versatility. The performance and durability of these composites are largely influenced by the
mechanical characteristicsof the fibre-matrix interface, where load transfer is important to
ensure structural functionality. Among the various interfacerelated parameters, the interfacial
shear strength (IFSS) is significant. A strong and wehlonded interface ensures that appéd
stresses are effectively transferred from the polymer matrix to higkstrength fibres, enhancing
overall composite performance and delaying the onset of failure mechanisms such as fibre pull
out or interfacial debonding.
Increasing environmental awarenes and the demand for sustainable materials, basalt has gained
attention as an ecefriendly alternative to traditional reinforcements such as glass or carbon
fibres [1]. Sourced from volcanic rock and produced through a relatively lovenergy melting
process without the use of additives, basalt fibres offer a low environmental footprint, high
recyclability and abundant raw material availability [2, 3]. Their nontoxic production and high
durability contribute to more sustainable composite solutions, especia}l in sectors aiming to
reduce environmental impact without compromising performance, such as aerospace,
automotive and construction industries. As industries move towards greener alternatives,
understanding and optimising the interface behaviour of basalibre composites becomes crucial
for their broader application.
Basalt (BF) and glass (GF) fibres reinforced with a polypropylene (PP) matrix were investigated
by R. Zykaite et al. [4] by micredebonding testing and evaluation of interfacial shear strengit PP
films of different thicknesses were formed by screw extruder and cut in rectangular shape. Both
10
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types of fibres were treated with a silanebased surface treatment. For the sample preparation,
PP film was mounted on the fibre and heated in the oven toelt the film. It is noted that PRGF
systems have higher IFSS values than 8 systems, due to GF sizing was made to have excellent
compatibility with PP, in contrast to BF, which sizing intended for epoxy resin. In comparison to
microcomposites without a coupling agent, the IFSS of microcomposites with a coupling agent
increases. Researchers claim that at very low speeds, new adhesion contacts between the fibre
and matrix may develop, and polymeric chains may reorganize. As a result, IFSS values are
constant. Z. Yang et al. [5] investigated the limitation of basalt fibre as a reinforcing material due
to the brittleness of the fibrematrix interface. To enhance the interfacial adhesion between BF
and epoxy matrix, lowpressure @ and H-Ar plasma were usé to surface activate the BF under
various conditions. According to the findings, the optimal conditions for the surface activation of
BF were found to be @plasma maodification, since @plasma treatment demonstrated a greater
IFSS improvement of 38.4% ampared to the H-Ar plasma approach (14.4%) under ideal
activation circumstances when compared to neat BF.

The aim of this study is to analyse the interfacial shear strength between a single basalt fibre and
a polymer matrix using a combined experimentahnd numerical approach. By simulating stress
distributions and failure mechanisms that are difficult to witness directly in addition to
experimentally measuring IFSS, this hybrid methodology allows a greater comprehension of
interfacial mechanics.

2. Experime ntal
2.1. Sample preparation

Abio-based diglycidyl ether of bisphenol A epoxy SR Greenpoxy 33 (Sicorrfinance) with carbon
content (~35 %) sourced from plant origins and solventfree phenalkamine epoxy curing agent
LITE 2401 (Cardolite, Belgium) sourced from cashew nutshell liquid technology with bicontent

of ~33 % were used as the matrix material dued their lower environmental impact, high bio
based content and good mechanical and chemical properties. The use of SR Greenpoxy 33 and
LITE 2401 reduces reliance on petroleurbased resources, maintains comparable performance
to traditional epoxy systems, naking them appealing for use in sustainable composite
applications. Basalt fibres, supplied by Basaltex, Belgium, with an average diameter of 16 um were
used.

Basalt fibres were carefully mounted on a support frame, securing both ends with glue. A curing
agent was then added according to the equivalent weight of the epoxy. Small polymer droplets
were deposited onto individual fibres using a thin metal wire and then left to cure in a room
temperature for 24 h and postcured in the oven for 2 h at 80°C and & at 120°C. For the micre
bond test (MBT), 50 um of distance between blades was chosen, the resin microdroplet diameter
was 100 um, embedded lengtlz 250 pm.

2.2. Testing

MBT, a commonly used method for describing fibrenatrix adhesion at the microscale, isused in
the experimental portion of this work. In this method, a small droplet of polymer is placed onto a
single fibre and shear force is applied until the droplet debonds. IFSS is computed using the force
at debonding, fibre diameter and embedded droplevalues. The IFSS was calculated using the
equation (1):

~

t —h Q)

where Fmax is the maximum load at debondingd z fibre diameter, | z embedded length of the
droplet.

11
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The embedded microdroplet length was measured using the Diatron LEX820 microbond tester
(Andover, UK). The load cell of 2 N pulled the droplet at the speed of 0,09 mm/min (Fig. 1).

N

ig. 1. Micro-bond test using DiaStron LEX820

3. Numerical modelling

A finite element model (FEM) was developed using ABAQUS software (Fig. 2). The model
represented a single fibore embedded in a spherical polymer matrix. Fibre diameterl6 um, the
surrounding interface was chosen 1 pnn thickness and the microdroplet dianeter was 100 pm,

while the embedded lengthz 250 um. The fibre, interface, knives and the matrix were modelled
OOCET C 0% OITTEA Al Ai AT 008 %l AOOEA DOI PAOOGEAO |
OAOET mhguqQh ET OAOEAAKGIJdIo® ERADEIT AttloG@O Ad A" AL
cho '"0Ah 0T EOOI 160 OAOET mnhoq AOI PI1 AO xAOA EIE
plastic properties, containing yield stress starting at 0,04 GPa and 0,025 GPa for epoxy and

interface, respectively and damage evolution of 0,01 um. The model is simulated using an explicit
technique.
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Fig. 2. Finite element model using ABAQUS software

Blades were fixed at the top surfaceand a displacementcontrolled load of 2 um was applied to
the fibre surfaceto simulate the micro-bond test. For model simulationa tetrahedron mesh was

chosen. The simulated loadlisplacement curve was compared with experimental results to
validate the model.
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4. Results

The finite element model successfully simulated the mickbond test by replicating the
mechanical response of a single basalt fibore embedded in a polymer matrix under axial loading.
Simulation results show stress distribution inthe fibre and microdroplet (Fig. 3). Stress starts
where the knives embed the dropletand spreads down towards the fibre.

S, Mises
(Avg: 75%)
+4,000e-01

S, Mises

(Avg: 75%)
+1.293e-01
+2.100e-02
+1.925e-02
+1.750e-02
+1.575e-02
+1.400e-02
+1.225e-02
+1.050e-02
+8.750e-03
+7.000e-03
+5.250e-03
+3.500e-03
+1.750e-03
+0.000e+00

+1.750e-02
+1.575e-02
+1.400e-02
+1.225e-02
+1.050e-02
+8.750e-03
+7.000e-03
+5.250e-03
+3.500e-03
+1.750e-03
+0.000e+00

A .

Fig. 3. Finite element model before and after the fracture, um

Figure 4 reveals that the experimental graph is almost linear, reaching the highest point of 56.21
mN, where the droplet slips down the fibre. The numerical graph is a bitent upwards, however,

it follows the experimental graph well. Simulated microdroplet pultout test reached the highest
point of 58,90 mN. The reason for these deviations is that the iwant simulation findings are an
initial calibration step and should be regarded as preliminary. It is anticipated that future model
development will increase the agreement between numerical predictions and experimental
findings.

70

60

50

40 A
1 —e—experimental
30

—e—simulation

Load (mN)

20

10 A

0 T T T T T T T T T T
0 20 40 60 80 100

Displacement (um)
Fig. 4. Experimental and rumerical load-displacementgraph
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IFSS was also calculated. Experimentally obtained average value is 9,66 MPa with 2,56 MPa of
standard deviation, and numerical value is 9,38 MPa (Fig. 5).

14

12

10 1

o
Ll

IFSS (MPa)
(o))

mexperimental msimulation

Fig. 5. Experimental and numerical values of IFSS
5. Conclusions

By acurately simulating the mechanical reaction of a single basalt fibore embedded in a polymer

matrix under axial loading, the finite element model was able to replicate the micrbond test.

1. The overall trends of the numerical and experimentaload-displacement curves are similar;
the reason for disparities is that the numerical model was created and parametrized before the
entire experimental campaign was finished.

2. IFSS tests revealed good alignment between numerical and experimental resultsthaa 2.89%
difference.
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Abstract

This study investigates a more susiaable and energyefficient alternative to conventional epoxy
adhesive curing methods used in the aerospace and aviation industries. Instead of relying on
traditional curing equipment, such as large ovens or autoclaves, the adhesive is reinforced with a
carbon fibre chopped strand mat (CSM) to act as a conductive layer within the bonding area. The
electrical resistance of CSM is characterised across three fabric layer orientations (0°, 45°, and
90°), confirming sufficient conductive homogeneity of the matedal, with 90° being the most
conductive layer orientation. Singlelap shear tests demonstrate that CSiveinforced specimens
cured via Joule heating achieved a similar average shear strength (10.6 MPa) compared to even
cured pure epoxy specimens (9.3 MPaJ.hese results indicate that Joule heating using CSM is an
energy-efficient and costeffective alternative to conventional curing equipment.

Keywords: carbon fibre chopped strand mat (CSM), adhesives, Joule heating, localised curing,
composite bonding.

1. Introduction

Traditional epoxy adhesive curing methods, particularly in the aviation and aerospace sectors,
still face challenges related to efficiency and scalability [2]. Conventional curing equipment,
such as autoclaves and largevens, typically requires an energyintensive process [2,3]. The low
thermal conductivity of polymers imposes limitations on heating rates, leading to longer curing
cycles and, thus, increased energy costs [, The size of curing equipment also limitsomposite
parts sizes, causing scalability issues when manufacturing large aircraft parts and highlighting
the need for alternative curing processes [5].

To address these limitations, this research proposes an alternative bonding technology that
utilises localised Joule heating. Joule heating (also known as Ohmic heating) is the process in
which electrical energy applied to a conductive material is converted into heat due to the
electrical resistance. In composite bonding applications, Joule heating can bsed to cure
adhesives directly in the bonding area. Generally, adhesives function as insulators; therefore, for
Joule heating to be effective, this research suggests using a carbon fibre chopped strand mat (CSM)
as a conductive layer. CSM material is geted because it is a commercially available option [6].
This type of application enables efficient localised curing without the need to heat the entire part.
A significant aspect of this study is the implementation of a lowost Arduino-controlled curing
system, which regulates power input and monitors temperature fluctuations during curing cycles
for each specimen. However, prior to integrating these CSM layers into the specimens, their
electrical behaviour must be tested. Joule heating uniformity direbt depends on the
homogeneity of conductivity, therefore, it is important to ensure the suitability of the CSM for
effective and even heat distribution [7 8].
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This study focuses on evaluating the electrical resistance of CSM in three different layer
orientations (0 °, 45 ° and 90°) to determine its suitability as a reliable conductive layer within
the bonding area under Joule heating aniis potential implications for bonding performance in
single-lap joint samples.

2. Materials and Methods
2.1. Conductive Homogeneity Evaluation of CSM

To evaluate the homogeneity of the 8 g/m2 notwoven carbon fibore CSM (R&G
Faserverbundwerkstoffe GmbH, Waldenbuch, Germany) and its suitability as a conductive
interface for Joule heating, electrical resistance measurementgere conducted on samples cut at
nominal angles of 0°, 45°, and 90° relative to the fabric roll direction. Although it is considered

that CSM fibres are randomly oriented within the fabric, as shown in Figure 1, these
measurements allowed for the assessmie® 1T £ AT U BI1 OAT OEAI AT EOT
conductive behaviour caused by the manufacturing process.

200um

Fig. 1. SEM image of randomly oriented CSM fibres within the fabric

A Fluke 287 RMS multimeter (Fluke Corporation, Everett, WA, USA) was usex rheasure
resistance. To ensure a stable connection between the CSM and multimeter probes, conductive
copper foil tape was applied at each end of the specimen. Five specimens were prepared for each
fabric layer orientation, and all specimens had a test agecorresponding to the bonding area of a
single-lap specimen (12.5 x 25.0 mm). Resistance was measured across the length of 12.5 mm,
corresponding to the current path across the width of the bond.

2.2. Single-lap specimen preparation

Following the homogeneity assessment, singldap shear test specimens were fabricated using the
CSM layeroriented at a 90° angle as the embedded conductive layer. Lap joints were
manufactured from glass fibrereinforced polymer (GFRP) laminate, with measurements
following the ISO 4587 standards, as shown in Figure 2 [9]. All bonding surfaces were cleaned
with acetone before assembly to minimise contaminants.

The adhesive used for joint bonding was made from CHS 582 epoxy resin mixed with Telalit 0420
hardener (both from Spothemie, Usti nad Labem, Czech Republic) in a weight ratio of 100:25.
CSM was coated with the prepared adhesive and placed in the bonding area (Figure 2).
Additionally, pure epoxy specimens were prepared without a conductive layer to serve as a
baseline.
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Fig. 2. Schematic of the singldap shear specimerfor local curing

The adhesive curing procedure for both specimen groups was carried out according to the
manufacturer's recommendations: first, 24 hours cured at room temperature, followed by 2 hours

at 50z60 °C, 1 hour at 80 °C, and finally, 1 hour at 120 °C. A total of six specimens per group were
prepared. The pure epoxy specimens were cured in an oven, while the CSM specimens were cured
using an Arduino-controlled Joule heating system, as describeadh iSection 2.3. After curing at
room temperature, conductive silver ink (Thermo Scientific, Karlsruhe, Germany) was applied to
the contact areas of the CSM specimens to ensure good electrical contact.

2.3. Arduino -Controlled Curing System

Localised curing of the singldap CSM joints was performed using a custofouilt Arduino -based
heating system. This system used temperature regulation via a digital control loop: temperature
feedback from each specimen was continuously monitored and used modulate power input.
Since each specimen had different resistance values, they required different energy inputs.
Therefore, a thermocouple sensor (LM35DZ TO92 (Texas Instruments, Dallas, USA)) was attached
directly to the top of each bonding area to preide real-time data, which was also displayed on
the computer screen to monitor temperature changes.

The curing system operated using a simple oeaoff control scheme, in which the Arduino
microcontroller (Arduino, Turin, Italy) activated or deactivated semconductor relay modules
(Iduino, Shenzhen, China) to either resume or stop power input to each specimen individually.
This approach allowed the system to maintain curing temperatures within the range of 50 °C to
120 °C by toggling current flow based on th measured temperature and the programmed
setpoint.

All specimens were connected to the system simultaneously, using individual heating channels
powered from a shared linear laboratory power supply (UNHT, Dongguan, China). The system
ensured consistent lealised curing with minimal complexity and cost.

2.4. Mechanical Testing of Single -Lap Joints

The mechanical performance of the joints was evaluated using lsghear testing conducted on a

Tinius Olsen H10KT universal testing machine (Tinius Olsen, Horshatd$SA), which is equipped
xEOE A pm E. TTAA AAI1T AT A A AOT OOEAAA ODPAAA I
AAAT OAET ¢ O )3/ c¢cwph xEOE AAAE OPAAEI AT AAET
was gripped on both ends by the testing @chine. The load and displacement data were recorded

using QMAT 5.37 software.
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3. Results
3.1. Results of Electrical Resistance Measurements of CSM

Figure 3 illustrates the electrical resistance of CSM in three different nominal angles of 0°, 45°,

and 90°. The results of the CSM homogeneity evaluation show that the specimens with the
TTT ETAl AT ciA T/&£ n) EAA OEA EECEAOO OAOEOOAI
jcp8um mah AT A OEA 11 xA0O OAI O6AO A O omyaring thep X 8 T
0° and 90° groups, the electrical resistance in the nominal angle of 0° group is 1.7 times higher.

This suggests that the electrical conductivity of the CSM material is not entirely isotropic. Since

the effectiveness of Joule heating directldepends on the material's resistivity characteristics,

CSM conductive pathways need to beniform and free from anisotropic variations that could

affect current distribution. However, the difference is too small to have any significant impact on

Joule heaing applications.
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Fig. 3. Electrical resistance of CSM measured in three nominal angles of 0°, 45°, and 90°

The relatively small electrical resistance in all three nominal angles confirms the suitability of the
CSM layer as a conductivieterface for localised Joule heating, as it is expected to provide uniform
heating within the bonding area.

3.2. Shear Strength Results of Single-Lap Joints

To evaluate the influence on singlkdap mechanical performance, shear tests were performed. The
average shear force sustained by both specimen groups is summarised in Figure 4. As shown in

the graph, the GFRP specimens bonded with CSM had a slightly higher average shear strength
jpmi8ep -0AQ AT i DAOAA O OEA DPOOA Amprogethentfdld AE| A
within the confidence intervals, making the difference statistically insignificant. Nevertheless,

GFRP specimens, bonded with CSM, slight improvement in mechanical bond strength may
indicate that inclusion of CSM could enhance mechanidabnd performance and be suitable for
cost-effective localised Joule curing. This enhancement is likely due to mechanical interlocking

and an increased surface area at the bonding interface.
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4. Conclusions

1.

2.

3.

An automatic localised Joule heating system for singlap specimen curing was developed

with an Arduino microcontroller.

Carbon fibre CSM conductivity tests showed that the lowest resistance is in the 90fettion

of the fabric.

Singlelap joints of GFRP reinforced with carbon fibre CSM exhibited a similar average shear
OOOCAT COE T &£ pnn8ep -0A AT i PAOAA O DHPOOA API @U
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Abstract

Forearm fractures are fairly common, accounting for 17% of all fractures [1]. Effective treatment

and rehabilitation depend onti AT U AT A AAAOOAOA 1 TTEOI OET C T &
However, these methods come with certain limitations in terms of reaiime tracking. This gap in
regular, detailed monitoring can delay medical intervention and negatively impact the healing
outcomes. To tackle these flaws, we proposed an idea of having a smart plaster bandage imbedded

with three types of sensors to properly evaluate if the wound is healing correctly.

Keywords: forearm fractures, effective treatment, gypsum.
1. Introduction

Forearm fractures are fairly common, accounting for 17% of all fractures [1]. These types of
fractures can result from a variety of causes, including falls, direct trauma, or sportslated
incidents, and often require careful management to esure proper healing and restore full
function. Bone strength depends on bone mineral density and bone geometry, including cress
sectional dimensions and mineral distribution [2]. Effective treatment and rehabilitation depend

on timely and accurate monitod ¢ 1T £ OEA EOAAOOOA8O EAAI ET C B(
professionals rely on Xrays and manual examinations to assess healing. However, these methods
come with certain limitations in terms of reakttime tracking, accessibility, and the need of fragent
DAOGEAT O OEOEOOR 1106 O1 1 ATOEIT OEA ZAAO OEAO i
be used to find subtitle changes in the healing process. Additionally, the traditional monitoring
methods put the healing process of the bone itselft dhe centre of attention and cannot achieve

proper monitoring of the surrounding soft tissue during the healing process. In some cases,
inflammation, infection, or incorrect tissue regeneration can go unnoticed until complications

arise. This gap in regur, detailed monitoring can delay medical intervention and negatively
impact the healing outcomes. To tackle these flaws, we proposed an idea of having a smart plaster
bandage imbedded with three types of sensors to properly evaluate if the wound is headin
correctly.

2. The methodology

The smart plaster cast is constructed out of a forearm cast and thermal, moisture and ultrasound
sensors with the purpose of measuring the biometrics of the healing body part providing real time
date of the healing prosseand helping to provide a more personalised and responsive treatment.
The thermal sensor is used for monitoring the temperature of the tissue surrounding the healing
bone, in theory creating a better chance of catching possible inflammation and bacterial
infections. Inflammation is an important part of bone healing process, but unregulated acute and
chronic inflammation can hider proper bone healing by stimulating the overproduction of
osteoclasts leading to faster bone dissolvement and result in bone densitoss, furthermore,
prolonged inflammation has a link with creating other problems in human body, like rheumatoid
arthritis, Crohn's disease, and bronchial asthma [3]. Traditional plaster casts, while effective for
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immobilizing fractures, provide limited support for the healing process. Plaster casts are often
soaked with sweat and moisture, creating a favourable environment for bacterial growth, which
can delay healing. By integratinga moisture sensor, we can continuously check if therés no
moisture under the plaster, and whenthere is, we can take measures to get rid of it. Ultrasound
monitoring of damaged bone has several advantages. The alternative way to observe the healing
process offers a cheaper, neimvasive way to track the healing process, dg#fing high-resolution
imaging. Furthermore, ultrasound is also saferthan @ AU 11 OEA Z£ZAAO OEAO
get a dose of ionized rays, making it a safer alternative for underaged and pregngaatients [4, 5].
Ultrasound frequency and dispersiorspeed are deciding factors for the quality and the resolution

of the imaging. Ultrasound imagers work by transmitting a certain frequency of electromagnetic
waves into the area of interest. Because dhe different acoustic impedance property of a
material that describes how much resistance an ultrasound beam encounters as it passes through
a tissug of different tissues in the body some of the energy of a transmitted wave is reflected
back. The energy input is picked up by a transducer ancbnverted into electrical impulses
creating an image of damaged tissues and making it easier to make a judgment about the healing
process [5].

3. Sensor technology

Thermal sensor technology

The sensor is based on the fact that the Poly (3;ethylenedioxythiophene) polystyrene sulfonate
(PEDOT: PSS) is sensitive to the temperature Figure 1. As the temperature increases, the mobility
of carriers in the material increases, resulting in a decrease in resistance. Despite its wide
operating range, the sensor mialy operates between 30 °C and 50 °C. In this case, the
temperature of the skin around the wound can be a possible indicator of the condition of the
wound [6].
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Fig. 1. az circuit and system level b z block diagram of the developed smart bandage for iveless strain
and temperature monitoring; c z photographs of the NFased smart bandage attached on the arm as a
proof of concept for wireless strain and temperature monitoring using the custom smartphone
application, d z NFC tag fabricated in flexible plyimide and embedded in PDMS. (e) Smart bandage
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attached on hollow cardboard cylinder for the bending tests [6].

To simplify on how this smart sensor works. Thermal sensors collect data from the skin. NFC chip
inside this bandage powers the system and ansmits data wirelessly. Then smartphone using a
custom app reads the data. Having this kind of technology allows us to use this sensor in various
medical applications for wireless monitoring of wounds and respiratory diseasesand transfer
the data to a actor wirelessly to reduce the number of visits and long lines to see a doctor.

Humidity sensor technology

The project usesa capacitive humidity sensor DHT11, which can measure moisture in the air
Figure 2. It measures humidity in the change of capacitance between two electrodes separated by
amoisture-absorbing substance. The changes in capacitance are converted into digitajrsals by
means of an integrated circutusually.

This sensor also has a thermistor that measures the temperature according to the principle of a
negative temperature coefficient, where resistance decreases upon temperature increments.
This sensor conseqantly helps in the regulation of humidity inside the splint, which in turn
inhibits bacterial growth and necessarily maintains a proper healing state following surgery or
trauma, within a smart splint system [7].

- -
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Fig. 2. DHT 11 Temperature and Humidity 8nsor [7]

Ultrasound sensor technology

The most suitable method for examining fractures of long bones, such as the tibia and radius bone,
is the axial transmission method. As a rule, the transmitter and receiver are placed in direct
contact with the skin (percutaneous application) on either side of the fracture site, as shown in
figure 3. The emitted ultrasound waves propagate from the transmitter to the receiver along the
longitudinal axis of the bone. Distinct differences in the properties of bone tissund cortical bone
result in a change in ultrasound velocity at the fracture site compared to the baseline
measurement on intact bone [8].

Transmitter Receiver
% ;", Soft Tissues ;

2
%,
-3

SO -5

Fig. 3. The axial transmission technique used for the ultrasonic evaluation of fracture healing in long
bones [8]

,,
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4. Conclusions

While standard casts offer a good and expectable quality of healing, the addition of thermal
humidity and ultrasound sensors enhancelte overall quality of healing. Real life monitoring of
biometrics during the healing process, provided by sensors, lowers human error possibilities,
helps to prevent complications such as inflammation, infection, rheumatoid arthritis or improper
bone and tssue healing. The thermal sensor helps to catch abnormal body heat fluctuations
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indicating inflammatory responses and prompting for medical intervention. The humidity sensor
helps to monitor moisture inside the caseand prevent bacterial buildup and skin irritation.
Additionally, the use of ultrasound technology offers dower-cost, norrinvasive, and radiation
free method for keeping track of bone and surrounding tissue regeneration. Being radiatiefree
and anon-invasive way of tracking regeneration of bodily tissue also makes it a better alternative
to X-rays for use with children and pregnant patients. By enabling wireless data transfer to a
smartphone or remote system, the smart plaster bandage reduces the frequey of hospital visits
and helps to create personalised treatment plans. This shift from reactive to proactive care could
significantly improve patient outcomes and reduce healthcare burdens. The proposed smart
plaster cast represents a forwardthinking approach to fracture managemeng one that embraces
modern sensor technology to bridge existing gaps in patient monitoring and promote a safer,
faster, and more informed healing process.
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Abstract

In this paper, basketball shots of different distances are investigated: closange shots from
standing position and longrange shots with vertical jump. Basketball shot is the main scoring
method in the game of basketball. The ability to shoot the balidm different distances is the skill
developed by athletes. The development of this skill requires a lot of time, practice, and excellent
muscle memory. Assessment of shooting technique is difficult because each athlete performs
his/her shot in a different way due to the complexity of the biomechanical aspects of the shot and
different anthropometric data. Various factors can influence ball throw: symmetry between the
sides of the body, fatigue, extraneous distractions, footwear or clothing, muscle soreness
tendon strain. As there is no single way to determine the correct technique, biomechanical
analysis is used. The analysis can help to discover parts of the throw that are invisible to the naked
eye, and which have an influence on the ball trajectory.i@nechanical analysis allows to see
aspects of the throw that need to be addressed. Factors that are used to assess throwing technique
of the ball are: symmetry between the body sides and regularity of the angles in different
positions. Conclusions drawnrom the analysis allow for improvement of the player's throwing
technique and consequently the results. In this work, six subjects performed the throws. Angles
through the ankle, knee, shoulder, and elbow joints and through the waist were recorded.
Asymmery between the left and right sides of the body and an increase in the angles of the
athletes, regardless of the positionwere observed throughout the study. Only one athlete (subject
1) showed exceptional regularity in the prevalence of increasing anglesn one side and two
athletes (subject 3 and subject 5) were able to maintain symmetry fanost positions. Shooting
distance has no effect on the asymmetry and it was observed in all angles, in all positions and on
both sides of the body. It is importahto reduce asymmetry in the lower part of the bodyasit can
affect stance or jump. It is allowed in the shoulder and elbow angles, due to unequal position of
the left and right handson the ball.

Keywords: basketball, ball shootinggcloserange shooting,long-range shooting.
1. Introduction

In the game of basketball, the athletes' ability to handle and shoot the ball precisely is one of the
key factors that makes a difference between elite players and amateurs in terms of team success
and victory. Underneath every shot is a technique developed through years of trainingnd the
complexity of biomechanical muscle memory and cognitive processes interplay. Understanding
what makes the throwing technique correct is important not only for baskdtall playersbut also

for team coaches and scientists who aim to develop an optimal training programme. This work
focuseson the complex technique of shooting the basketball in order to determine what key
elements differ between the athletes studied andheir body sides when the external factar
distance to the basketis varied. Using quantitative analysis and motion capture technology,
movements of the athletes' feet, legs, pelvis, arms and hands, and angles between them, are
analysed in order to determinethe optimal sequence required for smooth and efficient shot
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performance. Each ball throw is a unique challenge that requires a precise application of the
technique. In basketball, shots are taken while the player is in a stationary position, i.e. standing
Of course, there are also shots in the game that are made on the run, but in this papaty the
shots made ina standing position are analysed.
The aim of the studyis to analyse the throws of the athletes from two distances (close and far),
and to compate their body sides and throws with each other.
To achieve this goalthe following objectives were set:

o to carry out analysis of basketball throwing parameters from short and long distances;

0 to carry out kinematic analysis of the processes using the obtaidedata and to determine

the dependencies between the results obtained;
0 to evaluate different shooting positions.

2. Study

Subjects

Six athletes from a youth basketball team (starting five and one substitute) were selected for the
study of basketball shooting technique. All of them have more than 9 years of experience in the
sport. The level of a basketball player can be defined by tlability to play in a team, the number

of successful shots, the number of rebounds, etc. These criteria are usually not assessed
separately. The study consisted of two parts: frethrow shooting without jump and three-point
shooting with jump. Due to the imitations of the laboratory, it was not possible to use a basketball
hoop to record the success of the shots. Shooting from the fr@ow line is easier as the distance

is shorter and no additional jump movement is required. Shooting from longer distansds more
difficult, as the athlete has to release the ball at the highest point to ensure the maximum possible
angle between the trajectory of the ball and the hoop. Each player repeated both parts five times.
Relevant anthropometric data from athletes ag@ recorded and presented in Tablé.

Six males with height 2026 cm, weight 96.55.72 kg and basketball training age 11.381.51
years participated in the study. All athletes have a dominant right leg and were in excellent
physical condition and injury-free at the time of the study.

Table 1.Data of subjects

No Subject Height,cm | Weight, kg | Years of training experience
1 1 investigative 199 96 13

2 2 investigative 205 100 12

3 3investigative 196 90 10

4 4 investigative 212 106 12

5 5 investigative 197 93 9

6 6 investigative 203 94 12

Average 202°6 96.5°5.72 11.33°1.51

Study methodology

Due to the complexity of the ball throwing motion, there are not many ways to study its throwing
technique. The whole body is involved in the movement, with different limbs generating different
magnitudes of force at different times. The most effective watp study throwing technique is by
using a system of cameras and markers, which allows live tracking of the marked body parts and
thus capturing values such as angles, velocities and accelerations of the measured body parts. The
camera system captures fullnovement of an athlete, but does not capture muscle activity or force
generated by the athlete. For a more detailed study, force plates can be used, or live
electromagnetic measurements of muscle activity can be made. Muscle force is not measured in
this study. Once a throw has been captured, thre#gimensional model of the athlete can be
analysed in software. It is viewed from different angles, at different points in time. This allows the
movement to be analysed in more depth or broken down into phases.
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The data of the players were recorded on arrival in the laboratory and they were informed about
the progress of the test. The subjects' clothing consisted of: shortsshirt, and basketball
sneakers. After a Bminute warm-up, reflective markers were placedn each athlete. They were
applied to the ball and to both sides of the athletes' bodies in the following areas:
o the front of the sneakers;
the ankles (on the far end of the fibula lateral ankle);
the centresof the outer knee joints (on the far end ofthe femur - lateral condyle);
the hip joints (on the proximal end of the femur, the greater tuberosity);
the deltoid muscle of the shoulder;
and elbows (on the lateral condyle of the humerus);
o wrist (heel end of the dice).

Throws were recorded using Qualigs 5.6 and 7series cameras for threedimensional motion
analysis. The cameras recorded displacements of the markers waim accuracy of 0.01 mm in the

X, ¥ and z planes at 200 Hz. After all athletes completed the test, data analysis was performed
using Qualisys Track Manager software.

O OO OoOo

Course of the study
1. Each athlete made ten throws: five at close range without a jump and five at long range
with a jump.
2. All throws are made from the same place.
3. No strict requirements for the throwing technique were imposed, as the aim of the study
is to analyse the throwing technique and the differences in throws of an individual athlete.
4. After each shot, the players were givea 30-second break to prepare for the next shot and
to rest, so that fatigue was noa factor.
5. The main requirement for the athletes was to make their throws as naturally and
consistently as possible.
After the laboratory part of the study, the next step was to analyseach throw using Qualisys
Track Manager software. In each throw, the joints were marked and the bones were connected
(Figure 1). With the athlete's bar model, the kinematic results were analysed and compared with
each other.

Fig. 1. Image of asubject in Qualisys Track Manager software

Shooting of the basketball can be divided into three main phases: preparation, execution and
follow-through (Figure 2). In the preparation phase, the athlete starts the throwing motion by
stopping in place and rasing his/her arms. In the execution phase, the athlete jumps up and
extends his/her arms. In the final followthrough phase, the ball is thrown, and the movement is
completed.
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Preparation phase Implementation phase A F o li througho phase
Fig. 2. Basketball shooting phase$23]

As movement in each phase takes place for several seconds and angles between the limbs vary in
a wide range, for the kinematic analysis, three main positions were chosen:
o Position 1. The motion frame is captured when thethlete starts to raise his/her arms in
the preparation phase (Figure3, a);
o Position 2. The motion frame is captured when the athlete starts to extend his/her arms
during the performance phase (Figure3, b);
o Position 3. The shot is captured when the ball is thrown during the followhrough phase
(Figure 3, c¢).
From the captured frames, the values of all the angles of the body analysed are obtained. Knowing
the frame number ensures that all angle values are tdined at the same time. Théive main body
angles that affect throwing technique are analysed (Figur):| - angle between foot and calf; -
angle between calf and thigh; - angle between thigh and upper lumbatfi; - angle between upper
lumbar and upper arm; - - angle between arm and forearm

a
Fig. 3. Throwing positions and analysed anglesaz 1 position, bz 2 position, ¢z 3 position

3. Results

Results of close-range shots

The main criterion for judging an athlete's throwing technique is symmetry between the sides of
OEA AT AUs8 4EEO EO OAI AOGAT O &l O OEA Al cl AlOq 14
(angle through the pelvis). They determine the athlete's stase in the shortrange throws and the
jump in the long-range throws. If there is asymmetry between the sides of the athlete, it is likely
that the athlete is standing in a twisted position, which may affect the trajectory of the throw.
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Asymmetry is possibleET 7 j AT CI A 1T OAO OEA OEI 01 AAOQ AT A
hands are not held equally on the ball. The dominant hand holds the ball straight, and the
nondominant hand is an auxiliary hand that holds the ball laterally (Figure 1.4). During thetudy,

each athlete performed five closeange shots. The values of the analysed angles are recorded in
three positions. Their averages per position are presented in Tables 3.1 to 3.3 (position Table

2, position 2 - Table 3, position 3- Table 4). Theangles tested are compared by body side and
throwing position. The angles to be considered for both sides of the body must be the same in
order for the throw to be performed correctly, i.e. symmetrically.

Table 2. Averages of the angles at close throwsr position 1

Investigative Body side Position 1
g y Lh J |[rh J rh J |7h J |[Rh J
1 investigative Right 77+3 125+3 12215 13+1 78+1
g Left 83+1 128+4 12445 16+2 95+2
. o Right 79+2 136+3 13044 37£15 53+2
2 investigative
Left 82+1 134+2 12344 4148 771
3investigative Right 831 136+1 1272 16+1 71+2
g Left 90+1 138+2 122+3 25+1 99+1
. o Right 87+3 144+9 142+8 17+3 67+3
4 investigative
Left 874 140+10 138+8 304 97+3
, _ Right 91+2 144+4 1464 16+3 117+3
5investigative
Left 83+2 144+4 14615 13+1 95+3
6 investigative Right 84+1 137+3 121+4 31+4 63+2
g Left 85+2 137+3 12044 29+2 105+2
Table 3. Averages of the angles at close throws for positich
Position 2
Investigative Body side ~ - ~ - ~
g y (h 3 [rh 3 [en 3 3R 3 [rRA J
1 investigative Right 8714 13848 162+2 752 39+2
¢ Left 99+1 146+3 162+3 93+2 87+2
: N Right 89+4 141+6 166+3 87+10 5442
2 investigative
Left 92+4 13715 160+3 107+1 93+3
3investiative Right 102+6 161+4 17512 95+3 4742
g Left 10645 160+3 176+3 102+3 93+6
: _— Right 95+1 158+6 17443 753 51+3
4 investigative
Left 93+2 154+8 174+4 101+4 82+3
5 investigative Right 90+1 14514 175+1 98+2 791
d Left 842 148+4 | 1772 | 10122 | 61x1
6 investigative Right 93+2 149+4 167+3 91+1 61+3
d Left 9513 1505 | 1732 | 9242 87+3

Table 4. Averages of the angles at close throws for position3

Investigative Body side Position 3
g y Lth J |rh 3 rh J 1h J|rh J
: L Right 115+4 168+1 1731 9343 12648
1linvestigative
Left 124+4 167+3 1771 102+1 | 128+2
. L Right 12145 170+2 1771 101+7 | 12546
2 investigative
Left 12145 163+1 171+1 115+1 | 14042
3 investigative Right 128+1 169+1 1732 105+£1 | 132+13
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Left 129+2 168+1 176+2 105+1 | 12042
4investigative Right 96+1 160+5 176+3 79+4 111+10
Left 93+1 158+7 174+1 100+3 | 11045
5 investigative Right 11748 167+1 169+1 96+2 108+2
Left 11148 168+2 166+2 103+4 | 12346
6 investigative Right 116+2 167+1 1741 108+4 | 13949
Left 115+4 165+2 177+1 95+2 108+1

Results of long-distance shots

The distance throws by position are shown in Tables 3.4 to 3.6 (position-ITable 5, position 2-
Table6, position 3- Table7). The tested angles are compared according to body side and throwing
position. The analysed angles on botlsides of the body must be the same for correct, €.
symmetrical, throw.

Table 5. Averages of the angles at distance throws for positioh

Investigative Body side Po§ ition 1 - ~ ~ =
1 h J [ h J rh J 1 h Rh J
1 investigative Right 76+1 126+4 124+3 13+1 7244
Left 83+2 129+3 125+2 16+2 92+2
2 investigative Right 84+1 15145 147+7 27+2 51+2
Left 85+1 147+4 13946 2845 81+3
3investigative Right 80+1 132+3 123+3 1742 69+1
Left 87+1 134+3 123+3 32+4 106+2
. I Right 82+2 1305 12945 1942 68+4
4 investigative
Left 81+2 12645 125+4 305 9715
5 investigative Right 99+3 163+7 156+6 14+1 119+2
Left 93+3 164+8 154+7 13+1 98+2
6 investigative Right 95+3 139+2 11143 30+3 59+1
Left 91+2 1351 1104 32+1 103+3
Table 6. Averages of the angles at distance throws for positioh
Investigative Body side POVS ition 2 - - ~ ~
lh J |rh 3 rh J 1 h Rh J
1investigative Right 1007 146+4 169+4 70+1 402
Left 113411 14845 16944 88+1 8915
2 investigative Right 855 13645 166+2 83+2 53+2
Left 88+5 132+4 159+3 109+1 | 9443
3 investigative Right 116+13 155+13 17244 99+3 48+2
Left 117+14 | 156+13 1755 103+3 | 1004
. — Right 1167 156+7 1633 78+4 54+2
4 investigative
Left 11244 146+7 163+2 103+4 | 8742
5 investigative Right 82+3 124+4 164+2 103+1 | 7942
Left 76x3 12714 1684 1051 601
6 investigative Right 91+3 131+1 169+1 95+2 59+2
Left 87+4 133+2 176+1 93+1 86+3
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Table 7. Averages of the angles at distance throws fqosition 3

Investigative Body side PO? tion 3 - - - -
1 h J rh J rh J |[yh J |Rh J
1investigative Right 12445 162+2 172+2 89+1 13448
Left 128+3 160+3 174+1 97+2 128+3
: L Right 124+2 1672 1771 92+1 11916

2 investigative

Left 129+1 159+3 168+3 116+2 143+2
3investigative Right 127+1 172+1 175+1 103+2 116124
Left 130+2 168+2 178+2 1053 11946
4 investigative Right 118+4 161+3 170+3 86+5 122+6
Left 11544 15446 17043 104+3 120+3
5 investigative Right 13244 163+3 173+2 97+2 115+3
Left 130+1 167+3 1752 104+1 1262
6 investigative Right 122+3 160+1 168+2 102+3 101+3
Left 126+3 161+2 175+1 97+1 109+2

4. Conclusions

1.

In the short- and long-distance throws, regardless of the throwing position, almost all athletes
showed asymmetry in all the angles considered. With the exception of subject 3 and subject
5 who showed symmetry in six positions. Excluding the slulder and elbow angles from all
thirty positions, 18 positions are left in which symmetry is important. The besperforming
athletes were able to maintain symmetry in only one third of the positions considered.
Regardless of throwing distance angbosition, the tendency to increase angles is observed in
almost all athletes. Differences in angles are not significant when comparing longnge and
short-range shots. It is observed that in shortand longdistance throws, higher angles are
recorded for the left side, although the dominant side for all athletes is the right. A consistent
trend of increasing angles was observed for 1 subject. 70% of the angle measurements
showed the tendency in each position. For the remaining athletes, only 20% of the
measurements showed this tendency.

References

1.

CABARKAPAD., ANDREW CFRY, D CABARKAPA, Differences in Biomechanical Characteristics
between Made and Missed Jump Shots in Male Basketball Players. USA, Kansas, R@aiPable from:
https://www.mdpi.com/2673 https://www.mdpi.com/2673 -7078/2/3/28 7078/2/3/28 .

[viewed 02 May 2024]

YUKLU, MASANOR( 8 " AOEAOAAIT T AOAAZOEOI x OOAETEI C xEOE
trajectory for novice shooters. Japan, Kanagawa, 2024vailable from:
https://www.nature.com/articles/s41598 -024-51190-9. [viewed 02 May 2024]

RISINGH. and TREMBLAYR. How to Shoot a Three Pointer. 2@. Available from:
https://www.wikihow.com/Shoot -a-Three-Pointer. [viewed 02 May 2024]

HUDSONJ.L, Biomechanical Analysis by Skill Level of Free Throw Shooting in Basketba&lzailable
from: https://ojs.ub.uni -konstanz.de/cpa/article/view/885 .[viewed 02 May 2024]

GAETANQR. and D'ISANTQT. Descriptive Shot Analysis in Basketball. Spain, Alicante, 2016.
Available from: https://www.redalyc.org/pdf/3010/301051045017.pdf .[viewed 2024-05-02]
SLEGERN, LEE D.and WONG G The Relationship of Intralndividual Release Variability with
Distance and Shooting Performance in Basketball. USA, Oregon, 2@2Ailable from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/ .[viewed 02 May 2024]

OKAZAK], V.H.A.RODACKIA.L.FIncreased Distance of Shooting on Basketball Jump Shot. Brazil,
Londrina, 2012.Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737873/

[viewed 02 May 2024]

31


https://www.mdpi.com/2673-7078/2/3/28
https://www.mdpi.com/2673-7078/2/3/28
https://www.mdpi.com/2673-7078/2/3/28
https://www.mdpi.com/2673-7078/2/3/28
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.nature.com/articles/s41598-024-51190-9
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.wikihow.com/Shoot-a-Three-Pointer
https://www.redalyc.org/pdf/3010/301051045017.pdf
https://www.redalyc.org/pdf/3010/301051045017.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737873/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737873/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3737873/

10.

11.

12.

13.

14.

15.

Proceedings of2™ InternationalYoung Researchefonference
] INDUSTRIAL ENGINEERING 2025
FRANCAC. GOUVEIAE.R. COELHGE-SILVA M.Jand GOMESB.B A Kinematic Analysis of the

Basketball Shot Performance: Impact of Distance Variation to the Basket. Portugal, Madeira, 2022.
Available from:

https://www.researchgate.net/p ublication/359588331_A kinematic_analysis_of the
basketball_shot_performance_impact_aflistance_variation_to_the_baské¢viewed 2024-05-02]
OKUBQH.,HUBBARD M.Comparism of shooting arm motions in basketball. USA, California, 2016.
Available from:

https://www.sciencedirect.com/science/articl e/pii/S187770581630649X?ref=pdf download&fr
=RR2&rr=87def9927dd9c03f. [viewed 02 May 2024]

PAKOSZP.,DOMASZEWSKPR.,KONIECZNM.," D#: +/ 7DB#: OOAT A AAOEOAOEI 1

throw effectiveness in basketball. Poland, Opole, 2024vailable from:
https://www.nature.com/articles/s41598 -021-87001https://www.nature.com/articles/s41598 -
021-87001-88. [viewed 02 May 2024]

Basketball Tips: Howto Shoota Free Throw. 2016.Available from:
https://www.coachup.com/nation/articles/how -to-shoot-a-free-throw . [viewed 2024-05-02].
ZHEN L, WANG L.and HAQ Z A Biomechanical Analysis of Basketbalhooting China, Hebei, 2015.
Available from: https://ijssst.info/Vol -16/No-3B/paperl.pdf.[viewed 02 May 2024].

VELJOVICF, SECI(D., BEGICEAT A | | 5B BtdnedBanical Analysis of ThrePoint Shot in
Basketball. Bosnia, Sarajevo, 202Available from:
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of _threbttps://ww
w.researchgate.net/publication/350959965_Biomechanical_analysis_of_three
point_shot_in_basketbafioint_shot_in_basketbal[viewed 02 May 2024].

De MONDRAGONS Human Height. 2021Available from: https://distributionofthings.com/human -
height/ . [viewed 02 May 2024].

EZIS D, MITTON T. What are the biomechanics of a basketball jump shot when aiming for optimal
accuracy?Available from: https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog -
post.htmlA. [viewed 02 May 2024].

32


https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.researchgate.net/publication/359588331_A_kinematic_analysis_of_the_basketball_shot_performance_impact_of_distance_variation_to_the_basket
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.sciencedirect.com/science/article/pii/S187770581630649X?ref=pdf_download&fr=RR-2&rr=87def9927dd9c03f
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.nature.com/articles/s41598-021-87001-8
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://www.coachup.com/nation/articles/how-to-shoot-a-free-throw
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://ijssst.info/Vol-16/No-3B/paper1.pdf
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-point_shot_in_basketball
https://distributionofthings.com/human-height/
https://distributionofthings.com/human-height/
https://distributionofthings.com/human-height/
https://distributionofthings.com/human-height/
https://distributionofthings.com/human-height/
https://distributionofthings.com/human-height/
https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog-post.html
https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog-post.html
https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog-post.html
https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog-post.html
https://biomechanicsbasketballjumpshot.blogspot.com/2015/06/blog-post.html

Proceedings of2™ InternationalYoung Researcheonference
INDUSTRIAL ENGINEERING 2025

FASHION ENGINEERING-UTURE TECHNOLOGIES

33



Proceedings of2™ InternationalYoung Researchefonference
INDUSTRIAL ENGINEERING 2025

3000AET AAT A &AOEEIT 160 51 OAAT #EA
of Recycled Textiles

—

Muhammad Sohaib ANASh $AEOA -)+51)/.) %. U

Kaunas University of Technology, Kaunaghuania
*Muhammad.anas@ktu.edu

Abstract

Sustainable fashion is increasingly gaining prominence as the fashion industry struggles with its
environmental impact. A key aspect of sustainable fashion is the use of recycled textiles,
particularly post-consume textiles, to reduce waste and conserve resources. However, one of the
lesser-discussed challenges of using recycled textiles is the issue of fabric strength. Textiles that
have been recycled from postonsumer waste often exhibit compromised mechanicalrpperties,
particularly in fabric strength, which can limit their practical applications in garments. This study
examines the bursting strength of single jersey fabrics made from blended yarns containing post
consumer recycled cotton denim fibers and cheraally recycled polyester fibers, analysing how
different fiber ratios, twist levels, and spinning methods (ring vs. rotor) affect fabric strength.

Keywords: Sustainable fashion, postonsumer waste, recycling, durability, bursting
1. Introduction

The global textile industry generates approximatel®2 million tons of waste annually, with less
than 15% being recycled(1). To combat this, brands are trying to incorporat@ost-consumer
recycled (PCR) textilesnto their products. However, mechanical recycling processes often
weaken fibers, leading taeduced tensile strength, pilling, and poor durability(2).

The recycling of postconsumer textiles typically involves mechanical, chemical, or thermal
processes that break down the fabrignto smaller fibers (3). Mechanical recycling is the most
common method and involves shredding the fabric into fibers, which are then spun into yar@@ .
Chemical recycling, on the other hand, involves breaking down the fibers chemically to regenerate
the original material. While these methods allow for the reuse of textile waste, the mechanical
integrity of the fibers is often compromised during the recycling procesg5). Mechanical
recycling, while costeffective and widely used, can significantlymnpact the strength of recycled
fabrics. The repeated shredding, carding, and spinning of fibers often result in a reduction of fiber
length and alignment, which can lead to weakened fabric strength. Mechanical recycling can
AACOAAA OEA ErdueDriakingfhE AIDIE IAsA duratded Sludies have shown that
recycled fibers exhibit lower tensile strength, elongation, and abrasion resistance compared to
virgin fibers, limiting their usefulness in durable applications such as outerwear and activewea
(6).

Despite the growing importance of textile recycling, there is still a significant gap in
understanding of how specific factors, such as the waste percentage, twist level, and spinning
methods (ring or rotor), affect fabric strength and durability, particularly those derived from
post-consumer waste. This paper addresses this gap by investigating how varying these
processing parameters impacts the mechanical properties of fabric, i.e., strength
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2. Materials and Methods

A total number of 12 samples of 12/s yarn were produced, with varying material ratios to
determine their properties. The material ratios used were 90 % recycled polyester and 10 %
recycled cotton, 80 % recycled polyester and 20 % recycled cotton, and 70ré&cycled polyester
and 30 % recycled cotton. The samples were developed using two different spinning techniques,
ring spinning and rotor spinning and two twist levels were applied for ring yarns (12.0£0.5 TPI)
and for rotor yarns (13.0+0.5 TPI) called asnedium and high twist. The sample codes represent
yarns produced using ring (Ri) or rotor (Ro) spinning with 10 %, 20 %, or 30 % postonsumer
waste content, (MT) for medium twist and (HT) for high twist, i.e., Ri1OHT abbreviates ring spun
yarn with 10 % post-consumer waste and high twist level.

The figures and tables shall be numbered and have a setintained caption. Figure captions shall
be below the figures (Fig. 1 and Fig. 2); table captions shall be above the tables (Table 1). Please
avoid placing fgures and tables before their first mention in the text.

2.1. Fabric Development

Single jersey fabric Fig. 1) was produced on the 14E gauge StdIMS 530 HP, Germany, knitting
machine. The stitch length was maintained constant for all samples approximately. 2.9 mm,

ensuring consistency in the fabric structure. Take dowtension was also kept uniform throughout the knitting
process. The fabric wamitted at a carriage speed of 0.5 m/s, with the constant yarn tension from the cones to the needles
by themachine's integrated tension control system.

Front

OO0
\«I‘\c/’\:“\«l
SATATAY

\QI,W,W,\@)
\0).&0/.\0/.\0/

Fig. 1. lllustration of single jersey fabric structure.

3. Characterization

Bursting strength

Bursting strength is defined as theanaximum perpendicular forcerequired to rupture a textile
material when subjected to multidirectional stress. This property isparticularly critical for
knitted fabrics, as their looped structure distributes tension differently compared to woven
materials, making uniaxial tensile tests insufficient for comprehensive strength assessment. Using
the standard procedure of ASTMD-3786, the samples were cut to a size of 112 minfor
examination. Cut samples were clamped over the rubber diaphragm, and fluid pressure was
gradually increased until the fabric burst during testing. Pressure exerted and time taken on each
sample were recorded(7).

4. Results and discussion

From Fig. 2, the bursting strength analysis of fabrics manufactured from recycled denim yarns
reveals significant variations influenced by spinning technology, recycled content, and twist level.
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Ring-spun fabrics demonstrated superior bursting strength compared to rotorspun
counterparts, with RiLOHT achieving the highest performance (320 kPa) versus Ro10 MT (199.73
kPa). This difference is due to the more compact structure and better fiber alignment
characteristic of ring-spun yarns(8). Increasing recycled content from 10 % to 30 % consistently
reduced bursting strength across all samples, with Ri30MT (222.9 kPa) showing a 28 % decrease
from Ri1OMT, attributable to fiber damage and shorter staple lengis in recycled materials. High
twist variants consistently outperformed medium-twist samples, with Ro30HT (266.66 kPa)
exhibiting a particularly notable 54% improvement over Ro30MT, demonstrating twist's
compensatory effect on fiber weaknes$9). Burst ime measurements correlated positively with
strength values, where stronger fabrics like Ri10OHT (41.6 s) resisted deformation longer than
weaker variants. The results indicate that while ring spinning maintains better mechanical
properties, rotor-spun high-twist yarns offer a viable alternative, particularly at lower recycled
contents. These findings have important implications for sustainable textile production,
OOCCAOOET Cc 1T DPOEI Al AT 1T £ECOOA OE-$punCor HighawiS cotor- b OA
spun yarns for applications requiring substantial bursting strength.
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Fig. 2. Results ofthe bursting strength of developed fabrics

5. Conclusion

The challenge of low fabric strength in postonsumer recycled textilesrepresents a significant
barrier to the widespread adoption of recycled materials in sustainable fashion. While the
recycling of textiles holds great promise for reducing waste and conserving resources, the
mechanical properties of recycled fabrics, partiglarly their strength, are often compromised.
Balancing environmental sustainability, economic feasibility, and fabric performance is a critical
challenge. Continued research and innovation are needed to overcome these obstacles and unlock
the full potential of recycled textiles in sustainable fashion.
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Abstract

Fabrics made with jacquard patterns have a rich history of evolution from manual weaving to
modern technological advancementsDuring the 19th century, Jacquard looms revolutionized
textile production by automating complex designs with punched cardd.he advancement of
CAD/CAM systems has enabled Jacquard looms to create multilayer, customizable fabrics with
the ability to control pattern design, texture, and colour preciselyAs a result of the integration of
digital tools, adjustments can be made in real time, produah can be more efficient, and design
possibilities can be expandedin addition to improving design flexibility, this transition has also
made Jacquard textiles more durable and desirable for interior and fashion design applications.

Keywords : Jacquard weaving, digital design, CAD/CAM systems, pattern design, loom
automation.

1. Introduction

Fabrics made from jacquard have been a staple of the textile industry for centuries because of
their intricate patterns and luxurious appearanceThe distinctive quality of this fabric comes
from the ability to weave complex designs directly into the fabric rather than relying on printed
patterns. In the past, Jacquard fabrics were used to make upscale garments, upholstery, and
decorative textiles due to ther fine workmanship. In fashion and interior design, these fabrics
have elaborate motifs, including floral, geometric, and damask patterns, which add texture and
depth to the material [1]. As modern digital technologies are integrated into Jacquard weaving,
the trend has evolved significantlyNowadays designers can experiment with multilayered,
highly detailed fabric designs using CAD/CAM systems, allowing them to create both traditional
and contemporary patterns more precisely and personally [2]JA growingdemand for
personalized and sustainable textiles has further boosted the popularity of Jacquard fabrics since
they can be adapted to a variety of design aesthetics and functional requirements.

2. History and Evolution of the Jacquard Machine

The origins of jacquard fabrics can be traced to Lyons, France, a centre of silk weaving in the early
19th century. To create intricate patterns faster, artisans had to overcome the limitations of
drawlooms. In response to this, JosepiMarie Jacquard developed a lon with programmable
warp threads, thus enabling automated control of warp threads for efficient and precise pattern
weaving [1]. Based on earlier work by Bouchon, Falcon, and Vaucanson, the Jacquard machine
was introduced in 1804.Silk production in Lyon was revolutionized by this technology, which
reduced labour by a considerable amount while increasing outputhis influence extended
beyond textiles to programmable systems, such as Babbage's Analytical Engine, the forerunner of
the modern computer.By 1834, more than 30,000 looms were in use in Lyons alone, despite
resistance and destruction after Jacquard's death [2].
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During the 1818-1832 period, Jacquard looms evolved in England, introducing a shedding system
using hooks and punched cardslacquard machines of the early 20th century included features
such as claw mechanisms, stabilizing hook frames, and sprif@aded needle boxesasshown in
Figure 1.

Fig. 1. Jacquard Loon{3]

While the basic concept remains unchanged, warpreads can now be lifted independently, and
machines typically support 200 to 600 hooksJacquard loom types include singkacting, double
acting, and twilling, with single-acting types becoming obsolete due to their slow performance
[3]. In traditional Jacquard fabric design, three phases are involved: design of pattern and colour,
design of weave structure, and crafting (including point paper drawing and card
cutting). Althoughthis method requires deep technical knowledge, it is limited by the onto-one
correspondence principle, which restricts colour variation and demands laborious, repetitive
efforts. To achieve optimal results when reproducing imagédased colour effects, multiple
iterations are often necessaryFigure 2 illustrates these limitations in colour flexibility and
process efficiency [4].

[ Pattern Paint paper |
A {b}

L

» Card cutting » Fabric

L J
(a)
Colours +—— Weaves

Fig. 2. Singleplane jacquard fabric design processes [4]

The manipulation of weft threads againsfixed warp colours is a common way to achieve tonal
variations in historical woven designs, such as Chinese brocades and Western tapestrigsspite
the possibility of numerous colour combinations, manual limitations limited the number of
distinctions to 100. Due to the advent of CAD tools, efficiency improved, but thdame design
mode remained,limiting the potential for full -colour designs.Historically, structural stability
determined colour consistency; deviations caused unpredictable result€&ombining traditional
craftsmanship with contemporary techniques, the layeed combination design mode offers a
digitally enhanced alternative for creating complex, scalable Jacquard fabrics that take advantage
of contemporary digital design possibilities [4].
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3. Jacquard Weaving Principle and Equipment

Jacquard weaving has dramtically evolved from its early mechanical form, invented by Joseph
Jacquard in the early 19th century %], into sophisticated digital systems that have transformed
textile manufacturing. Jacquard's original mechanical loom used punched cards and harness
mechanisms to precisely control the warp and weft yarns, enabling the creation of intricate
patterns [5]. In Japan, Jacquard looms were adapted for kimono production by integrating
European machinery with punch cards and computer software, allowing for ditl archiving and
cost-effective duplication of designs 6].

The introduction of binary image processing and dither masks by Toyoura, Igarashi, and Mao to
manage tonal effects and warpveft interaction allowed for the segmentation of input images to
produce personalized and complex designg-ig. 3)[7].

,1‘ Input Segmentation

B Output
image i

vy

Mask assignment rules
defined by a user

Binarized images
with different masks

Fig. 3. Replication of Visual Impression using Binary Approach [7]

Modern Jacquard weaving now widely uses CAD/CAM technology, significantly reducing the
design and manufacturing cycle. Miura, Nakajyo, and Suzuki underscore the move from human
operated processes to computedriven ones, enhancing efficiency and flexibilit in pattern
creation [8]. Wang's research on seamless woven fashion (SWF) indicates that Jacquard
technology, along with expanded material options and CAD design software, facilitates the
production of form-fitting garments (Fig. 4)[9].

! Finishing + Trimming + Hemming

T T T e P P P P P P I
Shape changeable material l
Integration of designs

on textiles and clothing

. —

Techno —+| Whole shaped woven articles

-
T

Advanced jacquard weaving

Seamless woven fashion
(SWEF)

Fig. 4. Concept of Seamless Woven Fabrics [9]

Mitra illustrates how CAD/CAM technology is now essential for designing complex patterns, and
technologies like Jacquard design management systems and laser cutters have further

mechanized the proces§Fig. 5)[10].! OAE7AAOAhR AO AAOAOEAAA AU ' O
a wide array of weave structures and colar schemes and offers reatime 2D/3D simulation [11].
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Fig. 5. CAD/CAM Technologies in Jacquard Weaving [10]
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edges and decorative effects, and enabling functional modification through 3D simulation
software [12]. Through digital image processing algorithms, Ng and Zhou highlight tonal contrast
and texture over olour usage [L3]. This allows designers to experiment with light and shadow

for enhanced visual depth. Zhou, Ng, and Szeto propose a miadffer design process alternating
between colourless and colarful modes to generate photerealistic multi-layered fatrics. Their
method creates depth and richness in Jacquard fabrics, particularly when used with ArahWeave's
software for visualization [14]. The integration of traditional craft techniques with computer
technology remains central to textile design in Jacqud weaving.

4. Structure of Jacquard Fabrics

The jacquard fabric has evolved from mechanical looms to advanced electronic systems capable
of producing complex, multilayered textiles.Jacquard mechanisms control warp threads
individually, resulting in intricate patterns. Kaddarpoints out that Jacquard weaves have
versatile structural properties and aesthetic value in a variety ofabrics such asfurniture,
clothing, upholstery, and decorative fabrics like damask and brocad today's weaving industry,
electronic Jacquard machines with digital controls are used with documented quality systems, as
shown in a case study of a national textile company that adheres to ISO 9001:2008nsistency
and quality are determined by every element, frommaw materials to machine calibration [15]. The
textiles that depict Suleiman the Magnificent's life are a good example of how Jacquard weaving
can be used as a medium for cultural storytelling, according to Arslan et bl.the weaving process,
warp and weft interlace to create a narrative form, which combines culture and craftsmanship
[16]. Digital tools, particularly layered-combination techniques, enhance precision and creativity
in structural design, according to Zhou and FrankieBy using these toolsdesigners can separate
colours, simulate weaves, and optimize paths, minimizing errors [17Accordingly, Ng and Zhou
classify digital Jacquards as either colourless (singlayer) or colourful (multi -layer), both of
which offer high structural flexibility and hyper-realistic textures. Through layered approaches,
textile surfaces can be created with photographic detail and intricate patterns that are not
possible with traditional methods [18]. The design of jacquard fabrics now integrates quality
management cultural narratives, and digital innovation.As a result of this combination of
tradition and technology, Jacquard textiles serve both aesthetic and functional purposes.

5. Colour and Structure in Jacquard Fabrics

Jacquard fabric design has evolved remarkably since the advent of CAD technologies and
innovative modelling systems. According to Akpinarli and Arslan, CAD could be used for the rapid
creation of multiple Jacquard designs, but they noted that mass producti would result in design
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repetition [19]. The geometrical model developed by Mathur et al. was combined with various
colour mixing techniquesz including the KubelkaMunk modelz to accurately predict the visual
outcome of yarn blends in Jacquard weavin@0]. A deeper dive into colour perception was taken
by Chae, who explored both physical and visual colour prediction in jacquard textilgShae tested
various colour prediction models on CMYbased Jacquard samples and determined that the
optimized Warburton-Oliver (W-O) model was the most accurate at predicting fabric colour,
especially when neighbouring yarn colours affected visualization2fl]. By arranging yarns in
structured proportions, Ng and Zhou proposed a fultolour compound strudure with layered
design modes that enhanced surface colour gradation and fabric richnes2?]. Zhou developed
layered-combination technology to simulate multilayered colour effects and create novel
textures like double-faced figured fabrics in a major dparture from traditional Jacquard designs
as shown in Figo [23].

/ Compound ]
— — —s=| Fabric
structure

Colourless mode Colourful mode

Fig. 6. Layered-Combination Technology 23]

Mathu investigated colour rendering in tapestrystyle Jacquard weaving, proving that geometric
colour tools can predict shade effects accuraly without physical samples, reducing costs2{4].
According to Kim et al. CMYK regions were segmented and shaddictures aligned for precise
image reproduction [25]. Mathur et al.developeda colour/weave structure database for
generating high-fidelity digital images that mimic actual fabric output. By combining digital
innovation and structured weave modelling, these studies demonstrate how Jacquard's design
redefining colour control and visual complexity R6]. The use of CAD technologs and colour
prediction models has improved colourstructure integration in Jacquard fabrics, reducing the
need for physical samplingLayered design and structured modelling produce textiles that are
more dynamic and visually rich. The use of digital tde is transforming Jacquard's production
both technically and creatively by addressing physical aspects of colour as well as perceptual
ones.

6. Properties of Jacquard fabrics

A Jacquard fabric's structure and performance are determined by the weave comjitamn, fibre
types, and design elements. Warp crimp remained constant at 18.80% in both sindgger and
double-layer Jacquard fabrics with minimal variation (~4%), ensuring dimensional stability
across setups [27]Air permeability tests revealed that interchanging double weaves were more
airtight than self-stitched ones, while thermal conductivity tests revealed that larger motifs and
specific yarns were more thermally conductiveln contrast, UV protection is solely dependent on
raw materials [28]. Jacqard fabrics are tactile and mechanically responsive when optical fibres
and metallic yarns are integratedIn addition to becoming softer and more transformable, optical
fibre fabrics also had a reduced shear recovery and were rated unevenly and heavily\ngually
impaired users [29]. When used in higher percentages, metallic yarmaakefabrics thicker, stiffer,
and glossier, making them suitable for memory applications. However, they decreased flexibility
and crease resistance [30]. Fabric performance idacquard weaving is influenced by structural
design, materials, and functional enhancements. Jacquard textiles are versatile and functional
when they balance comfort, strength, and aesthetics.
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. Conclusions

1. During the early 19th century, JosepiMarie JalOAOAS6 O ET OAT OET 1 1T &
revolutionized loom automation, boosting Lyon's productivity and influencing early
computing. As of 1834, over 30,000 Jacquard looms had been installed.

2. The switch to digital looms, powered by CAD/CAM systems likkerah Weave, allows reatime
pattern adjustments, thereby reducing errors and creating intricate, multicoloured fabrics.

3. Jacquard looms with digital design tools and quality management systems to enable the
creation of precise, multtlayered fabrics, enhawing pattern design and yarn simulation.

4. By using CAD technologies, Jacquard fabrics can be created with mildgiered designs that
have accurate results through models such as Kubeldunk and Warburton-Oliver, giving
designers greater control over colourand texture.

5. Jacquard fabrics have unique properties, such as dimensional stability (18.80% crimp) and air
permeability, which depend on weave structure, yarn type, and materials like optical fibres
and metallic threads.In balancing aesthetics and functin, metallic yarns add stiffness and
thickness while reducing flexibility.
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Abstract

The textile industry is contributing significantly to environmental degradation and greenhouse
gas emissions. In response, the EU has launched a circular economy strategy to reduce the
environmental impact of textile production, which includes promoting the use of recyeld fibers.
This research aims to compare the structural and performance properties of weknitted fabrics
made from commercially available virgin polyester (PES) and recycled polyester (rPES). The
structure parameters as wale and course density, surfacesdsity of weft knits was measured, air
permeability testing, and puncture resistance, were investigated. The results revealed that PES
knits had higher wale and course densities, leading to increased surface density and air
permeability. However, rPES exliited greater bursting strength despite its looser structure.
These findings contribute to a better understanding of the performance of recycled polyester
textiles and support ongoing efforts toward more sustainable fabric development.

Keywords: Polyester, recycled polyester, weft knits
1. Introduction

The textile industry is the third highest area of consumption for water and land use, and one of
the main sources of greenhouse gas emissions. To reduce this impact, the EU has initiated a
circular economy grategy, which includes the reduction of microplastics and increased producer
responsibility [1]. Also, the developed strategy includes increasing the use of recycled fib[2.
There are three methods of textile recyclingg mechanical,chemical and biological. Mechanical
textile recycling is the most used method for recycling synthetic fibres, as it is economical and
environmentally friendly. The main disadvantage of this recycling method is the loss of fibre
quality, as mechanical recyiing cannot maintain the original properties of the materials due to
the breaking of the polymer chains [3 6].

Several scientific publications are comparindhe properties of woven fabrics, knits from virgin
(PES) and recycled polyester (rPES) yarns. Majumdar with coauthors[3] had analysed woven
fabrics from recycled PET. It was concluded that the thermal resistance of woven fabric reduces
as the proportion of recycled PET in woven fabric increases. The same results were obtained and
analysing airpermeability and tensile properties tests of woven fabrics with recycled PET. In the
research article by M. Hatamlou with coauthorg4] liquid moisture management properties of
knitted fabrics from PES and rPES were tested. The results showed that bottalysed fabrics are
classified as fast absorbing and quick drying. In the research article by G. Albini with coauthors
[5] mechanical properties of knitted and woven fabrics made from PES and rPES were tested.
Results showed that both knitted and woven PES fabrics had excellent performance in
mechanical tests (tensile strength, tear resistance) comparable to PES fabrics results.
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Analysing the literature review about the influence of recycled PES on the properties of textile
materials, it was noticed that the results of studies are controversial. It is possible to do an
assumption that the polymer type of recycled PES had an inflnee on the results, i.e. it is not the
same polymer as in virgin PES yarns.

This research aims to investigate the difference between the properties of weft knitted fabrics
from commercially available virgin polyester and recycled polyester.

2. Materials

From 16.5 tex virgin PES (PES) and recycled PES (rPES) yarn samples of combined interlock

structure were knitted. Looping diagram of analysed knits is presented in Figure 1. The dots in

the image represent the front and back needle beds. The samples weretkea with a 20E gauge
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Fig. 3. Looping diagram of a knitted combined interlock structure fabric
3. Testing methodology

Before the experiments, all the materials had been kept in standard atmospheric conditions
(temperature (20+£2) Cprelative humidity (64+4%) according to the LST EN 3139 standard.

Structure analysis of weft knits . WaleP» (cm-1) and coursePy (cm-1) density coefficients of the
knit fabrics were determined per unit length and width using a textile magnifier according to 1ISO
7211-2:2024 standards B methodPr and Py were calculated in five different parts of each knitted
fabric.

The surface densitywas determined by the LST EN ISO 12127: 1999 standard. Five samples of
each of an area of 100 cwere cut and weighed using the analytical balance GZ00 (A&D,
Japan)

Estimation of air permeability of weft knits.  Air permeability was determined by the LST EN
ISO 9237: 1997 standard using the Frazier Low Differential Pressure FAR34-LP (Frazier
Precision Instrument Company Inc., JAV) air permeability measuring device. Ten samples of an
area of 20 cm were cut out. The direction of the air flow through he material was through the
good side. The diameter of the measuring hole was 11 mm. Pressure difference: 100 Pa.

Estimation of puncture resistance of weft knits . Puncture resistance was determined by the

LST EN ISO 13938: 2020 standard using the haneheld puncture tester T-50 (Mesdan Lab.,
Italy). Five samples with an area of 100 cAwere cut out. One test is performed for (20£5) s.
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4. Results and discussion

4.1. Loop density of knits and surface density

The raw material of yarnsand, structure of knits has an influence on the structure, physical, and
mechanical properties of weft knitted fabrics[10, 11]. Table1l shows wale and course densities
of analyzing knits. From the results presented, it may be seen that knits from PES haveghler
loop density. Such results may be influenced kihe unevenness of rPES yarndn the study of K.

+ OELI Al é E¢ x[6 @was AstimatedXiiat tite Gtructure of the loops (stitches) of virgin
polyester is strictly vertically aligned, and the wits are clearly visible. In contrast, the structure
of rPES fabric does not have a clear vertical orientation, and the stitches are not uniformly shaped
properties.

Table 1. Density parameters of weft knits

Type of knits raw materials P, cm? Pn, cmt
PES 16 23
rPES 15.5 22.5

Determination of surface density results is shown in Figure 2.

Determination of surface density

£ 230 221

£ 220

£ 210 199
S 200

=
£ 180

A PES rPES

Raw material of knittedamples

Fig. 4. Determination of surface density test results

Surface density of knits from PES was measured at 212.0 2 8/m 2 and the surface density of
rPES was measured at 199.0 + 1.1 gAnWale and course density determine the surface density
of the knitted fabric [7], consequently surface density of knits from PES was namgnificant:

6.5% higher than knits from rPES.

4.2. Air permeability of weft knitted fabrics

The air permeability of knitted fabric is primarily influenced by the structure. Factors such as yarn
type, density, loop length, tension, fabric thickness, and finishing processes determine how easily
air can pass through knitted fabric[14, 15]. The air permeability test result in Figure 3 indicates
that knits from rPEShavelower air permeability.

Air permeabilit
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PES ) ) rPES
Raw material of knitted samples
Fig. 5. Air permeability test results
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Knits from PES have air permeability at 1306.8 + 78.4 mm/s, and the air permeability of rPES was
measured at 1202.5 + 47.2 mm/s, i.e. 8% lower knitted fabrics from PES have slightly higher
surface density (6.5%) than rPES, but air permeability of rPES keihas tendency to decrease. The
result may be influenced by the unevenness of rPES yarns. These morphological obstacles may
have increased airflow resistancg8].

4.3. Punch(ing) test of weft knitted fabrics

Bursting strength is influenced by fabric ty, knit type, wale and course density, loop length and
fabric extensibility [17, 18]. Punching test results are shown in Figure 4.

Bursting strength

T 2000

e 1460 1630
= 1500

2 000

5 1

? 500

(@]

£ 0

7]

2 PES rPES
om

Raw material of knitted fabrics

Fig. 6. Punching test results

Bursting strength of knits PES was measured at 1460 * 52 kPa, while the bursting strength of the
rPES was 1630 + 94 kPa. Knitted fabrics from rPES have 11.6% higher bursting strength than
knitted fabrics from PES, even if the surface density of knitted falbs from PES was slightly higher
(6.5%). It is important to note that none of the samples used in the experiment snapped, and both
went back to their initial states during the test.

As mentioned earlier, the higher wale and course density of PES should/eanade it have a

higher bursting strength than rPES, however, this was not the case, and further investigation
should be conducted.

5. Conclusions

In this study properties of combined interlock knits from commercially available virgin
polyester (PES) andecycled polyester (rPES) were analysed.

1. The analysis of wale and course density revealed that knits from PES had a slightly higher
loop density (16 wales/cm and 23 courses/cm) compared to rPES (15.5 wales/cm and
22.5 courses/cm). Respectively, the surtae density of knits from PES is 6% higher than
rPES.This is directly linked to the higher wale and course density in PES.

2. Air permeability testing indicated that knitted fabrics from PES had greater airflow (8.7%)
than knits from rPES, this difference, although within the allowable error margin, indicates
that the unevenness of rPES yarns may have influence on air permealyildf the knitted
fabric.

3. Contrary to expectations based on structural density, the knitted rPES fabric demonstrated
a higher bursting strength (1630.0 + 94.2 kPa) than the virgin PES (1460.0+ 52.0 kPa),
however in all prior experiments the properties of PES were inferior. To find out why,
more tests are required for more accurate comparison of the samples.
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Abstract

The research presents the problerrbased learning process (PBL) implemented in the course of
O&AOCEEIT DOI AOGAO AgbPI T EOAOQEIT 1 1TAAITTET Céhf OAAI
woven and laminated fabrics. The FASZ testing methodology was applied. The areas of problem
and the disadvantages of the testing method were highlighted. The problem area related to
specimen cutting showed the disadvantage of being manual, inconsiste and time-consuming.
The testing procedure required manual handling and variable pressure. Data collection was
manual, slow, and with a risk of human error. In the laboratory, the environment (humidity,
temperature, etc.) was not controlled. Automatiorof specimen cutting, pushing using the sensor,
and standardised pressure application can improve the accuracy of bending stiffness
measurements. The learning results achieved in this PBL project revealed that students
developed an understanding of textildoehaviour under bending stiffness and critically evaluated
testing method limitations based on the analysed areas of the problenand suggested the
conception of a method improvement (prototype).

Keywords: problem-basedlearning (PBL), fashion product, bending stiffness, testing method,
textile.

1. Introduction

In university engineering education, classical teaching methods abeing intensively replaced by
innovative ones such as design thinking, problerbased learning, and others. They require high
didactic competencies and full immersion of the students in the learning process [1]. Problem

based learning (PBL) applied in thisreAAOAE EO AAZET AA AO OA 1 AOEI
OOO0OAAT O EO AO OEA AAT OOA AT A OEA OAAAEAO EO Ol
method, students are responsible for their learning process and have a certain degree of control

over the choice of literature [1].

Innovative problem-AAOAA 1 AAOTET C xAO AbPbPI EAA EI OEA
%2Dl 1T EOAOETT -TAAITTEI Céh ET xEEAE OOOAAT OO CA
methods suitable for evaluating the behaviour b materials throughout the clothing system.
Evaluation of bending stiffness is one of the topics of the course. Cantilever bending test is
considered one of the simplest and most widely applied methods suitable for evaluating the
bending stiffness of texties [2]. The weltkknown cantilever bend testing tests are the Shirley
stiffness tester [3], the bending metre FASP (Fabric Assurance by Simple Testing) [4, 5], KES

FB (Kawabata Evaluation System) [6], the Leitz bending length tester [7], the TF113 Shyrfabric
stiffness tester [8]. The Leitz bending length tester is a weknown tool in the textile
manufacturing universe to measure the bending length and structural rigidity of fabrics because
those characteristics recognise the properties of the drapena handle [7]. The Leitz tester
consists of a horizontal platform with a clamp to hold the specimen, a smooth sliding surface for
specimen movement forward, and a reference line to measure the bending length of the specimen
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according to ASTM D1388. The spemen will be multiple with accurate data in warp and weft
directions. It is capable of testing various types of textiles, for example, woven, knitted, nonwoven,
AT A 1T OEAO 1 AOGAOEAI O OOAE AO PAPAO 10O I AAM®OEAOS
determine the stiffness of all types of fabric, such as woven, laminated, knitted, pile, etc. The
pressure plate of this device has scales that allow tracking movement in real time [8] and
determining the bending height, flexural rigidity, and bending mdulus of textiles according to
the standard 1SO 90737. The Kawabata Evaluation System (KHS is a set of sophisticated
instruments to characterise the lowstress mechanical properties of the fabric, including the
properties of tensile, shear, bending, ampression, and surface properties [9]. All the discussed
methods are constantly improved. For example, Brobergt al. suggested a novel method to
automatically evaluate nonconstant textile bending stiffness that can produce the moment
curvature relationship from a single image of the cantilevered specimen [5]. The moment and
curvature at each point can be calculated usg the deflection curve and the weight of the textile
[2]. Therefore, the objective of this learning project was to define the problem related to the
simplest test method FAST2 suitable for evaluating the bending stiffness of textilesand to
suggest the onception of its improved prototype by going through all the necessary steps of
problem-based learning (PBL).

2. Tested materials and testing methods

Methodology of the PBL method

The problem-based learning (PBL) methodology, adapted according to Cangt al. [1], was
applied in seven steps shown in Figuré.

Step 1.Qarifying Step 2.Problem R Step 3. | Step 4.Analyzing
unfamiliar terms g definition “|  Brainstorm ” the problem
v
Step 7.Reporting e Step 6. Selfstudy |e Step 5. Formulating learning goals

Fig. 1. The problem-based learning (PBL) methodology

To gain the necessary knowledge and skills related to the bending stiffness testing required to
undergo the PBL process, experimental tests were performed to evaluate the bending stiffness of
woven and laminated fabrics.

Tested materials and their characterisation
The 90% PES, 1@ EL woven fabric of 210.0+11.@y/m 2 area density (determined according to LST

ISO 3801:1998 [10]) and 6Zm-1 warp and 31cmt weft densitiesi AT O EZAAOOOAA AU ~*
(Lithuania) was investigated. For fabric laminating, the polyestebased adhesive film of the PAF

ppmm OARAOEAKRN §BIIAGBROEO#Sqh 11 00 ATiiiT11T1U OOGAA A
and cotton fabric, was applied. In this PBL process, combined with the experimental testing
activities necessary to gain research competencies of the students, this film was apglito
simulate the behaviour of bending stiffness of laminated textiles. Theharacteristics of the
adhesive film were: 10@ PES content, 0.05+0.0éhm thickness, 55.8+0.01g/m 2area density, and

a melting point of 130-135 RAC. 156x2ZIC pressingtemperature and 15min pressing duration
xAOA APPI EAA £ O OEA 1 AI ET AOEIT xEOE OEA DPOAOC
measurements were carried out with two thickness meters.-40-T meter is applied for textiles

and nonwovens ISO 50841996 [11] (Fig. 2 b). 340-L meter is applied for leather according to the
standard ISO 2589:2016 [12] (Fig2 c). They applied both woven fabric and laminated fabric to

gain a deeper understanding of why the specified instruments must be applied for anpiaular

material when the standard conditions are required to be strictly followed (Tablel).

52



Proceedings of2™ InternationalYoung Researchefonference
INDUSTRIAL ENGINEERING 2025

Methodology of bending stiffness testing

The bending stiffness of the woven and laminated fabric was evaluated according to the FAST
method (Fig.2 d). Fivespecimens of 50mm width and 150 mm length were used in each warp
and weft direction for both fabric sides to test the bending stiffness of the woven fabri®uring
the bending stiffness test, lhe length of the bent part of specimen 2c was determined foraeh
specimen.

.\‘ e
AAN_JIF
t T |
e

Fig. 2. Testing devices: weights EG42@NM (Kern&Sohn,Germany) (a); thickness meter J40-T
(SCHMIDT control instrumentsGermany) (under 1.0 kPa pressure;20 cm2 pressure areg (b); thickness
meter J40-L (under 49.1 kPa pressure(.785 cn? pressure areg (c); the FAST2 bending stiffness tester

(FAST-2 prototype made and approved by scientists of the KTU) (d)

The bending stiffness characteristic was calculatedccording to the following formula:
B=wx@&x9.81x18%j t . | Qh (1)
where: w z area density of the material, g/n%, cz half the length of the inclined part, mm.
3. Results and discussion
In the first PBL stepAT OEO1 AA O#1 A OE Al wasQetedniindgeivindiHerEalh ®amO A O |
members had the same understanding of the definitions related to the problem being solved and
whether they had acquired sufficient knowledge of the study field being studied to sa the
problem. For this, the literature was reviewed individually, and theoretical knowledge about the
definition of the bending stiffness property, evaluation methods, and factors that influence this
property of textiles was studied during lectures. Theoy studies, real laboratory tests, practical
analysis of fabric structure, specimen cutting, and testing of bending stiffness helped to gain the
same understanding of the problem context. Results of the literature analysis of the bending
stiffness evaluaton are presented in the introduction chapter of this research. The preparation of
the woven and laminated fabric specimens (Fig. 3) was analysed with respect to the required

duration of the applied manual procedures. Totally, it was spent approximately 247/seconds for
the preparation of specimens.
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Fig. 3. Specimen preparation: & investigated woven fabric and adhesive film used for the lamination; b

Z specimen marking; czspecimen cutting; dz specimen coding; & weft specimens cut from woven
fabric; fz warp specimens cut from woven fabric; g lamination; hzlaminated specimens

The influence of lamination on the thickness (Tabl&) and bending stiffness (Table 2) of the
woven fabric was evaluated. The thickness of the laminated fabric measured witdQ-T thickness
meter under a 1.0 kPa pressure in th@0 cm? specimen areawas lower than that of the woven
fabric itself. Supposedly, it happened due to the fixing of the warp and weft yarns of the fabric in
the compressed state by the penetrated adhesive in the space between the fibres and the yarns.
The thickness value measured with the-40-T thickness meter under the 49.1 kPa pressure in the
0.785 cn? specimen area was lower for laminated fabric as well, but this difference was not
significant as it varied within the limits of measurement errors.

Table 1. Thicknesses of the tested woven and laminated fabrics

Fabric Thickness, mm

J40-T (1.0kPa pressure J40-L (49.1kPa pressure)
Woven 0.68£0.01 mm 0.69+0.03 mm
Laminated |0.64+0.01 mm 0.67+0.05 mm

The results of the bending stiffnes® tests presented in Table2 show that the bending stiffness
variesfromp8 woo t .1 ©Obi O @8ypbaAl AAAOEIA GD AOTAG 1 8 w;
for laminated fabric. The stiffness othe laminated fabric is higher from 3.7 times to 8.8 times that

one of the woven fabrics, depending on the direction of the fabric (warp and weft) and side (face

and back). For the woven fabric, the bending stiffness higher in the weft direction for both the

face and the back sides. For all tested cases, the bending stiffness was higher for the weft direction
than for the warp direction, with the exception of the back side of the laminated fab.

Table 2. Bending stiffnessB of woven and laminated fabrics

Bending stiffnessBh  t . |
Sample Woven fabric Laminated fabric
Direction | Face side | Back side | Face side Back side
Warp 6.933 8.003 25.618 (3.7 times higher) 70.573 (8.8 times higher)
Weft 9.810 8.813 64.748 (6.6 times higher) 54.561 (6.2 times higher)
yl OEA OAATTA 0", OOAD AT OEOI AA O" OAET OOT OI

students were activated after conducting real scientific research. On the basis of the acquired
competencies, many arguments, explanations, new ideas, and assumptions were generated for
the critical evaluation of the applied bending stiffness method. In this step, the ideas generated by
all team members were collected. Several problem areas and disathtages of the FASR method
were identified during the brainstorming process (Table 3.
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Table 3. Test method problem areas and method disadvantages

Problem area Disadvantage

Specimen cutting Manual, inconsistent, timeconsuming
Testing procedure Manual handling, variable pressure

Data collection Manual, slow, risk of human error
Environment Not controlled (humidity, temperature, etc.)

First, the specimens must be cut by hand, which requires a lot of manual work and time. The
process cannot handle multiple specimens at once, leading to inefficiency in time. The results are
collected manually, increasing the risk of human error and delaydn the cases where the
specimen is not woven in plain weave, additional tests are required at both ends of the specimen,
which complicates the procedure. Environmental factors, such as temperature and humidity, that
were not controlled in the laboratory or considered further, affect the accuracy of the bending
stiffness testing results. Variability in manual pressure applied during the test procedure, as well
as differences in technique between technicians (students), contribute further to inconsistent
results. It was difficult to test the bending stiffness of the laminated fabric faegided specimens
because they did not slide easily. The method is not only tirensuming but also unreliable and
shows the need for improvements.

In the third PBL step enE O1 AA 0001 Al Ai AAEET EOEiI T oh OEA DO
question: What innovative solutions of the testing method could help to evaluate the bending
stiffness of textiles more accurately, reliably, and effectively than practically implemendethe
simplified FAST2 system meter used in the learning laboratory?The applied device lacks
automation and precision. Movement is carried out manually, showing inconsistencies in speed

and pressure.

INnOEA &£ OOOE 0", OOAD ATl OE Gdepgthianaysisd wAd car@ddutCide@sE A E
were presented, explained in more detail, grouped and linked to each other. To improve the
accuracy and efficiency of the bending stiffness test method, seakpractical suggestions were
discussed. The lamination of the warp and weft specimens was performed separately; this must
be done in one operation. The marking of the specimens and their cutting performed in this
research using scissors should be repladeby the sharp cutting metal templates (cutters) placed
on top of the multiple layers of fabrics and cut by using the pressing devicehis decision would
increase the accuracy of a specimen and the efficiency of their preparation process. In the
laboratory test applied with the FAST2 (Fig. 2, d), the specimen was moved by hand until the
bent edge reached the inclined surface. The specimen would slide with smoothness on the surface
of the device if it were installed in automatic transportation of a specime at a constant rate
(Fig.3). Using an automatic pusher with a higher and constant weight that ensures a consistent
push speed would help eliminate the variability caused by manual pressure. It is difficult to ensure
that the same sliding velocity and presure reach the inclined surface at the end of the sample
strip. In addition, it is complicated to be very accurate in fixing that moment with human eyes.
This makes it difficult to draw conclusions or compare them with different textile samples,
especially when they are laminated. Visual fixation on the end of the specimen that touches the
inclined surface could be changed with the electronic sensor that detects the edge of the specimen,
allowing highly precise measurements, up to a millimetre, to be trigged by sensor signals. After
the discussion in the team, the sketch of the improved testing device was suggested (&)g.
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Fig. 4. The sketch of the improved testing device (prototype)
yt OEA EEAZAOE 0", OO0AD AT OEOI AAA OD& | O @ANGWDER 1Cl
clarification questions were raised, based on which the study activities of the team were
continued. It became evident that not all team members are sufficiently familiar with the possible
methods of testing bending stiffness and thelevices used to implement them, and thus, the

literature analysis was carried out, the results of which are presented in the Introduction chapter
of this article.

)T OEA OE@QOE OOAGOOMI DA , ORAA OGOAIAAI DBARAAGE ET AAE
and analysed the scientific literature. After that, they prepared individual study reports and
presented them at a seminar between the student team and theckairer-tutor.

In the last step of the PBL proces® 2 AT OOET ¢cé6h A OAAI DPOADPAOAA OE
activities (literature analysis, tests, results analysis, and conclusions), reflecting the skills

obtained. In this case, the typical reporting washanged in the form of a scientific article and

reflection by presenting it at the conference, demonstrating their learning outcomes.

4. Conclusions

1. In this PBL learning process, a team developed an understanding of textile behaviour under
cantilever bending and critically evaluated thealternatives of the bending stiffnesstesting
methods, their limitations and disadvantagesReal testing of bending stiffness allowed one to
gain new knowledge in the field of material engineering.

2. The FAST2 bending stiffness testing method was found to be inaccurate, not efficient, and not
reliable due to specimen preparation, manual operation, and possible human errors.

3. The conception (prototype) of improving the bending stiffness testing method was suggested.
Automated specimen cutting and transport equipped with a sensor that fixes the moment the
end of the specimen touches the inclined surface of the device, and standardised pressure
application can increase the accuracy, reliability, and efficiency of bending stiffness
measurements.

4. The PBL method effectively involved students in the research and innovation process, where
they could generate ideas based on critical analysis and real testing experience.
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Abstract

The global fashion and textile industries generate enormous volumes of waste, most of which is
currently landfilled or incinerated, contributing to greenhouse gas emissions. This study explores
the use of biochar production as a negative emission technology (NET) to transform textile waste
into a stable carbon sink and mitigate climate change. A laboratory experiment was conducted
using a natral-fibre sweater, and the resulting biochar was analysed for its carbon sequestration
potential. Based on empirical data and published scientific and market information, the process
was evaluated in terms of its environmental, economic, and social bensfi The findings suggest
OEAO AET AEAO DPOI AGAOEIT &O01i OA@OEI A xAOOA A,
financial value, and contribute to societal wetbeing.

Keywords: textile waste, biochar, carbon sequestration

1. Introduction

Textile production and consumption have risen sharply in recent decades, placing increasing
pressure on environmental systems. Over the past 15 years, with the rise of fast fashion, global
clothing output has nearly doubled, while the average lifespan ofagments has significantly
dropped [1]. This accelerating throughput of textiles leads to massive waste generation, with
approximately 73% of discarded garments currently incinerated or landfilled [1].

The textile industry, with its current production, consumption, and disposal patterns, is also one

of the major contributors to global warming, widely regarded as the most critical environmental

issue of the 2% century. According to the Intergovernmental Panel on Climate Change (IPCC),
levels [2]. If emission levels are not significantly reduced in the coming years, the planet is
AobAAOCGAA O AQAARAAA p8uv J# 1T A& xAOI Bévge chad x A A1
disruptions such as extreme weather events, sea level rise, and loss of biodiversity [3]. In
OAODPI 1T OAh OEA O0AOEO ! COAAIT AT O jg¢mpuq AEI O OI 1
£ O p8u J#h OANOEOEIlcetu&kOATT 1T AOOOAT EOU AU 1 E/
One solution for climate change mitigation identified by the IPCC is the deployment of Negative
Emission Technologies (NETs) approaches that remove carbon dioxide from the atmosphere

and store it in stable forms. Among them, biochara carban-rich solid produced through pyrolysis

of biomass in a lowoxygen environment- has recently gained attention for its dual benefits in
carbon sequestration and soil enhancement [3]The biochar production process, potential
feedstocks, and applications & illustrated in Figure 1.

According to the standard of the European Biochar Certificate, textiles from cotton, cellulose,
hemp, sisal, and other natural fibres are a suitable feedstock for biochar production [5]. Given the
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rapidly growing challenge of gbbal textile waste, this approach offers a promising opportunity to
repurpose natural fibre-based textiles for climate change mitigation.

» Manure

« Organic wastes

« Crop residues
(forest and agriculture)

Biochar is produced through
pyrolysis or gasification —

processes that heat biomass
in the absence of oxygen.

- = =

Returned to soil as Biochar
Boost crop yield
Reclaim mine sites
Sequester carbon

( Clean up of wastewater
in the energy sector

Fig. 1. The biochar production process, potential feedstocks, and application6][

Biochar has emerged as growing focus of research in the fields of environmental science and
materials engineering. Many studies focus on the production process itself and how different
feedstock parameters and pyrolysis conditions influence the quality of biochar. There is also
growing interest in the applications of biochar, including those derived from textile waste.
However, there is a notable absence of life cycle assessment (LCA) studies that explore biochar as
an endof-life option for textiles and evaluate its effects acres different environmental impact
categories, especially its impact on climate change.

This study evaluates whether converting naturafibre textile waste into biochar as a NET can
provide climate benefits and deliver economic and societal value. The ansiy draws on
experimental data and established carbon accounting methodologies to quantify potential
impacts.

2. Methods

This section presents the methods used to assess the environmental and economic potential of
converting textile waste into biochar.

2.1. Biochar production and analysis

A knitted jersey sweater weighing 0,309 kg composed of Ten&elyocell (68%), wool (19%), and

hemp (13%) was pyrolyzed at the Laboratory for Biochar Environmental Technologies at Vilnius

Tech University. The biochar was poduced at a temperature of 450°C under slow pyrolysis
conditions in a tube furnace SNOL 0.7/1250. Nutrient content and potentially toxic elements were
determined using the ICR/ %3 | AOET Ah B( xAO 1 AAOOOAA OOEIT C
10390), the FTIR spectrum was analyzed with a Thermo Fisher Nicolet iS50 spectrometer
(Waltham, MA, USA), porosity was analyzed using the Nova 4200e instrument (Quantachrome,
USA), and CHNS composition was analyzed with the Vario Macro CHNSO analyzer (Germany).
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The chemi@al composition of the biochar was analyzed to assess its suitability for soil
enhancement, while its organic carbon content and stability characteristics were evaluated to
estimate its carbon sequestration potential.

2.2. Carbon sequestration estimation

I T AGETAT11TcUu AAOGATTPAA AU 00001 8AAOOESGHh A
AAl AOI AGA OEA Ai1T0610 1T £ #/F B§dalthk Odioh byUthe O A
produced biochar [7]. According to this methodlogy, the following formula was applied (1):

(o) 0 5 To" — (@)

where: Estored IS the amount of C@sequestered over a 100 year time horizon by the amount of
biochar produced, Qiochar is the amount of biochar produced, &g is the organic carbon content
of the biochar produced, F™"Tsis biochar carbon stability at a given time horizon in a given soil

temperature, the factor—is the ratio between the molar mass of carbon dioxide and the molar

mass of carbon. This factor converts an amount of carbon to its corresponding amount of carbon
dioxide.

2.3. Economic assessment

To assess the economic potential of textiaste-derived biochar, market data on biochar pricing
were gathered from published market reports and industry analyses [8,9]. Carbon credit values
were based on voluntary market trends reported by recognized market intelligence platforms
[10,11]. The estmated revenue was calculated by multiplying the biochar yield by these price
ranges. Carbon credit revenue was estimated by multiplying the calculated sequestration
potential by the carbon credit price range.

This assessment provides indicative revenue pettial but does not include biochar production
costs such as energy use, labor, transportation, or textile shredding. These exclusions mean the
results should be considered preliminary and serve primarily to illustrate potential market value
rather than net profitability.

3. Findings

The experimental study aimed to evaluate the properties and benefits of biochar produced from
textile waste under controlled slow pyrolysis conditions. The textile input materialz 309 g
OxAAOQOAO OAI BI A Al i Bifwod,Andihefap Abdrd- Wal subjecteddd pirdlysis

5

N

AO tum J# EIT A OOAA mEOOT AAA8 4EA OAOOI OET ¢ AEI

mass, confirming the potential for efficient material conversion under the selected conditions.
The findings of this study highlight the multifaceted value of converting textile waste into biochar,
demonstrating its potential to enhance soil health, mitigate climate impact through carbon
sequestration, generate economic returns, and deliver broader socatbenefits.

3.1. Soil enhancement

The experiment concluded that the concentration of potentially toxic elements in the textile
biochar sample did not exceed the threshold values set by the European Biochar Certificate (EBC)
for use in organic farming, indcating that its application would pose no risk to soil health (Table
1).

60



Proceedings of2™ InternationalYoung Researchefonference
INDUSTRIAL ENGINEERING 2025
Table 1. Concentrations of potentially toxic elements (mg/kg dry matter) compared with EB& Agro

Organic

Element Concentration (mg/kg DM) EBC Limit (mg/kg DM)
Zinc (Zn) 60.23 (x3.63) <200

Nickel (Ni) 1544 (+0.30) <25

Copper (Cu) 12.79 (20.35) <70

Chromium (Cr) 6.48 (+0.12) <70

Lead (Pb) 7.95 (£0.25) <45

Cadmium (Cd) <LOQ (limit of quantification) <0.7

Arsenic (As) <LOQ (limit of quantification) <13

Mercury (Hg) <LOQ(limit of quantification) <04

When applied to soil, the textile biochar would enhance its fertility by enriching it with essential
nutrients. The specific concentrations of these nutrients measured in the biochar sample are
provided in Table 2.

Table 2. Nutrient content (mg/kg dry matter)

Nutrient Amount, mg/kg DM
Magnesium (Mg) 569.18 (+5.31)
Calcium (Ca) 2792.89 (¥50.14)
Potassium (K) 108.60 (+ 9.50)
Iron (Fe) 128.47 (x9.27)
Phosphorus (P) 237.58 (£10.75)

The sample's pH wasmeasured at 6.16 + 0.02, indicating a slightly acidic to neareutral
character, which provides a good balance for microbial activity, nutrient availability, and overall
soil health.

Elemental analysis revealed that the biochar sample contains total carb@@) at 74.46 + 0.89%,
hydrogen (H) at 3.78 + 0.18%, nitrogen (N) at 7.31 + 0.80%, and sulfur (S) at 0.24 + 0.06%,
indicating a high carbon content with relatively low sulfur levels, suitable for soil enrichment
purposes.

3.2. Climate Impact

Based onthe experimental results, which indicated a biochar yield of 25%, it can be estimated

that processing 1 tonne of textile waste could produce around 250 kg of biochar. Utilizing the

OAT AAOAA AAOATT OANOAOOOAOGEIT 1T A OOHlaAtq Bfibibchdr A OE T
AT 01 A AEEAAOEOAT U OANOAOCOAANGD®AI AMED APDAI B A @ap
incineration ? the conventional method of treating textile waste in many economically
AAOCGAT T PAA AT O1 OOEAOh xEEAE /itéhde® bivéhé prodadiidn A OA |
offers a significant improvement [12]. Replacing incineration with biochar production thus
transforms the textile waste management process from carboepositive into carbon-negative,
providing substantial climate mitigation benefits by actively reducing atmospheric greenhouse

gases

3.3. Economic Benefit

Biochar is a versatile product with economic potential due to its wide range of applicatiors
including use in agriculture (as a solil fertiliser), landscaping, water purificatin, construction
materials, and increasingly, in carbon credit markets. Market data shows that biochar prices vary
widely depending on quality, feedstock, and end use, typically ranging from EUR 300 to over EUR
2600 per tonne [8,9]. This translates to a pential revenue of approximately EUR 75to EUR 700
per tonne of textile waste, based on an average biochar yield of 25%.
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In the carbon market, biochar has gained attention for its role in longerm carbon sequestration.
Biochar-based carbon credits are etively traded in the voluntary market, typically priced
AROxAAT %52 pnn AT A %52 ¢nm PAO OITTA T &£ #/F
their permanence and cebenefits, making them attractive to companies seeking credible climate
offsets.

In this study, processing 1 tonne of textile waste is estimated to produce 250 kg of biochar, which
AT O1 A OANOA OO0 A Gquipaleat toEa@otentid revenie Af EUR 68 to EUR 137 from
carbon credits.

Although these figures may not represent a maj income stream on their own, the combined
revenues from biochar sales and carbon credits can help offset processing costs or be reinvested
into sustainability initiatives, making textile waste conversion both environmentally and
economically advantageous

3.4. Societal Value

Beyond emissions reduction and enhanced soil health, biochar also contributes to water retention
and pollution mitigation. These ecological benefits translate into longerm public health and
well-being gains, particularly in urban ordegraded rural areas where soil restoration is needed.

4. Conclusions

1. This study demonstrates that biochar production from naturalfibre textile waste is
technically feasible under slow pyrolysis conditions at 450°C, achieving a biochar yield of
approximately 25%.

2. The resulting biochar meets European Biochar Certificate (EBC) safety standards and
provides essential nutrients beneficial for soil enhancement.

3. Biochar offers a climatepositive alternative to incineration, capable of sequestering up to
owo #HEGEA PAO OIT1TA i £ OAJSOEI A xAOOAS

4. The economic assessment suggests potential combined revenues ranging from EUR 143 to
837 per tonne of textile waste, derived from two revenue streams: the sale of biochar for
industrial products and the generation of carborcredits.

5. Biochar provides broader societal benefits, including soil restoration, water retention, and
resource circularity.

6. Further research is needed to assess lorgrm soil effects, optimize production processes,
and evaluate the scalability of biochamtegration into waste management systems.
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Abstract

This study aimed to determine the impact of yarn twist on microfibre release during washing.
Determination of microfibre release was conducted on polyester fabrics knitted using low,
medium, and high twist yarns. Three different yarn twist fabrics were knitted, washed, and the
washing liquid was filtered later. The results obtained revealed thatifferent yarn twists did not
have an essential impact on microfibre release during laundering. But low yarn twishowed
show lowest microfibre release results. The findings showed minimal differences between the
chosen yarn twists.

Keywords: microfibre, yarn twist, microplastics, knitted fabric, washing.
1. Introduction

Microplastic fibres (MFs) are considered to be one of the emerging contaminants observed in
ecosystems. Due to the risks posed in the textile and clothing industry, many studies are carried
out in order to minimise this threat. Researchers Zhu and Yang, their study [1], investigated
how microplastics could be reduced in textile wastewater using different water treatment
techniques. The efficiency of microplastic removal was analyzed by tHaser direct infrared
(LDIR) and liquid chromatography tandem mas spectrometry methods. The finding showed that
each technique had limitations, but could be combined effectivelyThe adopted liquid
chromatography tandem mass spectrometrynethod removed only 68.7% of PET, 71.4 % of PA6.6
and only 38.4% of PC from wastavater [1].

Juntarasakul, Julapong, and Srichonphaisarn investigated microplastic fibre emission quantities
from three weave structures: plain, twill, and satin [2]. The obtained results showed that during
the first laundry process, MFs volumes were the ghest, regardless of the weaving structures.
Overall, the satin weave appeared to release the most microplastic fibres compared to the other
two weaves [2].

Cui and Xu explored the relationship between microplastic shedding and fabric structure [3]. The
study used knitted polyester fabric, plain woven, twill and satin fabric and examined external
factors such as washing time, temperature, and steel balls. The results obtained revealed that
under the same washing conditions, the knitted fabric released a emter amount of MFs
compared to woven fabrics. The chosen washing scheme was 80 min, temperatgi®0°C and 30
stainless steel balls. These proportions show that choosing a different washing temperature does
not affect microfibre release. The research alsanalyzed weave structures and satin fabric
showed the largest amounts of microfibre release, plain weave fabrzcthe lowest [3].

Periyasamy [4] discusses mechanical and chemical finishes that could be a potential solution to
microfibre pollution in the textile industry. The singeing finishing method uses an open flame to
burn away the tiny fibres from the fabric surface to get a smooth and even appearance. Chemical
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finishing using enzymatic treatment has been known to have a positive impact on microfibre
shedding. The enzyme coating modifies the surface levels of the fabric, improving the appearance
of the fabric, resulting in a reduction in microfibre generation [4].

In general, no specific literature has been found that analyzes the influence of diet yarn twists

on microfibre release.

In this investigation, three different polyester yarn twists were analyzed to confirm whether the
twist in the yarn has an impact on microfibre shedding from knitted textiles. The research
consisted of yarn twisting and knitting processes, and microfibre release tests were explored
according to the ISO 4484 standard [5]. The quality and technical parameters of the twisted yarns
were examined. The spun yarns were subjected to hairiness and evenness tests, actual
confirmation of yarn twist was tested, and microscope pictures were taken. Gathered results
showed that the choice of different twists for knitted textiles did not provide higher microfibre
release findings, and the tests for yarn hairiness and evenness indicatqdite different results.
The actual and theoretical twist of the yarn turned out to be significantly diverse.

2. Materials and methods

In this investigation, three different twists of polyester yarns obtained from PT. InddRama
Synthetics Tbk.Indonesianswere spun.To do so, the yarn twist per meter and alpha index must
be determined. All studied yarn twists were calculated starting with already made 51/1 Nm yarn
(Fig. 1), which was considered as a low twist yarn with 60éh-1 and a index z 2.7. Using thesame
calculation method, medium yarn twist was estimated, 700 m! r and a index z 3.3. For a high
twist yarn, twist was 819 mrl with a index z 3.8.

.

Polyester
Nm 5117

Fig. 1. Polyester yarn 51/1 Nm

After the yarn spinning process, three different yarn twist fabrics of sigle jersey pattern were
knitted using Harry Lucas' cylindrical knitting machine. The fabrics were washed to remove any
leftover dirt and oil according to ISO 6330 at 40 °C [6].

The study continued with sample preparation for washing tests; threepecimens of different yarn
twists were cut into 15 x 29 cm pieces according to the 1ISO 4484 standard.

The samples were washed using a Gyrowash washing machine in separate metal containers with
distilled water and 50 metal balls at 40°C for 45 minutes.This washing method allowed for the
collection of all released microfibres. Collected water with shedded microfibres was filtered with
glass fibre filters. Finally, filters with microfibres were carefully dried and weighed to determine
the amount of micrdibres released during washing.
The research also investigated the quality and technical parameters of the spun yarns. Yarn
hairiness and evenness tests were also studied; actual yarn twist results wecempared with
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theoretical ones. To visualize the ressch, microscope pictures of twisted yarns were taken using
a Nikon Eclipse microscope

3. Findings and arguments

Microfibre determination during washing

The findings carried out according to the ISO 4484 standard represent the impact of different yarn
twists on microfibre release (Fig. 2). The obtained results show that the release of microfibres
varies within a range of errors.

Microfiber Release on Different Twists
0,04
0,035
0,03
0.02503
0,025 0.02253
0,02

0,015

Fibre Release (%)

0,01

0,005

Low Twist Medium Twist High Twist
Fig. 2. Microfibre release results

The graph in Figure 2 shows that there is some tendency between yarn twist amadicrofibre
shedding, but to obtain more accurate results, the range of tests must be extended to reduce the
magnitude of errors.

Confirmation of Yarn Twist

The confirmation test of the actual twist of the yarn compared to the calculated theoretical ones
illustrates different findings, which are sometimes common in the textile industry (Table 1).

Table 1. Theoretical and practical yarn twist comparison results

Theoretical results Practical results

TPM 600 a-2.7 TPM 656 a-3.04
TPM 711 a-3.3 TPM 802 a-3.72
TPM 819 a-3.8 TPM 876 a-4.06

Yarn Evenness and Hairiness

In the study, the unevenness and hairiness qualities of low, medium and high twist yarns were
compared (Table 2). Hightwist fibre showed the lowest coefficient of variation (CV)y 12.03%,
which indicates the most uniform yarn structure. The medium twist had the highest GXt(3.28 %,
which means the lowest evenness. When it comes to hairiness, the low twagipeared to have the
lowest hairiness, meaning the most refined surface.
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Table 2. Yarn evenness and hairiness results

Samples Yarn linear density CV (%) Hairiness ( H)
Low twist 19.6 tex 12.84 1.75+0.03
Medium twist 19.6 tex 13.28 1.94+0.023
High twist 19.6 tex 12.03 1.88+0.05

Microscope images of low (Fig3), medium (Fig. 4), using 10x magnification, and high (Fi§),
using 4x magnification, twist yarns visually highlight the differences in their structural
characteristics. In the case of lowwist, the fibre appears to be quite loose, with a more open
structure. Medium-twist shows a more balanced structure, and as for higtwist fibres, the yarn

exhibits a tightly spun structure.

Fig. 3.Low twist fibre

Fig. 5. Hight twist fibre
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Microscope images visually underscore how twist levels significantly affect the structural
integrity of the twisted yarns.

Conclusions

1. The research revealed that yarn twist has a minoimpact on microfibre release during
washing. Low twist yarn fabric released slightly fewer microfibres compared to medium
and high twist yarn fabrics. However, the differences were not significant.

2. Yarn structural properties differed quite. The hightwist fibre showed the most uniform
yarn structure. Low twist yarn appeared to have the lowest hairiness, meaning the most
refined surface.

3. The actual values of the twist of the yarn deviated compared to theoretical calculations,
which is considered quite commorin the textile industry.

4. The microscope images revealed structural variations between twists. The low twist
appeared looser, the medium structure quite stable and the high twist tightly spun
appearance.

5. When concluding, the research confirms that whilgarn twist properties have little effect
on microfibre release, it still must be taken into consideration when analysing the
microfiber release issue in textiles.
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Abstract

The research aims to analyse the feasibility of increasing tiseistainability of fashion products by
implementing innovative solutions in the design and manufacturing of fashion products.
Therefore, in this research, the idea of using textile waste left from the manufacture of interior
textile products (curtains) (in this study named decor fabrics) for decorating dresses in the form
of adhesive bonding appliqués was analysed. Following this idea, a test of the peeling strength of
adhesive textile bonds was carried out. Adhesive bonds were created using strips of maiowen
fabric cut in three fabric directions (warp, weft, and bias) with strips of decor fabrics cut in the
same three fabric directions. The peeling strength testing results have shown that the tested
adhesive bonds with all three decorative fabrics have thlowest peeling strength along the warp
fabric direction, the highest strength was for the bias fabric direction, with the exception of the
third decorative fabric, which created the strongest adhesive bond along the weft direction. This
third fabric also showed the strongest adhesive bonds along all directions of the fabric compared
to the other two fabrics.

Keywords: fashion,sustainability, adhesive bonding, peeling strength, mechanical testing.
1. Introduction

Sustainable fashion is the practices andpproaches of the fashion industry that aim to increase
social responsibility by reducing textile waste and saving resources, reducing negative
environmental impacts, and changing the linear economy approach to that of the circular one.
One way to ensure gstainability is to personalise products using different design technologies:
printing (digital printing, transfer printing, sublimation, etc.), embroidery, or appliqué. This
article analyses in more detail the creation of a personalised dress design usingustrial textile
waste from the production of interior textiles, such as curtains, etc. Industrial waste will be used
to produce appliqués for the decoration of a garment using adhesive bonding technology.

The delamination of adhesive bonds is an impdtant factor in evaluating the strength and
durability of the adhesive bond, especially in the textile and clothing industry. Pressing
temperature, pressure, duration, and direction of the fabric are the key factors influencing the
peeling strength of the @hesive bonds [15]. The optimisation of these parameters is essential to
achieve the best properties of the adhesive bonds. As the pressing temperature increases, the
delamination strength increases, but only up to a certain limit; too high a temperaturean reduce
the quality of the bond due to too deep of a penetration of adhesive [Tlemperature and duration
affect not only the mechanical properties of the adhesive bond, but also its ageing processes: too
long or too high temperatures can cause the pwiner structure to degrade [2]. The optimal
temperature is around 150160 °C, and the highest strength is achieved in the wale fabric
direction [1].

The deformation of the fabric in the bias direction is greater than in one of the warp and weft
directions, confirming that bias-aligned fabrics are more flexible and prone to deformation under
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load [6]. This mechanical behaviour may influence the performance of the adhesive in bonded
fabrics as well.

Thus, the aim of this research is to evaluate the peelingrehgth of the adhesive textile bonds
designed pairing the main warp, weft, and biagrientated woven fabric tapes selected for dress
production and the tapes of textile waste left from the manufacture of interior textile products
suitable for dress decoraing in the form of adhesive bonding appliqués.

2. Materials and methods

4EA x1 OAT EAAOEA [ AT OEAAOOOAA AU *3# O4AQOEI
dresses, was chosen as the main fabric (A) and fabrics D1, D2, and D3 taken in the form of
industrial waste intended for decoration to design adhesive bonds (Table 1).

Table 1. Characteristics of the tested woven fabrics

Fabric |Fiber Weave Thickness, mm Area Fabric Yarn linear density,
and content, |type density, density, cm?! [tex

code (% h; h, g/m?2 warp |weft  |warp weft
Main |90 PES, |Plain 0.69+0.01 |0.66+0.01|210.0+11.0 |62 |31 11.040.0 |11.240.0
(A) 10 EL

Decor |100 PES|Jacquard |0.76+0.11 |0.63+0.05|242.0+4.0 (87 |41 8.740.0 |36.040.0
(D1)

Decor [100 PES|Twill 0.76+0.01 |0.70+0.00|249.0+5.0 |35 |25 43.5+0.0 |42.6+0.0
(D2)

Decor 100 PES|Satin 0.64+0.01 |0.61+0.01|204.0+4.0 |61 |26 18.140.0 |33.340.0
(B3)

Notes: PES polyester. ELz elastane. The area density of textile materials was measured according to the
standard LSTISO3801:1998 [8]. h; is the thickness of the fabric measured with-40-T under a pressure

of 1 kPa according to the standard ISO 5084996 [9]. h.is the thickness of the fabric measured with-40-

T under a pressure of 1.6 kPa. The linear density of the woven fabric was determined according to the
standard ISO 72115: 2020 [10].

Mechanical properties such as strength, elongation, and being stiffness are relevant properties

for the prediction of dress performance. Thus, a uniaxial tensile test was performed to assess the
strength and elongation of the main woven fabric (A) according to LST EN 1ISO 13982013 [11].

A computerised tensile machine H10KT (Tinius Olsen Ltd., UK) was applied at a rate of
100 mm/min with a preload of 5 N. Five fabric strips of 50 mm width and 300 mm length (200
mm gauge length) were cut in each sample group (warp, weft, and bias). The same directions of
the fabric (A) were tested for bending stiffness by applying the cantilever bending performed
according to the FAST methodology. Three specimens (5@m 3 150 mm) in each sample were
tested. The length of the 2c bent part of the strighaped specimens was measured six times to
calculate its average value and to determine the bending stiffne8s

B=wx@&x9.81x18%j t . | Qh (1)

where: w 7 area densty of the fabric, g/m?, cz half the length of the inclined specimen part, mm.

Adhesive bonding technology is an effective way join two layers of fabrics with the application

of thermo-adhesive polymeric polyurethane (PU) or polyeste(PES}based tapes [3]. 1006 PES

based 0.88mm thickness adhesive film with 136135 C melting point manufactured by the

AT T PDPATU O! AEAGEOA &EI i1 Oh ). #6 xAO OOAA ET OEE

of polycotton and polyester fabrics inapplications such as appliques, labels on woven and printed

AAAOEAO8 4EA EAAOEA OOOEDPO OOGAA OI DOl AGAA OE
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p 'l Y 1 (length). The sizes of the adhesive films used to bond the woven fabric samples with the
applicaOET 1T T £ OEA POAOO AAOEAA x AThA numbendf dpecimeng A O E ¢
in each sample group was During the bonding that was applied in two steps, the technological
parameters, such as pressure, temperature, and duration, were controlleBressure and duration

were taken from the results of previous research [1,-5, 7]. From these results, it was seen that

even the 140 C lowest applied temperature can ensure the appropriate values of the peeling
strength F. Therefore, considering sustainability issues related to the saving of energy resources,

it was selected for the second step of bonding. 11 pressing temperature and 15 duration

were parameters of the first step of bonding. After prdoonding was appled in the first step, the

OEI EAIT DPAPAO xAO PAAI AA 1T £&£& ET uvnu08 4EA vuvs8o
parameter of the second bondingtep. For a thin, 1&z¢ i1t I AAEAOEOA 1 AUAOR
dominate [2]. Therefore, the peelng strength testF (N/mm) was performed with the same H10KT

tensile machine at a rate of 5Gnm/min. The peeling strength was calculated automatically from
experimental delamination curves. The penetration of the adhesive into the fabric structure
strongly depends on thesoftness index of a fabric. Therefore, it was calculated using the thickness
valueshi and h2 measured at different pressures (Table 1) and the formula:

7

YQ — Dpmnmnb (2)

3. Results and discussion

The results of thestrength and elongation tests of the main woven fabric are presented in Tali?e
It is seen that the fabric is strongest in the warp direction1008.00N). The bias direction offers the
greatest stretch and flexibility (Table3), which is useful in applicéions where fabric drape ability
and elasticity are required. The weft direction is the weakest and least stretchable.

Table 2. Uniaxial tensile test results of the main woven fabric (fabric code A)

Warp (AM sample code) Weft (AA sample code) Bias (Al sanple code)

Maximal forceFmax,| ElOongation at | Maximal force | Elongation at Maximal force Elongation at

N maximal force| Fnax, N maximal Fmax, N maximal force
Emax, %0 force emax, % Emax, %0

1008.00+£154.00 | 48.67+19.77 | 412.00+72.00 | 37.33%+4.07 | 425.00+115.00 | 75.90+12.12

Table3 presents the results of the bending stiffness testing of the A main woven fabrid.he
OAOGOI OO OEi x OEAO xA&EO AAAOEA AEOAAOQEIT EAO C
direction shows intermediate stiffness,and the bias direction has the lowestd 8 ¢ v hich Q h
showsthe highest fabric flexibility.

Table 3. Bending stiffness results of the A main woven fabric

Fabric side | Bending stiffnessBh  t . |

Warp (AM sample code) Weft (AA sample code) Bias (Alsample code)
Face side | 6.933 9.810 5.068
Back side | 8.003 8.813 2.250

The results of the peeling strength test are presented in TableBhe D1 decorwoven fabric shows
the highest peeling strength in the bias direction @.1444 N/mm) , while the warp direction has
the lowest one 0.0425 N/mm). In the bond created between the main fabric A and the D1 decor
fabric, good adhesion occurred onlyn areas where there were more protruding yarns. The more
yarns there were, the better bonding, but the overall result was poor, indicating very poor film
and fabric adhesion.
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Table 4. Peeling strength results the highest values of bending stiffness arhighlighted in bold)

Fabric code Peeling strengthF, N/mm
D1 AM-P1-D1M (Warp) AA-P1-D1A (Weft) AI-P1-D1I (Bias)
0.0425+0.0296 0.1011+0.0778 0.1444+0.1428

D2 AM-P1-D2M (Warp) AA-P1-D2A (Weft) Al-P1-D2I (Bias)

0.0203+0.0170 0.0928+0.0992 0.1309+0.1784

i
,‘f

N .
e ) Xk -

- R

D3 AM-P1-D3M (Warp) AA-P1-D3A (Weft) Al-P1-D3I (Bias)
0.0525+0.0337 1.1280+0.2236 0.2203+0.0724

The bias direction of the D2 décofvoven fabric, similar to the D1 fabric, shows the highest peeling
strength, and the warp directionshowsthe lowest. The D3 decomwoven fabric demonstrates the
highest peeling strength in the weft direction, suggesting stronger bond or higher resistance in
that direction. In all tested bond cases, the warp direction consistently shows the lowest peeling
strength across all types of fabrics.

When summarising the research results, it can be seen that the adhesive bondshnatl three
decor fabrics have the lowest peeling strength along the warp fabric direction, the highest
strength was for the bias fabric direction, and only the D3 decor fabric created the strongest
adhesive bond along the weft directionThe D3 decor fabic showed the strongest adhesive bonds
along all directions of the fabric compared to the other two fabrics, and the weakest ongthe D2
fabric. In the weft direction of the D3 decor fabric, the peeling strength reached the maximum
value (1.1280N/mm), but it appears to be lower than previously determined (6.12 N/mm) by
other investigations [1, 3-5]. This difference can be attributed to variations in fabric construction
(especially of the back side of the D1 décor fabric), a low thickness of the adhesfilm, and
improper bonding conditions.
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The summary of the results of the fabric softness indeXQis presented in Table 5. This index
indicates the porosity of the fabric. It is likely that with higher porosity of the fabric, the adhesive
penetrates deepe into the fabric.

Table 5. Fabric softness indexes

Parameter Woven fabric
A D1 D2 D3
SoftnessB E% 4.35 17.11 7.89 4.69

From the results presented in Table 5, it is seen that the D1 fabric, which has the highest softness
index (17.11%), demonstrated the intermediate peeling strength, and the D3 fabric with the
lowest softness index (4.696) z the highest peeling strength (Tablel). Fabrics A and D3 are the
least soft (4.3%4.69%). They are denser and stiffer in surface feel. The D2 fabhas moderate
softness (7.89%).The more protruding yarns of the D1 fabric demonstrated better bonding in the
localised areas. Notwithstanding this, in general, the adhesion of the film was poor since the
adhesive was distributed unevenly, thus weakening t#adhesion.

4. Conclusions

1. In this investigation, the peeling strength of the adhesive bonds designed from the main
woven fabric (A) with the appropriate mechanical properties, such as strength, elongation,
and bending stiffness, selected for dress sewirand three decor fabrics (D1, D2, and D3) was
tested.

2. The research results revealed that fabric structure, surface characteristics, and direction
influence peeling strength. In three tested groups of samples, the warp direction
demonstrated the weakest adlsion, while the bias direction had the highest peeling strength
in most cases. The fabric pair composed of A main fabric and D3 decor fabric had the strongest
adhesion, especially in the weft direction, achieving 1.1280N/mm peeling strength value, and
maintained strong adhesion in all directions.

3. The determined peeling strength values were significantly lower than required for the main
joining of the garment pieces, but, supposedly, sufficient for the decoration of the dress with
appliqués. Therefore, in he future, the influence of laundering on the peeling strength of
adhesive bonds must be analysed to assess the exploitation behaviour, and the reasons
influencing the low values of peeling strength must be explored in more detail, including the
fact thata too high variation of the initial testing results was obtained.
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Abstract

The work is devoted to developing knitted materials and tubular products based on them, which
will provide effective protection from ultraviolet radiation of intact areas of the human body
during quartzization of wound surfaces.During the research, a strature of a tubular knitted
material with an elastomeric yarn arrangement in the soil structure was developed in the form of
a tuck stitch and float stitch The surface modification provided the knitted materials with
shielding properties against ultraviolet radiation. It has been experimentally shown that using the
proposed method makes it possible to create textile screens that effectively protect against
ultraviolet radiation.

Keywords: compression knit, shielding textile material, UV protection.
1. Intro duction

In the surgical practice of mobile hospitals, using ultraviolet radiation is appropriate as an
effective means of disinfection and healing of wound surfaces, treatment of purulent and trophic
wounds, ulcers and burns. This electromagnetic radiatigrwhich is invisible to the human eye and
occupies the spectral region between visible and -Kay radiation, has a bactericidal
(antimicrobial) effect and, under its influence, leads to the death of a microbial cell in the first or
next generation. It was stablished that electromagnetic radiation of the ultraviolet range of
wavelengths in the interval from 200 to 320 nm has a bactericidal effedherefore, it is used in
surgical operations. However, in large quantities, it is dangerous for the human bodiherefore,

it is important to regulate the intensity of bactericidal radiation and the surface dose of irradiation
[1,2].

The primary methods of obtaining textile materials for electromagnetic radiation shielding are
the use of metallized fibers and theads or modification of textile fabrics, which consists in the
chemical reduction of metal ions to metals directly in the structure of the textile material and on
its surface. Depending on the further application, metallized textile materials are producesh
various bases: cotton, polyester, polyamide, pararamid, glass, basalt, etc. The metallized coating
applied to the surface of the material, together with shielding properties, can provide an
antibacterial effect. Today, there are many studies bgcientists [3z6] related to the development
and research of textiles with a high UV protection factor (UPF).

The issue of developing functional knitwear materials for rehabilitation purposes with a
combination of compression and antimicrobial action and pecified physical and mechanical
characteristics to protect intact body parts from electromagnetic radiation of the ultraviolet
wavelength range during physiotherapy procedures of wound surfaces in the preand
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postoperative periods has not yet been conseled and is a promising direction for the
development of the textile industry in the context of war and a significant number of wounded
among the military [7-9].

2. Results and discussion

During the research, a structure of a tubular knitted material withan elastomeric yarn
arrangement in the soil structure was developed in the form of a tuck stitch and float stitch with
a 1+1 and 1+3 laying report. The prototypes were produced on a gauge 13E circular hosiery
machine with a cylinder diameter of 3.75 inchesln the knitting process, the knitting density was
changed vertically at three levelsAt the same time, the feed rate of the elastomeric thread into
the solil structure remained unchanged and was controlled by the rotation speed of the wheel that
feeds itinto the knitting zone. Table 1 shows characteristics of the developed samples of knitted
materials.

Table 1. Characteristics of the tested knitted samples are given

Sample cod¢ Speed of Wale Course | Area |Loop length|Loop length| Average
wheel density Ry,| density P, |density,| of plating | of textured- | length of
supplying cmrl cmrl M, g/mz| cotton yarn, | elastomeric| textured-
elastomeric mm PAEL elastomeric
inlay-yarn v, ground yarn,| PAEL inlay-
min-1 mm yarn per one
wale, mm
the pattern repeat 1x1
1x1/11/110 11 402.4 5.6 5.2 1.1
1x1/10/110 110 8.5 10 397.6 6.2 5.8 1.2
1x1/9/110 9 400.8 6.8 6.4 1.1
the pattern repeatl1x3
3x1/11/110 11 450.0 6.1 5.5 1.2
3x1/10/110 110 9.0 10 456.8 6.7 6.1 1.3
3x1/9/110 9 417.6 7.3 6.7 1.2

To provide knitted materials with shielding properties against ultraviolet radiation, their surface
i TAEEZEAAOEIT xAO DPAOA&I Oi AA8 4EA AOOAT AA 1T E
"""" EO OEA AEAI EAAI OAAOQGAOQCEIT 1T & I
textile material and on its surface. The research was conducted with copper sulfate. Hydrazine
sulfate was used as a reducing agent. The ability of textile teaals to shield UV radiation was
evaluated by the values of the Transmittance in a certain wavelength range (Transmission, %)
using a UWVis spectrophotometer DU8800D (Drawell International Technology Ltd). The device
is designed to determine the shielthg properties of textile materials againstnon-ionising
electromagnetic radiation in the wavelength range of 194100 nm (ultraviolet, visible and
infrared spectrum).
The studies revealed that the surface modification of samples with a 1+3 elastomeriagdayout
leads to a significant decrease in the ability of the fabrics to transmit UV rays both in the BV
(280-315 nm) and UVA (315-400 nm) regions. This is due to a better penetration of the
modifying solution into the structure of the knitted material due to its loose, embossed surface,
which is formed due to the laying of the elastomeric yarn 1+3. In turn, the modification of samples
with a 1+1 elastomeric yarn laying report also helps to reduce the ability of fabrics to transmit UV
rays, both in the UV-B (280-315 nm) and UVfA (315-400 nm) regions. However, it should be noted
that this decrease is not as significant as in the samples of the first series.
It has been experimentally proved that the use of the proposed method makes it possible to create
textile screens that are effective in protecting against harmful ultraviolet radiationlt has been
found that the shielding properties of a modified knitted material with a compression effect are
influenced by the report of elastomeric yarnnsertion into the soil structure.
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3. Conclusions

The surface modification of the developed samples of knitted materials was carried out in the
course of the research. The shielding properties were achieved by chemical reduction of metal
ions to metals drectly in the structure of the textile material and on its surface.

The developed knitted materials are recommended for the protection of intact areas of the human
body during wound quartzing in the first phase of the wound process, as well as in the finglase
and after the patient is discharged from the hospital for the prevention and treatment of infectious
complications.
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Abstract

The textile and fashion industry is known as one of the laggt polluters in the world. And this
pollution does not only occur during the production stage, but even more pollution is created
during the consumption stage and at the enaf-life cycle of textile and fashion products. This
study aimed to create and disuss business ideas on how to reduce the industrial and pest
consumer textile waste. The ideas are based on edesign and circular economy principles. New
materials and technologies in the field of textiles are the key innovations that can also meet a
variety of societal challengesBy transforming waste into new products or wearable art, eco
design businesses combat overproduction, reduce resource consumption, and empower a new
generation of conscious consumerg all while ensuring sustainability and a sylish look.

Keywords: eco design, fashion, textiles, waste reduction, entrepreneurship.
1. Introduction

As is known, textiles are essential in people's lives, both due to the need to wear clothes and due
to the expansion of their areas of use, such as in the automotive industry, construction, medicine,
agriculture, etc. [1]. The textile and fashion sector ian important part of the European
manufacturing industry, playing a crucial role in the economy and social welleing in many
regions of Europe. The textiles and fashion industry is also one of the second largest polluters in
the world, and the environmertal damage is increasing as the industry grows [2]. During the
entire life-cycle of textile products, they generate multiple sources of waste and pollution in the
air, water, and soil, noise, and visual pollution and significantly contribute to global cliate
AEAT CA +rovYy8 4AQOEI A AT A EAOGEETT OAAOI 0680 xAQ
production waste, pre.consumer waste, and postonsumer waste. Production waste is scraps of
fibers, yarns, fabrics, fabric roll ends, etc. Preonsumer waste casists of products manufactured
with some fabric, design or color mistakes. Postonsumer waste consists of any type of
household articles or garments that an owner does not requires anymore and has decided to
discard.

Eco-design in fashion incorporatesa variety of sustainable actions to minimize the environmental
impact of the fashion industry. Ecedesign not only aims to reduce environmental impact but also
seeks to improve aesthetic and functional aspects of a product. It also includes the considerati

of social and ethical needs. Solutions of the ed®sign of a product deal effectively with both the
DOl AOAOGG O &OT ACET T AT EOU AT A peavkondntal fedonoie andT OE T
social [4]. Eco-design choices have an impact on varigustages of the lifecycle of materials and
products. Ecaedesigners need to focus on customers' needs and create social and ecological value
[5]. They are key drivers in enabling more circularity in products as they facilitate novel business
models, enablere-use and recycling, and provide opportunities for upcycling, i.e., integrating +e
used parts or recycled material into new products. The aim of this work was to show good
examples of how new business ideas can contribute to the reduction of textile afashion waste.
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2. Methods

The development of business ideas in eaesigncoversthe following aspects:

Core Concept: The neefibr the ecodesign business andhe purpose ofentrepreneurship.
Ecological Impact: specific environmental benefits of theco-design business idea.
Necessity: reasons justifying the importance and necessity of the edesign business idea.
Innovation: unique aspects and added value of the idea.

Feasibility and Sustainability: Evidence that the ecdesign business idea is fedlsle and
has a lasting impact.

E

Two ecodesign business ideas are presented in this paper: thetidea TyreesCoats developed

24 r Nz s s oA ~ -
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Turning waste into new products or wearable art, new eceadesign business ideas help combat
overproduction, reduce resource consumption and empower a new generation of conscious
consumers, while ensuring sustainability and style.

3. Ecodesign business ideas

TyreesCoat

The Ist business idea was to combine nox T OAT AEAAAOEA3 xAOOA AT A
outerwear production. About 1 billion endof-life tires are generated annually, and a great part
of them end up in landfills. Scientists have already found various solutisrfor recycling, reusing,
and refurbishing the tires for a new life. There are already companies that make shoes from
recycled tires and contribute to sustainability by repurposing various materials with a completely
different approach. These discoveries &we inspired to develop a new ecological business idea
to combine nonwoven fabric waste and recycled tire rubber for outerwear production. The
fashion industry generates a high number of fabrics and yarns waste, which can be recycled into
non-woven fabrics, which can be used, for instance, as lining for clothing. Recycled tire rubber can
be used for waterproofing of external textile fabrics. These two major waste materials would be
made into high-quality products z rainproof coats. These coats would nabnly be rainproof, they
are also designed to insulate and maintain warmthilyreesCoatvould reduce waste over time and
provide new ways to recycle and upcycleTyreescoatis targeted at people who are passionate
about outdoor activities in rainy weather canditions. Also, this product is suitable for residents in

a cold and rainy climate.

The proposed idea is to produce a coat by devulcanizing scrap tires and making a mixture of
recycled rubber, latex, glycerine and Ethylene Vinyl Acetate that will servesa laminate on a
nonwoven fabric. Firstly, scrap tires will be teared into small bits and all additional components
are removed. Then, the bits will be devulcanized into rubber granules and mixed with mentioned
above materials. Norwoven fabric will be made by tearing wool, cotton yarns and fabrics into
separate fibers and by the needle punching technique, garment pieces will be formed directly
without cutting. Finally, the waterproof rubber mixture will be laminated on the fabric pieces and
delivered to the sewing.

TyreesCoatlelivers an unusual, innovative solution for designing outerwear. Most raincoats we
see in markets are usually very thin and serve only one purposgeto protect from rain. They do
not provide warmth, lots of them are even ondime use and are disposed afteTyreesCoabffers

a sustainable clothing solution made from recycled materialg automobile tires and recycled
cotton and wool nonwoven fabrics. This guarantees a highuality product made from waste
materials.

79

O/



Proceedings of2™ InternationalYoung Researchefonference
INDUSTRIAL ENGINEERING 2025

By turning waste into a new wearable product, this business would reduce waste over time, as
well as inspire other companies to find creative solutions to create products without using new
materials. Also, there is an ecgocial impact on society, because sustainability vutd be perceived
as a major factor in deciding to buy a product. Additionally, new technologies would be developed
to decrease the production cost of recycled materials, because the market would prove that this
business model is efficient. The biggest cHahge is still the recycling. Even if the product is made
from recycled materials, it is difficult to trace the end of life, because the sorting of waste has still
not reached the maximum efficiency.

Reborn Threads

This ecadesign business idea propose$o revive old clothes from seconehand collections or
from clothing companies' cutting waste, and make new fashionable clothes or accessories. The
idea combines recycled and used clothes with sustainability and unique, trendy fashion.Reborn
Threads pre-loved garments from seconeéhand stores will be collected and creatively
transformed into stylish, oneof-a-kind pieces. Each item will be made with techniques like
tailoring, dyeing, patchwork, embroidery, and reassembly, giving discarded clothes a frestart.
The main goal is to reach likeaninded people who want to create and make an impact in saving
the world by reducing the amount of waste generated by fast fashion. This business idea is for
people who are interested in global weHbeing and love unigie fashion.

There are many similar products or small sustainable fashion brands that are made by
individuals. Commonly recycled fabrics include denim scraps, cotton, wool, cashmere, polyester,
nylon, and recycled leather. AIReborn Threadsnaterials arerecycled or recovered from clothing
manufacturers, significantly reducing the need for nofrenewable resources. Newly produced
products will be one-of-a-kind. Therefore, customers will always have a unique garment in their
wardrobe. All materials will be arefully selected to ensure that they align with the core values:
eco-consciousness, waste reduction.

The process of making the new products from endf-life items is:

71 Collection of old clothing from thrift shops, donations, vintage markets or cuvaste from

clothing manufacturers.

1 Washed and quality checking of each clothing piece as well as sorting them by raw
material.
Designing of a new piece from the prepared mateis.
Construction of a new clothing or accessory form sourced materials by sewing them
together, dyeing, tailoring and restructuring.
1 Quality checking of each item and preparation for sale.

T
T

Reborn Threadsstands out by being a fresh, authentic, and edorward brand. Every Reborn
Threadspiece is oneof-a-kind, offering customers clothing and accessories that no one else in the
world owns. Customers can feel good knowing their purchase supports environmeait
responsibility and reduces waste. Potential customer is everybody who cares about sustainability,
ethical consumption, and personal style, and individuals who love standing out with ongf-a-
kind clothing rather than massproduced fast fashion.

Collecting and delivering secondhand garments, especially if sourced from distant locations, can
CAT AOAOA #/ F AI EOOEIT 108 4EA OOA 1 &£ OAxET C | AAE
to electricity use. Improperly disposed of packaging, even recyclay can contribute to litter or
contamination in recycling streams. Thus, by transforming waste into new unique products,
Reborn Threaddights overproduction and reduces resource, energy consumption as well as
additional pollution.
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4. Conclusion

The innovation in eco-design in textile and fashion is focused on finding new and creative ways
to reduce the environmental impact of this industry. This includes the development of new
sustainable or biodegradable materials, exploring new production methods, or tning waste into
raw materials for new products.

Supporting young researchers and entrepreneurs who question outdated business practices
opens the door to innovative, sustainable solutiong from new materials to smarter technologies
Z shaping a better titure for us all.
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Abstract

The study focuses on the design and simulation of TORype hearing prosthesis. The prosthesis
of the middle ear was analysed by using computeaided design (CAD) and computeengineering
techniques. Geometrical modelling was combined with the Finite Elemée (FE) method to set
various assembliesof a TORP prosthesis, stapes footplate and the tympanic membrane. The
design process included the development of 3D numerical models, takimgo account the idea to
increase the stability of the hearing prosthesis.

Keywords: Hearing, prosthesis, modal analysis,
1. Introduction

The human auditory system has a role in converting pressure variations from sound wave
propagation into bioelectrical signals.The ossicular chain, comprising the malleus, incus, and
stapes, transmits acoustic vibrations from the tympanic membrane to the cochlea via the oval
window. The integrity and mobility of these bones are essential for proper sound conduction.
Damage to this chain from infection, chronic otitis, trauma, or tympaosclerosis may result in
conductive hearing loss requiring surgical reconstruction

Two types of prosthesis are used for middle ear reconstructiarihe first one is the application of
the total ossicular chain replacement prosthesis (TORP) technique, arlde second one is the
partial ossicular replacement prosthesis (PORP) techniqu& ORP is typically used when both the
incus and the stapes superstructure are absent, such as in advanced cholesteatoma or severe
ossicular erosion due to chronic otitis media In contrast, PORP may suffice when the stapes
remains intact and mobile. The choice of prosthesis is crucial for optimizing sound transmission
and minimizing complications.The analysis of the literature represents a few topics in the field of
the study of the reconstruction of the ossicular chain after the surgical intervention, as it is
presented in Figure 1.Figure 1 was generated using software VOSviewer 1.6.20 (Copyright ©
2009-2023 Nees Jan van Eck and Ludo Waltmanps it is presented in Figre 1 middle ear
surgery, namely the ossiculoplasty and tympanoplasty, are the techniques for the reconstruction
of the ossicular chain by adaptingan appropriate TORP or PORP prosthesiClinically,
postoperative hearing outcomes depend not only on prosthesisegign but also on its integration
with the middle ear structures. Poor prosthesis positioning or mobility can lead to extrusion,
persistent conductive hearing loss, or the need for revision surgeryWWhen a prosthesis is
introduced, it is important to assure the stability ofthe prosthesis, becausédad contact and poor
osseointegration affect the sound transmission after the ossiculoplasfy], [2]. Therefore, stable
coupling betweenthe hearing prosthesis aml the elements of middle ear is essential for hearing
results [1], [2]. For example, in order to improve the stability of the prosthesis after the ear
surgery, adjusted-angleear prosthesis was proposed3].
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Fig. 1 Main research fields of the reconstrution of the ossicular chain

This article focuseson TORP prosthesis, whethe stapes, one bone athe three ossicular bones,
Is partially or fully damaged.

2. Methods

At the first stage, the 3D CAD models tie stapes were created. As the dimensions ttie stapes
are variable, 3D models were prepared according tthe maximum and minimum dimensions
found in the literature [4], [5], [6]. Figure 2 represents the stapes 3D model, according to
minimum dimensions. Addtionally, schematically, it is represented how thechronic otitis can
injure the crus ofthe stapes.

Stage.l of Stage 2 of the
. the disease disease

2.321mm

_ua s i

1.27 mm

Fig. 2 General view of stapes with minimum dimensions and the stages of injury of crus
after the chronic otitis

As it can be seen from Figure 2, the state thie injured stapes can be affected differently, according
to the disease and for example,the crussescan be injured totally. Thus, the state athe stapes
after the chronic otitis will demand an appropriate hearing prosthesis.

3. Results

According to the assumption that stapes can be partially or fully damaged, different new hearing

prostheseswWA OA 1 1T AA1 1 AAh AEI ET ¢ O OOOAd OEA CAii AOD

According to this idea, new modelled prostheses were modelled and presented in Figure 3.
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Fig. 3 General view of new modifications of TORP prosthesis

As it is presental in Figure 3, by performing the modifications ofthe footplate and the
modifications of the standard TORP prosthesis, new geometries dfie hearing prosthesis were
created. However, for better osseointegration othe prosthesis, other techniques should be
applied, particularly techniques of surface modification of titanium [7].

3. Conclusions

1. New 3D CAD models were created, aiming to save the remaining parts of the stapes in order
to increase the stability of the hearing prosthesis.

2. 4EA OOAOA OA hskd iDieliEine Ewa dpplied for the creation of new 3D CAD
geometries for multibody dynamic analysis, aiming to increase the stability of hearing

prosthesis, in the case of injured stapes.
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Abstract

Europe is trailing in Industrial Revolution 4.0 tool use when compared to the USA and China. Here,
Machine Learning is utilized to optimize setvalue parameter data of an industrial film web
processing machine. XGBoost, Logistic Regression, Naive Bayes, and SVM modelling techniques
are evaluated in binary machine state classification based on sedlue parameters due to their
prominence in recent works. XGBoost is found to be the most accuratehaving an MCC score of
0.673 prior to hyperparameter tuning and 0.776 after tuning. PSO is used to find optimal
parameter inputs based on model prediction probabilities, with the found parameter set
suggesting a mean success probability of 0.784 for 35fi@rent products. The input parameters

are projected to improve the machine availability by 8.2%, resulting in an OEE increase of 7.3%
points, which can be considered a major improvement.

Keywords: machine learning, industrial optimisation, modelling.
1. Introduction

The term Industry 4.0 (IR4) has been established more than ten years ago, but the adoption rates
measured in various metrics have only reached above 40% in 2023 or 2024, depending on the
country, according to a study by the global consultary MHP (n = 856). Overall, the maturity level
of Digital Twin technology for production facilities has reached 48%, autonomous systems have
reached 46%, and Internet of Things (loT) has reached 57% in 2024. It should be noted that the
usage of IR4 technolgies differs widely between economic powers. China and the USA lead the
way in supply chain transparency, autonomous systems, Digital Twins, and loT technology use.
Germany, Austria, Switzerland, and the UK are significantly behind in comparison. Several
roadblocks to the implementation of IR4 have been reported by the interviewees, with the
shortage of skilled labour being the most repeated at 52%, followed by incompatibility with
legacy systems and difficulties adapting to dajo-day business, both at 47%The gap between
Europe and other industrial blocks could be reduced with more training, standard establishment
and collaboration between companies as part of the management strategy to enhance the positive
impacts gained by adapting the IR4 technologiesiith Machine Learning (ML) being considered
one of the most prominent[1].

Machine Learning is a broad term under the Atrtificial Intelligence (Al) umbrella. While Al refers
to the attempt to mimic human intelligence in machines, ML specifically uses algorithms to train
and make predctions on data without stepby-step programming. The models can also be used
to explore, transform, and classify the input data apart from prediction. In the context of industrial
manufacturing, the main enabler of this approach is the large amount of sesrsor system data
from production equipment and material or spare parts movement. If the data flow is integrated,
for example, by using a Supervisory Control and Data Acquisition (SCADA) system, it can be
utilized not only in tracking changes over time butlso in the making of robust ML models. These
models can be used to control processes, improve quality outcomes, plan production schedules,
and predict mechanical breakdown in production equipment, to give some examples. Overall, ML
is a powerful tool with a myriad of applications in production optimisation[2] .
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This work aims to utilize the parameter data generatedluring the operation of industrial film
web processing equipment to reduce the number of manual parameter searches needed during a
changeover. Parameters such as pick and place coordinates, punch tool or sealing tool positions
and movement are tracked, ashese parameters are adjusted after a changeover most often.
Currently, each changeover requires manual parameter search and station adjustments to
produce quality products in a stable manner. The complex changeovers generate a large amount
of scrap and result in downtimes due to poorly selected parameters. ML frameworks specializing
in machine parameter optimizations and capable of working with higkdimensionality data are of
relevance here. Moreover, the relationship between human decisiemaking and theutilization

of ML in the context of manufacturing equipment optimization is also important. Overall, the
ability to discern machine downtimes due to parameter choice and unrelated equipment
breakdown is useful for PdM applications.

2. Methodology

Previousresearch has suggested specialized approaches to [8z5], the generalized process of
ML framework creation can be summarized as shown iRig.1.

D 3 (=
Database SCADA Quality Maintenance
Selection records | logs
Data Qualit t ? N[ 7
acigttzll ¥ Data Acquisition %»{ Data Preparationw
% J J
/ N\ N
lt/lach!ne ‘ Model Training ]—» Model Evaluation 4—{ Tuning ‘
earnin,
& N N\ 4 \ _
? l
/ N N\
Framework o o
Appliestion Prediction Optimization
o / s /

Fig. 1 General ML framework in manufacturing6, 7]

When the data is prepaed to be trained on, it is used to train the selected ML models. The choice
of an ML model, however, is not straightforward. After the selected model is trained, the next step
is to evaluate the performance and optimize it. Common measures of classificatiiL model
accuracy include precision, recall, and specificity metrics, given in equations 1,2 and 3. Recall is
also known as the True Positive Rate (TPR), and Specificity is the True Negative Rate (TRR)

01 Qo'Qi Q&g 1)
YO Y ——; (2)
YO Y ——; (3)

where: TPz True positives, FPz False positives, FIY False negatives.

Further useful measures are the AUC, F1 and MCC coefficients. The AUC is the Area Under Curve
of the TPR and the False Positive Rate (FPR) plot with values of 0.50 to 0.60 indicating failure, and
0.90 to 1 being excellent. The F1 measure punishes models, which favour prediction extremes by
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taking the harmonic mean of TPR and Precision, see equation 4. A more comprehensive
evaluation is made by using the Matthews Correlation Coefficient (MCC), whievaluates TR, FP,
FN, and the True Negatives (TN), given in equation[3, 8].

t

® ¢ — (4)

06O : (5)

Industrial film web processing equipmentdata is going to be analysed. The equipment is used in
company X, which is not going to be disclosed due to a ndrsclosure agreement and the
possibility of revealing sensitive information. The equipment can produce six families of products,
each with different features. The main processes employed in the equipment are film hesgaling,
film hole punching, picking and placing of raw materials on the film web, and 4process
automated visual inspection. The equipment is complex and has over 40 stationshish means
many parameter changes are needed every time a changeover to a different family or a different
product within a family occurs.

The time series data of parameter values have been collected for 8 weeks. Here, the commonly
adjusted parameters hae been chosen for each product made during this period. The parameters
include the fine positioning of stations, the servo motor extension distances, or the robot
pick/place coordinates. The data is collected using a SCADA every time a parameter value
changes, meaning that if the time stamp is considered, each value is unique. There have been
various downtimes during the period, including mechanical breakdown, no demand, quality
issues, no operators, engineering studies, and finally, difficulty selecting éhright machine
parameters. In other words, the parameters are expected to be only a fraction of downtime causes.
With this knowledge in mind, a tailored approach can be constructed. First, the missing values are
going to be removed from the data. Thenhe data is resampled with 1 minute frequency. The
values have been logged on a parameter change, meaning that missing values after resampling
can be interpolated by repeating the last logged value. This allows for dismissing recipe change
cases, where datgoints include mixed values. The time stamp feature is split into four more
features to allow for learning: month, day of the week, hour, and minute. The data is then explored
by ranking the features in terms of their information content. The features argoing to be pruned

to find if the accuracy of modelling without hyperparameter tuning can be improved. Several
classification models are evaluated, including EXtreme Gradient Boosting (XGBoost), Logistic
Regression, Naive Bayes, and Support Vector Machi(@VM). The evaluation is made by
calculating the AUC, F1, precision, recall, and MCC measures. The best approach is then optimised
by tuning the hyperparameters using the RandomSearchCV algorithm by splitting into 5 cress
validation samples.The presentedworkflow is comparatively simplistic but likely to produce
good results based on previously discussed research.

3. Results

The feature removal has not been included in the hyperparameter optimization step as no
improvement is shown during initial testing. The Information Gain Ratio, Gini Decrease, and the
... Criterion are considered when ranking the features concerning the target variablethe state

of the machine. The evaluation criteria did not converge on the same variables, with the
Information Gain Ratio agreeing well with the Gini Decrease coefficient but not the. Criterion.
Reducing the number of parameters used in modelling shows a slight reduction in accuracy. The
SVM model is not optimized due to poor performance during initial testing. RandaSearchCV
with 5-fold cross-validation sampling is used to optimize the hyperparameters, selected based on
the default options used in the initial testing. The model accuracy results are shown in Table 1.
Hyperparameter optimization has substantially improved the performance of both XGBoost and
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Logistic Regression. XGBoost shows an excellent AUC score of 0.942, a high Recall score of 0.952
and a relatively high MCC score of 0.766.

Table 1. Results prior to and after hyperparameter tuning

Model AUC F1 Precision Recall MCC
Prior tuning Gradient Boosting 0.889 0.833 0.851 0.835 0.685
Logistic Regression 0.46 0.352 0.267 0.516 0
Naive Bayes 0.734 0.659 0.669 0.661 0.331
SVM 0.5 0.365 0.726 0.522 0.074
After tuning Gradient Boosting 0.942 0.895 0.844 0.952 0.776
Logistic Regression | 0.805 0.755 0.733 0.778 0.480
Naive Bayes 0.734 0.719 0.692 0.748 0.398

Running the PSO algorithm for 100 iterations with 40 timesamples and 70 particles results in a
parameter set with a predicted mean success probability of 78.4% across 37 different products.
This is considerably higher than the mean machine availability of 52.6% during the analysed
period. This suggests that thee is likely some value to be gained by reducing the variation in these
parameters. It should be noted that there are many other causes of downtime other than
parameter settings, and a probability of 1.0 would be unexpected.

The optimal parameter searchhas been performed with bounds set within the minimum and
maximum v P of each parameter in the original dataset. See the values of the most interesting
parameters, found in Figire 2z3.
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The plot in 2 shows multiple station position adjustment parameters. The parameters denoted
x1to x7, andx20are the equipment parameter inputs, which determine the pduct feature
positions, e.g. the seal positions, or hole punch positions on the film. The plot in Fig. 3 shows the
parameters of two parallel pick and place robots with the parameters being the positions in 3D
space. The parametergl2and x16 are the zaxis pick positions, determining the reliability of
gripping an object to be sealed to the film from the infeed conveyor belt. Tk 3, x14, x15with
x16,x17,x18are the xaxis, yaxis, and zaxis robot place positions respectively, determining the
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Fig. 3 Optimal pick and place position parameters

positioning of the object on the film

The mean success probability, according to the model, is 0.784, and using the MCC score of 0.776,
the worst-case hypothetical availability of 60.8% can be calculated. Compared to the historical
availability of 52.6%, this means that 8.2% points of availabily and 7.3% points of OEE can be
gained with this change, witha multiple of performance and quality at 89.2%. The actions
necessary for the proposed improvement would require the testing of the parameters throughout
several changeovers, training of opetors and changing the format recipes to the best performing
parameters.

Generally, the applicability of ML modelling and optimization of model inputs is intended to be
applicable to various equipment with minor changes to the algorithm. However, several
preconditions are required to enable this approach. First, the equipment should have sufficient
accuracy in process control via input parameters. In case of the analysed film processing
equipment, the station positions are controlled using servo motors odigital position indicators,
enabling high precision and stability of the finished good quality. Secondly, the equipment should
allow real-time tracking of the input parameters, the machine state, and be integrated with a

SCADA or similar system to allowtte storage of the data.

4. Conclusions

1. Gradient Boosting, Logistic Regression, Naive Bayes classifier, and SVM techniques have been
utilized to model the data. Some parameters do not have a statistically significant relationship
to the target variable asmeasured by the... Criterion. Culling the statistically insignificant
parameter columns results in worse prediction quality, meaning most parameters did have
information to be extracted, as evaluated by the Information Gain and Gini ratios. SVM did not
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perform well during the initial testing, with an AUC score of 0.5 and has been rejected.
Hyperparameter tuning using the RandomSearchCV algorithm has been used for the
remaining models. Gradient Boosting performed the best, scoring 0.776 in MCC, while Naive
Bayes performed the worst at 0.398 in MCC.

A single set of optimal machine parameters has been found using PSO by evaluating the
prediction probability of the XGBoost ML model over random time samples. The mean success
probability of the machine running across all formats with a single set of machine parameters

is 78.4%. If the parameter set is applied in the machine, OEE is estimated to improve by 7.3%
points.
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Abstract

Kombucha is a traditionally fermented tea drink consumed worldwide. Its consumption is rapidly
increasing due to its health benefits. During fermentation, a byproduct called Bacterial Cellulose
(BC) is produced, which hasexcellent physical properties. As a result, it has numerous
applications in fields such as textiles, biomedicine, electronics, the paper industry, and the food
industry. To utilize the BC film for other applications, it must undergo a purification processuch

as washing and drying. The process of converting waste into a valuable product is known as waste
valorization. According to the analysis, waste valorization in the Kombucha industry is not well
established due to limitations, such as the lack of stdard recycling methods or machines
available for largescale Kombucha industries to recycle this valuable waste. The purification
process of BC is currently performed only in laboratories using lab equipment for washing and
drying, which is not suitable fa large-scale recycling. However, opportunities to adopt recycling
methods and machines from the plastic industry exist, as their recycling processes also include
washing and drying, resembling the purification processes used for BC. This article explotbs
implementation of waste valorization in the Kombucha industry and the possibility of adopting

s A - o~ 2 oA NN
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Keywords: Kombucha tea, Bacterial Cellulose, Circular Economy, Waste Valorization, Recycling.

1. Introduction

The Kombucha fermentation process involves making sweetened tea and then adding a Symbiotic
Culture of Bacteria and Yeast (SCOBY) to the tea solution [LheTSCOBY, a cellulose film also
known as Kombucha Mother, is responsible for fermenting the tea solution. This fermentation
produces byproducts such as a Bacterial Cellulose film seen on the surface of the tea solution. The
produced Bacterial Cellulose (BLis referred to as the daughter SCOBY [2]. The tea originated in
ancient China in 220 B.C. and made its way into Europe during the Second World War [3]. The
consumption of this tea is rapidly increasing due to its health benefits, like boosting the immune
system. This tea contains probiotics that are good for gut health. Like the drink, the produced
byproduct BC also has numerous benefits and potential applications in different industries like
textile, biomedical, electronics, and food [4].

The BC provides excellent mechanical properties, higher purity, and higher crystallinity, which
makes it suitable for industrial uses [4]. The BC can also be produced separately by following
static or agitated/shaking cultivation. The static cultivation method is the sae as the kombucha
fermentation technique, where the bacteria responsible for producing the BC are introduced into
the growing medium. The growing medium is also known as HS (Hestrin Schramm) medium,
which contains nutrients such as glucose, peptone, an@gst extract, which are essential for the
bacteria to produce BC [5]. In the agitated/shaking fermentation method, the solution is stirred
constantly, which results in producing BC in the form of spheres or pellets. The BC produced from
agitation/shaking shows low yield and low crystallinity compared to the BC produced from the
static cultivation method. Hence static cultivation method is widely chosen for producing BC [6].
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Even though BC has various industrial applications, the production cost makes it yehard to
commercially produce BC. Hence, BC producers are looking for alternative ways to produce BC,
like using agricultural waste, such as fruit waste, as a medium to produce BC [4]. Using a
Kombucha fermentation medium is also considered an alternativenethod to produce BC. The BC
produced from kombucha fermentation also shows excellent physical properties. Hence, the
waste BC produced during kombucha fermentation from the kombucha factories is also a way to
commercially produce the BC films for industial uses.

The process of converting waste into a valuable product is known as waste valorization. Waste
valorization techniques are employed across various industries to transform waste into valuable
products, including using that waste as raw material fodifferent sectors. In the food industry,
waste valorization can be applied to repurpose food waste as biofuels, biopolymers, adsorbents,
and more [7, 8]. In the kombucha sector, waste valorization involves reusing spent tea leaves as
a composite and utilzing the produced BC as animal feed. The BC films, which possess excellent
mechanical properties, have the potential to serve as an alternative to textiles used as animal feed.

2. Industrial Production of Kombucha Drink

The technique used in the preparatn of Kombucha drinks in the Kombucha industry resembles

the traditional kombucha fermentation process. For largescale production, such as preparing

1000 litres of Kombucha tea, brewing equipment known as a kombucha fermenter is utilized. As
shown in Fig.1, the brewing process begins by preparing a starter liquid, where 10 kg of tea leaves
AOA AAAAA O pumnm | EOOAO 1T &£ xAOAOh AT A OEA OAI
throughout the process. The tea solution is recirculated inside the mixghtank using a pump for

30 to 45 minutes. The second step is the fermentation process, which starts by transferring the

tea solution to another mixing tank, while the tea leaves are filtered out using a mesh filter. Next,

60 kg of sugar is added and stirre for ten minutes until it dissolves. The next step involves adding

900 litres of cold water into the mixing tank. Once the temperature of the solution drops below
cpsh OEA OOAOOAO 1 ENOEA j POAOGET OOI U 1T AAA ET I A«
i 060 AA AAlT T x ¢quysh TO EO I AU EEI1 OEA AAAOQOAOE
ferment for 4-6 weeks [9]. During the fermentation process, a daughter SCOBY is produced on the
surface of the tea solution, while the mother SCOBY sinks tbe bottom [10]. After the
fermentation, the newly produced SCOBY is removed from the tea solution, and the solution is
pumped into another mixing tank where flavours are added before being bottled for sale [9].

CREATING KOMBUCHA FERMENTING THE ART OF KOMBUCHA PACKAGING
STARTER TEA YOUR STARTER TEA BLENDING PROCESS

ETEND ST ST ST

at 25 - 28 Degrees C

Finished Liquid

Chill & Carbonate

Bottle or Keg

(000

Fig.1. Steps involved in the largescaleproduction of Kombucha tea [9]

In the kombucha sector, waste valorization involves reusing spent tea leaves and BC as a
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composite [8]. The BC films, which possess excellent mechanical properties, have the potential to
serve as an alternative to textiles4, 5] used as animal feed.

3. Downstream Process of BC

To use the BC for other applications, downstream or purification is necessary. The purification
process involves washing and drying to remove impurities present in the BC films. NaOH (satiu
hydroxide) is utilized as a washing agent, and NaOCI (sodium hypochlorite) is used as a bleaching
agent [11]. After washing, the BC films are dried in the oven at a certain temperature to eliminate
the water content. The drying hours of the films vary amrding to the temperature. If the films
are decided to dry at 25 , then it takes 24 hours to dry the BC films. The washing of BC takes
place in a shaking water bath, a laboratory device designed for washing samples. This instrument
includes a thermostat hat maintains the water temperature consistently throughout the washing
process [12]. The equipment used for washing and drying the BC films is not intended for
industrial use. The BC produced from the kombucha industry is larger as the diameter of the
kombucha fermenter is larger, and it requires machines that are large enough to wash the BC.
Hence, recycling methods used in other industries that involve washing and drying are analyzed
to be able to be used in the Kombucha industry.

One of the recycling rethods that involves washing and drying is known as mechanical recycling,
and it is used in the plastic industry. In the plastic recycling method, the plastic wastes are washed
with NaOH solution and then dried [13]. The machine used for plastic recycling shown in Fig. 2.

Fig. 2.Assembly line for plastic recycling [14]

The assembly line for plastic recycling includes cutting, which shreds the plastic waste,
flushing/washing, which washes the plastic waste with NaOH solution, drying, which dries the
plastic until 0.1% moisture is left, and a regranulation extruder, whichmelts the plastic and then
moulds it into plastic water bottles. The recycling assembly includes a washing and drying unit
for the waste plastic. The different types of washing units that are used for washing the plastic
waste such as water baths, washintines, and friction washers. Among those water baths are
suitable for BC washing. In this type, the waste plastics are soaked in hot water for a few hours
[15]. For drying, centrifugal dryers are used. Centrifugal dryers are effective in separating the
plastic waste from residual water. Using a centrifugal dryer in BC recycling is not an ideal solution.
The centrifugal dryer uses spinning to remove the water from the plastic waste [16]. Here, in the
case of BC purification, the water is absorbed by the B{hf due to its hydrophilic properties.
Hence, it is harder to separate the water from BC by spinning, which may lead to damage to the
BC film. The ideal solution would be to use an industrial drying chamber to dry the BC film.
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As shownin Figreoh 2 AAUAT ET C 1T &£ +11 AOAEAGO "# AACET O
from Kombucha fermentation using a 1% NaOH solution. After washing with the NaOH solution,

the BC films are rinsed with NaOCI for 2 hoursThe solution of temperature must be maintained

AO wnm38 4EA AiT 01O T &£ OEA A/ ( O11 OO0ETT OOGAA -1
BC film. For laboratoryproduced BC, which weighs approximately 80g, one litre of 1% NaOH
solution (10g of NaOHand 990 mL of water) is needed to wash the BC film. In an industrial setup,

1 AOGO AOOOI A pm EC T &£ "# 1TAAAO O AA xAOEAAK
be increased. To wash 10 kg of BC, a water tank that has a volume of 1000 litresiged for
washing; therefore, the 1% NaOH solution should contain 10kg of NaOH in 990 litres of water.

The same applies to the NaOCI washing. An industrial stirrer will be connected to the washing
tanks to mix the solution, facilitating faster removal of inpurities. The stirrer's rpm is set to 100,

as a higher rom may damage the BC films. An immersion heater is fixed at the bottom of the water

tank to maintain the temperature throughout the whole process. After the washing process, the

films need to be drial. A tray dryer, which is used in the food and pharmaceutical industry to dry

OEA 1 AGAOEAI h AAT AA OOAA &I O AOUET C8 4EA Al .
duration for the whole drying process will be 24 hours. After drying, the BC films willolse most

of their weight and look like a thin film, as described in Fig. 3, which is now suitable for other
applications.

Wet BC film => v Drying the — Washed and
obtained Washing the BC film in dried BC
from BC filmsina an film, that can
Kombucha washing unit. industrial be used for
fermenter. other
v applications.
% >
\ = )
\ v
Wet BC A washing tank fitted Tray Dryer Dried BC
film with an industrial stirrer film

Fig. 3.Principle of the BC recycling line and the possible machines that can be used for BC recycling

ol

. Conclusions

1. The recycling methods and machines used in the plastic industry are analyzemassess the

”””” I £#/ OOEI EUET ¢ OEAI EI

processes than BC purification, but washing and drying used in plastic recycling are similar to
BC puirification.

2. Hence, the washing and drying unit afe plastic recycling line is analyzed, and it is found that
the washing unit can be used for BC washing, but the drying unit cannot be used, as it employs

centrifugal drying instead. An industrial drying chamber can be used for drying the BC films.
3. TheDOET AEDAIT OTEOO 1T &£ +1 1 AOAEABO "# OAAUAIET C
developed, indicating the main parameters of each step.

A~ o~ N s =
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4. As the world is moving towards more sustainability, the implementation of waste valorization
in the Kombucha ndustry by reusing the BC as a raw material for other industries could be a
potential game changer. Also, it opens a new line of business for Kombucha manufacturers.
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Abstract

While Automated Guided Vehicles (AGVs) have transformed simple order picking tasks by
reducing manual labor and optimizing processes, the literature leaves significant opportunities
for further exploration. As highlighted by several research papers, literature often focuses on
technical aspects of technology such as navigation, path optimization and hardware. There is,
however, a notable lack of studies addressing the implementation of AGV fleatstine industrial
warehouse for higher operational efficiency, particularly in relation to throughput. The choice of
type of AGV is based on activities to be automated, and the setup of AGV environment based on
future plans of expansion and change in infragucture, as well as future automation endeavours,

is detrimental to the ease of configuration of future implementations that are bound to be needed.

Keywords: Automated Guided Vehicles (AGVs), warehouse automation, material handling
automation.

1. Introduction

Amid the shift towards smart manufacturing, attention has turned to the supply chain and its
importance in the capability of industrial operations. Due to the rising environmental and
operational challenges, a warehouse isow no longer just a storage area for inventory but rather

a crucial tool for fulfilling customization in customer demands, increasing operational efficiency
and protecting organizations from volatile markets. With future warehouses shifting to
innovative technologies, the concept of a smart warehouse has emerged. Technologies such as
Oi AT OEAOh AEC AAOA AT Al UOEAO AT A AOOEAZEAEAI EI
Oi AOO xAOAET OOA AT A AT 1T OANOGAT Ol U twdd wiiittdseial AOOT
goals, the model of a smart warehouse is ideal with its focus on the highest levels of operational
efficiency that can only be reached with high levels of autonomy and low levels of reliance on
manual workload and paperbased applicatons [2]. The introduction of barcodes in the 1960s
was the foundation of warehouse automationpallowing inventory management to incorporate
real-time data processing within modern warehouse management systems (WMS). Barcode
scanning opened doors for techalogies such as radig€requency identification (RFID) supported

by the Internet of Things (IoT) systemsenabling the concept of automated warehouse operations
[3]. 10T integration allows for a constant flow of realtime data from distributors, carriers,
suppliers and customers, improving planning and control of supply chain factors. Within this
technological framework, Automated Guided Vehicles (AGVs) are pivotal tools for smart
warehouse operations providing efficient material handling systems that redue operational
expenses and increase productivity.

The novelty of the work lies in a methodological approach based on analysis of actual AGV
implementation, including automated processes, data collection methods and performance of
AGVs deployed.
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2. Functionality and types of AGVs

In an example from the automotive industry discussed in the literature, with the underrun AGVs
replacement of manual tugger trains, the vehicles not only replicate the tasks performed by the
driver but also ergonomically eliminate the strain in pushing and pulling trolleys that often weigh

Fig. 1 Examples of various types of an Underrun AGV [4]

Fig. 2 shows four common types of automated warehouse layouts as presented by Hang et.al.
Traditional layouts are often in symmetrical straight lines with shelves on both sides and routes
in the middle. The fishbone layout shown irFigure 2d is the new layout adapted for increasing
storage locations. However, this layout increases the chancesdgadlock when more than one
AGYV is used ands therefore ineffective for material handling and transport operated by an AGV
fleet. Deadlock refers to a situation where two or more robots are unable to proceed as they block
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Fig. 2 Four common warehouse schemes: zatraditional parallel layout; b z traditional vertical layout; ¢ Z
traditional horizontal layout; d z fishbone layout [5]

ITA 1T /&£ OEA ZAAOI OO OEAO AEEAAOQO ! ' 6y resda@UEl O /
papers highlight the importance of warehouse layout choice based on the number and type of
AGVs used. Rubio et al. highlights that an AGV environment is made from pathways and lanes as
well as stations, machines, walls, warehouse shelves anmich more. The lanes can be designed

98



Proceedings of2™ InternationalYoung Researcheonference
INDUSTRIAL ENGINEERING 2025

to be oneway or multiple lanes depending on how much traffic is needed in that particular area.
The design of the pathways is done taking into account deadlock avoiding when multiple AGVs
are used and the optimizationof routes to ensure that AGVs are travelling through the shortest
and fastest between the source and the sink points [6].

3. Implementation of AGVs in an Industrial Warehouse Environment

In this work, a mixed-methods approach will be adopted to assess thmpact of AGVs on realife
warehouse operational efficiency by integrating qualitative process analysis and quantitative
study of operational performance metrics. First, a documentation of warehouse operational
workflows will be presented establishing bagline expectations for the system. Second, the
implementation of AGV technology will be analysed and the methods of performance tracking and
data collection will be presented.

The baseline expectation of the AGV implementation in the first phase was to sgtthe vehicles
physically to the warehouse and production area with the major requirement being to stabilize
the physical execution of automated transportation with AGVs. The overarching goal is to ensure
a smooth integration of processes through an Entprise Resource Planning (ERP) system,
Manufacturing Execution System (MES), AGV connector, Fleet management and the AGV as shown
in the illustration in Fig. 3.

o999

Fig. 3 Overview of flow processes

Before to AGV implementation, the initial situation for tiis particular use case is that operators
used to move purchased raw components and finished goods between storage locations and
production lines. Material requests were generated manually through the ERP system, and
warehouse coordinators communicated instuctions to tugger train operators. Warehouse
coordinators are the responsible employees in the warehouse with access to operational data
within the ERP system allowing them to control material flow and transport tasks. The
coordinators directed tugger train drivers (otherwise called line feeders) to locate and transport
the material.

The Active Shuttle by Rexroth AGV (shown in Fig. 4) was the chosen robot for this task of transport
of items from production to warehouse. The choice was made based on the ead the setup of
the system and low investment with a short ROI of maximum two years.
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Fig. 4 Picture of Active Shuttle by Rexroth AGV [7]

The AGV can transport items from a specified handover location to a designated drofh location.
There are two types of AGV handover locations: the unit and the flow lane. Flow lanes can
accommodate multiple dollies depending on the allocated length of the lane. They have one input
position and one output position. The AGV transports the titey from the input position to the
end of the flow lane or to the last AGV already situated in the flow lane. The flow lanes maintain
the FIFO (First In, First Out) principle. The unit handover location is a single point that can only
manage one trolley.The input and output positions are the same for this option. The type of
handover location is chosen based on operational requirements such as throughput needs, spatial
constraints, and material flow characteristics. This varies depending on the type o&insport item.

Table 1. Material groups that will be transported using AGVs in this phase of the implementation

ltem Description

Purchased parts Components to build the finished product. Components are store(
in supplier empty packaging(box/tray) on trolleys.

Supplier empty packaging Packaging without purchased parts from suppliers. The empty
packaging is also transported on trolleys.

Finished goods Finished produced parts. These parts are stored in customer
empty packaging(boxes/trays) on trolleys.

Customer empty packaging Packaging without finished goods. The empty customer packagin
is also transported on trolleys.

4. Conclusions

1. Efficient material handling systems that reduce operational expenses and increase
productivity were analysed to establish a basic understanding of the AGV processes and to
draw attention to weaknesses of the existing manual internal transport system.

2. Four common types of automated warehouse layouts were analysed. Where established that
traditional layouts are often in symmetrical straight lines with shelves on both sides and
routes in the middle. The fishbone layout is the new layout adapted for increasing storage
locations.

3. Inthis work, a mixedmethods approach was adopted to assessdhmpact of AGVs on redife
warehouse operational efficiency. The overarching goal was to ensure a smooth integration of
processes through an Enterprise Resource Planning (ERP) system, Manufacturing Execution
System (MES), AGV connector, Fleet managemant the AGV.
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Abstract

This study analyses the mechanical and functional properties of thermoplastic composites
composed of thermoplastic copolyester (TPC) and varying contents (4% and 8%) of graphene
powder. To evaluate the influence of graphene content on composite behaviour and to determine

the rational content for various industrial applications, tensile and cuping tests were conducted

by ISO 5273 and ISO 20482 standards. The obtained results revealed that a 4% graphene content
significantly improved the tensile mechanical properties of the composite: the tensile stress
increased by 32,2% compared to the pureipl Ui AOh AT A 9101 ¢80 11T AO
pnchw -0A O couhyxy -0A8 (1 xAOAOh OEEO Al 1T OA1T O
In addition, a considerable reduction in plasticity was observed, as the relative strain at break
reached only 32,26 compared to 268% for the pure polymer. Increasing the graphene content to

wp EI DOI OAA OAT GET A OOOAOGO O ¢phx -0A jx xubcC
relative strain dropped to 11,8%. Electrical conductivity was achieved, with the tensile spanens

OET xET ¢ A OAOEOOAT AA OAT CET ¢ &OIT I wohu O wovmr
indicating changes in the conductive graphene network within the polymer matrix. Cupping tests

confirmed these trends: pure TPC remained the most ductile (B8w [ I Qh xE4&84 A 4 (
OET xAA ET AOAAOAA OOOAT COE | xwwhg .Qq AT &% I 1T AA
Al i pT OEOA xAO OEA 1100 AOEOOI Ah EAEITEITC AO poc

results revealed the possibility to identify the graph@e content influence on the parameters of
composite structures, which are relevant to functional thermoplastic materials used in industrial
applications, including automotive, electronics and biomedical sectors.

Keywords: thermoplastic copolyester, graph@e, mechanical properties, 3D printed composite.
1. Introduction

Thermoplastic composites are increasingly important due to their advantageous mechanical and
technological properties. These include low density, flexibility, and resistance to chemical and
mechanical impacts, which meet the rapidly growing demand in advanced technology sectors
These materials are widely used in highech sectors such as aerospace [1], automotive [2],
electronics [3] and biomedicine [4], where both mechanical reliability andspecific functional
characteristics are required[5]. However, the mechanical and functional properties of unfilled
thermoplastic materials are often limited, which has led to the increasing application of functional
fillers for property enhancement [6]. Ohe of the most promising solutions involves the
incorporation of nanostructured materials such as graphene [B]. Due to its exceptional
mechanical and electrical properties, graphene can significantly improve composite performance,;
however, its effectiveress strongly depends on the appropriate selection of filler concentration
frwY8 3AEAT OEZAZEA 1 EOAOAOOOA ET AEAAOAO OEAO A@i
ductility, increase brittleness, and limit the applicability of the composite [10]. Howver, limited
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research exists on the incremental forming applicability of graphenenhanced thermoplastic
copolyester (TPC), and it remains unclear whether such composites have suitable formability and
mechanical stability for incremental forming processes

It is still unclear how the addition of graphene affects its mechanical and functional properties,
especially when aiming to combine good conductivity with sufficient mechanical performance.
Therefore, further research is needed to clarify these effegtand to optimise the composition for
functional applications.

The aim of this study is to evaluate the effect of graphene content on the mechanical and electrical
properties of TPC composites, seeking an optimal balance between conductivity and mechahica
performance. This research focuses on the development of electrically conductiv8D-printable
TP&graphene composites, which have not been previously studied in the literature.

2. Research Methodology and Experimental Investigation

Composite material sgcimens based on TPC infilled with different concentrations of graphene
powder (4% and 8%) were fabricated.In this study, 4% and 8% graphene concentrations were
selected based on preliminary insights into the influence of graphene on the electrical and
mechanical properties of composites. A 4% concentration was chosen as the minimum level at
which the onset of electrical conductivity is commonly observed in the literature, while
maintaining good elasticity and deformation resistance of the polymer. An 8%@ncentration was
selected to evaluate the effect of increased filler content on structural strength, considering the
potential risk of increased brittleness, particularly under compressive or bending loads. This
selection allows for the assessment of botthe conductivity threshold and mechanical property
changes at higher filler contentsThe material strands were fabricated using a powder extrusion
method to ensure a homogeneous composite structure. TPC pellets and graphene powder were
precisely weighed,mechanically mixed into a uniform blend, and extruded using a Noztek Touch

HT extruder, which enables precise control of both the heating temperature and the diameter of
OEA A@OOOAAA EEI AT AT O jphxu m mhmnp {1 Ethe OEEC
temperature was maintained at approximately 20@c pmt J# Ol AT OO60A 1 b
homogeneity and a consistent filament diameter.

The prepared filament strands were used to fabricate specimens for mechanical properties and
conductivity testing using 3D printing technology with a Prusa Slicer MK3s printer. During the
printing process, parameters including environmental temperature (23°C), printing speed (20
mm/s), and layer thickness (0,1 mm) were controlled to ensure specimen homogeneity and
dimensional accuracy. For experimental investigations, series consisting of four standaresized
specimens was fabricated by standards ISO 52¥ (Fig. 1, a) and ISO 20482 (Fig. 1, b). The
mechanical properties of the fabricated materials were evaluated using tersiand cupping test
methods.

Tensile tests were carried out using a Tinius Olsen H10KT testing machine. The specimens were
stretched at a constant rate of 50 mm/min until failure, while load and deformation data were
recorded using the integrated data acagisition system of the testing machine. Based on the

AT 11 AAOAA AAOAh OEA EAU | AAEAT EAAIl DPAOAI AGAOO
modulus, maximum stress, and strain at break. Cupping tests were performed using a dedicated
test rig equipped with a punch. The specimens were compressed at a constant speed of 50
mm/min, while the increasing load and central deformation of the specimens were recordeth
addition, the electrical conductivity of the composites was evaluated to determine tivepotential

as electrically conductive materials. The aim was to assess whether the addition of graphene
enables the formation of a conductive network within the polymer matrix Electrical conductivity
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measurements were performed by applying silver past¢o the surfaces of tensile specimens to
ensure electrical contact, and resistance changes during deformation were recorded using a Fluke
3000 FC multimeter.

150x15x1 60x60x1

25mm

50 mm

a b
Fig. 1. Fabricated gecimens of composite material az for tensile testing,b z for cupping testing

Figure 2 presents the experimental setup view during specimen conductivity and tensile testing.

Fig. 2. Experimental setup of the tensile testaz structural fractures, b z conductivity measurement

3. Results

The TPC/Gr4% composite materials specimens showed notable ductility, with a strain at break

I £ o¢8¢bp AT A AT AOAOACA OAT OEI A OOOAOGO T E£ po
approximately 265,7 MPa (see Fig. 4), which indicates structural flexibiyi and lower stiffness. No
electrical conductivity was detected with specimens containing 4% graphene.

During experimental tests with specimens containing 8% graphene, the average tensile stress
exceeded 21.7 MPa (see Fig. 3) and the modulus reached appmately 581,9 MPa (see Fig. 4).
However, the average strain at break decreased by 11,8%, indicating increased brittleness.
Specimens containing 8% graphene showed measurable electrical conductivity, with average
resistance values ranging between 86,5andmmnm m AOOET ¢ OEA A1 OEOA OAIil
test, the resistance of the specimens increased proportionally with deformation, indicating a
decrease in electrical conductivity.
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For comparison, pure TPC showed an average tensile stress of oh®&4 MPa (see Fig. 3), while
AOA O EO EO EECE DbI AOOEAEOUh OEA OAI AGEOGA 0O
modulus was 102.9 MPa (see Fig. 4). All results are presented as average values
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Tensile Stress, MPa
=
romo

10 20 30 40 50 180 210 240 270 300
Relative Strain, %

#—TPC/Gr-4% [-45°/45°] —a— TPC/Gr-8% [-45°/45°] »— TPC [-45°/457]

Fig. 3. Stress vs. Strain curves dhe composite structures with varying graphene content

&ECOOA 1t DPOAOGAT OO OEA AobAOEI AT OAIT U AAOAOI ET.
contents.

581,9

Young's Modulus, MPa

102,9
100
. I
B TPC [-45°/45] W TPC/Gr-4% [-45°/45] B TPC/Gr-8% [-45°/45]
Fig.4.91 O1 ¢8 O | theAdinpoSitd structHres with varying graphene contents
The pure TPC speimens showed relatively high ductility and moderate mechanical strength

during cupping tests. Average load was 511.4 N, and average strain at failure 23.9 mm (see Fig.
5).

The TPC/Gr4% composite material specimens showed relatively higmechanical strength and
ductility during cupping tests. Average load was 799.2 N and average strain at failure 12.3 mm
(see Fig. 5).

The TPC/Gr8% specimens showed pronounced brittleness during cupping tests. Average load
reached 139,8 N and average straiat failure 2,2 mm (see Fig. 5).
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Fig.5. Loadvs. Straincurves ofthe composite structures with varying graphene content

Visual observations revealed thafTPC/Gr4% specimens showed greater deformation prior to
fracture, with a more plastic and bulging fracture morphology. In contrast, th&PC/Gr8%
structures showed a clear brittle failure, lower deformation and straight cracks without a visible
plastic deformation zone (Fig. 6).

Fig. 6. Specimen appearance after cupping test

4. Conclusions

1. Tensile test results showed that a 4% content of graphene powder in the TPC matrix
significantly improves the tensile mechanical properties of the composite. Pure TPC had an
AOAOACA OAT OET A OOOAOGO T &£ pcht -0A AT A A 00C
OEA OAT OEI A OOOAOGO ET AOAAOGAA O1 poht -0A jX

pnichw -0A OF ¢qouvhyx -0A jxpuy PQg8 4EA OOOA
COAPEAT A AT TOAT O xAO ET AOAAGAA O1 ybh OEA OK
OOOAET AO AOAAE AOI BPPAA O T1T1T1U pphyrs 91 O1
indicating higher stiffness and brittleness.

2. Electrical conductivity tests s1owed that 4% graphene content was not sufficient to ensure

conductivity, while 8% resulted in measurable conductivity, with resistance ranging from 86,5

sz - z A oA

O vnnm m8 4EA OAOEOOAT AA ET AOAAOGAA xEOE AARE
graphene netvork within the polymer matrix.
3. Cupping test results showed that pure TPC was the most ductile, with an average failure load

sz A X - z A~

I £ vppht . AT A A OOOAEI A@&%M}Eds@@h&wedﬁfgharohw"

strength, with an average failure loadof 792, . AT A A OAAOAAA OOOAEI
pp Al i BT OEOA xAO OEA 1100 AOEOOI Ah xEOE AI
| £ powhy . 8
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Abstract

The goal of this study is to develop mixed matrix hollow fiber membrangddFMs) with improved
"""" PAOA&I Of ATAA Au ET AT Obl OAOQE
polyetherimide (PEI) matrix. Two types of MM® unmaodified (hydrophilic) and surface-modified
(hydrophobic)? were used to investigate the impact of filler characteristics on membrane
morphology and gas separation behaviour. The membranes were fabricated usingetdry-wet
spinning method and characterized by field emission scanning electron microscopy (FESEM) to
assess structuraimorphology8 * AO DAOI AACETT A@DBAOEI AT OO0 xAO/
AAOO PAOAI Of AT AAh AAEEAOET @ 1.0 &hkh i&HigQdE thad QeatPEIF T # (
and PENaMMT by 12.5 % and 28.57 %, respectivelydue to improved polymerzfiller
compatibility and reduced nonselective voids. Tlese findings demonstrate the potential of
surface-modified nanofillers to enhance gas separation efficiency in Pibased HFMs.

Keywords: Polyetherimide (PEI), Hollow Fiber membranes (HFMs), G@eparation,
Montmorillonite, Cation Exchange.

|. Introduction

Toyota Central Research Laboratoriegtroduced the first and foremost commercial applications
of polymer clay composite in the automotive industry in 1990 [1]. Since then, clay minerafgave
gained tremendous response both from academia anthdustry because of their economic
viability and potential to enhance mechanical, chemical, thermal, and barrier properties of
polymer clay composites [2].To date, various clay minerals have been incorporated in polymer
matrices for the development of fla sheet membranes,and its effect on morphologyhas been
investigated. However, the effect of clay loading and dispersion conditions on the morphology and
mechanical properties of clay filled polymer hollow fibre membranes (HFMs) have not
investigated much despite of the fact that HFMs are preferred over flat sheet membranes (FSMs)
for large scale applications because of its higher surface area [3]. The development of HFMss is
far more complicated phenomenon than FSMs, as the dope viscosigngesfrom a few hundred
centipoises to later parts and a few thousand for its counterpart [4]. The morphology and
structural properties of mixed matrix membrane (MMM) is dependent on the physical properties
of both polymer and clay along with the distribution of fill ers. Generally, hydrophobic polymers
like PVDF (polyvinylidene fluoride), PE (polyethylene), and PTFE (polytetrafluoroethylenegre
used to develop membranes, however, it has certain limitations in terms of separation ability and
mechanicalproperties [5]. Polyetherimide (PEI), despite of its hydrophobic nature possessesa
high glass transition temperature which makes it chemically and thermally resistant. Natural
montmorillonite (MMT), a type of clay with exchangeable cations, can be comed from
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hydrophilic to hydrophobic by replacing inorganic cations with organic cations such as
quaternary ammonium salts [6].
MMT consists of negatively charged silicate layers, which are balanced by exchangeable interlayer
AAOGET T O OOAE AN ionidsiructdvé rdndetsAMIMT Biydrophilic, leading to water
absorption and swelling, which ultimately results in poor compatibility with hydrophobic
polymer matrices. The aforementioned inorganic cations can be exchanged with lofahain
organic cations which increase the interlayer spacing of MMT and facilitate its exfoliation and
uniform dispersion within the polymer matrix [7]. Moreover, the incorporation of MMT clay fillers
can alter the membrane's skin layer thickness, surface porosity, and hydrophicity. Zulhairun
and Ismail [8] fabricated mixed matrix membranes (MMMs) using commercially modified Cloisite
15A, which is modified with Bis(hydrogenated tallow alkyl) dimethyl ammonium. They observed
that increasing the filler loading resulted in difision pathway blockage. Consequently, even at a

T OA1T O

significantly increased by 144%.

I £ m8u

xObh

OEA

i AT AOAT A2 O

In this study, NaMontmorillonite, a layered silicate, is used to exchangeations x E O Eamido
acid to introduce organophilic and compatibility towards organic polymers. Moreover, the
objective of this research work is to observe N&MIMT and organemaodified clay (f-MMT) on PEI
hollow fibre membrane morphologyand CQ/CHa4 separation performance.

2. Experimental Methodology

2.1. Materials

A variant of NaMMT with a cation exchange capacity of 100 meg/100 g, KUNIRMK has been
provided by Kunimine Ind. Co., Japaiihe following compounds were provided by Sigma Aldrich:
polyetherimide (PEI; melt index: 9 g/10 min), ), Nmethyl-2-pyrrolidone (NMP, purity 99.5% |,

and 12-aminolauric acid (purity,

95%). On the other hand,HCl was supplied by Merck. The

interlayer modifi cation of NaMMT waswas performed as mentioned elsewherf9].

The dope solutions consist of 23% PEI and 77% NMP, with 3% solid polymer derived fromNa
MMT andf-MMT. To achieve the desired dopant composition, the designated quantities of-Na
MMT andf-MMT were combined in NMP solvent and subsequently sonicated for one hour at 40
°C to guarantee homogeneous mixing. Subsequently, for priming, include 10 weight percent PEI
into the solution and continuously mix for three hours at 70 °C. The residual PEI was sdguently
introduced to the solution in a gradual, continuous flow until it fully dissolved. Following a 12
hour stirring of the solution, it was let to cool to room temperature to eliminate any gas and air
bubbles. The viscosity of a dope was assessed@atrpm utilizing a Fungilab Rotational Viscometer

(Model Alphas L).

Table 3. Dope solution composition

Dope solution PEI(wt.%) \TV?/;, I\Q?A;-EI Viscosity (cp)
Neat PEI 23 0 5617
PEFNaMMT 23 3 9.014
PEH-MMT 23 3 14.110

2.2. Hollow fibre membrane fabrication

The phase inversion method was used to spin HF membrane at ambient conditions through HF
spinning experimental set up. Tube in orifice spinneret was used for dope extrusion with
outer/inner diameter ratio as 0.8 mm/0.4 mm. Lab scale hollow fibre spinning experimental set
up was utilized to develop HF membranes at ambient conditions. A constant nitrogen gas pressure
of 100 kPa is supplied in order to create inert environment and dope solution is pumped
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continuously at a particular flow rate and syringe pump maintained the bore fluid flow rate. The
air gap distance was fixed at 15 cm and tap water was used both as external and internal
coagulant. The solvent exchange start from lumen side however after passing thgiuspinneret
the fibre transported to a solventexchange coagulation bath After spinning, the HF were
immersed in water for 3 days for complete removal of residual solvent with daily water changed
followed be drying at room temperature. Table 2lescribed the spinning conditions for both PElI
Na-MMT and PEIf-MMT HF membranes.

Table 4. Spinning conditions for hollow fibre membranes

Spinning Conditions Values
OD/ID (mm) 0.8/0.4
T (°C) 25
Coagulant Water
AG (cm) 15
Dope rate (mL/min) 0.8
Bore rate (mL/min) 1
Take up Free fall

2.3. Characterizations

oA A o~

FTIR spectroscopy(Perkin Elmer 1650 EO OOAA O1 AT 1 AE Gdmin@dtrk aciO O A A
in the interlayer gallery of MMT. Thermo gravimetric Analyzer (TGAPerkin Elmer, STA
6000)TGA is used to check the content of amino acid attached. Small angle XRD (8&XKER,
XRD/D8Q EO OOAA xEOE #1 +) OAAEAOQEIT 1 dijtanc pfuayered | q (
silicate. Morphological structure of spun HF membrane are studied by using FESEM. The HF
membrane are break in liquid nitrogen and then analyze through Field Emission Scanning
Electron Microscope (FESEMZeiss Supra55 VP

2.4. Gas Searation Test

A gas permeation test was performed at 6 bar pressure and ambient temperature using gases that
were 99% pure, namely C@Qand CH. An injection of a 2fiber pile was introduced into the module;

one end of the pile was covered with epoxglue to inhibit gas passage, while the other end may
be exposed to the selected intake gases. The desired gas was injected into the hollow fibers via
their shell side to facilitate penetration. The total effective fiber area was approximately 7.54 ém

A digital flow meter is employed to measure the downstream gas flow rate. The equation was
employed to ascertain the permeance (1).

/ 2731y "

Here, P represents the gas permeability of species j A8C8h #/ F 10 #(wuqh
Permeation Units (GPU). The variablé, denotes the membrane thickness, whil€refers to the
volumetric gas flow rate. A is the effective membrane area, ana- Oindicates the pressure
difference across the membrane, measured in cm.Hg. The permeation temperature is denoted by
T, expressed in Kelvin (K)

ij represents ideal selectivity of gasto j, and was calculated using the equation (2).

@

WhereasP/I, Pj/l represents permeation of gas i and j, respectively.
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3. Results and Discussion

&4) 2 OAAET ENOA EO OOEI E UAdminGauriciatidindnd DtergyerOA OE A
gallery of NaMMT. A typical structure of montmorillonite shows peaks as shown in figure 1 (a).

The peaks are shown in figure 1(a) at wave number 521, 1041, 1637, 3467 which represents Al

O-Si deformation, SiO stretchingand HO-H bending and AlO stretching respectively. In amino
functionalized MMT, the new peaks appear around 1713, 2850, 3236 and 3617 and are the
characteristic peaks of carbonyl group, ®& bond stretching, NH stretching and OH stretching of

structural hydroxyl group [10,11]. All-important bands and assignments of functionafjroups
can be seen in Tabl@.

120

(b)

I
2850 =__

Transmittance (%)
3414
Mass loss (%)

\ e ”/ 4904 Na-MMT

2 ; — £MMT

T T T — T T 20 T
4000 3500 3000 2500 2000 1500 1000 500 50 150 250

350 450 550 650
ave | .
wave number cm Temperature ("C)

a b
Fig. 7.az FTIR, bz TGA analysis of clays
Table 5. FTIR peaks and bonds assigned

SN Wave Number (cmt) Bond Assigned Theoretical Range
Na-MMT f-MMT cmt

1 521 521 Al-O-Si deformation -

2 1041 1048 SiO stretch 1030-1045

3 1637 1638 H-O-H bending 1610-1650

4 1713 Carbonyl group 1690-1760

5 2850 GH stretching 2850-2960

6 3236 N-H stretch -

7 3412 3414 H-O-H stretch 3410-3445

8 3617 Structural OH stretch 3597-3645

According to thermal analysis performed by TGA, the attached amino acid chains are stable up to
280 °C after that it start to disintegrate from the interlayer gallery space it can be evident in
Figure 1 (b). Also, the extent of attachment can be estimatddom TGA analysis, the difference
between weight decreases in MMT and modified MMT is approximately 21 %. The content of
organic compoundsin modified MMT was calculated by the weight loss MMT by heating from 25
to 700 °C. The weight loss from 120 to 70 considered to be the contents of organic and

structurally absorbed water in MMT. The weight loss for MMT is 7% from 210 to 30C whereas
a significant
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Fig. 8. XRD pattern for pure and Func. MMT

weight loss is observed for modified clay from 240 to 460C i.e. 22%. The absorbed water content
believed to be 7 % and organic content is approximately 21 % which is quite a significant amount.

The presence of organic compound in basal spacing of MMTcanfirmed by FTIR and TGA. The
interlayer distance can be estimated by XRD. Figure 2 depicts the XRD pattern of MMT and
modified MMT. We can observe the few additional peaks in modified MMT which suggests the
spatial change inside layers. In MMT spectragpk observed was around Zheta value of 5 degree
whereas it was shifted to 6.2 degree for modified MMT, which suggests the increase in inter layer
AEOOAT AA8 4EA EIT OAOI AUAO AEOOAT AA Al O1 OAA & O
consistent with literature [12, 13].

Cross sectional morphology of spun hollow fiber membranes have been depicted in Figurdt3s

observed that porous morphology is obtained due to the adoption of phase inversion method. The
finger like pores are the dominant morphology in all the developed HFMs with thin top skin layer.

Fig. 9. FESEM micrographs ofleveloped HF membranes at magnification of 100 pum

The phase inversion process influences the shape, mechanical properties, and gas separation
performance of the membranes throughout developmentThe macromolecular architecture of
spun membranes can be influenced by many thermodynamic and kinetic parameters associated
with the phase inversion process. These parameters encompass interactions among polymers and
solvents, between solvents and coagulas, and the viscosity of the dope[14]. The
solvent/coagulant interactions are responsible for the pore structure and distributions. The
favorable interaction leads to instant solvent exchange which creates long finger like pores. Dope
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solution contained NVIP as a solvent and water is used as n@olvent. The interactions of PEl
NMP is weak in comparison to NMPwater interactions. During membrane development process,
NMP leached out of the nascent membrane and water replaced it inside the newly spun hollow
fiber membranes, as a result finger like pores are formedJpon contact with the external
coagulant, the membrane surface solidifies, resulting in the formation of a thick outer skin layer,
which signifies the conclusion of pore developmenitl5].

In addition, the viscosity of the dope solution is another factor that governed the morphological
structure. The viscosity of PEF-MMT dope solution is higher as compared to other dope solutions
as depicted in Table 1. Due to higher viscosity, the pore forng process slowed down and thicket
outer skin layer is formed [16]. The outer skin is thicker for neat PElI and PEHIMMT membranes
in comparison to PEINa-MMT HF membrane. Due to hydrophilic nature of NMMT, the water
interactions increases which result n thinner skin layer formation. The thinner skin enhance the
gas permeance however the selectivity has to compromise [17].

Figure 4 shows the C®permeance of all three developed hollow fiber membranes at 600 kPa
pressure. CQ, CH permeance can be seem Figure 4(a) whereas Figure 4(b) represent the
selectivity. PEINa-MMT showed the highest permeation for C&£and CH. The poor polymer filler
interactions create surface voids and leads to Knudsen diffusion which is responsible for higher
gas permeance 18]. The NaMMT in PEINaMMT is hydrophilic in nature as compared to
hydrophobic PEI, as a result poor polymer filler interactions are responsible for higher gas
permeation and also the thin skin layer formation for this membrane leads to lower G{CH4
selectivity as observed in figure 4 (b).
B b
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Fig. 10. The permeance (C@ CH) and selectivity of spun hollow fibre membranes

The hydrophobic MMT is compatible with host PEI, as a result form evenly distributed
morphology and showedhighest gas permeance for CG@as. In addition, the higher aspect ratio
of the functionalized clay plays an important role in increasing the exfoliated morphology, even
distribution and enhancement in tortuous path [19]. All the phenomena support the seldéwity
enhancement for mixed matrix membrane. Due to higher aspect ratio for functionalized clays, the
interlayer interactions are weak, and clay layers separated from each other during dope
preparations and evenly distribution in polymer matrix. This uniorm distribution of clay
increases the tortuous path for the incident gas, which creates more hindrance for the gas passage
particular for the gas molecules with higher kinematic diameter. Due to this reason, for REI
MMT the CH transportation is lowest. Due to this reason the selectivity is highest as compared
to both neat PEI and PENa-MMT. The results are consistent with the previous literature [20, 21].
Hashemifard et al. embedded hydrophobic and hydrophilic MMT in PEI matrix to cast flat sheet
membrane [21]. The C@permeance for hydrophilic MMT (1 wt.%) is 74 % higher than neat PEI
whereas it is 48% higher in the case of hydrophobic MMT. However, relative selectivity is higher

Al O EUAOI PEEI EA --4 AOA O OEA OIEA8O AOAAOQEITI
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4. Conclusion

Na-Montmorillonite is layered structure containing Na* as interlayer cation, and organophilic in
nature. Na- - 4 xA O OOAAAOOAOSIaminb adidl aAdEhEferkalatiok Gf Brgabic
compound inside gallery of layered structure is confirmed by FTIR, and the content of attached
compound of amino acid ispproximately 15 %, with basal spacing of 14.26 A. Mixed matrixFMs
with Na-MMT andf-MMT were developed via phase inversion method to study the effect on its
morphology and CQ/CHa4 separation. For modified clay, the inorganic cation of NMIMT was
replaced with organic cation of aminolauric acid to induce hydrophobicity. FESEM images
suggested the uniformfinger like pore generation for both types of MMT which ultimately
support the CQ, CH permeation as evident from gas separation test. The PEIMMT showed
lower CQ, CH permeance as compared to neat PEI and RE&-MMT HFMs owing to improved
filler distribution , however showed improved selectivityby 28.57 %.
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Development of Highly Porous Bioactive 3d -Printed Polylactic
Acid/Hydroxyapatite Scaffolds for Bone Tissue Engineering
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Abstract

The development of biomimetic scaffolds is essential for advanarbone tissue engineering. This
study aimed to fabricate and evaluate polylactic acidnd hydroxyapatite (PLAHAP) composite
scaffolds using 3d printing technology. Three scaffold geometries, mimicking cancellous bone,
were designed and fabricated. PLA iments were prepared by incorporating 5%, 10%, 20%, and
30% HAP.Filaments containing up to 20% HAP exhibited good extrusion stability, uniform
morphology, and consistent printability. In contrast, the 30% HAP filament was brittle and failed
during extrusion. SEM analysis revealed more uniform HAP distribution at lower concentrations.
The printed scaffolds demonstrated 6@80% porosity with interconnected pores. These results
highlight the importance of optimizing HAP content to ensure scaffold quality andufctionality

for tissue engineering applications

Keywords: polylactic acid, hydroxyapatite, composite,scaffolds
1. Introduction

Every year, human cell, tissue, and organ transplantation saves lives, treats diseases, and
alleviates traumaworldwide. In recent decades, these procedures have become more frequent

and successful due to advancements in donor transplant exchange programs. Despite these
developments, challenges such as graft quality, shortages, and immune rejection responses
persist [1].

one tissue damage caused by various injuries or degenerative diseases remains one of the most
commonly encountered clinical issues [2]. Worldwide, researchers are increasingly focused on
developing innovative biomaterials that can replace donor gfts, thereby addressing the
persistent challenges associated with transplantation [3]In this regard, 3d porous scaffolds are
being developed for bone tissue regeneration in defect areas. These scaffolds are fabricated using
various synthetic and naturalpolymers, inorganic materials, or their combinationg4].

3d printing technology has emerged as a promising tool for fabricating scaffolds with precise
control over structure, porosity, and mechanical properties, making it highly suitable for tissue
engineering applications [5].

The objective of this study is to develop and evaluate highly porous Jatinted scaffolds made of
PLA and HAP composites for bone tissue engineering.

2. Materials and methods

Three distinct scaffold geometries with varying intenal architectures were designed using Z
SUITE software (Zortrax, Poland). Each model was configured as a 20 x 20 x 20 mm cube, with
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the internal structures tailored to mimic the morphology of cancellous bone. The finalized 3d
models are presented in Figre 1.

Fig. 1 3d models of the designed composite scaffolds

Poly(lactic acid) (PLA) and hydroxyapatite (HAP) were selected as the primary materials for
scaffold fabrication. Four different composite filamentsvere prepared with HAP concentrations

of 5%, 10%, 20%, and 30%. The composite scaffolds were then fabricated using a Zortrax M200
Plus 3d printer.

Fourier-transform infrared (FT-IR) spectra were recorded using a Perkin Elmer Spectrum GX
spectrometer. The morphology of the materials was examined usirgy high-resolution S3400N
scanning electron microscope (SEM, Hitacht300N, Japan).

3. Results and discussion

In this work, PLA and HAP were successfully used as primary materials for the fabrication of
composite scaffolds. Four differentcomposite filaments were prepared, incorporating HAP
concentrations of 5%, 10%, 20%, and 30% by weight, with a filament diameter of 1.75 £ 0.05 mm.
The filaments with 5%, 10%, and 20% HAP content were successfully extruded, maintaining
consistent diameterand mechanical integrity throughout the process. However, the composite
filament containing 30% HAP exhibited significant brittleness and poor flowability, leading to
extrusion failure and the inability to produce a functional filamentSEM analysis confimed that

in the PLA filament containing 30% HAP, the HAP was unevenly distributed, the filament diameter
was inconsistent, and the surface appeared rough.

The composite scaffolds were subsequently fabricated using 3d printing technology. Scaffolds
containing up to 20% HAP were successfully printed, exhibiting consistent pore geometry and
surface quality. In contrast, the composite with 30% HAP failed during filament extrusion due to
brittleness and poor flow characteristics, preventing the fabrication of saffolds from this
material. "It was determined that filaments containing %20% HAP are suitable for fabricating 3d
scaffolds with porosity ranging from 60% to 80%.

The FTIR spectrum of the PLAHAP scaffold sample retains the characteristic peaks of both
components, indicating successful incorporation of HAP into the PLA without significant chemical
alteration.
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Fig. 2 FTIRspectra comparing Pla, Hap and Pleap composite

The FTIR spectrum of the PLAHAP scaffold sample retains the characteristic peakd both
components, indicating successful incorporation of HAP into the PLA without significant
chemical alteration.

4. Conclusions

1. The composition of the filaments and the applied technological parameters significantly
influenced the stability of the 3d printing process, layer adhesion, and scaffold morphology.
Polylactic acid filaments containing 320% hydroxyapatite demonstrated good processability
and structural integrity, indicating their suitability for tissue engineering applications.

2. Areduction in hydroxyapatite content within the filament led to improved printing stability,
enhanced interlayer adhesion, and a more uniform scaffold morphology, emphasizing the
importance of optimizing hydroxyapatite concentration to achieve desirable sdfold
properties.
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Biofuel ash treatment with water to extract useful elements
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Abstract

Biofuel ash from industrial biomass boilers is often considered waste, yet it holds considerable
potential for reuse in circular systems. After collecting asfrom the industrial wood-fueled boiler,

the finer material was separated from slag using a manual sifting process. The fine ash was then
mixed with distilled water to extract water-soluble compounds, mainly consisting of alkali salts
and certain trace elenents. The askwater suspension was filtered using filters, and the resulting
liquid was dried to leave behind solid residues. These residues were weighed to determine the
extractable portion of the ash. The process highlights a simple, legnergy method b reclaim
useful materials and reduce waste, supporting more sustainable practices in bioenerfdy.

Keywords: biomass ash, wood ash, AWE(S).
1. Introduction

The development of renewable energy technologies is essential to reduce reliance on foligls
and minimize environmental pollution. Among these technologies, bioenergyparticularly from
woody biomas® offers a carbonneutral option for generating heat and power. However, while
the energy output and emission reduction benefits are well recognéd, the solid byproducts
from combustion, such as wood ash, are often disregarded in conversations about sustainability

[2].

Emerging attention has been drawn to the role of ash in circular systems, highlighting it as an
overlooked component with materid recovery potential. Studies have shown that wood ash
contains not only nutrients but also alkali compounds and trace elements that may be suitable for
reuse rather than disposal. Discarding this ash contributes to unnecessary waste generation and
missedopportunities for resource conservation[3].

In this work, a simple waterbased method was explored to recover useful substances from wood
ash produced in a biofuel boiler system. By separating fine ash and suspending it in water, water
soluble componentscan be extracted, including alkali salts, particularly potassium and calcium
compounds, along with trace metal ions and organic residues. These extractions result in a-lye
like solution that can be dried to isolate reusable residues.

To further support this approach, lab results from external analytical sources were reviewed
(Table 1) to verify the chemical composition and solubility of selected ash samples.

This data helps validate the presence of key watesoluble components such as potassium,
calcium,magnesium, and trace minerals across similar ash types. Comparative analysis supports
the broader applicability of the findings beyond a single sample source.

This water-based ash extract falls within a broader category of Agf/aste Extracts (AWES)

liquids derived from agricultural or biomass residues using lowech, low-energy processes, often
rich in alkalis, nutrients, or trace minerals. AWEs are increasingly recognized as viable
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alternatives to commercial chemicals in ec@onscious applications, raging from natural
fertilizers and biodegradable cleaning agents to soamaking bases and textile treatments.

The integration of AWE use into biomass energy systems contributes to both waste valorization
and sustainable chemical sourcing, reinforcing thermciples of circular bioenergy and practical
environmental stewardship [4].

2. Digital Experimental Details

Wood ash was collected from the discharge system af industrial biofuel boiler fueled by chips

of biomass. Ash was sifted using stainlessOOA AT OEAOA /7 +/ 1 AOE mn8yri
OADPAOAOA Z£ET A AOE &OiI i O1I Ac AT A O1T AOOT O OAOEAC
stored in sealed glass containers to prevent moisture uptake.

&1 O A@OOAAOQEIT T h ¢xedwth 208gp vEE® Al AOEAXxABODEI | AA x
AT 1T OAET A0O8 30EOOEI C xAO PAOA&I Oi AA AO x pnm ODI
stirrer. Two mixing durations were tested:

Z pu [ ETOOAO

E om [ ET OOAO

Postmixing, using filters ash are derivedfrom the solution, and it was done immediately to
OAAOGAA AOI T OPEAOEA #/ F EIT OAOAwQRel flasks, tadhidrédah O A O
6oz J# EI A £O0i A AODPAT AOA 1 OAT O1 OEl xAOAO A
(12zp W EEGBAT & x AECEOO xAOA | AAOBOAA OOEIC A 3EE
determine extracted solids. Allprocessesare shown below (Figure 1).

Biofuel Boiler

Solid Residue

Filtration
Digital Expterimentatial

Fig. 1.lllustration of ash processing: sifting, mixing, filtering, and evaporating with an electric furnace
setup.

Solubility Observations (Table 1)
Soluble in water:

A s s s s o~

E 01 OAOOEOI j+qh #Al AEOI j#AQqh -Aci AOGEOI | -cCqQ
Z "TO01T j"qh OET OPET OO0 joqgqh 1 ECEO T OCAT EA OA«
E 40AAA Al ATl A1 0069 6AT AAEOI je6qQqh :ETA j:1Qqh #IE¢

Insoluble or poorly soluble:

Z ( Avet@ls)(Pb, Cr, Ni, As, Cd, Hg)

E (UAOI PET AEA T OCATEAO T EEA AAT UI PUOAT A
These results confirm that the extractz an alkaline lyez is rich in soluble mineral salts and fits
within the category of AgroWaste Extracts (AWESs) for sustainable reuse in detergen
composting.
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Table 1. Results of the study of elements contained in biofuel ash. Research methods and results:

Research parameter Research results | Research methods (label)

pH 125 [124 ISO 10390:2021

In dry matter:

Organic carbon % 1,34 1,06 LST EN 15936:2022

Phosphorus (P) mg/kg | 13116 | 13625 | LST EN 13657:2003, LST EN ISO 6878:2004
Potassium (K) mg/kg 76250 | 62917 | LST EN 13657:2003, LST ISO 99611993
Calcium (Ca) mg/kg 229083 | 146000 | LST EN 13657:2003, LST ISO 7980:2000
Magnesium (Mg) mg/kg | 21000 | 17583

Arsenic (As) mg/kg <0,5* <1,5* | LST EN 13657:2003, LST EN ISO 11885:2009
Cadmium (Cd) mg/kg <15 <0,5

Lead (Pb) mg/kg <2,5 <2,5

Nickel (Ni) mg/kg 5,33 3,80

Vanadium (V) mg/kg 3,87 6,80

Boron (B) mg/kg 161 123

Chromium (Cr) mg/kg 15,9 13,2

Zinc (Zn) mg/kg 128 72,7

Copper (Cu) mg/kg 102 51,6

Mercury (Hg) mg/kg <0,02 [<0,02 |LSTEN13657:2003, LST EN 12846:2012
"AT UAPUOAT A[<05 <0,5 LST EN 17503:2022

*<0.5 - detection limit.
**<].5 - detection limit.

0.5

0.45

0.4
+ 15min

30min

Settlements, g

0.2

0.2

"1:10" "1:20" '1:30" "1:40" "1:50' "1:60" "170"
Proportions

Fig. 2. The useful substances obtained from the ash between 100 g of solution of different proportions
ash to water, 15 minutes and 30 minutes of ash and water contact time.

As shown in Figure 2the concentration of useful substances obtained from wood ash, measured
PAO pnm ¢ T &£ O1 1 OO®-witen ratibdy( D10 @ @: 708 EnErEd AdmPareAl® E
minute and 30-minute mixing durations. As the asko-water ratio becomes more dilutal, the

AT 1T AAT OOAOCEITT 1T &£ AOOAAGAAT A AT 1 PI OTAO PAO pmr
dilution effect. However, this decrease in concentration is offset by an increase in total extracted

mass across the entire solution volume, indicatingmproved overall extraction efficiency.
Additionally, the minimal difference observed between the 15minute and 30-minute mixing

times suggests that extending the contact duration provides limited benefit, making the shorter

mixing period more practical andefficient.
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Table 2. Concentration and total yield of useful substances from wood ash at various ashrwater ratios
after 90 minutes of contact.

Proportions 100g of solution Whole solution Ash, g Distilled water, g
settlements, g settlements, g

"1:10" 0.514 1.029 20 200

"1:30" 0.287 1.722 20 600

"1:50" 0.251 2.508 20 1000

"1:70" 0.294 4.113 20 1400

As shown in Table 2, extending contact time to 90 minutes yields only a slight increase in
extracted material compared to Figure 2. Theeclining concentration per 100 g reflects dilution,
not reduced recovery. Since total recovered mass still rises, longer mixing offers minimal benefit.
A 15-minute mixing time remains optimal for efficiency.

3. Calculation methodology

Numerical evaluationwas used to determine the concentration of solid residues obtained from
the aqueous extraction of wood ash. This was achieved through a series of standardized mass
calculations. Each dried sample was weighed in a flask, and the mass of extractable sasidue
was calculated by subtracting the empty flask weight:

G G G 0

The mass of the liquid solution in each trial was also determined by subtracting the empty flask
mass from the flask containing the liquid extract:

& a a c

The concentration of extractable solids per gram of solution was calculated biding the mass
of residue by the mass of solution:

0 —_— o

To express the concentration in grams of solids per 100 grams of solution (as shown in the
results chart), the value was multiplied by 100:

0 —— pTT T

These formulas were applied to all sample sets under both Ifhinute and 30-minute mixing
conditions to ensure comparability across tests.

Boundary conditions applied throughout allexperimental runs:

Z )T EOEAI AOE [ AOOqg ¢m8mnm C

£ 7AOAO0 O110iA0Gg ¢nm i1 O ptmnm i1 JET c¢mm 11
E -EQ@EI C AOOAOEIT4¢dg puv [ ETOOAG ATA on 1 ETOOAO
Z 30EOOEI C OPAAAd x pmm OPI j (AEATIPE 2:2 c¢mngmn
E $OUET ¢ OAzusiA QA0 @ Gblpakg ared)i A

Z &1 AOE x AE CE O-@dasuyell grier ieakiOtdal 1| U DOA

This consistent calculation framework enabled reproducible results and supported quantitative
comparisons regarding how dilution and mixing time affected the extraction of watesoluble
components from wood ash.
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4. Results and Discussion

7AOAO0 ABOOAAOEIT T A AETA xI T A AOE OEI xAA AT T OF
were mixed with200zp t mmmt |, AEOOEI 1 AA xAOAO j ET ¢mnm i, O
and evaporated to isolate solids. As water volume increased, residue per flask decreased due to
dilution, but total mass recovery rose, indicating more complete mineral leaching. Minimal

differences between 15 and 30-minute mixing suggest most soluble compourgldissolve within
15 minutes, supporting efficient processing.

Dried residues were light and finegrained, consistent with compounds like potassium carbonate,
calcium hydroxide, and magnesium saltg aligned with solubility data for alkali, alkaline earth A

i AOA1 6h AT OAOAOh AT A PET OPEAOAO8 4EAOA EET AET
Waste Extracts (AWESP].

5. Conclusions

1. Aqueous extraction of 20g of wood ash with increasing water volumes (200g to 1400g) shows
that higher dilution leads to lower concentration of residue in solution.

2. Comparing mixing times of 15 and 30 minutes under identical conditions reveals minimal
difference in extracted useful materials, indicating that longer mixing offers no significant
improvement for extracting useful materials from ash.

3. These results support the conclusion that a Hninute mixing period is sufficient for practical
extraction under the tested conditions, optimizing time and energy use in similar future
procedures.

4. It's not very costeffective to increase the ratio beyond 1:70, as the dissolution becomes
negligible past this point, and further increases are no longer economically viable due to the
mass and concentration involved, mainly because moving large quantities of material with
diminished value becomes increasingly challenging.
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Abstract

This research investigates how theaddition of silica aerogel and preheating temperature affect
the thermos-mechanical behavior of Polyurethane (PU) foams. Conventional PU foams, despite
their widespread applications, face limitations in their mechanical strength and thermal
insulation. Inthis study, 3% by weight silica aerogel, known for its exceptional thermal insulation
and lightweight nature, was incorporated into the PU formulation. Prédneating temperatures of
303,40 and568 xAOA Ai DI T UAA O OOOAU OEshcEk OhekebulsA A O
have shown that preheat temperatures significantly affect mechanical durability and thermal
insulation without compromising flexibility. These findings support the development of high
performance PU foams, tailored to the application irautomotive, medical, and construction

sectors.

Keywords: polyurethane foam, silica aerogel, thermal properties, mechanical properties, preheat
temperature.

1. Introduction

Polyurethane (PU) foams are a versatile material widely used in various industrialpplications
due to their remarkable properties, including thermal properties, mechanical strength, and
lightweight structure. Rigid and flexible PU foams are predominantly used in construction and
furniture, and automobile cushioning applications becausef their thermal insulation, comfort
and durability. However, traditional PU foams often suffer brittleness, thermal degradation and
poor mechanical strength, which limits their demanding durability and consistent performance
under varying conditions for different applications [1].

To address these limitations, researchers have explored the incorporation of functional fillers,
such as cellulose, rubber, latex, and starch, to enhance the thermal and mechanical performance
of PU foams. Along with many othematerials, silica aerogels also attracted the attention of
scientists as they exhibit low thermal conductivity, low density, high porosity and superior
mechanical reinforcement capabilities [2]. Research indicates that the integration of silica aerogel
enhances the cell nucleation and delays the foam formatioilica aerogel incorporation in PU
foams has demonstrated that it enhances the insulation abilities of foams, particularly in
applications where energy efficiency is the primary concern [3]. Severatudies have indicated
that adding silica aerogel 13% by weight in PU foams can significantly reduce the thermal
conductivity while maintaining or enhancing the mechanical characteristics [@&]. However,
beyond this loading, opposite trends emerged due talisrupted hydrogen bonding, altered
stoichiometry, increased viscosityinduced nanoparticle agglomeration, and poor nanopatrticle
distribution.

125



Proceedings of2™ InternationalYoung Researchefonference
INDUSTRIAL ENGINEERING 2025

Other than adding the fillers, if we focus on the temperature, it is also an important factor that
influences the properties of the PU foams. The study reveals that the preheating of polyol and
isocyanate before mixing effects the foaming time, reactiontetics and structural characteristics.
According to the research, increasing the preheat temperature accelerates the foaming process,
decreases foaming time, and increases the porosity. However, this may also result in a decrease
in the mechanical strengthof PU foams. Because higher temperatures can lead to lower density
and a weak cell wall [6, 7]. Thereforepre-heating temperature plays an important role in the
formation and properties of the PU foams, but it is also important to control the preheat
temperature to ensure that the foaming time is optimized, and final foam characteristics are not
compromised.

Although studies have been done on the individual effect of these factors, i.e. preheat temperature
and silica aerogel concentration on properties bPU Foams. Howeverthe combined impact of
these parameters on PU foams remains largely unexploretyloreover, the excessive amount of
aerogel can cause poor mechanical strength of PU foafKsm et al,2021]. To achieve the desired
balance between thermal ad mechanical properties depends on the concentration of silica
aerogel incorporated. The preheating temperature should also be controlled to get the desired

properties. This studyintends to explore the combined effect of 3% by weight silica aerogepimetion and preheat
temperature30 ,40 ,50 ) on PU f oams' t her mal and mechanical pr ofy

2. Experimental Methodology

2.1. Materials

AEA | AOAOEAI O OOAA EI OEEO OOOAU xAOA bpitneui i j
gem3qn AEDEAT Ul i AGEAT A AEEOT AUAT AOA-250 ABrSxand | EN
silica aerogel. The materials used in this work were of commercial gilas and provided by Ahmed

Medix (Pvt) Limited, Lahore, Pakistan.

2.2. Synthesis of Polyurethane Foam

This research focuses on the controlled temperature synthesis of sili@erogetmodified PU,
which requires the precise mixing of reactants and temperatureontrol. The synthesis process
began with the accurate measurement of chemical compounds, silica aerogel was later added to
the isocyanate compound, 3% by weight of the solution, as depicted in Figure 1. The reactants are
then heated by using a water battup to the desired preheat temperature 80 3 , 403 603 (8
This temperature is continuously monitored and maintained throughout the process.

After the component approaches the desired temperature, a homogeneous mixture is prepared
by mixing the preheated components using an electronic mixer. This mixture was then poured
into the mould (sizing 27000 cn?) and allowed to be cured at room temperatte for 2 hours. The
wet Tare test was used to maintain quality control. It also helped to monitor the evaporation of
isocyanate. This test includes the transferring of isocyanate in a beaker over multiple cycles and
measuring weight loss. This test ensureshe minimization of any inconvenience during the
chemical process.

Polyol > Preheating —— Mixing ——  Polyurethane
Silica Aerogel

Isocyanate ___J  Addition in
Isocyanate

Fig.1. Block Flow diagram for the production of silica aerogainodified PU
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The calculation for the required components for the production of silicaaerogetmodified PU was
based on the desired volume of mixture and isocyanate to polyol ratio of 1.25: 1. The volume of
the mold used was 27000m, using the isocyanate tgolyol ratio of 55:45% for reaction as it is
the best ratio that gives us the high mechanical strength [6]. Silica aerogel was incorporated 3%
by weight of the solution.

Table 1. Mass composition of materials used

Component Total mass (%)
Polyol 45.45
Isocyanate 55.56

Total Mixture 100

Silica Aerogel 3

2.3 Characterization of Polyurethane Foam
2.3.1. Free Rise Density

The free rise density of the PU foam is measured by ASTM D 7487. It is the ratio of foam weight
to the cup volume. Thesample foam was in the cubic shape, having dimensions 30*30*30 €and
its weight was measured by a digital balance.

2.3.2. Thermal Conductivity

The thermal conductivity of silicaaerogetmodified PU foam was measured by ASTM D 5334
using a thermal condudvity meter by the needle probe method. The needle probe of the thermal
conductivity meter was inserted into the sample, and electrical power was supplied for a specific
time. The thermal conductivity of the sample was measured by thermal conductivilgme and
temperature-time curve.

2.3.3 Mechanical properties testing

The compression force deflection test was carried out using a Universal Testing Machine (UTM).
The sample had a surface area of 2500 n#and was deflected up to 50% of its original thicknes
The maximum stress and load were noted for each sample.

3. Results and Discussion
3.1 Free Rise Density of PU foam

Density is the most important parameter in the physical, mechanical and thermal properties of
PU foams and has a vital influence on ipplications. It is also significantly influenced by the
temperature during processing. The results obtained are shown in Table 2 and reveal that with
the increased preheat temperature, the density of the PU foams decreased. This variation in
density is explained by how temperature affects the chemical reactions that take place during the
foaming process [6]. Figure 2 states the chemical reaction involved in the process. Elevated
temperature is expected to fasten the reaction processes, which could resut more CQ
production and foam expansion, which would reduce the density [Juan Wang et al,2022].

0 _A

R'-N=C=0 + HO H1_N~LD_H R'-MH, + COy
H

Fig. 2. Reaction of polyurethane §]
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The other factor that effects the foam density is the increased viscosity of the mixture at higher
temperatures, which causes voids [7]. These factors affect the foaming process and the density of
the PU foam.

Table 2. Free Rise density table

Temperature ( Q| Foam weight (W f0am)(Q) Volume of Cup (litre ) Density(kg/m 3)
30 542 27 20.07
40 510 27 18.88
50 500 27 18.51

3.2 Thermal Conductivity of PU foams

PU foams are widely used in construction and panel production due to their thermal insulation
property. That is why ensuring better thermal insulation silica aerogel integration adifferent
pre-heat temperatures is noted, because it has high porosity and low density. The thermal
conductivity results of PU foam are shown in Figure 3, and it was observed that upon increasing
the pre-heat temperature, the thermal conductivity of the PUoams decreasesas the higher
temperature ensures the better dispersion of silica aerogel, which decreases the thermal
conductivity. Nastaran et al revealed that upon addition of silica aerogel, the thermal conductivity
of the cyclopentane blown PU reduced frorn®.0314 to 0.0268 W/(m K).Kim et alalso observed
the reduction in thermal conductivity of PU upon the addition of silica aergel, comparable to the
original PU. Kin et al also tell in their study that upon the addition of 3% silica aerogel, 0.03109
W/(m K) thermal conductivity was observed.

According to different studies, it can be considered to occur due to various factoraciuding the
pre-heating temperature. Preheating temperature affects the cell structure, increases the
porosity and decreases the density of the PU foam, which greatly influences the thermal
conductivity [6]. This decline in thermal conductivity makes thee foams effective thermal
insulators for use in insulation and heat retention applications.

Thermal Conductivity

0,0185
0,018
0,0175
0,017
0,0165
0,016
0,0155
0,015

0,0177
T 0,0173

40

Thermal Conductivity (W/mK)

Temperature § )

Fig.3. Thermal Conductivity of Silica aerogel modified PU (PU) foam

3.3 Compression Strength of PU foam

Compressive strength is the other mossignificant parameter in the PU foam selection, as it is
used under different conditions and environments. It is analyzed by testing 3 different samples of
each preheat temperature by up to 50% thickness deflection to determine the stresstrain
relationship of the PU foams. The results of compression tests at different preheat temperatures
are given in Figure 4The higher mechanical properties were achieved by the addition of silica
aerogel. Uponincreasing the pre-heat temperature and isocyanate ratiomechanical properties
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such as tensile stress and compressive stress decrease up to a certain temperature and then
increase. Results show that at lower préneat temperature, the compressive stress is maximum,
whereas it decreases as the temperature increasg6]. The decrease in compressive stress is
explained by the change in cell structure of the PU foam when the pheating temperature
increases [7]. The dispersion and the pore generation also become the reason for decreased
compressive strength with an ncrease in preheat temperature [4].

Eo,o9
< 0,08
50,07
wn
20,06
)
go,05
20,04
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% 0,03
£0,02 >0
o
00,01

0

0 5 10 15 20 25 30 35 40
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403

Fig.4. Compressive Stress of Silica aerogel modified PU foam

4. Conclusion

s oA N~

In this study, the effect of preheat temperature 30 3,403 h503q 11 AAT OEOUh
conductivity and compressive strength of the PU imvestigated by integrating 3% silica aerogel.

It was observed that upon increasing the preheat temperature, the density of the PU foam
decreases due to rapid chemical reaction, which increases the foam expansion. The thermal
insulation of the PU foams als increases with the increase in preneating temperature because

of their cell structure and the addition of silica aerogel. The compressive strength of the PU tends

to decrease with the increase in préheating temperature because of the pore formation andell
morphology at the higher temperature, and the presence of silica aerogel.
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Abstract

Thermal decomposition behaviours of the binder constituents have been identified to influenced
the quality of metal injection moulding (MIM) feedstock and sintered parts. This research
investigates the thermal characterisation of the binder constituents ath wax-based aluminium
MIM feedstock. The binder system is composed of paraffin wax (PVW)65 wt.%, high density
polyethene (HDPE)z 30 wt.% and Stearic acid (SA7 5 wt.%. While, the waxbased aluminium
MIM feedstock is formulated with the proportions of hie binder constituents and 99.999% pure
aluminium powder at solid loading of 62 vol.%. Thermal characterisation technique employed for
the evaluation of the binder constituents and wasbased aluminium MIM feedstock were
differential scanning calorimetry and thermogravimetric analysis (TGA). Significant changes
were observed for the binder constituents at various temperatures 45Cand60 °C (PW), 135C
(HDPE), 75°C (SA) and 45C, 60°C, 135°C (Waxbased aluminium MIM feedstock) on the DSC
profiles. While TGA results revealed that binder constituents can be removed completely around
580 °C from the waxbased aluminium MIM feedstock. Thermal behaviour of the binder system
established will be useful for setting suitable injection moulding temperature, devepment of the
thermal profile(s) for debinding and sintering processes of the aluminium MIM micropart
production.

Keywords: aluminium, metal injection moulding, paraffin wax, thermal characterisation, wax
based feedstock.

1. Introduction

Metal injection moulding (MIM) is an advanced powder metallurgy technique which integrate
plastic injection moulding with powder injection moulding, originally developed for processing
ceramic parts. This microfabrication technique has been utilized for various metal powde
processing ranging from ferrous and norferrous metals [1z3]. However, aluminium MIM is still
reported as empirical findings and industrial aluminium MIM feedstock is yet to be established as
obtained for ferrous metals. This may be attributed to quite amumber of issues which include:
formation of thin oxide layer, low melting point, highly reactivity, difficulty in achieving full
densification during sintering [4]. Despite these challenges encountered, processing of aluminium
and aluminium alloys [4z8] by MIM technique is explored.

Formulation and mixing of powder-binder constituents is the first process of the technique, then
follow by injection moulding, debinding and sintering processes. Therefore, success of the MIM
for production of defect-free andhigh-quality sintered part; strongly depends on binder system.
Binder systems developed for various metal powder injection moulding can be categorised as
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follow: petroleum, green and/or water soluble [9z15]. The petroleumbased are further grouped
into wax-based [7] and polymerbased [12] binder systems. Though a binder system usually
contains two or more components that are carefully chosen for specific task. For instance, the
polymer provides stability and strength required, stearic acid usually used afispersant and wax

is added to enhance flowability. The wakbased binder systems were found to be suitable for
powder injection moulding technique [2]. Meanwhile, thermal behaviour of a binder system is
investigated in order to determine suitable injectionmoulding temperature. In addition, it is used
for development of suitable thermal profiles for debinding and sintering processes of the MIM
feedstock. Therefore, this study examines thermal characterisation of binder constituents and
wax-based aluminium MM feedstock.

2. Materials and methods

The composition of the binder system and proportions of the constituents is as follows: paraffin
wax (PW)z 65 wt.%, high density polyethene (HDPEY 30 wt.% and stearic acid (SAY 5 wt.%.
Aluminium powder with 99.999% purity was used for the formulation of the feedstock. The wax
based aluminium MIM feedstock is formulated with the proportions of the binder constituents at
solid loading of 62 vol.%. [2, 7]. Samples of the aluminium powder and binder constituents as
received from the supplier are shown in Fig. 1, prepared samples of aluminium MIM feedstock
are shown in Fig. 2. Physical properties of the binder constituents and aluminium powder are
shown in Table 1. Density of the aluminium MIM feedstock is theoreticgllevaluated to be
2.0284 g/cm3 at 62 vol.% solid loading.

Fig. 11. Samples of the powder used and binderonstituents as received: g Al; bz PW, cz SA dz HDPE
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Fig. 2. Samples of the wasbased aluminium MIM feedstock as prepared: a3 mm pelletise b z
granulated; cz 8 mm extruded

Table 1. Physical properties of waxbased binder constituents and aluminium powder

S/IN Binder constituents/ powder Density, g/cnms Chemical structural/ symbol
1 PW 0.92 GiHan+2
2 HDPE 0.96 (CoHa)n
3 SA 0.94 CHs(CH;)16COOH or GH3:0,
4 Aluminium 2.70 Al

Thermal characterisation of the binder constituents and wasbased aluminium MIM feedstock
samples was investigated using thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) [11, 15]. The DSC is used for the determination of the itied) point of the
binder constituents and aluminium MIM feedstock samples. About 15 mg of the samples were
carefully weighed and sealed in aluminium crucibles of 40 pl, placed in the DSC chamber and set
at 10°C/min of heating rate, andreadingswere recorded from 30°C to 210°C for various samples

of the binder constituents and aluminium MIM feedstock.

Furthermore, the thermal stability and decomposition rate of the binder constituents and
aluminium MIM feedstock samples were investigated using TGA. Aldd®0 mg of the samples each
was carefully weighed and loaded into the TGA machine and the analysis was conducted under
vacuum atmosphericconditions. The tests were conducted from 258C to 600°C at a scanning rate

of 10°C/min.

3. Results and discussion

Results of the thermal characterisation of the binder constituents and aluminium MIM feedstock
samples investigated are shown in Figs. 3 and #the DSC spectrum of thevax-basedaluminium
MIM feedstock shown in Fig. Beveal the homogeneity of the gbowder-binder mixture as various
peaks depict the presence of binder constituents (PW, HDPE and SA)

Similarly, the TGA of the binder constituents and aluminium MIM feedstock samples were
investigated, results obtained are shown in Figurd. It was observel that no residue of PW and
SA were obtained at 575C. This indicates the suitability of multistep debinding; involving
solvent extraction to be followed by thermal debinding. In addition, it is evident from the TGA
spectra that the wax-based aluminium MIM feedstock gain more weight from 525°C; this
phenomenon characterising unalloyed aluminium was reported by Schaffer and Hall [16].
Furthermore, some notable thermal characteristics of the binder constituents and aluminium
MIM feedstock is hereby summased in Table 2, based on DSC and TGA respectively.
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Table 2. Thermal characteristics of the binder constituents and wasbased aluminium MIM feedstock

S/N | Binder constituents/ Melting Point, | Weight loss | Rapid weight | Weight loss
feedstock °C start loss end
temperature, | temperature, | temperature,
°C °C °C
1 PW 58 182 242 481
2 HDPE 139 181 346 477
3 SA 72 180 233 580
4 Aluminium MIM feedstock | 660 188 277 525

Comparative analysis of the results shown in Table 2, weight loss of the binder constituents began
from 180 °C. Therefore, injection moulding temperature can conveniently be set slightly below
this temperature within the range 1507179 °C. Furthermore, devéopment of the combine or
separate thermal profile(s) for debinding and sintering must consider at least a soaking/ holding
time at 346z480°C to burn-off the polymer constituents in order to produce carbon free parts.

4. Conclusions

The following conclusons are drawn:

1. Melting and degradation temperature range of the binder constituents were established.

2. Significant changes were observed for the walkased aluminium MIM feedstock at various
degradation temperatures of the binder constituents,indicating homogenous mixture of
powder-binder.

3. The degradation temperature determined for the binder constituents and wakased
aluminium MIM feedstock will be useful in setting injection moulding temperature,
development of the thermal profiles for debirding and sintering processes using this binder
system.
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Abstract

In this study, the effects of shungiteas a functional filler on the thermal stability, electrical
conductivity, and mechanical performance of bidased poly(3hydroxybutyrate-co-3-
hydroxyhexanoate) are investigated. For this reasorthe polymer was filled with 5730 wt.% of
shungite. The morplology of the shungite was studied by scanning electron microscopy. The
influence of the filler on the thermal stability of the obtained compositionsvas evaluated using
thermogravimetry. Moreover, the electrical and mechanical properties of the polymer wli the
addition of shungite were determined. Obtained results show that the presence of shungite
significantly influences mechanical properties as well as electrical conductivity.

Keywords: poly(3-hydroxybutyrate -co-3-hydroxyhexanoate), shungite, electrich properties,
thermal properties, mechanical behaviour.

1. Introduction

Finding sustainable bicbased alternatives to petroleumbased plastics has become a major global
priority. Among these alternatives, polyhydroxyalkanoates (PHAS) have attracted a lof interest
because of their ability to biodegrade in the natural environment. To improve properties such as
flexibility, impact resistance, and ease of processing, researchers have explored copolymers of
poly(3-hydroxybutyrate) (PHB) with other PHAtype monomers. The most notable examples are
poly(3-hydroxybutyrate -co-3-hydroxyvalerate) (PHBV) and poly(3hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) (Fig. 1). PHBH in particular has better thermal stability, a wider
processing range, and better mechanicalrpperties due to its ability to combine rigid 3HB units
and flexible 3HH componentd1].

H
(b) (c)
gHg (o) CoHs O CH; O CsH; O
H : H H B B
0 0 0 0
x ¥ k4 t

3HB 3HV 3HB 3HH

crystalline elastomeric crystalline elastomeric

Fig. 1. Chemical structure of a general P&, PHBV(b), and PHBH(c) [1]
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PHBH is also gaining attention for its potential in electrical and electronic applications. It can
achieve desirable thermal and dielectric properties, making it suitable for components like
insulating layers, casings, and biodegradable electronic packaginlts balance of rigidity and
flexibility, combined with improved thermal stability, allows it to meet some of the functional
requirements in the electronics sector, especially where environmental sustainability is a key
consideration.

Carbonbased materals can be used to modify the electrical properties of PHBH. Shungite is a
naturally occurring carbon-rich mineral primarily composed of amorphous carbon, with a unique
structure that includes fullerenesz spherical carbon molecules [2]. It is predominariy found in
the Karelia region of Russia and is classified based on its carbon content, ranging from low carbon
shungite to elite shungite, which contains over 90% carbon. Shungite exhibits notable electrical
conductivity, thermal stability, and adsorptionproperties, making it of interest for applications in
water purification, electromagnetic shielding, and advanced composite materials. Shungite after
fine grinding can be used as a filler for polymeric compositeg3]. The aim of this study is to
investigate the effects of shungite as a functional filler on the thermal stability, electrical
conductivity, and mechanical performance of bidased poly(3hydroxybutyrate-co-3-
hydroxyhexanoate).

2. Experimental

Fully biobased, water/soil-degradable and homecompostable semicrystalline PHA copolymer
poly(3-hydroxybutyrate -co-3-hydroxyhexanoate) (PHBH) Bluepha BP350 as powder feedstock
(from Bluepha Co., Ltd, China) was used. Main properties of PHBH dre~ 133 °C,Tg=72 °C,
r=1.2g/cm3 and MFI = 115 g/10 min (at 165 °C and load 5 kg). Shungite (ShC) was kindly
provided by UAB Matteraxis.

The PHBH compositions with shungite (PHBH/ShGamples were prepared by extrusion using
Noztek Touch singlescrew extruder. The extrusion process of the same composition was
repeated twice to obtain a homogeneous distribution of ShC. PHBH samples in the shape of
filaments with a diameter of 1.8 £ 0.6 mm were moulded. The process parameters are listed in
Table 1.

Table 1. Main parameters of the PHBH filament extrusion process

Extrusion parameter 1st extrusion 2nd extrusion
Extrusion zone (nozzle) temperature 135 °C 130 °C
Mixing zonetemperature 130 °C 130 °C
Nozzle diameter 1.75 mm stainless steel

Motor speed 8 RPM 6 RPM
Cooling type Air cooling off (at filament exit)

The electrical resistance of all thefilament samples € = 100 mm) was measured at room
temperature using a current/voltage source and measurement unit (SMU) Keithley SourceMeter
2614B. Silver paint was applied in a -3 mm section at both ends of each filament, where the
probes were connected to measure resistece. The filaments were dried at room temperature for

at least 2 h before measurement. The silver painted areas were connected to probes of the
Keithley SMU, usin@four-point (Kelvin) method, with an applied voltage of 1V for the resistance
measurement. he four-point method eliminates the effect of parasitic contact resistance during
measurement, providing accurate values of filament resistance. The resistivity of the filament was
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calculated using equation?’ =R— (" is electrical resistivity, Ris resistance Ais the crosssectional

area, andL is the length of the filament).

Scanning electron microscope (SEM)-$00N (Hitachi, Japan) was used to analyze th&8hC
particles morphology. Thermogravimetric analysis (TGA)was performed using a Perkin Elmer
instrument (TGA 4000) in a nitrogen atmosphere in the temperature range of 28C to 1000°C at

a heating rate of 10 °C/min. Tensile testing was carried out using an H10KT universal testing
machine (Tynius Olsen, Englandyith a load cell of 250 N and a crosshead speed of 50 mm/min.
The mechanical properties of the PHBH filament samples£ 120 mm,A = 1,8 + 0.05 mm), such
as yield strength, tensile strength, ultimate strength, elongation at break, were measured at room
temperature using a sektightening grip.

3. Results and Discussions

The SEM image of ShC particles and their size distribution is shown in Fig. 2. As can be seen
particles exhibit irregular, angular to subangular morphologies, which is typical of mechanally
ground materials. A broad size distribution of ShC patrticles is observed with size ranges from less
than 0.5 pum to approximately ¥4 um. Most particles fall in the 2 um range and the calculated
mean size is approx. 0.63 um. Some areas suggest aggmation, where smaller particles cluster
around larger ones, probably due to van der Waals forces.
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Fig. 2.az SEM image of Sh@articles; bz their size distribution based on this image

The TGA curves show the relative mass change of PHBH samples of different composition as they
AOA EAAOCAA Ob O pnmm J# | &EC8 ¢Q8 !11 OAIl DI /
temperaturerange 256¢co pnt J#h xEEAE Al OOAOPI T AO OI OEA OE
Only slightly higher resistance tothermal degradation can be observed in this case of
O("(C3E#jonbq Al i DI OEOEITS8 &I O Ag@AIl & frhthisA o
AT T T OEOQCET T h ATiIDBDAOAA O cyu J@&incEhses withdnordasifg( " ( 8
ShC content. Only minimal mass remains in the case of pure PHBH, indicating complete
decomposition and the absence of a thermally stable residue. iSHehaviour is characteristic of
biodegradable PHBH, which breaks down into volatile products at relatively low temperatures

(>300 °C). The highest residue is obtained in the case of PHBH+ShC(30%), reflecting the presence

of thermally stable ShC.

139



Proceedings of2™ InternationalYoung Researche@onference
INDUSTRIAL ENGINEERING 2025

20 i
X 250 260 270 280 290 300 i
S | et s !
@ 40 |
8
g
€ 60 |
2
4
80 3
2
100 . . . . 1
0 200 400 600 800 1000
Temperature, °C
Sampke Residue %
PHBH 0.3
PHBH/ShC(5%) 13.7
PHBH/ShC(15%) 15.5
PHBH/ShC(30%) 28.5

Fig. 3. TGA curves and residue of PHBH compositions after heating up to 10@D: 1z pure PHBH;
2 2 PHBH/ShC(5%); 3z PHBH/ShC(15%); 4z PHBH/ShC(30%)

Pure PHBH behaves like a typical insulating biopolymer (Table 2). The addition &hC
significantly reduces both resistance and resistivityFor example, at ShC(30%), the resistivity
decreases by over 60% compared to pure PHBH. ShC, being a carbiom material, exhibits good
electrical conductivity due to its graphitic and fullerenelike structures. However, even at 30%

3E# AEI1AO 11TAAET Ch OEA o("( ATIiDI OEOETT AAEI
remains several orders of magnitude lowerthanE AO T £ AT 1T AOAOEPAT PBIY UQAT
i AOGAT O jx pmYy 37%i1 Qs

Table 2. Electrical resistance and resistivity of PHBH compositions

Specimen 2 A0OEOOAT A AR| Resistivity, 166 m¢ |
PHBH 7.5 1.89
PHBH/ShC(5%) 7.2 1.83
PHBH/ShC(15%) 4.2 1.07
PHBH/ShC(30%) 2.8 0.71

Incorporating ShC into polymer matrix can modify mechanical properties, often reducing tensile
strength while increasing flexibility [4]. As illustrated in Fig. 4a, the mechanical behaviour of
PHBH changes markedly by incorporatiorof ShC used. While PHBH has a high ultimate tensile
strength (~45 MPa) and high ductility at strains close to 70 %, PHBH/ShC composites fail at much
lower strains (~5-10 %), indicating a loss of ductility. The stiffness of PHBH/ShC composites
appears increased, especially for higher ShC content. The stressain curve for PHBH shows a
distinct strain-hardening region after yielding, while for PHBH/ShC there is no evident strain
hardening behaviour, indicating a brittle failure.Even a low content of ShC(5%{lecreases
ultimate strength and strength at break of the PHBH composite in 380 % (Fig. 4b). However,
the intensity of the change in strength with further increases in ShC content is not as significant.
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The PHBH elongation at ultimate stress decreases ive (from 7.8% to 3.9 %)when 30% of the
ShC filler is loaded Meanwhile, the elongation at break is reduced from 81 % to 12 % when 5 %
ShC is added (Fig. 4ckuch mechanical behaviour of PHBH may be due to the relatively large size
of ShC particles, thig aggregation and poor distribution in the PHBH matrix, and defects
formation, which may lead to the formation of defects.
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Fig. 4.Influence of the Sh@ontent on the stressstrain behaviour (a), strength properties (b), and
deformability (c) of PHBH

Thus, not only physicochemical peculiarities predetermine ShC filler behaviour in polymeric
matrixes but also structural properties as particle size and @ydispersity.
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. Conclusions

I

1. Shungite particles exhibit irregular, angular to sukangular morphologies with average
diameter of 1z2 pm.

2. PHA copolymer poly(3hydroxybutyrate -co-3-hydroxyhexanoate) break down into volatile
products at temperature higher han 250°C and complete decomposes aB00 °C.

3. Shungite, due to its graphite and fullerene structure, significantly reduces the resistivity and
resistance of poly(3hydroxybutyrate-co-3-hydroxyhexanoate). However,even at shungite
content of 30%, the polymer composite exhibits low conductivity.

4. The addition of shungite reduces poly(2hydroxybutyrate -co-3-hydroxyhexanoate) ductility
and tensile strength, but slightly increases stiffness. The reduced mechanical properties are
most likely due to the poor dipersion and aggregation of filler particles, and potential defect
formation in the polymer matrix.
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Investigation of the Suitability of C ompositions of
Polyvinylpyrrolidone and Hyaluronic Acid Derivatives for Forming
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Abstract

In this study, the effect of sodium hyaluronate (NadA) on the spinnability of the
polyvinylpyrrolidone (PVP) solution was investigated. PVRethyl alcohol and aqueous NadA
solutions were prepared by stirring at room temperature.Scanning electron microscopy was used
to analyze the morphology of the electrospun mats, and the diameter distribution of the resulting
nano- and microfibers was calculatedIt was determined that NaHA-modified PVP fibres exhibit
a uniform, smooth, and freeof-distress structure.

Keywords: nano/microfibers, electrospinning, polyvinylpyrrolidone, sodium hyaluronate.
1. Introduction

The skin is thelargest human organcomposed of three layers: the epidermis, the upper external
part of the skin; the dermis, a middle layer that is formed from connective tissue and fibroblasts;
and the hypodermis, which is composed of fatty connective tissue [1]. Skis often damaged
because of its size and exposure to the external environment, such as contact with chemicals, heat
sources, mechanical tools, etc. Skin injuries vary from small epidermis abrasions to large wounds
that can affect muscles, bones, or even nes. Depending on the severity of the wound, it can be
categorised as acute or chronic woundsacute wounds tend to heal normally, while chronic
wounds do not recover fast and remain in a stagnant healing phase [1]. Wound healing is a
complex process thahas four stages: haemostasis, inflammation, proliferation, and remodelling.
Each stage is crucial as it prevents the patient from blood loss, infection, promotes skin
regeneration, and the formation of a new tissue [2]. Disruption of these stages can lgadonger
healingtimes or scarring; furthermore, untreated wounds can lead to infection, an increased risk
of amputation, or the development of chronic wounds.

To obtain an optimal skin healing process, it is important to provide a moist wound healing
environment, allow vapour exchange, and provide wound protection from external factors and
bacterial contamination [2]. Conventional wound dressings do not provide a conductive
environment for skin healing. Therefore, innovative wounéhealing bands and tebnologies are

explored. One of them is electrospinning, which enables the development of innovative ron
woven medical materials [1]. Nanofibres obtained by electrospinning from biodegradable
polymers display properties such as gas exchange and hydratiohyiél absorption, and high

biocompatibility [1]. Nanofibers resemble the extracellular matrix of healthy skin, supporting the
adhesion and migration of fibroblasts and keratinocytes and promoting faster cell regeneration

[2].
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Polyvinylpyrrolidone (PVP) is a synthetic polymer known for its nontoxicity, biocompatibility,
physicochemical stability, and surface activity propertiesThese characteristics make PVP widely
utilized in the pharmaceutical industry, while electrospun PVP nanofibers have significant
applications in drug delivery systems and tissue engineering, where they provide controlled
release profiles and enhance cell attachme8].

The addition of bioactive materials to the polymeric solution can provide beneficial properties to
nanofibers for wound dressings. Biocompatible and nottoxic hyaluronic acid (HA) is a main
component of the extracellular matrix of the skin. Because of its anmflammatory,
antiproliferative, regenerative and moisturising properties, HA is widely applied in tissue
engineering, wound healing and anticancerous treatment [4].

The aim of this study is to investigate the possibility of incorporatindnyaluronic acid derivative,
sodium hyaluronate,into polyvinylpyrrolidone -ethyl alcohol solution and to determine its efiect
on the polymer's spinnability.

2. Methods

The 10wt% concentration of polyvinylpyrrolidone (PVP) solution was prepared by dissolving
polymer powder (Mw=1,300 kDa) in ethyl alcohol (EtOH). The solution was mixed using a
magnetic stirrer (MSH BASIC Heat Stirrer) at room temperature for 2 h.

Sodium hyaluronae (Na-HA) with a molecular weight ranging from 1,200 to 1,800 kDa was
utilized in this study. A 0.5 wt% NaHA solution was prepared by dissolvingts powder in distilled
water under continuous stirring for 30 min at room temperature. The prepared solutios were
stored at 4 ° C until use. Before electrospinning, aqueous &\ solution was mixed with PVP
solution in EtOH by magnetic stirring for 30 min. The compositions used for electrospinning are
provided in Table 1.

Table 1. PVP compositions for electropinning

Code of sample Composition

PVP 10 g PVP 90 gEtOH

PVP/NaHA(0.55 wt%) 9 g PVP + 81 g EtOH + 0.059\@HA + 9.95 g KO
PVP/NaHA(L.25 wt%) 8 g PVP + 72 g EtOH + 0.INg+HA + 19.9 g KO

Nonwoven mats from the solutions were created byusing a rotating roller electrospinning

i AAEET A O. ATT OPEAAO4- O Thedurdatibriofttie Blectospfadir pracdsd O A1 E
for each specimen was 5 min an operating voltage 60 kV.

A scanning electron microscope (SEM) S$400N (Hitachi, Japan) was used to describe the
electrospun mats' morphology. The diameter of nano/microfibers (50 measurements) was
AAlT AOI AOGAA Z£ZO0TI1T 3%- EIACAO jppmmnng OOET ¢ OEA
3. Results and Discussions

SEM images of electrospun mats from PVP nanofibers with and withotlte addition of NaHA are
shown in Fig. 1. It is visible that in all casethe PVP nanofibers are randomly distributed without
clear orientation. Surfaces of the nanofibers are smooth anaiform, with no visible defects such
as breaks, tears, beads or droplets. This indicates that the nantats were formed during a stable
electrospinning process, with appropriately selected parameters and suitable compositions.
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g

a b c

Fig. 1 SEM images of electrospun PVP mats with varying compositionsz aure PVP;
b z PVR Na-HA(0.55wt%); c z PVR Na-HA(1.25 wt%). Images were captured at magnifications of
x1,000 and x10,000

From Figure 2, it isevident that the majority of both pure PVP and PVP/N&HA fibersfall within a
relatively narrow diameter range of 100200 nm. In the case of pure PVP the majority of fibers
fall into the 1517200 nm range. The addition of Na&HA leads to a reduction infiber diameter,
shifting the distribution toward finer fibers. The predominant diameter range of PVP/NeHA
fibers is 1017150 nm; however, a significant proportion also falls within the 5100 nm range,
which is well within the nanometre scale. No significant effect of NBHA content (0.55% or
1.25 %) on the nano/microfibers diameter distribution was observed.
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Fig. 2 Composition dependence of PVP nano/microfibers diameter distribution

The influence of NaHA on fibers diameter may be attributed to changes in solution viscosity,
conductivity, or surface tension, influencing the electrospinning proces©n the other hand, the
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electrospun PVP fibres of all samples remained uniformly thin and smooth, with no observable
defects. Such a finely structured and densely packed surfaceikely to enhance cell adhesion and
proliferation, thereby contributing to improved biocompatibility of the polymer with skin.

4. Conclusions

1. Low content of ©dium hyaluronate can be effectively incorporated intopolyvinylpyrrolidone
electrospinning solution.

2. The incorporation of sodium hyaluronate into polyvinylpyrrolidone resulted a decrease in
nanofiber diameter, while the fibers remained smooth, uniform, and free of defects, indicating
a stable electrospinning process.
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Study of Surface Quality in Additive Manufacturing
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Abstract

Surface roughness tends to have a significant influence on the mechanical performance,
functionality and aesthetics of components produced by additive manufacturing (AM). Although
there is an extensive amount of research on procegmrameters' effects on sirface quality, far
AFAxAO OOOAEAO AAAOAOGO Ei x A ATiIipPITAT O8O0 CAITI.
different additive manufacturing processes. This paper investigates the correlation between
surface roughness, geometry and process parameters onlegted additive manufacturing
technologies such as fused deposition modelling (FDM), stereolithography (SLA), and selective
laser sintering (SLS). Through a systematic review and analysis of published experimental data
in various studies, this study is tryng to identify the parameter-geometry correlations and their
influence on surface finish. Key findings reveal that geometric orientation has significant effects
on the surface quality in FDM and SLS due to laystepping and balling phenomena, while SLA
shows a greater consistency due to its photopolymerization mechanisnthis paper shows that
geometry-dependent process optimisation is critical for achieving targeted surface quality. It also
highlights the need for optimised design stage considerations, weine geometry and parameters
are not treated separately but optimised together with each other for functional surface
performance. These findings provide strong insights into the foundation for future work in
predictive modelling and closedloop control sygems, enabling more accurate surface finish
control in AM applications. This research supports general AM practitioners in making geometry
aware, parameteroptimised decisions to reduce posprocessing needs and improve part quality
directly from the build process.

Keywords: additive manufacturing, process parameters, surface quality, geometry, nanetal
additive manufacturing.

1. Introduction

Additive Manufacturing (AM) has transformed the approach to production and prototyping of
components in major seabrs such as aerospace, medical, automotive, and consumer industries.
This has been due to the ability to produce complex structures, thus providing flexibility and
freedom in the design of new products. However, there are still certain issues with this tetology
which make it difficult to adopt widely and replace traditional manufacturing. One of the critical
factors influencing the acceptance of this technology is surface quality, which directly impacts the
functionality, mechanical performance, aesthetiquality, part performance and even influences
the production cost, which adds up due to posprocessing. High surface roughness can result in
premature mechanical failures, reduced aerodynamic efficiency, or poor biocompatibility [1].
Although considerabk research has been done investigating the influence of various AM process
parameters on surface roughness, most studies focus narrowly on singkechnology, parameter
specific, or flat geometry scenarios. However, in practical applications, diverse geomet
features, such as curved, angled or intricate details, are observed. Each feature is influenced by
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process parameters in its own way [2]. Thus, a lack of understanding about how geometry
influences the parameter roughness relationship remains a signdant gap.

Addressing this knowledge gap, this paper examines the correlation between surface roughness,
geometry and influential process parameters across the three most used polymbased AM
methods - fused deposition modelling (FDM), stereolithography $LA), and selective laser
sintering (SLS). Using secondary data sourced and cited from existing experimental studies, the
analysis tries to identify critical geometric influences and parameter sensitivities, aiming to
establish foundational knowledge to ehance the predictability of surface roughness of an AM
produced part. This study integrates geometrnydependent observations with parameter
optimisation, aiming to provide valuable guidance for general additive manufacturing (AM)
practitioners seeking improved control of surface finish during the design and manufacturing
stages. Furthermore, the insights can serve as the basis of future research into predictive
modelling and closedloop control strategies for surface roughness in AM.

2. Research Methodology
2.1. Research Approach

This study uses a secondary data analysis approach, sourcing data exclusively from peer
reviewed publications and reputable experimental studies available in scientific databases. By
systematically reviewing and extracting data, thisnethod ensures the validity and reliability of

the findings while avoiding unsubstantiated claims. Data was collected in a systematic literature
OAOEAx j3,2Qq OOEI ¢ OAOCAOAA EAUxi OA OAAOAEAO j
manufacturing® 0T AAOO DPAOATI AOGAOOhd O&$-ho O3,!'hd O3,
Science Direct, Research Gate, Google Scholar, IEEE Xplore, MDPI, Web of Science etc. Only studies
providing clear and detailed experimental conditions and numeric roughness vaéis (Ra were
considered. Data was organised according to process, geometry and parameter variations.

The criteria for the selection of the study include:

report of Ravalues for specific geometry and process settings;

involve non-metal polymer materials (e.g., PLA, PA12, PA11, resin);
at least one of the selected process parameters;
must clearly describe geometry (flat, angled, or curved).

P wbdpE

2.2. AM Process and Material Selection

Out of the several AM techniques, fused deposition modelling (FDM), stereolithography (SLA),
and selective laser sintering (SLS) are the most adopted in the industry and display unique
mechanisms of surface formation [1]. These three processeslige different methods to fabricate
individual layers of a part: FDM processes thermoplastic filament through a heated nozzle; SLA
uses ultraviolet light to cure layers of photopolymer resin; and SLS utilises a laser to sinter
powdered polymers. All thesemethods operate using different forms of materials and methods
in which energy is given to the material, thus rendering different levels of surface roughness. The
technologies were chosen based on their high utilisation in industries, thus paying special
attention to the influence of process parameters, geometry, and surface quality [2].

2.3. Geometric Considerations

Recognising that geometry significantly affects AM surface roughness, this study specifically
investigates three geometric orientations commaly encountered:
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1 Flat surfaces (horizontal and vertical) baseline roughness measurement, least affected by
stair-stepping anomalies.

1 Angled surfaceg45° and 90° inclinations): typically exhibit pronounced stairstep effects,
especially in FDM and SLS.

1 Curved geometriesused to analyse complexitydriven roughness variation, critical in
functional or aesthetic components.

4EAOA AAOACIT OEAO Alli1Tx A AT i POAEAT OEOGA O1-AAOO

roughness relationships [3].

2.4. Process Paameters Selection

Surface roughness for additive manufacturing (AM) differs in each printing technology, including
fusion deposition modelling (FDM), stereolithography (SLA), and selective laser sintering (SLS).
In the case of fused deposition modellingHDM), some of the important parameters are layer
height, nozzle temperature and print speed. Thicker layers tend to produce rougher surfaces
thanks to more noticeable stairstepping effects, while thinner layers produce smoother finishes
atthe costoflolCAO DOET O OEi AOGs8 4EA OAI PAOAOOOA T &£ OEA
flow and adhesion; higher temperatures are typically better for layer fusion and surface quality.
In the same manner, slower print speeds allow better mixing and can loweurface roughness
due to better control of filament deposition [5]. Smoothness in stereolithography (SLA) is defined
by the layer thickness, exposure time and resin viscosity. Thinner layers provide better vertical
resolution and smoother surfaces, and exgsing each layer for the correct amount of time is a

i 6606h O11T 1EOOIA TECEO AT A 1 AUA Ocrektexiu@areA OOA
observed. The viscosity of the resin is also a factor; lower viscosity aids flow and uniform polymer
curing, ard therefore, better surface finish [6]. In selective laser sintering (SLS), surface roughness
is mainly determined by three factors, namely, laser power, scan speed, and particle size of the
powder. Proper settings achieve sintering without too much energdgensity that can damage or
overheat the surface. Generally, finer powders produce smoother parts because they pack more
densely and behave differently during melting, but they need exacting handling to prevent partial
sintering (the unwanted bonding of paticles) or powder balling [7]. Experimental studies
consistently identify these parameters as influential factors on the resulting surface roughness
and quality of finished surfaces across all three technologies. The following Table 1 shows the
rationale for the selected parameters, based on the studied literature.

Table 1. Rationale for Parameter Selection based on Literature {3]

AM Process Parameter Justification

FDM Layer Height Dominant stair-step effect

FDM Nozzle Temp. Influence onfilament flow and bonding

FDM Print Speed Controls cooling rates and surface consistency
SLA Layer Thickness | Directly related to surface step height

SLA Exposure Time Controls the resin curing depth

SLA Resin Viscosity Influence on uniformity of flow

SLS Laser Power Determines sintering completeness

SLS Scan Speed Controls energy absorption

SLS Powder Size Influences powder bed packing

2.5. Surface Roughness Metrics and Measurement

In general, surface roughness is expressed as the average roughness vadRa which is a
commonly utilised means by which the texture of a manufactured surface can be assessed. The
measurements for this study were obtained from previously published experimntal studies
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utilising standard measurement techniques. Out of these, contact profilometry is one of the most
popular methods, because of its precision and applications in measuring linear roughness on flat
and angled surfaces. It works by mechanically lowing the profile of the surface with a stylus
and gives accuratdRavalues [7]. Optical profilometry and microscopy are used for more complex
geometries, especially for curved or detailed surfaces. They are, therefore, roontact and allow
for high-resolution surface mapping on surfaces that cannot be physically disturbed, such as
delicate or fine-featured parts [8]. These widely accepted procedures used in several studies
provide a uniform basis for comparative surface roughness analysis.

3. Discussions
3.1. Geometric Influence on Surface Roughness

The reviewed literature demonstrates a clear relationship between part geometry and surface
roughness across FDM, SLA, and SLS. During cross comparison, it is observed that the surface
roughnessRaincreases significantly as the geometric orientation diverges from the vertical or
horizontal plane; the stair step phenomenon is the result of this deviation. This can be
theoretically quantified using the stair-step height formula [4]:

Q 0 OEHR 1)

where: hs - stair step height;L - layer thickness;g - surface angle relative to the horizontal plane
Conversely, surface roughness in all three AM processes is significantly affected by geometric
orientation. In FDM, roughness varies from 7.95 um (flat) to 12.94 um (curved), with 10.5 pm
found at 45° due to the stairstepping phenomenon, which occurs due to material deposition [3].
The increase in layer thickness with SLA is more gradual as it tramisins from 0.81 pm
(horizontal) to 1.2 um (vertical) based on the incidence of light and depth of local resin curing
affected by photopolymerisation homogeneity [6]. In SLSRavalues vary from 6.3 pum (flat) to
7.8 pm (curved), due to anisotropic meltingof the powder and energy dispersion on slopes [7].
These differences prove that orientation on a single face has a substantial impact on Ra and should
be taken into account when the process is customised as per geometry [4].

3.2. Influence of Key Process Parameters

Fused deposition modelling (FDMlhe main key process parameters that closely influence surface
roughness in FDM are layer heightnh, nozzle temperatureT, and print speedS This is reflected
as it can be described from research introducing aempirical model to estimate the surface
roughness in extrusionbased processes, which is written as [3]:

Yo W0 2 M F (2)
where k, a, h andc are experimentally determined constants.

This theory was experimentally confirmed by a study that reportedRavalues decreasing nearly
50% from this trend, with a reduction in layer height. From the data obtained in a 2020 study, the
best theoretical temperature for the nozzle for the PLA material, which maintains the optimal
viscosity with the least roughness wile maintaining the most tasteless filament flow with good
layer adhesion, is 205 °C [9]. Fused deposition modelling (FDM) exhibited the most sensitivity to
the geometry and orientation of the samples, owing predominantly to the staistepping
phenomenon nduced by the layerby-layer extrusion and deposition process fundamental to
FDM. In FDM, layer height had the most effect, with reduced parameter values greatly improving
Rabut also affecting cost and time of production [5].
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Stereolithography (SLA)n SLA, both layer thickness and exposure tim& have a major influence
on surface roughness. The cure dept@s in SLA obeys the BeeLambert law according to Jacobs
[10]:

6 0 J0t0 jO 3)

where: Gi - depth of cured resin;Dp - penetration depth of the resin;Emax- peak exposure energy
provided; Ec - critical exposure energy for resin curing.

This model reveals how overexposureHEmax>E:) may lead to overcuring of resin, which increases
roughness. Underexposure leads to incomplete polymerisation, which increases roughness as
well. The 2023 experimental study highlighted the necessity for value optimisation of the
operating parameters for energy exposure responsible for obtaining the appropate part surface
quality, as well as the required cure depth of the SLA printed parts [6]. Although SLA was not
affected by a broad orientation of the specimen, SLA still consistently showed the lowest Ra due
to the photopolymerization mechanism affectingits geometry. In SLA, the balance between
exposure energy and resin penetration is essential to avoid overcuring or undercuring of resin,
reducing the stair-stepping effect [10].

Selective laser sintering (SLS)he parameters like laser powerP, scan sped V, hatch spacingh,
layer thicknesst, etc, mainly affect the surface finish in polymebased SLS. A vital factor is the
energy densityEd deposited in the powder bed, and follows the relationship [11]:

0

°© T 0o )
Since the surface finish in SLS determines the functionality, laser power, scan speed, layer
thickness, and hatch spacing must be controlled precisely for an optimal surface finish. The
correlation between proper power and scan speed is crucial the right amount leads to the
desirable effects of fusion and smoothness, whilst too much can result in polymer degradation or
warping, whilst too little leads to a lack of complete sintering. Thinner layersaduce the average
Ra values, but raise the build time per part, while thicker ones do the opposite by increasing the
stair step effect but allowing for much faster print speeds. When hatch spacing is not ideal, it may
cause surface defects or weak bonds tife scan lines. A welbalanced array of these parameters
ensures the complete melting without overheating, yielding a better surface quality for the
polymer SLS parts. Surface quality in SLS was moderate, affecting the real roughness by powder
features and energy density in the area [7].

3.3. Comparative Analysis of AM Processes

Surface smoothness achieved through SLA is the smallest among the three AM processes studied,
owing to its photopolymerization mechanism and limited mechanical interactions, which results

ET 2A OAI OAO OAOQUET ¢ A&£OT I 1 8 the rufhesy, ®ith aRathetweeq Y 8
x8w AT A pcgc8w t 1 h-byMakek éxttudidn procss @l the stailstdphiay of slopes

[5]. Considering SLS, surface roughness indicates an intermediate value, usually in the range of
80 O x8uy t Inbewkhithe powdeCrdsiOrigualityd #pe and size of the microphone
and laser parameters [7]. These differences are very important things to consider when choosing
an AM process, according to the surface finish, such as the particulate size allowed for fihal
application. Table 2 and Figure 1 show a graph of surface roughness by geometry and AM
processes.
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Table 2. Surface Roughness by Geometry and AM Process

AM Process Geometry |1300AFAAA 21 OCEIT Z Material
FDM Flat 7.95 PLA
FDM Angled 10.5 PLA
FDM Curved 12.94 PLA
SLA Flat 0.81 Resin
SLA Angled 1.2 Resin
SLA Curved 0.98 Resin
SLS Flat 6.3 PA11
SLS Angled 7.0 PA11
SLS Curved 7.8 PAl1l

Curved Geometry

Angeled Geometry

Flat Geometry

15 20 25

o

10
Rasral ggs (
mFDM mSLSmSLA

Fig. 1. Surface roughness by geometry and AM processes

. Conclusions

. The roughness of the surface in the AM is geometdependent, and it increases especially on

angled or curved surfaces for FDM, SLA, and SLS processes.

. FDM exhibits the most variableroughness due to the stakstepping effect, while SLA has the

lowest roughness, both on average and peak roughness, while SLS manages to give an

acceptable range of surface roughness with values lying between FDM and SLA.

. In the FDM process, layer heightds the most significant effect oiRa, while the exposure time

and layer thickness dominate the surface quality in SLA, and the laser power, scan speed, and

powder size are the main factors for SLS.

. Lower layer height in FDM, exposure parameters optimisatiofor SLA and fine powders with

balanced energy density in SLS are successful approaches to reducingRiae

. Stair-stepping is recognised as the dominant surface roughness factor for all ndat
geometries in all AM methods, implying that part orientatios should be considered in design.

. Accurate predictions of the AM surface roughness rely on a simultaneous consideration of
process and geometry parameters, providing a solid foundation for further developments in
predictive models and control strategies.
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Overview of Additive Manufacturing Application for Sensors
Production
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Kaunas University of Technologfaunas, Lithuania
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Abstract

Sensors are crucial across various sectors as they detect environmental changes and convert them
into measurable signals.Additive manufacturing (AM), particularly filament-based material
extrusion (FBME) technology, has emerged as a powerful method for rapid prototyping and
customization of sensor components due to its accessibility, cesfficiency and compatibility
with functional materials. This study explores the use of FBME in producing sensor elements and
the impact of material combinations. Several commercially available and custom composite
filaments were evaluated for their mechanical performance in applications fasensing elements.
Interlayer tensile strength tests were conducted on specimens fabricated with combinations of
PLA, PETG, CB/PLA, and Fe/PLA, according to ISO 527:2QB2A standard. Results showed that
combinations with PETG have significantly lower intdayer tensile strength, while PLA+CB/PLA
combination showed the highest value among theombination groups. The weakest adhesion was
observed between pure PLA and PETG, confirming poor intematerial compatibility. The findings
highlight the potential of functional composites in sensor fabrication and the importance of
material pairings optimization for improved mechanical reliability.

Keywords: sensors, additive manufacturing, adhesion, composites, filaments.
1. Introduction

Sensors are crucial in varias fields, ranging from environmental monitoring to healthcare. Their
main functionality is to detect and measure environmental changes and to convert them into
measurable signals. Rapid prototyping and customization have been improved withe use of
additive manufacturing (AM). The ISO/ASTM 52,900 standard defines AM, as the "process of
joining materials to make parts from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies" [1]. Traditional manufacturing methodsre costly and
time-consuming forthe production of complex shapes, whereas AM allows the direct creation of
complex nonplanar structures. Although many researchers focus on functional AM materials
fabrication by incorporating additives, their transition to real-world applications is slow-paced.
While there are several commercially available composite filaments, they tend to lack variety in
their composition and filler percentage, thus, researchers are creating and testing custemmade
filaments for their required applications [2, 3] The article focuses on the role of filamenbased
material extrusion (FBME) technology in sensor production, highlighting the materials and their
applications in sensing elements production. The FBME method was chosen due t® ltigh
commercial availability, costeffectiveness, and compatibility with various functional materials.

2. Filament -based material extrusion

Filament-based material extrusion is the most popular AM technology due to its lower price and
easier access. luses thermoplastic polymers that can be melted by heating and solidified when
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cooling several times [3]. This method consists of three stages: ppgocessing, printing, and post
processing.

The pre-processing stage covers the 3D model and toolpath codesation. The model is created
using computer-aided design (CAD) softwargwhich is uploaded to a slicing software to set the
printing parameters (printing orientation, layer height, temperature, infill, printing speed, etc.).
The toolpath with other set pamameters is saved as a-Gode which can be uploaded to the
printer's controller. The printing process covers material extrusion according to the @ode. The
filament is directed from its spool to the extrusion heagwhere it is melted and extruded through
the nozzle onto the build platform layer by layer.Thesetechnology machinesare most commonly
based on cartesian coordinates system. During pegrocessing stage the supporting structures
are removed, if they were required by the geometry. Removal of spprts can reduce surface
quality which can be improved either with mechanical (machining, sanding, abrasive, vibratory,
barrel finishing) or chemical (painting, coating, heating, vapor deposition process) methods [4]

3. Additive Manufacturing Materials in Sensors Production

The main components of sensors are a sensor housing and a sensing element. For the former,
mechanical properties are usually the top priority, and for the latter, the materials must be able
to detect and respond to an environmental change with a measurable signal [ZZommon pure
polymers used for sensor housing are Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene
(ABS), Thermoplastic Polyurethane (TPU), Polyethylene Terephthalate Glycol (PETé&nd
Polycarbonate (PC). These materials require extrusion temperatures in range of 1:300°C. A
distinctive feature of TPU is high flexibility and elasticity, while PLA and PETG are safe and easy
to print, ABS and PC have higher strength, however, thairinting releases toxic fumes.

Pure polymers used in FBME are lowost and have a low melting point, however, they may lack
the required functionality of a sensing element. Proper mechanical, thermal, and electrical
properties are acquired by use of compsites where the base polymer is combined with other
materials (fillers) [5] . The properties and brittleness of composites depend on the filler type,
concentration, dispersion quality, and in the case of nanotubes, on the alignment of the tubes. The
choiceof base polymer also highly affects the mechanical properties, as PLA and ABS provide rigid
structure, however, TPU offers greater flexibility. Composites compatible with FBME can be
electrically conductive, show magnetic or piezoelectric properties. Comom composite additives

for sensing element production are introduced in Table 1.

Table 1. Common composites

Commercial
suppliers

Angstron Materials,
Graphene 3D Labs,
Black Magic 3D,

Additive Possible matrix Properties Application

Flexibility, low resistivity, high
PLA, ABS, and P{ electron mobility, electrical
and thermal conductivity

Graphene

[4]

Filabot
Low cost and chemical Resistive,
Carbon | Polycaprolactone stability, piezoresistive capacitive
Black (CB)| (PCL), PLA, and 1y, pi€zo P ' Proto-Pasta
properties, semiconductor and
[4] ABS . . - . .
like electrical conductivity piezoresistive
Multi- High electrical conductivit Sensors 3DXTech,
walled g Y Functionalize F

ABS, PLA, and axial thermal conductivity,

carbon PETG lateral insulation, and high Electric, Filabot,
nanotubes tensile strength and stiffness Cheap Tubes Inc.,
(CNTs) [4] g Nanocyl
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Magngtlc Maraging steel is a soft Magnetic field
materials ; . . X
: magnet; lower viscosity and | detection or Proto-Pasta,
(Maraging PLA, PETG . .
steel, Iron) lower extrusion temperature proximity PrusaResearch
[3’ 6] due to metalparticles sSensors
Barium Barium Titanate is a Force,
Titanate Polyvinylidene piezoelectric ceramic, vibration, or )
nanowires Fluoride, PLA however, on its own, it is pressure
[7] brittle Sensors

4. Additively Manufactured Sensors Applications

Although, FBME can be used for the outer sensor part and/or sensing element fabrication, here,
more focus is put on physical, electrochemical and biosensors where the sensialgment is
manufactured using the ME method. Physical sensors detect and measure physical parameters.
Electrochemical sensors convert chemical information into an electrical signal through
electrochemical reactions. Biosensors measure biological or chemicaactions by generating
signals proportional to the concentration of an analyte in the reaction [8] However,
electrochemical sensors and biosensors elements often require pegtocessing (chemical
treatments, coatings).

One instance of stain or piezorgistive sensor production using composites combines TPU
filament containing 3 wt% (percentage by weight) CNTs and pure TPU filaments to create a
bidirectional and stretchable piezoresistive sensor. The sensor behaviour response depends on
the sensor patten and good cyclic repeatability was reported for both electrical and mechanical
performance. In addition to that, a glove prototype for measuring finger flexure was created. This
example shows that mentioned composite can be printed with other commercialdments [9].
Another example of ME application for strain sensing element production is the use of
CB/CNT/TPU composite. The effect of CB was analysed, and it showed that the inclusion of CB
improved the strain-sensing property of the material as CB fillé vacant conductive paths in the
CNTs network. The sensing properties of the composites were used to monitor human activity
(mouth, finger, knee, and elbow motion) [10]

Commercially available conductive filament use for sensors production example is arukable,
coplanar capacitive sensor for liquidlevel measurement. Here, TPU 95A and conductive AlfaOhm
(PLA/CNT) filaments were used. The sensor was tested with sunflower oil and showed good
sensitivity and linearity, in addition to that, its capacitance wa unaffected by bending. This
proves an opportunity for rapid prototyping and low-cost production [11].

An example of an electrochemical sensor is a leeost, portable system for orsite detection of
soil pH and potassium levels. The system employs addiély manufactured miniaturized ion
selective electrodes fabricated using commercially available conductive CB/PLA filament [12]
ME method application for medical field biosensorsand this method's advantages during a crisis
is the development of Aumodified additively manufactured biosensors using a commercial-BLA
filament for detecting SARSCo\t2 and a potential disease biomarker [13]

5. Experimental Methodology

The specimens for tensile testing were modelled according to the 1ISO 527:2012 standard 1BA
requirements for small specimens [14] To accommodate the use of different materials, the model
was divided into separate parts using PrusaSlicer softwaré sketchof the specimen is presented

in Figure 1.

157



Proceedings of2™ InternationalYoung Researche@onference
INDUSTRIAL ENGINEERING 2025
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L L | 60 mm

Fig. 1 Sketch of a small specimen faensile testing [15]

For adhesion testing two polymers PLA and PETG from Prusa Research and two composites
Electrically Conductive Composite PLA (PLA >64, CB <20%, other polymers <13%) and Iron
Filled Metal Composite PLA (PLA >54%, Iron <45%, other polymers <1%) from ProtoPasta were
used [6]. The combinations group has six material combinations, each containing five specimens:
PLA with CB/PLA, PETG with @BLA, PLA with Fe/PLA, PETG with Fe/PLA, CB/PLA with Fe/PLA,
and PLA with PETG. In contrast, the control group consists of four subgroups, each made up of a
single material: PLA, PETG, C/PLA, and Fe/PLA. CB/PLA filament required extensive purging,
causing high material waste, thus it was printed as the top part of the specimens in required
combinations. Specimens made with TPU filaments failed due to excessive base vibrations and
the rubber-like nature of TPU.

The specimens were printed with Prusa MK3.MMU3 printer using 0.4 mm diameter nozzle, 0.2
mm layer height and 100% infill. Extrusion temperature for specimens with PLA was 215°C and
with PETG 240°C. The bed temperature was set to 60°C and 80°C, respectively. Printing
orientation was vertical to endaure failure between the layers (Fig. 2)To minimize vibrational
distortion, the printing speed was laterreduced manually.

&1 O T AAOCGOOAI AT 00 T £EOOBRAAEPAIDOxGOET &8 4 BRAICOOAIT Al

a division value of 0.01 mm was usedl'he adhesion testing was carried out using universal
tensile-flexural machine Tinius Olsen H25 KT. According to the standard, tensile tests were
carried out using 2 mm/s speed with 1kN force sensor.

.

Ib

Fig. 2. Testing specimens: @ specimens printing orientation and placement of the printing bed; Iz
specimen fixture in universal tensileflexural machine

6. Results and discussion

After post-processing operationsspecimens’'centre part was measured at three diferent points.

It was observed that PETG experienced shrinkage in width {) whereas other materials showed
an increase in width and thickness (h) compared to the original 3D model. Summarized and
averagedmeasurementresults are presented in Table 2.
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Table 2. Average measuring results of specimens

Combinations group Control group
. b1, h, Crosssectional . b, h, | Crosssectional
Materials Materials
mm | mm area, mn? mm | mm area, mn?

PLA + CB/PLA 5.06 2 10.11 PLA 5 |2.05 10.24
PETG + CB/PLA | 5.07 | 1.99 10.1 PETG 4,86 | 2.06 10

PLA + Fe/PLA 5.08 | 2.03 10.31 Fe/PLA 5.02 | 2.09 10.48
PETG + Fe/PLA 51 | 2.02 10.28 CB/PLA 5.01 2.03 10.15
CB/PLA + Fe/PLA | 5.04 | 2.02 10.15

PLA + PETG 5.11 | 2.03 10.37

SPDAAEI AT 06 AAEAOEI OO AOOEI ¢ OAT OEI A OAOOET C
within a displacement range of 0.8L.5 mm during tensile testing. The weakest adhesion was
observed between pure PLA and PETG, suggesting poor compatibility vitwer, PLA composites
with CB and Fe showed slightly improved adhesion with PETG. Control group results show that
composite materialsare inherently more susceptible to tensilestress.

15 50
= A0
30
Z 20
10

0 0 ||

0 0.25 0.5 0.75 1 1.25 1.5 0 0.25 0.5 0.75 1 1.25
Displacement, mm Displacement, mm

PLA+PETG PLA+Fe/PLA — PLA+CB/PLA PETG PLA Fe/PLA —— CB/PLA
—— PETG+Fe/PLA —— PETG+CB/PLA —— CB/PLA+Fe/PLA

a b

Interlayer Tensile Stress, MPa
(%]
Interlayer Tensile Stress, MPa

Fig. 3 Interlayer Tensile StressDisplacement curves: @ combinations group, bz control group

The average interlayer tensile strength of the tested specimeraong with the results dispersion

is illustrated in Figure 4. Overall, the control group demonstratel higher interlayer tensile
strength compared to thecombination group. Among the control materials, PLA exhibited the
highest strength z 38.62 MPa, while Fe/PLA had the lowest valug 10.35 MPa. In the
combinations group, PLA+CB/PLA specimens showed théghest strengthz 12.7 MPa), followed

by PLA+Fe/PLA and CB/PLA+Fe/PLA. Several PET&GI | A E1 Ap@diriemssfailed during
clamping, indicating that PETG had the weakest interlayer adhesion withe tested materials.
Compared to pure PLA, its composites shaad a 6% 73% decrease in interlayer tensile strength,
and inthe combinations group, PLA+CB/PLA and PLA+Fe/PLA experienced &80% interlayer
tensile strength decrease in comparison to pure PLA. The most consistent results were observed
in CB/PLA and PLA+E/PLA, while the highest variability occurred in PLA and PLA+CB/PLA
specimen groups. Based on the tested combinations, PLA is recommended as the preferred
material for further prototyping, while PETG should be avoided unless low interlayer tensile
strength is required.
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Fig. 4. Interlayer Tensile Strength: redz control group, bluez combinations group

7. Conclusions

1.

Common polymer additives used to achieve electrical conductivity, magnetic or piezoelectric
properties are such: graphene, carbobhlack, carbon nanotubes, magnetic materials (maraging
steel, iron), barium titanate nanowires.

Measurements showed that PETG experienced shrinkage in width by 0.14 mm, while other
materials exhibited slight increases in width and thickness. TPU specimen®re excluded due
to print failure caused by excessive vibrations and its rubbelike properties.

The combinations group specimens showed lower interlayer tensile strength compared to
pure PLAZ 62773% reduction. PLA+CB/PLA showed the highest interlayer tesile strength
among combinationsz 12.7 MPa, while PETG combinations showed the weakest adhesion,
often failing during clamping, which shows poor material compatibility
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Abstract

Nowadays, the use of composites is very common in every industry. The reason behind this is the
better properties of composites compared to tradtional materials. Abrasive water jet machining
(AWJIM) is widely used in industry for composite materials. However, AWJM faces certain
challenges when cutting composite materials, including delamination, fiber putut, matrix
erosion, and the tapering othe cutting kerf. This paper presents an investigation of the effect of
AWJIM parameters on basalt fiber reinforced epoxy composites. The influence of the feed rate on
the cutting quality of the samples was investigated. The responses of the machining presesuch

as kerf and roughness parameters, are measured and studied.

Keywords: Abrasive water jet, Composite, Cutting, Kerf, Roughness.
1. Introduction

Nowadays, the use of composites is very common in every industry. This is because composites
have better properties than traditional materials, such as high strengtkto-weight ratios,
corrosion resistance, structural flexibility, low thermal conductivity, etc[1]. There are two types

of composites available on the market, synthetic and natural. The &t fiber reinforced polymer
composite is an example of a composite derived from a mineral sourfd. Basalt fibers are made
from basalt rock by melting it and converting it into fiber [3]. The ecdriendly nature of this
composite makes it a more sustaiable option than many other composites [3]. Due to the wide
use of composites, the machining of these materials is also becoming increasingly importdrése
days [4]. There are numerous methods available in the market for cutting and other machining
operations of composites. Among them, abrasive water jet machining (AWJM) has a higher
priority due to the many advantages of this method [4]. In this paper, the use of AWIM is
highlighted for the cutting of composite materials. To analyse the cutting qualitythe kerf
characteristics and roughness characteristics are measured and studied. This study aims to
investigate the effect of AWJM parameters on basalt fiber reinforced epoxy composites.

2. Materials and methods

The basalt composite was produced by cuttipm 10 basalt fibres plies (Basaltex NV, Wevelgem,
Belgium) with dimensions of 100 x 100 mm. A 7:3 mix of epoxy resin and hardener (R&G
Faserverbundwerkstoffe GmbH, Epoxy Resin L, Hardener S) was used to prepare the composite.
The epoxy resin is cold cured wh a cure time of 24 hours. The composite was produced using a
hand-lay-up technique with the support of the vacuum bagging technique. Composite samples
with a dimension of 30 x 30 mm were cut using a Wazer desktop AWJM -@@sh alluvial garnet
was used & the abrasive particle in the AWJM cutting operation. The abrasive rate was 0.15
kg/min. Two types of cuts were made: coarse (feed rate was 22 mm/min) and fine (feed rate was
10 mm/min). A cutting path is shown in Figure 1.
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Fig. 1 Schematicof the cutting path

To investigate the quality of the cut, the samples were examined after cutting using a Nikon
ECLIPSE LV100ND optical microscope. The images captured by this microscope were used to
calculate the values of the roughness parameters of the cut sucks. The roughness parameters
calculated in this work are the arithmetic mean roughnessR:) and the root mean square
roughness Ry). Parameters were calculated using ImageJ software. At least three creestional
profiles of the opticalmicroscope images were used for the calculations and were extracted using
ImageJ software. The system analyses the intensity of the grey variation on the cut surface along
a selected line. Thesaxis shows the length of the horizontal scan in pixels, anti¢ y-axis shows

the intensity of the grey.Peaks in the profile indicate high grey values, and valleyse low grey
values.

Kerf angles were measuredising the optical microscopeO- | OEAAI pnnmn @6éic- OE
Images plus 2.6 O1 ADhe Kafdnges were calculated from four measurementsJsing the

same microscope, a qualitative studpf the delamination images was carried out to investigate

the presence of delamination after the cutting process.

3. Results and discussion

As can be seen in Figure 2, AWJM provided a highality surface finish on thesamples,reducing

or eliminating the need for secondary processes. The photographs in Figure 2 show the results of
the coarse and fine cutting of the basalt fibre reinforced epty composite. Although the examples
show that both cuts produce a higkguality cut, the main problem encountered in machining
composites is the delamination that occurs during the cutting process [5].
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Fig. 2. Images oBFRPGamples:a - coarse cut and b fine cut

The microscopic view of delamination of the samples is shown in Figure 3: coarse cutting (Fig. 3
a), and fine cutting (Fig. ). It can be seen that the delamination occurred on the edge from which
the cutting process startedThe investigations of Shanmugarat al.[5] show that the delamination

is caused by a shock wave caused by a water gaid the abrasive particles used in the cutting
process.In addition, composites without good adhesion between the matrix and the reinforeg
fibre are prone to defects such as cracks and delamination.

The crosssectional surface images obtained from the optical microscope make it easy to identify
the individual layers of the plays and the interface between them. Optical microscope images
show that coarse cutting produces fractures and misalignments in the fibres (Fig. 3 b). The dark
areas with small granular structures are the matrix region, which looks rough and uneven. There
is also a visible gap between the fiber and the matrix (Fig. 3.0n the case of fine cutting (Fig. 3d),
less fiber breakage is visible compared to coarse cutting. The matrix region is also more
compacted. Fine cutting samples show low fiber pulbut and more fiber matrix bonding. The
alignment of the fibers is also mre parallel and cleaner. In coarse cutting, microcracks are more
present than in fine cutting.

a C

Fig. 3 Optical microscope images odBFRPGamplesdelamination: a coarse cutting, ¢ fine cutting and
images ofBFRPQross-sectionsat magnification3 10: b- coarse cutting)., b- fine cutting

The crosssectional profilespresented inFigure 4 illustrate the surface profile of BFRPC after the
coarse and fine cutting processeslin the coarse cuttingprofile, a very large difference between
the peaks and valleys is clearly visible in some region$his indicates that the surface is less
smooth and rougher aftercoarsecutting. Sharp peaks and deep vallsyare visible in the profile,
which may be due to the effect of fiber pulout or delamination during the cutting process. The
increasein feed rate comparedto fine cutting can be the reasorfor a more aggressive cutting
action. The fine cutting profile $iows high fluctuation, which means strong irregularities in the
cut profile.
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Fine cutting with a feed rate of 10 mm/min is supposed to be normal cutting with minimal
damage, but the profilogram shows a result of a higher level of irregularities for a loiged rate.

From the details given in Table bn the roughness values. Normallythe values ofRaand Rqwere
expected tobe lower for fine cutting compared to coarse cuttingbut in this situation, the results
were the opposite of what was expected
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Fig. 4 Cross-sectional profile of BFRPC samples:-&coarse cutting; bz fine cutting
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Table 1. Surface roughness valuesf coarse andfine cutting samples

Cutting type Rq (m) Ra (um)
Coarse(22 mm/min) 57.240 30.63
Fine (10 mm/min) 59.372 32.95

However,the kerf angle values of both cuts show thahe value of the kerf angle increased more
than twice, then the feed rateincreasesfrom 10 mm/min to 22 mm/min (Fig. 5). During the
cutting, the enrgy distibuted from the water jet varies from top to bottom of the specimen. On top,
the energy will be higher, which causes more material removal, and at the bottom, the energy
distribution decreases gradually, resulting in taper anglesAt higher feed rates, the jetnozzle
moves faster, reducing the interaction time and the chances of cutting through the material
completely, especially at the bottom, resulting in a wider cut at the top and a narrower cut at the
bottom [6]. Studies by other resarchers showed that acone profile is formed at high feed rates
and a reverse cone at low feed rates. The Kerf profile can be uniform and parallel at the optimum
feed rate[7].

15 15

|
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Fig.5 The kerf angles of BFRPC:-&oarse cutting b - fine cutting

A1
Angle : 4.8035Deg
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4. Conclusions

The results obtained clearly demonstrate that AWM is an appropriate method for the machining
of BFRPC.

1. Analysis of the roughness parameters showed that a low feed rate of 10 mm/min resulted in
slightly higher roughness values compared to a feed rate of 22 mm/min.

2. The delamination of the cut surfaces was not affected by increasing the feed rate from 22
mm/min to 10 mm/min. The presence of delamination was obtained at the starting point of
the composite cutdue to the shock wave caused by a water jet and the abrasive particles used
in the cutting process and the insufficient interfacial adhesion between the epoxy matrix and
the basalt fibres.

3. The analysis of the angles showed that the low feed rate of 10 mmimresulted in smaller
angles and fewer defects compared to the feed rate of 22 mm/min, indicating that improved
cut quality is achieved with lower feed rates.
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Application of Innovative Teaching Methods in the Study Process
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Abstract

The rapidly changing digital technology environment encourages higher education institutions to
adapt and implement innovative solutions. The study module "Digital Media Technologies and
Design" is one example in which stents develop practical skills through real, complex project
tasks.

Didactic innovations in the module include projectbased learning, technology integration, the
formation of students' digital identity, and the principle of reflexive learning.

Keywords : didactic innovations, study process, teaching methods.
1. Introduction

Given the challenges of modern higher education, especially in the fields of technology and
creative industries, the need to implement didactic innovations is becoming increagly relevant.
Didactic innovations are innovative, purposefully applied teaching (learning) solutions that
improve the quality of learning, promote student engagement and adapt learning content to
changing technologies and student needs. These innovat®mnnclude both teaching methods,
assessment strategies, and the use of technologies in the study procesg]1One of the modules
OEAO EI I Ail AT OO OEAOA DPOET AEPI AO ET DPOAAOGEAA
which students acquire interdsciplinary competencies that include graphic design, website
development, 3d modelling and information visualisation.

The educational innovation process consists of five phases (see Fig. 1).

Evaluation of
innovation

(programme)

. Decide on didactic
Implement (re)design principles and
and deliver new (re)formulate
programme intended learning
outcomes

Create (re)design on
programme level and
subsequent on course

level

Fig. 1 The educational innovation process [3]
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The first two phases are aimed at getting a thorough understanding of the context in which a
certain innovation initiative takes place.Phase 2 relates to the overall educational aspects, such
as the vision for education and the intended learning outcome#fter completing the first two
phases, the (re)design itself defines the third phaséuring the fourth phase, all the above is
brought together in building the design.In the fifth and final phase, measurements are set up to
see if the aims have been m¢8].

University lecturers play a significant role in developing and implementing teaching innovations.
They contribute to the development of the study content, define teaching objectives and didactic
provisions, select didactic methods and media, taking intaccount their learning groups [45].
The aim of this paper is to show how innovative teaching methods are applied in the module
(Digital Media Technologies and Designand to substantiate the importance of didactic
innovations.

2. Creation of a digital por tfolio

The main task of the project is to demonstrate the competencies acquired during the study
module: to create an individual website that presents the results of the student's semester work.
This task promotes computer literacy skills, communication sKs, reflection, and visual thinking.
The project task includes the following stages:

1. Creation of a website, implementing the intended technical and design requirements;

2. Structuring the website content according to the evaluation criteria;

3. Submision of a project report, uploading a link to the website to the Moodle virtual learning
environment Moodle.

The innovations applied in the module are reflected in the tools and work methodology used.

Students are actively encouraged to use opesource andprofessional design programmes (e.g.

Krita, Autodesk 3ds Max), which allow them to get acquainted with relevant technologies used in

practice. The following innovative elements are integrated into the project:

1 A vector logo created using Krita or anothelC OADEEA AAOECI DOl COAI I A
imagination and understanding of branding;

1 A three-dimensional model with adapted lighting and overview animation, created using 3ds
Mayx, illustrates the form, functionality and aesthetics;

1 AprojectAAOAOEDPOEI T ET OA@O & Oi Abh xEEAE DOl OEA.
characteristics, design solutions, and creative process;

1 Quality of information presentation z the website must clearly and consistently display
information about the materials used, functionality, target audience, etc.;

| The section@\bout the authordprovides a brief introduction of the student, helping to form a
personal digital identity.

Clearly defined assessment criteria help students to achieve results that are foedson quality,
functionality, and aesthetics.They also encourage independence and develop the ability to plan
work and properly document and present it.

3. Didactic innovations in the module

Application of technologies: students learn to work with moderndesign and modelling tools:
Krita, Autodesk 3ds Max; digital competencies are developed.

Project-based learning: students independently plan, create, test, and publish a website; the task
covers the entire product life cycle from idea to presentation.
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Reflective learning: The@\bout the authordpage encourages reflection and the ability to review
one's experience and development during the study module.

Interdisciplinary integration: graphic design, programming, 3d modelling and communication
disciplines are combined.

According to the 2024 internal module evaluation survey:

Z wxb T £ OEA OOOAAT OO OAEA OEAO OEA xAAOEOA A/
Z wpb ATT £ZEOI AA OEAO OEA DPOIT EAAO EAI 8ebigh a@EAI
technology;

E xyb ET AEAAOAA OEAO EO xAO OEA 110060 OAI OAAIT A

4. Conclusions

1. 4EA AEAAAOGEA ET11 OAOGEI1 O ADPDIEAA EI OEA 00
$A0CECT 6 AOA AT AOOAT OEAIT mhighytadBdarhing/El O AAEEA

2. Didactic innovations in the module(igital Media Technologies and Desigrallow achieving
higher-level learning goals by developing both technological and creative competencies. Such
projects strengthen the connection between thery and practice, which is one of the most
important goals of didactic innovations in higher education

3. Didactic innovations help students master the most important digital media technologies and
encourage them to reflect on their creative activities in th study process.
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Abstract

By todaybés trends, companies need to apply a
life cycle of a product, thereby ensuring that manufacturing plants will continue to operate without
interruptians. In this regard, plastic recycling technologies are an important tool for extending the cycle
of plastic packaging. Although many companiese currentlyimplemented models of mechanical
recycling technologies, chemical recycling can be another ertétlel to recycle plastic packaging

and efficiently managepackaging waste. This review examines chemical recycling technologies
specifically applied to plastic packaging materials and provides an overview of the current situation,
challenges and futurardctions.

Keywords: chemical recycling, plastic packaging, packaging waste management.
1. Introduction

Modern society is a consumer communttyerefore with each passing dayot onlydoesthe volume

of productionincrease but also the amount of wasté is estimated that in 2022, about 58iflion

tons of plastic products were produced in Europe, of which about 39% were packaging [1]. A large
proportion of plastic products are still made from fefsdls it is calculated that less than 10% are
mace from recyclates [1].The majority of recycling facilities are using mechanical recycling
technology, but plastic waste can also be recycled by chemical technologies. Besides, chemical
recycling technologies are attractive, because they disrupt theustrudtplastics and thus produce
monomers or other chemicals, while mechanical recycling focuses on the physical processing of plastic
and does not change its chemical structure [2]. Furthermore, recycled plastic achieved from mechanical
recycling has lowequality: it might have impurities, reduced strength and can vary in colours [2], at
the same time these problems can be avoided by chemical recycling.

This article reviews the chemical recycling technologies, that could be used to recycle plastjmgacka
The advantages and limits of the systems are reviewed, to understand what future prospect doe:
chemical recycling have, that would help to achieve sustainable plastic waste management.

2. Variety of plastic packaging waste

Polymers for packaging ackosen for various properties, such as toughness, resistance, impermeability
and other various features. However, each plastic packaging is different from one other, because not
only different polymers are used, but additives such as paper, organic lmataliagens, metals can

be added [3]. So, nowadays, packaging must meet design requirements for recycling. Often it means,
that design should be sustainable, so when package goes to recycle stream, it lessens plastics emissio
and enhance the recoveny.[Burthermore, there are key elements, for recyelangised design, which
includes to choose materials with good recycling properties and proper labelling, which ensures easy
disassembly if needed, understanding -teaé conditions of the recycling mask [4]. Polymer
complexity, contamination levels, for example, labels, adhesives, additives, inks, often are reasons why

170



Proceedings of2™ InternationalYoung Researche@onference
INDUSTRIAL ENGINEERING 2025

mechanical recycling is unable to recycle plastic packaging waste intabality recyclates, and for
that reasopninterest in chemidaecycling emerges [3, 4].

3. Chemical recycling technologies

As mentioned above, chemical recycling is a process where plastic waste is fractured into other
chemical components, and it could be higlquality monomers, oligomers, oils, fuels and much
more. Since it can obtain highguality materials, those feedstocks @n be used in new production
streams. There are several chemical recycling methods, which are presented in Table 1.,

nonetheless all of thentall into these 2 main categories: thermolysis and solvolysis.

Table 1. Chemical recycling methods for types of pktic packaging [%8]

polypropylene (PP),
polystyrene (PS), as well
as mixtures of plastics

450°C under pressure

Recycling The type of plastic that Main reaction of the Main products

technology can be recycled by this | technology from the reaction
method

Pyrolysis Polyolefins, such as Thermal decomposition is Various organic
polyethylene (PE), carried out in an inert compounds,
polypropylene (PP), environment at temperatures | including fuels,
polystyrene (PS), as well | between 45Qz800°C, if needed | waxes, oils and
as mixtures of plastics a catalyst is used monomers

Hydrocracking Polyolefins, such as Hydrogen and catalysts used tg Fuels and other
polyethylene (PE), break down plastics, high-value
polypropylene (PP), environment is 350z525°C chemicals
polystyrene (PS), as well
as mixtures of plastics

Gasification Mixtures of plastics and | Reaction takes place at Various synthetic
non-recyclable plastics | temperatures above 700°C gases

using oxygen or steam
Hydrothermal Polyolefins, such as The reaction is carried out at | Plastics break down
liquefaction polyethylene (PE), high temperatures of 29 into crude oil-type

products

Catalytic cracking

Polyolefins, such as
polyethylene (PE),
polypropylene (PP),
polystyrene (PS), as well
as mixtures of plastics

The reaction is similar to
pyrolysis, but catalysts are
used, so it is carried out at
lower temperatures

Chemical
components and
fuels

terephthalate (PET),

ethanol are used for

depolymerization

Glycolysis Polyethylene Depolymerization of plastics by| Monomers and
terephthalate (PET), applying glycols such as oligomers
other polyesters, ethylene glycol
polyurethane (PU)

Hydrolysis Polyethylene Depending on the type of Monomers
terephthalate (PET), hydrolysis, water, aqueous
polyamides (PA) concentrated acids (HSQyg)),

as well as aqueous bases
(NaOHaq)) are used for
depolymerization
Alcoholysis Polyethylene Alcohols such as methanol or | Monomers and

other chemical
materials
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Recycling The type of plastic that Main reaction of the Main products
technology can be recycled by this | technology from the reaction
method

other polyesters,
polycarbonates (PC)

Aminolysis and Polyethylene Depolymerization using Amine structure
ammonolysis terephthalate (PET), amines or, in the second case, | monomers
polyurethane (PU) ammonia (NH)

The names dthe categories explain themselves, as in thermolysis main reaction is carried out in
high temperatures, or in solvolysis, the reaction could not be done without a solvent. From table
1, one can understand, that chemical recycling can be used to recyct# anly thermoplastics, but
also thermosets, like polyurethane, unlike mechanical recycling. Several of the mentioned
technologies are applied to an industrial level, like pyrolysis in companies such BASH9], Plastic
Energy[10], or methanolysis atEastman[11], or glycolysis of PET in company.oop Industries
[12].

4. Challenges, limitations and prospects

Although there are 9 chemical processing technologies mentioned, the broad adoption of
chemical recycling is hampered byissues with scalability and economic feasibility [2]. At the
moment, these procedures are less financially appealing than conventional recycling techniques
since they need larger expenses such as high energy consumption, the cost of catalysts or other
chemical reagents, and so on [2,13]. Furthermore, packaging waste comes very heterogenous and
in high contamination, so it might affect effectiveness of catalysts, so it is very hard to transition
technologies from laboratory to fullscale without capital investments [2]. Despite the fact, that
chemical recycling is presented to a circular economy and decrease dependence on virgin fessil
based materials [13], some chemical recycling reactions can generate hazardousgrgduct or
secondary emissions [2]. Needlesto say, that higher energy consumption often means more
environmental gas, meanwhile used chemicals from reaction, if not reusable, more disposable
waste.

Nevertheless, additional researching to develop more favourable catalysts, for their properties
like acidity, pore structures, surface area, promoters, metal composition and dispersion, and the
metal-support interaction [13], could advance chemical recycling prospects. After solving main
problems of chemical recycling technologies, it could be main ggsn for recycling, as for high
quality produced product, which would help to close the loop in circular economy.

Since the European Commission has set very yearning circularity goals for plastics, like that the
amount of recycled plastic in plastic produts would be at least 30% by 2030 and by 2035 10%
of waste could be landfilled [14], it made great support for advancement of chemical recycling.
According to Plastics Europe [15], significant investments are being dedicated for developing
chemical recycling technology, with projected expenditures increasing from EUR 2.6 billion in
2025 to EUR 8 billion by 2030.

5. Conclusions

1. Chemical recycling, specifically thermolysis processes such as pyrolysis, hydrocracking,
gasification, catalytic cracking and hydrdtermal liquefaction, could be used as a technology
to handle mixed or contaminated plastic packaging waste streams, unlike mechanical
recycling, where the plastic waste stream is principally sorted and cleaned several times
before recycling.

172



Proceedings of2™ InternationalYoung Researche@onference
INDUSTRIAL ENGINEERING 2025

2. Many different products could be produced from using chemical recycling technologies, for
instance, from PET waste, which is depolymerized lire glycolysis process, is obtainedhigh-
quality raw material is obtained, which could be used to make foocdrade PET plastic, ad
from mixed plastic packaging waste by hydrocracking - liquid fuels.

3. Further research is needed to implement and develop chemical recycling technologies in
industry, as there are challenges, which include high energy consumption, various expensive
catalysts, creation of secondary emissions and chemical wastes.
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Abstract

Datacenterscomprise important IT infrastructure but represent major energy users, particularly

in tropical climates where cooling needs are high. This research presents an Analytic Hierarchy
Process (AHPJbased Decision Support System (DSS) to systematically prioritize solutions for
lowerin g datacenterenergy usage. By describing the issue as a goal, criteria, and alternatives, and
AAAE Al OAOT AGEOASO bl OAT OE ledom Baaaohtar@&ald thathigro A
density modular configurations obtain the greatest priority weight, followed closely by green data
center designs. The results underline the necessity to improve cooling and hardware
infrastructure, considering the closeconnection between these elements and overall energy use.
This DSS provides a transparent, datdriven decision-making strategy that is repeatable across
comparable tropical conditions. Future studies may expand this technology to reéine energy
monitor ing and hybrid MCDM models.

Keywords: decision support system, multiple criteria decision making, AHP, energy efficiency
infrastructure.

1. Introduction

Data centers have swiftly transformed into vital infrastructure, enabling the expansion of cloud
computing, big data analytics, and different corporate applications globally [1]. However, these
facilities are also regarded as substantial energy users, with a growing requirement for both
processing power and cooling capacity. Recent estimates imply that aned the world, data center

I DPAOAOGET T O AAAT OT O A O A Ai1T OEAAOCAAT A Al T Ol

prompting urgent requests for more efficient designs and operations [2]. Against this background,
attempts to install greener technology ad manage power use in higkdensity locations have
become a strategic priority for organizations aiming to reconcile operational performance with
sustainability objectives [3, 4].

This researchtackles the critical issue of excessive energy usage diata centers operating in
tropical, high-humidity environments, concentrating on approaches to minimize cooling loads
while maintaining optimum infrastructure performance. The primary aim is to present a
systematic and transparent means of analyzing alteative data center architectures to find the
most energy-efficient alternative, utilizing the Analytic Hierarchy Process (AHP) methodology as
a rigorous Multiple Criteria Decision Making (MCDM) tool [5]. By deconstructing the main
purpose into hierarchical layers such as criteria, sukrriteria, and candidate alternatives, AHP
offers measurable measurements of relative significance, thereby aiding infrastructure planners
and managers in making balanced, datdriven decisions [6]. Expert opinion, acquired vigaired
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comparisons, provides the foundation of this weighted analysis, guaranteeing that the proposed
technique is both contextually grounded and mathematically coherent.

To date, a considerable body of significant research has studied approaches to boesergy
efficiency in data centers, spanning from enhanced cooling systems to renewable power
integration and resource virtualization [7, 8]. While muchresearch focuseon particular
strategies, such as freeooling or liquid cooling, fewer have utilized asystematic MCDM
framework that holistically assesses numerous options on technical, environmental, and financial
aspects. This gap underlines the necessity for a structured, transparent decision support system

that synthesizes expert contributions and quatifies trade-offs among potentially conflicting

factors, an area where AHP is especially wedlited. A recent research by Ozkan et al. [9]
AoAi ETAA AT A Ai 1 OOAOOAA ' OEA OAAEZEA | AAOAAEO
that influence dataA AT OAOO08 j $#0q AAEEEAAAUS8 4EAU bDPOI Bl C
employing two MCDM methodologies, namely spherical fuzzy AHP (BHP) and EDAS
(evaluation based on distance from average solution). While SKHP is favored to prioritize the

main and sub-criteria in an imperfect decisionrmaking environment, EDAS is employed to rank

OEA Al O1 OOEAOGS s$# DOl £E1 Adh Ai AARAAAET ¢ OEA AAC
assessed the eight major criteria and the fortyive sub-criteria for picking the most suitable site

for the data center while considering the fifty various economies in different business areas. This

was done by employing the continuous intuitionistic fuzzy sets (CIFS)ased AHP to specify the
weights of each criterion and sukcriterion. Then, the CIF®ased approach for order of
preference by similarity to the ideal solution (TOPSIS) is created to rank the fifty economies
integrated with the weights from the CIFSbased AHP. Another study in a European environment
likewise preferred MCOM-driven techniques, demonstrating that data centers containing
virtualized systems could retain performance while drastically cutting their power use [11].

Relying on current literature, this study proposes an AHBased decisioamaking method specific

for a Data Center in Sri Lankantending to obtain compelling evidence on which modernization

plan corresponds most closely with its sustainability goals.

Methodologically, the article used the AHP to acquire expert opinions, followed by consistency
tests to confirm each comparison matrix. The final recommendations are then generated by
calculating local and global priority weights for options, ending in a rating that indicates the
option most likely to produce large energy savings. The key results suggesitat high-density
modular architecture and greener infrastructure technologies lead the way in minimizing the
large cooling needs seen in tropical areas. Ultimately, this work adds to a greater body of
knowledge on data center architecture, offering a reprducible blueprint for energy efficiency and
decisionrmaking excellence in this vital sector.

2. Methodology

This research usedhe AHPas an MCDMramework to systematically evaluate and prioritize
options for minimizing energy usage in dataentres. AHP @ables decisiormakers to organize
intricate issues into a hierarchical framework, deconstructing the problem into a goal, criteria,
sub-criteria, and alternatives. Expert ratings were collected via pairwise comparisons to ascertain
the relative significanAA 1T £ AAAE AOEOQOAOQOEITT Al A Ipebé&dld[®R] 4 EA
to quantify expert assessments, facilitating a systematic analysis of decistomaking elements. A
case study methodology was used to implement the AHP concept in a practical @xit The study
focused on the Sri Lanka Telecom Data Center, a prominent data center in Sri Lanka. This selection
was taken under many considerations, including industrial relevance, energy consumption
concerns, and access to expert expertise. This analysionfirms that the AHP framework offers
practical, datainformed suggestions applicable to similar data centers in tropical climatic
regions.
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The decision hierarchy was developed (see Fig. 1) based on the identified criteria and
corresponding subcriteria that greatly affect the energy efficiency in a data center. Three
alternatives were considered as potential alternatives to transform the condition of the current
data center to an energyefficient data center. Each decision is evaluated in terms of
impact criteria, and AHPis used to determine the priority rankingof these alternatives. This
method guarantees an objective and mathematically rigorous approach to identifying data
centers' optimal energy reduction strategy. A case study methodology was ustedmplement the
AHP concept in a practical context. The study focused on the Sri Lanka Telecom Data Center, a
prominent data center in Sri Lanka. The selection was justified due to the data center's operation
in a hightemperature, high-humidity environm ent, necessitating substantial cooling measures.
As a premier telecom operator, enhancing energy efficiency in its data centers directly influences
operational efficacy and sustainability.

Cooling
Optimization
(€1

Energy-efficient
Hardware (C2)

/-_ Airflow \ /o_ Server efficiency
management (cz21)
(C1L1) * Storage and
+ Cooling technology network device
efficiency (C1.2) efficiency (C2.2)
* Temperature and * Power distribution
humidity setpoint efficiency (C2.3)
(C1.3) * Hardware lifecycle
= Use of free cooling management
\ (C1.4) _/ (C2.4) _/

Hybrid cloud data
center (A1)

Fig. 2. AHP decision hierarchy for selecting the besinergy-efficient data center category

Energy Reduction
in Data Centers

-
Virtualization & Renewable Monitoring &
Workload Energy Optimization
Consolidation Integration (C4) (C3)
(€3)

m [ = On-site renewable Real-time energy
virtualization rate energy generation monitoring (5.1
(c31) (1) e Prodictive e

* Dynamicresource U Tsiterenevable maintenance (5.2)
allocation (C3.2) energy *  Automated

+ Containerization procurement shutdown ofidle
for lightweight (C4.2) servers (5.3)
workload (C3.3.)  Energy storage e Powerusase

+ Workload system (C4.3) ef‘fectivenfss
scheduling for off- ¢ Hybrid energy tracking (5.4)

High density

Green data center
(AD

modular data center

(43)

data

Data gathering included expert survey$o acquire pairwise comparison evaluations. Four
specialists with extensive data center operations and energy management expertisere chosen
as detailed in Table 1.

Table 7. Industry experts participated in the pairwise comparison of criteria

ID | Occupation Years of experience | Highest qualification

E1 | Operational Manager 18 years M.Sc. in ElectricaEngineering

E2 | Network Engineer 11 years M.Sc. in Information Technology

E3 | Data Center Technician | 8 years B.Sc. in Electrical and Electronic Engineering
E4 | Professor 21 years Ph.D. in Computer Science

The pairwise comparison matrix (PCM) was derived using a decision tree, assessing the weight of
ITi relative to Itj. The matrix ranks components at each hierarchical level, using a standardized
nine-point scale (see Table 2) introduced by Saaty iadicate preference.
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