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Preface 

 

The 12ÔÈ )ÎÔÅÒÎÁÔÉÏÎÁÌ 9ÏÕÎÇ 2ÅÓÅÁÒÃÈÅÒÓȭ #ÏÎÆÅÒÅÎÃÅ ÏÎ Ȱ)ÎÄÕÓÔÒÉÁÌ %ÎÇÉÎÅÅÒÉÎÇ ςπςυȱ ÉÓ ÄÅÄÉÃÁÔÅÄ ÔÏ ÄÅÖÅÌÏÐÉÎÇ 

the research competencies of young researchers, publicizing research relevant to industry, and developing 

ÓÕÓÔÁÉÎÁÂÌÅ ÐÒÏÄÕÃÔÉÏÎ ÁÎÄ ÃÏÎÓÕÍÐÔÉÏÎȢ 4ÈÉÓ ÙÅÁÒȟ Á ÔÈÅÍÁÔÉÃ ÓÅÃÔÉÏÎȟ Ȱ&ÁÓÈÉÏÎ ÅÎÇÉÎÅÅÒÉÎÇɂfuture technologies,ȱ 

is included in the conference program. 

The Conference covers a wide range of topics: 

Ɇ !ÄÖÁÎÃÅÄ -ÅÃÈÁÎÉÃÁÌ 4ÅÃÈÎÏÌÏÇÉes 

Ɇ &ÁÓÈÉÏÎ %ÎÇÉÎÅÅÒÉÎÇ 

Ɇ )ÎÄÕÓÔÒÉÁÌ $ÅÓÉÇÎ ÁÎÄ %ÎÇÉÎÅÅÒÉÎÇ 

Ɇ -ÁÔÅÒÉÁÌÓ 3ÃÉÅÎÃÅ ÁÎÄ %ÎÇÉÎÅÅÒÉÎÇ 

Ɇ 0ÒÏÄÕÃÔÉÏÎ 4ÅÃÈÎÏÌÏÇÉÅÓ ÁÎÄ %ÎÇÉÎÅÅÒÉÎÇ 

Ɇ 3ÕÓÔÁÉÎÁÂÌÅ #ÏÎÓÕÍÐÔÉÏÎ ÁÎÄ "ÕÓÉÎÅÓÓ -ÁÎÁÇÅÍÅÎÔ 

Ɇ 3ÕÓÔÁÉÎÁÂÌÅ %ÎÅÒÇÙ 3ÙÓÔÅÍÓ 

Ɇ 3ÕÓÔÁÉÎÁÂÌÅ &ÏÏÄ 3ÙÓÔÅÍÓ ÁÎÄ !ÇÒÉÃÕÌture 

Ɇ 3ÕÓÔÁÉÎÁÂÌÅ 5ÒÂÁÎ ÁÎÄ 2ÕÒÁÌ $ÅÖÅÌÏÐÍÅÎÔ 

Ɇ 4ÒÁÎÓÐÏÒÔ %ÎÇÉÎÅÅÒÉÎÇ ÁÎÄ 3ÕÓÔÁÉÎÁÂÌÅ -ÏÂÉÌÉÔÙ 

 

The International Young Researchers Conference provides an excellent opportunity to get acquainted with the works 

of young researchers and the problems being solved, to discuss current topics and to assess the national and 

international importance of scientific achievements for industry and society. 

 

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

%ÍÉÌÉÊÁ 34!.+54U1, 2*, Gediminas MONASTYRECKIS1ȟ $ÁÉÖÁ :%,%.)!+)%.U1 

1 Kaunas Technology University, Department of Mechanical Engineering 

2 Lithuanian Energy Institute, Laboratory of Nuclear Installation Safety 

* emilija.stankute@lei.lt  

 

Abstract  

The mechanical performance of fibre-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 fibre and a polymer matrix using combined experimental and numerical 
approaches. Micro-bond 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 numerical simulations 
accurately depict the overall pattern of the experimental load-displacement behaviour. The study 
confirms the potential of basalt fibres for high-performance composites and demonstrates that 
combining testing with numerical modelling is an effective 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 become crucial materials in engineering and 
structural applications due to their excellent strength-to-weight ratio, corrosion resistance and 
versatility. The performance and durability of these composites are largely influenced by the 
mechanical characteristics of the fibre-matrix interface, where load transfer is important to 
ensure structural functionality. Among the various interface-related parameters, the interfacial 
shear strength (IFSS) is significant. A strong and well-bonded interface ensures that applied 
stresses are effectively transferred from the polymer matrix to high-strength fibres, enhancing 
overall composite performance and delaying the onset of failure mechanisms such as fibre pull-
out or interfacial debonding. 
Increasing environmental awareness and the demand for sustainable materials, basalt has gained 
attention as an eco-friendly alternative to traditional reinforcements such as glass or carbon 
fibres [1]. Sourced from volcanic rock and produced through a relatively low-energy melting 
process without the use of additives, basalt fibres offer a low environmental footprint, high 
recyclability and abundant raw material availability [2, 3]. Their non-toxic production and high 
durability contribute to more sustainable composite solutions, especially 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 basalt fibre 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 micro-debonding testing and evaluation of interfacial shear strength. PP 
films of different thicknesses were formed by screw extruder and cut in rectangular shape. Both 

mailto:emilija.stankute@lei.lt
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types of fibres were treated with a silane-based surface treatment. For the sample preparation, 
PP film was mounted on the fibre and heated in the oven to melt the film. It is noted that PP-GF 
systems have higher IFSS values than PP-BF 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 fibre-matrix interface. To enhance the interfacial adhesion between BF 
and epoxy matrix, low-pressure O2 and H2-Ar plasma were used 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 O2 plasma modification, since O2 plasma treatment demonstrated a greater 
IFSS improvement of 38.4% compared to the H2-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 experimental and 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  

A bio-based diglycidyl ether of bisphenol A epoxy SR Greenpoxy 33 (Sicomin, France) with carbon 
content (~35 %) sourced from plant origins and solvent-free phenalkamine epoxy curing agent 
LITE 2401 (Cardolite, Belgium) sourced from cashew nutshell liquid technology with bio-content 
of ~33 % were used as the matrix material due to 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 petroleum-based resources, maintains comparable performance 
to traditional epoxy systems, making them appealing for use in sustainable composite 
applications. Basalt fibres, supplied by Basaltex, Belgium, with an average diameter of 16 µm 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 post-cured in the oven for 2 h at 80°C and 2 h at 120°C. For the micro-
bond test (MBT), 50 µm of distance between blades was chosen, the resin microdroplet diameter 
was 100 µm, embedded length ɀ 250 µm.  

2.2 . Testing  

MBT, a commonly used method for describing fibre-matrix adhesion at the micro-scale, is used 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 droplet values. The IFSS was calculated using the 
equation (1): 

 † ȟ  (1)  

where Fmax is the maximum load at debonding, d ɀ fibre diameter, l ɀ embedded length of the 
droplet. 
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The embedded microdroplet length was measured using the Dia-Stron LEX820 micro-bond tester 
(Andover, UK). The load cell of 2 N pulled the droplet at the speed of 0,09 mm/min (Fig. 1). 

Fig. 1. Micro-bond test using Dia-Stron LEX820 

3. Numerical modelling  

A finite element model (FEM) was developed using ABAQUS software (Fig. 2). The model 
represented a single fibre embedded in a spherical polymer matrix. Fibre diameter ɀ 16 µm, the 
surrounding interface was chosen 1 µm in thickness and the microdroplet diameter was 100 µm, 
while the embedded length ɀ 250 µm. The fibre, interface, knives and the matrix were modelled 
ÕÓÉÎÇ σ$ ÓÏÌÉÄ ÅÌÅÍÅÎÔÓȢ %ÌÁÓÔÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÂÁÓÁÌÔ ÆÉÂÒÅ ɉ9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ωπ '0Áȟ 0ÏÉÓÓÏÎȭÓ 
ÒÁÔÉÏ πȟςυɊȟ ÉÎÔÅÒÆÁÃÅ ɉ9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ς '0Áȟ 0ÏÉÓÓÏÎȭÓ ÒÁÔÉÏ πȟσɊ ÁÎÄ ÅÐÏØÙ ɉ9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ 
σȟσ '0Áȟ 0ÏÉÓÓÏÎȭÓ ÒÁÔÉÏ πȟσɊ ÄÒÏÐÌÅÔ ×ÅÒÅ ÉÍÐÌÅÍÅÎÔÅÄ ÁÓ ÌÉÎÅÁÒ ÉÓÏÔÒÏÐÉÃȢ -ÏÄÅÌ ÁÄÄÉÔÉÏÎÁÌÌÙ ÈÁÄ 
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 µm. The model is simulated using an explicit 
technique. 

Fig. 2. Finite element model using ABAQUS software 

 
Blades were fixed at the top surface, and a displacement-controlled load of 2 µm was applied to 
the fibre surface to simulate the micro-bond test. For model simulation, a tetrahedron mesh was 
chosen. The simulated load-displacement curve was compared with experimental results to 
validate the model.  
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4. Results 

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

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

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 bit bent upwards, however, 
it follows the experimental graph well. Simulated microdroplet pull-out test reached the highest 
point of 58,90 mN. The reason for these deviations is that the current 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. 

Fig. 4. Experimental and numerical load-displacement graph 
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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). 

Fig. 5. Experimental and numerical values of IFSS 

5. Conclusions 

By accurately simulating the mechanical reaction of a single basalt fibre embedded in a polymer 
matrix under axial loading, the finite element model was able to replicate the micro-bond test.  
1. The overall trends of the numerical and experimental load-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 results, with a 2.89% 
difference. 
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Abstract  

This study investigates a more sustainable and energy-efficient 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 material, with 90° being the most 
conductive layer orientation. Single-lap shear tests demonstrate that CSM-reinforced specimens 
cured via Joule heating achieved a similar average shear strength (10.6 MPa) compared to oven-
cured pure epoxy specimens (9.3 MPa). These results indicate that Joule heating using CSM is an 
energy-efficient and cost-effective 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 [1, 2]. Conventional curing equipment, 
such as autoclaves and large ovens, typically requires an energy-intensive process [2, 3]. The low 
thermal conductivity of polymers imposes limitations on heating rates, leading to longer curing 
cycles and, thus, increased energy costs [3, 4]. The size of curing equipment also limits composite 
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 be used 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 selected 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 low-cost 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 directly 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]. 
 

mailto:karina.dragasiute@ktu.edu
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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 and its 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 non-woven carbon fibre CSM (R&G 
Faserverbundwerkstoffe GmbH, Waldenbuch, Germany) and its suitability as a conductive 
interface for Joule heating, electrical resistance measurements were 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 assessmeÎÔ ÏÆ ÁÎÙ ÐÏÔÅÎÔÉÁÌ ÁÎÉÓÏÔÒÏÐÙ ÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌȭÓ 
conductive behaviour caused by the manufacturing process.  
 

 

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

A Fluke 287 RMS multimeter (Fluke Corporation, Everett, WA, USA) was used to measure 
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 area corresponding to the bonding area of a 
single-lap specimen (12.5 × 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, single-lap shear test specimens were fabricated using the 
CSM layer oriented at a 90° angle as the embedded conductive layer. Lap joints were 
manufactured from glass fibre-reinforced 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 Spolchemie, Ústí 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 single-lap shear specimen for 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 50ɀ60 °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 described in Section 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 single-lap CSM joints was performed using a custom-built Arduino -based 
heating system. This system used temperature regulation via a digital control loop: temperature 
feedback from each specimen was continuously monitored and used to 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 provide real-time data, which was also displayed on 
the computer screen to monitor temperature changes.  
The curing system operated using a simple on-off control scheme, in which the Arduino 
microcontroller (Arduino, Turin, Italy) activated or deactivated semiconductor 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 the 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 (UNI-T, Dongguan, China). The system 
ensured consistent localised curing with minimal complexity and cost. 

2.4. Mechanical Testing of Single -Lap Joints 

The mechanical performance of the joints was evaluated using lap-shear testing conducted on a 
Tinius Olsen H10KT universal testing machine (Tinius Olsen, Horsham, USA), which is equipped 
×ÉÔÈ Á ρπ Ë. ÌÏÁÄ ÃÅÌÌ ÁÎÄ Á ÃÒÏÓÓÈÅÁÄ ÓÐÅÅÄ ÏÆ πȢυ ÍÍȾÍÉÎȢ 3ÈÅÁÒ ÓÔÒÅÎÇÔÈ ÔÅÓÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ 
ÁÃÃÏÒÄÉÎÇ ÔÏ )3/ ςωρȟ ×ÉÔÈ ÅÁÃÈ ÓÐÅÃÉÍÅÎ ÂÅÉÎÇ ÍÏÕÎÔÅÄ ÉÎ Á ×ÁÙ ÓÏ ÔÈÁÔ σχȢυ ÍÍ ÏÆ ÉÔÓ ÌÅÎÇÔÈ 
was gripped on both ends by the testing machine. 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 
ÎÏÍÉÎÁÌ ÁÎÇÌÅ ÏÆ πЈ ÈÁÄ ÔÈÅ ÈÉÇÈÅÓÔ ÒÅÓÉÓÔÁÎÃÅ ÖÁÌÕÅÓ ɉςψȢψπ ɱɊȟ ÆÏÌÌÏ×ÅÄ ÂÙ ÔÈÏÓÅ ÁÔ τυЈ 
ɉςρȢυπ ɱɊȟ ÁÎÄ ÔÈÅ ÌÏ×ÅÓÔ ÖÁÌÕÅÓ ÁÔ ωπЈ ɉρχȢτψ ɱɊȟ ÁÓ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ σȢ 7ÈÅÎ Ãomparing the 
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 directly depends on the material's resistivity characteristics, 
CSM conductive pathways need to be uniform and free from anisotropic variations that could 
affect current distribution. However, the difference is too small to have any significant impact on 
Joule heating applications. 
 

 

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 conductive interface 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 single-lap 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 
ɉρπȢφρ -0ÁɊ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÐÕÒÅ ÅÐÏØÙ ÓÐÅÃÉÍÅÎÓ ɉωȢσρ -0ÁɊȢ (Ï×ÅÖÅÒȟ ÔÈÉÓ improvement falls 
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 mechanical bond 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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Fig. 4. Average shear strength of single-lap specimens: pure epoxy and CSM-reinforced adhesive 

4. Conclusions 

1. An automatic localised Joule heating system for single-lap specimen curing was developed 
with an Arduino microcontroller.  

2. Carbon fibre CSM conductivity tests showed that the lowest resistance is in the 90° direction 
of the fabric. 

3. Single-lap joints of GFRP reinforced with carbon fibre CSM exhibited a similar average shear 
ÓÔÒÅÎÇÔÈ ÏÆ ρπȢφρ -0Á ÃÏÍÐÁÒÅÄ ÔÏ ÐÕÒÅ ÅÐÏØÙ ÓÐÅÃÉÍÅÎÓ ɉωȢσρ -0ÁɊȢ  
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Abstract  

Forearm fractures are fairly common, accounting for 17% of all fractures [1]. Effective treatment 
and rehabilitation depend on tiÍÅÌÙ ÁÎÄ ÁÃÃÕÒÁÔÅ ÍÏÎÉÔÏÒÉÎÇ ÏÆ ÔÈÅ ÆÒÁÃÔÕÒÅȭÓ ÈÅÁÌÉÎÇ ÐÒÏÃÅÓÓȢ 
However, these methods come with certain limitations in terms of real-time 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 sports-related 
incidents, and often require careful management to ensure proper healing and restore full 
function. Bone strength depends on bone mineral density and bone geometry, including cross-
sectional dimensions and mineral distribution [2]. Effective treatment and rehabilitation depend 
on timely and accurate monitoriÎÇ ÏÆ ÔÈÅ ÆÒÁÃÔÕÒÅȭÓ ÈÅÁÌÉÎÇ ÐÒÏÃÅÓÓȢ 4ÒÁÄÉÔÉÏÎÁÌÌÙȟ ÈÅÁÌÔÈÃÁÒÅ 
professionals rely on X-rays and manual examinations to assess healing. However, these methods 
come with certain limitations in terms of real-time tracking, accessibility, and the need of frequent 
ÐÁÔÉÅÎÔ ÖÉÓÉÔÓȟ ÎÏÔ ÔÏ ÍÅÎÔÉÏÎ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÍÁÎÕÁÌ ÅØÁÍÉÎÁÔÉÏÎÓ ÁÒÅ ÒÅÌÁÔÉÖÅÌÙ ÓÕÂÊÅÃÔÉÖÅ ÁÎÄ ÃÁÎȭÔ 
be used to find subtitle changes in the healing process. Additionally, the traditional monitoring 
methods put the healing process of the bone itself at the 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 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.  

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 prosses and 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 density loss, 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 integrating a moisture sensor, we can continuously check if there is no 
moisture under the plaster, and when there 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, non-invasive way to track the healing process, offering high-resolution 
imaging. Furthermore, ultrasound is also safer than X-2ÁÙ ÏÎ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÔÈÅ ÒÅÃÉÐÉÅÎÔ ÄÏÅÓÎȭÔ 
get a dose of ionized rays, making it a safer alternative for underaged and pregnant patients [4, 5]. 
Ultrasound frequency and dispersion speed 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 of the different acoustic impedance (property of a 
material that describes how much resistance an ultrasound beam encounters as it passes through 
a tissue) 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 and converted 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, 4-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 mainly 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].  

 

Fig. 1. a ɀ circuit and system level; b ɀ block diagram of the developed smart bandage for wireless strain 
and temperature monitoring; c ɀ photographs of the NFC-based smart bandage attached on the arm as a 

proof of concept for wireless strain and temperature monitoring using the custom smartphone 
application, d ɀ NFC tag fabricated in flexible polyimide 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 transmits 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 diseases, and transfer 
the data to a doctor wirelessly to reduce the number of visits and long lines to see a doctor. 

Humidity sensor technology  
The project uses a 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 
a moisture-absorbing substance. The changes in capacitance are converted into digital signals by 
means of an integrated circuit-usually.  
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 consequently 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]. 

 
Fig. 2. DHT 11 Temperature and Humidity Sensor [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 tissue and cortical bone 
result in a change in ultrasound velocity at the fracture site compared to the baseline 
measurement on intact bone [8]. 
 

 

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

4. Conclusions 

While standard casts offer a good and expectable quality of healing, the addition of thermal 
humidity and ultrasound sensors enhance the 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 tissue 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 case and prevent bacterial buildup and skin irritation. 
Additionally, the use of ultrasound technology offers a lower-cost, non-invasive, and radiation-
free method for keeping track of bone and surrounding tissue regeneration. Being radiation-free 
and a non-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 frequency 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 forward-thinking approach to fracture management ɀ 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: close-range shots from 
standing position and long-range shots with vertical jump. Basketball shot is the main scoring 
method in the game of basketball. The ability to shoot the ball from 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 or 
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. Biomechanical 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 drawn from 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. 
Asymmetry between the left and right sides of the body and an increase in the angles of the 
athletes, regardless of the position, were observed throughout the study. Only one athlete (subject 
1) showed exceptional regularity in the prevalence of increasing angles on one side, and two 
athletes (subject 3 and subject 5) were able to maintain symmetry for most 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 important to reduce asymmetry in the lower part of the body as it can 
affect stance or jump. It is allowed in the shoulder and elbow angles, due to unequal position of 
the left and right hands on the ball. 
 

Keywords: basketball, ball shooting, close-range 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 training, and the 
complexity of biomechanical muscle memory and cognitive processes interplay. Understanding 
what makes the throwing technique correct is important not only for basketball players but also 
for team coaches and scientists who aim to develop an optimal training programme. This work 
focuses on the complex technique of shooting the basketball in order to determine what key 
elements differ between the athletes studied and their body sides when the external factor, 
distance to the basket, is 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 determine the 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 paper, only the 
shots made in a standing position are analysed. 
The aim of the study is to analyse the throws of the athletes from two distances (close and far), 
and to compare their body sides and throws with each other. 
To achieve this goal, the following objectives were set: 

o to carry out analysis of basketball throwing parameters from short and long distances; 
o to carry out kinematic analysis of the processes using the obtained data and to determine 

the dependencies between the results obtained; 
o 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 the ability 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: free-throw shooting without jump and three-point 
shooting with jump. Due to the limitations of the laboratory, it was not possible to use a basketball 
hoop to record the success of the shots. Shooting from the free-throw line is easier as the distance 
is shorter and no additional jump movement is required. Shooting from longer distances is 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 are recorded and presented in Table 1. 
Six males with height 202±6 cm, weight 96.5±5.72 kg and basketball training age 11.33±1.51 
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 3 investigative 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 way to 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 full movement 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, three-dimensional 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: shorts, t-shirt, and basketball 
sneakers. After a 5-minute warm-up, reflective markers were placed on 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;  
o the ankles (on the far end of the fibula - lateral ankle); 
o the centres of the outer knee joints (on the far end of the femur - lateral condyle); 
o the hip joints (on the proximal end of the femur, the greater tuberosity); 
o the deltoid muscle of the shoulder; 
o and elbows (on the lateral condyle of the humerus); 
o wrist (heel end of the dice). 

Throws were recorded using Qualisys 5.6 and 7-series cameras for three-dimensional motion 
analysis. The cameras recorded displacements of the markers with an accuracy of 0.01 mm in the 
x, y and z planes at 200 Hz. After all athletes completed the test, data analysis was performed 
using Qualisys Track Manager software. 
 
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 given a 30-second break to prepare for the next shot and 

to rest, so that fatigue was not a 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 analyse each 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 a subject 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 raising his/her arms. In the execution phase, the athlete jumps up and 
extends his/her arms. In the final follow-through phase, the ball is thrown, and the movement is 
completed. 
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Preparation phase Implementation phase ĂFollowïthroughò phase 

Fig. 2. Basketball shooting phases [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 the athlete starts to raise his/her arms in 
the preparation phase (Figure 3, a);  

o Position 2. The motion frame is captured when the athlete starts to extend his/her arms 
during the performance phase (Figure 3, b);  

o Position 3. The shot is captured when the ball is thrown during the follow-through 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 obtained at the same time. The five main body 
angles that affect throwing technique are analysed (Figure 3): ‌ - angle between foot and calf; ‍ - 
angle between calf and thigh; ‎ - angle between thigh and upper lumbar; ‏ - angle between upper 
lumbar and upper arm; ‐ - angle between arm and forearm. 

   
a b c 

Fig. 3. Throwing positions and analysed angles: a ɀ 1 position, b ɀ 2 position, c ɀ 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 
ÔÈÅ ÂÏÄÙȢ 4ÈÉÓ ÉÓ ÒÅÌÅÖÁÎÔ ÆÏÒ ÔÈÅ ÁÎÇÌÅÓȡ ɻ ɉÁÎÇÌÅ ÔÈÒÏÕÇÈ ÔÈÅ ÁÎËÌÅ ÊÏÉÎÔɊȟ ɼ ɉËÎÅÅ ÂÅÎÄɊȟ ÁÎÄ ɾ 
(angle through the pelvis). They determine the athlete's stance in the short-range 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 possible ÉÎ ɿ ɉÁÎÇÌÅ ÏÖÅÒ ÔÈÅ ÓÈÏÕÌÄÅÒɊ ÁÎÄ ʀ ɉÁÎÇÌÅ ÏÖÅÒ ÔÈÅ ÅÌÂÏ×Ɋ ÂÅÃÁÕÓÅ ÔÈÅ 
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 the study, 
each athlete performed five close-range 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 1 - Table 
2, position 2 - Table 3, position 3 - Table 4). The angles 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 throws for position 1 

Investigative Body side 
Position 1 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 77±3  125±3  122±5  13±1  78±1  

Left 83±1  128±4  124±5  16±2  95±2  

2 investigative 
Right 79±2  136±3  130±4  37±15  53±2  

Left 82±1  134±2  123±4  41±8  77±1  

3 investigative 
Right 83±1  136±1  127±2  16±1  71±2  

Left 90±1  138±2  122±3  25±1  99±1  

4 investigative 
Right 87±3  144±9  142±8  17±3  67±3  

Left 87±4  140±10  138±8  30±4  97±3  

5 investigative 
Right 91±2  144±4  146±4  16±3  117±3  

Left 83±2  144±4  146±5  13±1  95±3  

6 investigative 
Right 84±1  137±3  121±4  31±4  63±2  

Left 85±2  137±3  120±4  29±2  105±2  

Table 3. Averages of the angles at close throws for position 2 

Investigative Body side 
Position 2 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 87±4  138±8  162±2  75±2  39±2  

Left 99±1  146±3  162±3  93±2  87±2  

2 investigative 
Right 89±4  141±6  166±3  87±10  54±2  

Left 92±4  137±5  160±3  107±1  93±3  

3 investigative 
Right 102±6  161±4  175±2  95±3  47±2  

Left 106±5  160±3  176±3  102±3  93±6  

4 investigative 
Right 95±1  158±6  174±3  75±3  51±3  

Left 93±2  154±8  174±4  101±4  82±3  

5 investigative 
Right 90±1  145±4  175±1  98±2  79±1  

Left 84±2  148±4  177±2  101±2  61±1  

6 investigative 
Right 93±2  149±4  167±3  91±1  61±3  

Left 95±3  150±5  173±2  92±2  87±3  

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

Investigative Body side 
Position 3 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 115±4  168±1  173±1  93±3  126±8  

Left 124±4  167±3  177±1  102±1  128±2  

2 investigative 
Right 121±5  170±2  177±1  101±7  125±6  

Left 121±5  163±1  171±1  115±1  140±2  

3 investigative Right 128±1  169±1  173±2  105±1  132±13  
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Left 129±2  168±1  176±2  105±1  120±2  

4 investigative 
Right 96±1  160±5  176±3  79±4  111±10  

Left 93±1  158±7  174±1  100±3  110±5  

5 investigative 
Right 117±8  167±1  169±1  96±2  108±2  

Left 111±8  168±2  166±2  103±4  123±6  

6 investigative 
Right 116±2  167±1  174±1  108±4  139±9  

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 1 - Table 5, position 2 - 
Table 6, position 3 - Table 7). The tested angles are compared according to body side and throwing 
position. The analysed angles on both sides of the body must be the same for correct, i. e. 
symmetrical, throw. 

Table 5. Averages of the angles at distance throws for position 1 

Investigative Body side 
Position 1 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 76±1  126±4  124±3  13±1  72±4  

Left 83±2  129±3  125±2  16±2  92±2  

2 investigative 
Right 84±1  151±5  147±7  27±2  51±2  

Left 85±1  147±4  139±6  28±5  81±3  

3 investigative 
Right 80±1  132±3  123±3  17±2  69±1  

Left 87±1  134±3  123±3  32±4  106±2  

4 investigative 
Right 82±2  130±5  129±5  19±2  68±4  

Left 81±2  126±5  125±4  30±5  97±5  

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  111±3  30±3  59±1  

Left 91±2  135±1  110±4  32±1  103±3  

Table 6. Averages of the angles at distance throws for position 2 

Investigative Body side 
Position 2 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 100±7  146±4  169±4  70±1  40±2  

Left 113±11  148±5  169±4  88±1  89±5  

2 investigative 
Right 85±5  136±5  166±2  83±2  53±2  

Left 88±5  132±4  159±3  109±1  94±3  

3 investigative 
Right 116±13  155±13  172±4  99±3  48±2  

Left 117±14  156±13  175±5  103±3  100±4  

4 investigative 
Right 116±7  156±7  163±3  78±4  54±2  

Left 112±4  146±7  163±2  103±4  87±2  

5 investigative 
Right 82±3  124±4  164±2  103±1  79±2  

Left 76±3  127±4  168±4  105±1  60±1  

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 for position 3 

Investigative Body side 
Position 3 

ɻȟ Ј  ɼȟ Ј  ɾȟ Ј  ɿȟ Ј  ʀȟ Ј  

1 investigative 
Right 124±5  162±2  172±2  89±1  134±8  

Left 128±3  160±3  174±1  97±2  128±3  

2 investigative 
Right 124±2  167±2  177±1  92±1  119±6  

Left 129±1  159±3  168±3  116±2  143±2  

3 investigative 
Right 127±1  172±1  175±1  103±2  116±24  

Left 130±2  168±2  178±2  105±3  119±6  

4 investigative 
Right 118±4  161±3  170±3  86±5  122±6  

Left 115±4  154±6  170±3  104±3  120±3  

5 investigative 
Right 132±4  163±3  173±2  97±2  115±3  

Left 130±1  167±3  175±2  104±1  126±2  

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 shoulder and elbow angles from all 
thirty positions, 18 positions are left in which symmetry is important. The best-performing 
athletes were able to maintain symmetry in only one third of the positions considered. 

2. Regardless of throwing distance and position, the tendency to increase angles is observed in 
almost all athletes. Differences in angles are not significant when comparing long-range and 
short-range shots. It is observed that in short- and long-distance 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. CABARKAPA, D., ANDREW C., FRY, D., CABARKAPA, C. Differences in Biomechanical Characteristics 
between Made and Missed Jump Shots in Male Basketball Players. USA, Kansas, 2022. Available from: 
https://www.mdpi.com/2673 https://www.mdpi.com/2673 -7078/2/3/28 7078/2/3/28 . 
[viewed 02 May 2024] 

2. YUKI, U., MASANORI, (Ȣ "ÁÓËÅÔÂÁÌÌ ÆÒÅÅȤÔÈÒÏ× ÔÒÁÉÎÉÎÇ ×ÉÔÈ ÁÕÇÍÅÎÔÅÄ ÒÅÁÌÉÔÙȤÂÁÓÅÄ ÏÐÔÉÍÁÌ ÓÈÏÔ 

trajectory for novice shooters. Japan, Kanagawa, 2024. Available from: 

https://www.nature.com/articles/s41598 -024-51190-9. [viewed 02 May 2024] 

3. RISING, H. and TREMBLAY, R. How to Shoot a Three Pointer. 2024. Available from: 
https://www.wikihow.com/Shoot -a-Three-Pointer. [viewed 02 May 2024] 

4. HUDSON, J.L., Biomechanical Analysis by Skill Level of Free Throw Shooting in Basketball. Available 
from: https://ojs.ub.uni -konstanz.de/cpa/article/view/885 . [viewed 02 May 2024] 

5. GAETANO, R. and D'ISANTO, T. Descriptive Shot Analysis in Basketball. Spain, Alicante, 2016. 
Available from: https://www.redalyc.org/pdf/3010/301051045017.pdf . [viewed 2024-05-02] 

6. SLEGERS, N., LEE, D. and WONG, G. The Relationship of Intra-Individual Release Variability with 

Distance and Shooting Performance in Basketball. USA, Oregon, 2021. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8256521/ . [viewed 02 May 2024] 

7. OKAZAKI, V.H.A., RODACKI, A.L.F. Increased 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] 

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/


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

32 

8. FRANÇA, C., GOUVEIA, É.R., COELHO-E-SILVA, M.J. and GOMES, B.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_of_distance_variation_to_the_basket. [viewed 2024-05-02] 

9. OKUBO, H., HUBBARD, M. Comparison of shooting arm motions in basketball. USA, California, 2016. 
Available from: 
https://www.sciencedirect.com/science/articl e/pii/S187770581630649X?ref=pdf_download&fr 
=RR-2&rr=87def9927dd9c03f. [viewed 02 May 2024] 

10. PAKOSZ, P., DOMASZEWSKI, P., KONIECZNY, M., "D#:+/7)#:, DȢ -ÕÓÃÌÅ ÁÃÔÉÖÁÔÉÏÎ ÔÉÍÅ ÁÎÄ ÆÒÅÅȤ
throw effectiveness in basketball. Poland, Opole, 2021. Available from: 
https://www.nature.com/articles/s41598 -021-87001https://www.nature.com/articles/s41598 -
021-87001-88. [viewed 02 May 2024] 

11. Basketball Tips: How to Shoot a Free Throw. 2016. Available from: 
https://www.coachup.com/nation/articles/how -to-shoot-a-free-throw . [viewed 2024-05-02]. 

12. ZHEN, L., WANG, L. and HAO, Z. A Biomechanical Analysis of Basketball Shooting. China, Hebei, 2015. 
Available from: https://ijssst.info/Vol -16/No-3B/paper1.pdf. [viewed 02 May 2024]. 

13. VELJOVIC, F., SECIC, D., BEGIC, E. ÁÎÄ I!5£%6)G, D. Biomechanical Analysis of Three Point Shot in 
Basketball. Bosnia, Sarajevo, 2021. Available from: 
https://www.researchgate.net/publication/350959965_Biomechanical_analysis_of_threehttps://ww
w.researchgate.net/publication/350959965_Biomechanical_analysis_of_three-
point_shot_in_basketballpoint_shot_in_basketball. [viewed 02 May 2024]. 

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

15. 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]. 

 
 

  

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 of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

33 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FASHION ENGINEERING ɀ FUTURE TECHNOLOGIES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

34 

 

3ÕÓÔÁÉÎÁÂÌÅ &ÁÓÈÉÏÎȭÓ 5ÎÓÅÅÎ #ÈÁÌÌÅÎÇÅȡ 2ÅÄÕÃÅÄ &ÁÂÒÉÃ 3ÔÒÅÎÇÔÈ 
of Recycled Textiles  

Muhammad Sohaib ANAS*ȟ $ÁÉÖÁ -)+5I)/.)%.U 
 Kaunas University of Technology, Kaunas, Lithuania 

*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-consumer 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 post-consumer waste often exhibit compromised mechanical properties, 
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 chemically recycled polyester fibers, analysing how 
different fiber ratios, twist levels, and spinning methods (ring vs. rotor) affect fabric strength. 

 

Keywords: Sustainable fashion, post-consumer waste, recycling, durability, bursting. 

1. Introduction  

The global textile industry generates approximately 92 million tons of waste annually, with less 
than 15% being recycled (1). To combat this, brands are trying to incorporate post-consumer 
recycled (PCR) textiles into their products. However, mechanical recycling processes often 
weaken fibers, leading to reduced tensile strength, pilling, and poor durability (2). 
The recycling of post-consumer textiles typically involves mechanical, chemical, or thermal 
processes that break down the fabric into smaller fibers (3). Mechanical recycling is the most 
common method and involves shredding the fabric into fibers, which are then spun into yarns(4). 
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 process (5). Mechanical 
recycling, while cost-effective and widely used, can significantly impact 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 
ÄÅÇÒÁÄÅ ÔÈÅ ÆÉÂÅÒȭÓ ÐÈÙÓÉÃÁÌ ÓÔÒucture, making the fabric less durable. Studies 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 activewear 
(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 70 % recycled 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 as medium and high twist. The sample codes represent 
yarns produced using ring (Ri) or rotor (Ro) spinning with 10 %, 20 %, or 30 % post-consumer 
waste content, (MT) for medium twist and (HT) for high twist, i.e., Ri10HT abbreviates ring spun 
yarn with 10 % post-consumer waste and high twist level. 
The figures and tables shall be numbered and have a self-contained 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 figures and tables before their first mention in the text. 
 
2.1. Fabric Development  
 
Single jersey fabric (Fig. 1) was produced on the 14E gauge Stoll CMS 530 HP, Germany, knitting 
machine. The stitch length was maintained constant for all samples at approximately. 2.9 mm, 
ensuring consistency in the fabric structure. Take down tension was also kept uniform throughout the knitting 

process. The fabric was knitted at a carriage speed of 0.5 m/s, with the constant yarn tension from the cones to the needles 

by the machine's integrated tension control system.  

 
Fig. 1. Illustration of single jersey fabric structure. 

 

3. Characterization  
 
Bursting strength  
Bursting strength is defined as the maximum perpendicular force required to rupture a textile 
material when subjected to multidirectional stress. This property is particularly 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 ASTM-D-3786, the samples were cut to a size of 112 mm2 for 
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 rotor-spun 
counterparts, with Ri10HT 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 Ri10MT, attributable to fiber damage and shorter staple lengths 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 weakness (9). Burst time measurements correlated positively with 
strength values, where stronger fabrics like Ri10HT (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, 
ÓÕÇÇÅÓÔÉÎÇ ÏÐÔÉÍÁÌ ÃÏÎÆÉÇÕÒÁÔÉÏÎÓ ÏÆ Ѕςπ Ϸ ÒÅÃÙÃÌÅÄ ÃÏÎÔÅÎÔ ÉÎ ÒÉÎÇ-spun or high-twist rotor -
spun yarns for applications requiring substantial bursting strength. 

 
Fig. 2. Results of the bursting strength of developed fabrics 

 
5. Conclusion  

 
The challenge of low fabric strength in post-consumer recycled textiles represents 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, particularly 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 advancements. During the 19th century, Jacquard looms revolutionized 
textile production by automating complex designs with punched cards. The advancement of 
CAD/CAM systems has enabled Jacquard looms to create multilayer, customizable fabrics with 
the ability to control pattern design, texture, and colour precisely. As a result of the integration of 
digital tools, adjustments can be made in real time, production can be more efficient, and design 
possibilities can be expanded. In 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 appearance. The 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 their 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 significantly. Nowadays, designers can experiment with multi-layered, 
highly detailed fabric designs using CAD/CAM systems, allowing them to create both traditional 
and contemporary patterns more precisely and personally [2]. A growing demand 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, Joseph-Marie Jacquard developed a loom 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 output. This 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 cards. Jacquard machines of the early 20th century included features 
such as claw mechanisms, stabilizing hook frames, and spring-loaded needle boxes, as shown in 
Figure 1.  

 

 

Fig. 1. Jacquard Loom [3]  

 

While the basic concept remains unchanged, warp threads can now be lifted independently, and 
machines typically support 200 to 600 hooks. Jacquard loom types include single-acting, 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). Although this method requires deep technical knowledge, it is limited by the one-to-one 
correspondence principle, which restricts colour variation and demands laborious, repetitive 
efforts. To achieve optimal results when reproducing image-based colour effects, multiple 
iterations are often necessary. Figure 2 illustrates these limitations in colour flexibility and 
process efficiency [4]. 

 

 

Fig. 2. Single-plane jacquard fabric design processes [4] 
 

The manipulation of weft threads against fixed warp colours is a common way to achieve tonal 
variations in historical woven designs, such as Chinese brocades and Western tapestries. Despite 
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 the plane design 
mode remained, limiting the potential for full -colour designs. Historically, structural stability 
determined colour consistency; deviations caused unpredictable results. Combining traditional 
craftsmanship with contemporary techniques, the layered 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 dramatically evolved from its early mechanical form, invented by Joseph 
Jacquard in the early 19th century [5], 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 digital 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 warp-weft interaction allowed for the segmentation of input images to 
produce personalized and complex designs (Fig. 3) [7].  

 

 

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 computer-driven ones, enhancing efficiency and flexibility 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].  

 

 

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 process (Fig. 5) [10]. !ÒÁÈ7ÅÁÖÅȟ ÁÓ ÄÅÓÃÒÉÂÅÄ ÂÙ !ÒÎáÕÔÕ ÁÎÄ #ÉÏÁÒÁȟ ÓÕÐÐÏÒÔÓ 
a wide array of weave structures and colour schemes and offers real-time 2D/3D simulation [11]. 
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Fig. 5. CAD/CAM Technologies in Jacquard Weaving [10] 
 

!ÒÎáÕÔÕ ÆÕÒÔÈÅÒ ÅØÐÌÏÒÅÓ !ÒÁÈ7ÅÁÖÅͻÓ ÁÂÉÌÉÔÙ Ôo create fabric with added wefts, producing cutting 
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 colour usage [13]. This allows designers to experiment with light and shadow 
for enhanced visual depth. Zhou, Ng, and Szeto propose a multi-layer design process alternating 
between colourless and colourful modes to generate photo-realistic multi -layered fabrics. 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 Jacquard weaving. 

4. Structure of Jacquard Fabrics  

The jacquard fabric has evolved from mechanical looms to advanced electronic systems capable 
of producing complex, multi-layered textiles. Jacquard mechanisms control warp threads 
individually, resulting in intricate patterns. Kaddar points out that Jacquard weaves have 
versatile structural properties and aesthetic value in a variety of fabrics such as furniture, 
clothing, upholstery, and decorative fabrics like damask and brocade. In 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 9001:2008. Consistency 
and quality are determined by every element, from raw 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 al. In 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 Frankie. By using these tools, designers can separate 
colours, simulate weaves, and optimize paths, minimizing errors [17]. Accordingly, Ng and Zhou 
classify digital Jacquards as either colourless (single-layer) 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 production would result in design 
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repetition [1 9]. The geometrical model developed by Mathur et al. was combined with various 
colour mixing techniques ɀ including the Kubelka-Munk model ɀ to accurately predict the visual 
outcome of yarn blends in Jacquard weaving [20]. A deeper dive into colour perception was taken 
by Chae, who explored both physical and visual colour prediction in jacquard textiles. Chae tested 
various colour prediction models on CMY-based 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 visualization [21]. By arranging yarns in 
structured proportions, Ng and Zhou proposed a full-colour compound structure with layered 
design modes that enhanced surface colour gradation and fabric richness [22]. Zhou developed 
layered-combination technology to simulate multi-layered colour effects and create novel 
textures like double-faced figured fabrics in a major departure from traditional Jacquard designs 
as shown in Fig 6 [23].  

 

 
Fig. 6. Layered-Combination Technology [23] 

 
Mathu investigated colour rendering in tapestry-style Jacquard weaving, proving that geometric 
colour tools can predict shade effects accurately without physical samples, reducing costs [24]. 
According to Kim et al. CMYK regions were segmented and shaded structures aligned for precise 
image reproduction [25]. Mathur et al. developed a 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 is 
redefining colour control and visual complexity [26]. The use of CAD technologies and colour 
prediction models has improved colour-structure integration in Jacquard fabrics, reducing the 
need for physical sampling. Layered design and structured modelling produce textiles that are 
more dynamic and visually rich. The use of digital tools 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 composition, fibre 
types, and design elements. Warp crimp remained constant at 18.80% in both single-layer 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 conductive. In contrast, UV protection is solely dependent on 
raw materials [28]. Jacquard fabrics are tactile and mechanically responsive when optical fibres 
and metallic yarns are integrated. In addition to becoming softer and more transformable, optical 
fibre fabrics also had a reduced shear recovery and were rated unevenly and heavily by visually 
impaired users [29]. When used in higher percentages, metallic yarns make fabrics thicker, stiffer, 
and glossier, making them suitable for memory applications. However, they decreased flexibility 
and crease resistance [30]. Fabric performance in Jacquard 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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7. Conclusions 

1. During the early 19th century, Joseph-Marie JacÑÕÁÒÄȭÓ ÉÎÖÅÎÔÉÏÎ ÏÆ ÐÕÎÃÈÅÄ ÃÁÒÄÓ 
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 like Arah Weave, allows real-time 
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, multi-layered fabrics, enhancing pattern design and yarn simulation. 

4. By using CAD technologies, Jacquard fabrics can be created with multi-layered designs that 
have accurate results through models such as Kubelka-Munk and Warburton-Oliver, giving 
designers greater control over colour and 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 function, 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 recycled fibers. 
This research aims to compare the structural and performance properties of weft-knitted fabrics 
made from commercially available virgin polyester (PES) and recycled polyester (rPES). The 
structure parameters as wale and course density, surface density 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 exhibited 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 strategy, which includes the reduction of microplastics and increased producer 
responsibility [1] . Also, the developed strategy includes increasing the use of recycled fibres [2] .  
There are three methods of textile recycling ɀ 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 recycling cannot maintain the original properties of the materials due to 
the breaking of the polymer chains [3ɀ 6]. 
 
Several scientific publications are comparing the properties of woven fabrics, knits from virgin 
(PES) and recycled polyester (rPES) yarns.  A. 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 air permeability and tensile properties tests of woven fabrics with recycled PET. In the 
research article by M. Hatamlou with coauthors [4]  liquid moisture management properties of 
knitted fabrics from PES and rPES were tested. The results showed that both analysed 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 rPES 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 influence 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 were knitted with a 20E gauge 
σπȱ ÄÉÁÍÅÔÅÒ /ÒÉÚÉÏ ɉ)ÔÁÌÙɊ ËÎÉÔÔÉÎÇ ÍÁÃÈÉÎÅ ÉÎ ÔÈÅ ÃÏÍÐÁÎÙ 5!" Ȱ/ÍÎÉÔÅËÓÁÓ ÆÁÂÒÉÃÓȱȢ   

 
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) ȏC, relative humidity (64±4%) according to the LST EN ISO 139 standard. 
 
Structure analysis of weft knits . Wale Ph (cm-1) and course Pv (cm-1) density coefficients of the 
knit fabrics were determined per unit length and width using a textile magnifier according to ISO 
7211-2:2024 standards B method. Ph and Pv were calculated in five different parts of each knitted 
fabric.  
The surface density was determined by the LST EN ISO 12127: 1999 standard. Five samples of 
each of an area of 100 cm2 were cut and weighed using the analytical balance GX -200 (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 FAP-1034-LP (Frazier 
Precision Instrument Company Inc., JAV) air permeability measuring device. Ten samples of an 
area of 20 cm2 were cut out. The direction of the air flow through the 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 13938-1: 2020 standard using the hand-held puncture tester T-50 (Mesdan Lab., 
Italy). Five samples with an area of 100 cm2 were 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 yarns and, structure of knits has an influence on the structure, physical, and 
mechanical properties of weft knitted fabrics [10, 11]. Table 1 shows wale and course densities 
of analyzing knits. From the results presented, it may be seen that knits from PES have higher 
loop density. Such results may be influenced by the unevenness of rPES yarns.  In the study of K. 
+ÒÉĿÍÁÎéÉç ×ÉÔÈ ÃÏÁÕÔÈÏÒÓ [6]  it was estimated that the structure of the loops (stitches) of virgin 
polyester is strictly vertically aligned, and the units 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 Pv, cm-1 Ph, cm-1 
PES 16 23 
rPES 15.5 22.5 

 

Determination of surface density results is shown in Figure 2. 
 

 
Fig. 4. Determination of surface density test results 

Surface density of knits from PES was measured at 212.0 ± 2.2 g/m 2, and the surface density of 
rPES was measured at 199.0 ± 1.1 g/m2. Wale and course density determine the surface density 
of the knitted fabric [7] , consequently surface density of knits from PES was non-significant: 
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 rPES have lower air permeability. 

 

 
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 knits has tendency to decrease. The 
result may be influenced by the unevenness of rPES yarns. These morphological obstacles may 
have increased airflow resistance [8] . 

 
4.3. Punch(ing) test of weft knitted fabrics  

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

 
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 fabrics 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 have made 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) and recycled 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 surface density of knits from PES is 6.5% 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 permeability of 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 rPES 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 problem-based learning process (PBL) implemented in the course of 
Ȭ&ÁÓÈÉÏÎ ÐÒÏÄÕÃÔ ÅØÐÌÏÉÔÁÔÉÏÎ ÍÏÄÅÌÌÉÎÇȭȟ ÒÅÁÌÉÓÅÄ ÏÎ ÔÈÅ ÐÒÁÃÔÉÃÁÌ ÔÅÓÔÉÎÇ ÏÆ ÂÅÎÄÉÎÇ ÓÔÉÆÆÎÅÓÓ of 
woven and laminated fabrics. The FAST-2 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, inconsistent, 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. Automation of 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 textile behaviour under bending stiffness and critically evaluated 
testing method limitations based on the analysed areas of the problem, and suggested the 
conception of a method improvement (prototype). 
 
Keywords: problem-based learning (PBL), fashion product, bending stiffness, testing method, 
textile. 

1. Introduction  

In university engineering education, classical teaching methods are being intensively replaced by 
innovative ones such as design thinking, problem-based 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 this resÅÁÒÃÈ ÉÓ ÄÅÆÉÎÅÄ ÁÓ ȬÁ ÍÅÔÈÏÄ ÏÆ ÅÄÕÃÁÔÉÏÎ ÉÎ ×ÈÉÃÈ ÔÈÅ 
ÓÔÕÄÅÎÔ ÉÓ ÁÔ ÔÈÅ ÃÅÎÔÒÅ ÁÎÄ ÔÈÅ ÔÅÁÃÈÅÒ ÉÓ ÔÈÅ ÇÕÉÄÅ ÏÎ ÔÈÅ ÓÉÄÅȭ ɍρɎȢ 7ÈÅÎ ÁÐÐÌÙÉÎÇ ÔÈÉÓ ÌÅÁÒÎÉÎÇ 
method, students are responsible for their learning process and have a certain degree of control 
over the choice of literature [1]. 
 
Innovative problem-ÂÁÓÅÄ ÌÅÁÒÎÉÎÇ ×ÁÓ ÁÐÐÌÉÅÄ ÉÎ ÔÈÅ ÓÔÕÄÙ ÍÏÄÕÌÅ Ȭ&ÁÓÈÉÏÎ 0ÒÏÄÕÃÔ 
%ØÐÌÏÉÔÁÔÉÏÎ -ÏÄÅÌÌÉÎÇȭȟ ÉÎ ×ÈÉÃÈ ÓÔÕÄÅÎÔÓ ÇÁÉÎÅÄ ËÎÏ×ÌÅÄÇÅ ÏÆ ÓÔÁÎÄÁÒÄ ÁÎÄ ÏÒÉÇÉÎÁÌ ÔÅÓÔÉÎÇ 
methods suitable for evaluating the behaviour of 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 textiles [2]. The well-known cantilever bend testing tests are the Shirley 
stiffness tester [3], the bending metre FAST-2 (Fabric Assurance by Simple Testing) [4, 5], KES-
FB (Kawabata Evaluation System) [6], the Leitz bending length tester [7], the TF113 Shirley fabric 
stiffness tester [8]. The Leitz bending length tester is a well-known tool in the textile 
manufacturing universe to measure the bending length and structural rigidity of fabrics because 
those characteristics recognise the properties of the drape and 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 specimen 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, 
ÁÎÄ ÏÔÈÅÒ ÍÁÔÅÒÉÁÌÓ ÓÕÃÈ ÁÓ ÐÁÐÅÒ ÏÒ ÌÅÁÔÈÅÒȢ 3ÈÉÒÌÅÙȭÓ ÓÔÉÆÆÎÅÓÓ ÔÅÓÔÅÒ ÐÒÏÖÉÄÅÓ Á ÑÕÉÃË ×ÁÙ to 
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 modulus of textiles according to 
the standard ISO 9073-7. The Kawabata Evaluation System (KES-F) is a set of sophisticated 
instruments to characterise the low-stress mechanical properties of the fabric, including the 
properties of tensile, shear, bending, compression, and surface properties [9]. All the discussed 
methods are constantly improved. For example, Broberg et al. suggested a novel method to 
automatically evaluate non-constant textile bending stiffness that can produce the momentɀ
curvature relationship from a single image of the cantilevered specimen [5]. The moment and 
curvature at each point can be calculated using 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 FAST-2 suitable for evaluating the bending stiffness of textiles and to 
suggest the conception 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 Camp et al. [1], was 
applied in seven steps shown in Figure 1. 

 
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, 10  EL woven fabric of 210.0±11.0 g/m 2 area density (determined according to LST 
ISO 3801:1998 [10]) and 62 cm-1 warp and 31 cm-1 weft densities ÍÁÎÕÆÁÃÔÕÒÅÄ ÂÙ *3# Ȭ4ÅØÔÉÌÉÓȭ 
(Lithuania) was investigated. For fabric laminating, the polyester-based adhesive film of the PAF-
ρρπ ÓÅÒÉÅÓ ɉȬ!ÄÈÅÓÉÖÅ &ÉÌÍÓȟ ).#ȭɊȟ ÍÏÓÔ ÃÏÍÍÏÎÌÙ ÕÓÅÄ ÆÏÒ ÔÈÅ ÂÏÎÄÉÎÇ ÏÆ ÐÏÌÙÅÓÔÅÒȟ ÐÏÌÙÃÏÔÔÏÎȟ 
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 applied to 
simulate the behaviour of bending stiffness of laminated textiles. The characteristics of the 
adhesive film were: 100  PES content, 0.05±0.00 mm thickness, 55.8±0.01 g/m 2 area density, and 
a melting point of 130-135 C. 156±2 C pressing temperature and 15 min pressing duration 
×ÅÒÅ ÁÐÐÌÉÅÄ ÆÏÒ ÔÈÅ ÌÁÍÉÎÁÔÉÏÎ ×ÉÔÈ ÔÈÅ ÐÒÅÓÓ ÄÅÖÉÃÅ Ȭ3ÔÉÒÏÖÁÐȭ ɉ2ÅÇÇÉÏ %ÍÉÌÉÁȟ )ÔÁÌÙɊȢ 4ÈÉÃËÎÅÓÓ 
measurements were carried out with two thickness meters. J-40-T meter is applied for textiles 
and nonwovens ISO 5084:1996 [11] (Fig. 2 b). J-40-L meter is applied for leather according to the 
standard ISO 2589:2016 [12] (Fig. 2 c). They applied both woven fabric and laminated fabric to 
gain a deeper understanding of why the specified instruments must be applied for a particular 
material when the standard conditions are required to be strictly followed (Table 1). 
 

Step 1. Clarifying 

unfamiliar terms 

Step 2. Problem 

definition 

Step 3. 
Brainstorm 

Step 4. Analyzing 

the problem 

Step 5. Formulating learning goals Step 6. Self-study Step 7. Reporting 
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Methodology of bending stiffness testing   

The bending stiffness of the woven and laminated fabric was evaluated according to the FAST-2 
method (Fig. 2 d). Five specimens of 50 mm 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 fabric. During 
the bending stiffness test, the length of the bent part of specimen 2c was determined for each 
specimen. 
 

    
a b c d 

Fig. 2. Testing devices: weights EG420-3NM (Kern&Sohn, Germany) (a); thickness meter J-40-T 
(SCHMIDT control instruments, Germany) (under 1.0 kPa pressure; 20 cm2 pressure area) (b); thickness 
meter J-40-L (under 49.1 kPa pressure; 0.785 cm2 pressure area) (c); the FAST-2 bending stiffness tester 

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

The bending stiffness characteristic was calculated according to the following formula: 

B = w × c3 × 9.81 × 10ɀ6 ɉʈ.ÍɊȟ      (1)  

where: w ɀ area density of the material, g/m2, c ɀ half the length of the inclined part, mm. 

3. Results and discussion 

In the first PBL step ÅÎÔÉÔÌÅÄ Ȭ#ÌÁÒÉÆÙÉÎÇ ÕÎÆÁÍÉÌÉÁÒ ÔÅÒÍÓȭȟ it was determined whether all team 
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 solve 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. Theory 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 evaluation 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 2476 seconds for 
the preparation of specimens.  
 

 
   

a b d e 
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f  g h 

Fig. 3. Specimen preparation: a ɀ investigated woven fabric and adhesive film used for the lamination; b 
ɀ specimen marking; c ɀspecimen cutting; d ɀ specimen coding; e ɀ weft specimens cut from woven 

fabric; f ɀ warp specimens cut from woven fabric; g ɀ lamination; h ɀlaminated specimens 

The influence of lamination on the thickness (Table 1) and bending stiffness (Table 2) of the 
woven fabric was evaluated. The thickness of the laminated fabric measured with J-40-T thickness 
meter under a 1.0 kPa pressure in the 20 cm2 specimen area was 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 J-40-T thickness meter under the 49.1 kPa pressure in the 
0.785 cm2 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 
J-40-T (1.0kPa pressure) J-40-L (49.1 kPa 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 stiffness B tests presented in Table 2 show that the bending stiffness 
varies from φȢωσσ ʈ.Í ÕÐ ÔÏ ωȢψρπ ʈ.Í ÆÏÒ ×ÏÖÅÎ ÆÁÂÒÉÃ ÁÎÄ ÆÒÏÍ ςυȢφρψ ʈ.Í ÕÐ ÔÏ χπȢυχσ ʈ.Í 
for laminated fabric. The stiffness of the 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 is 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 fabric.  
 

Table 2. Bending stiffness B of woven and laminated fabrics 

Sample 
Bending stiffness Bȟ ʈ.Í 
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) 

)Î ÔÈÅ ÓÅÃÏÎÄ 0", ÓÔÅÐ ÅÎÔÉÔÌÅÄ Ȭ"ÒÁÉÎÓÔÏÒÍȭȟ ÔÈÅ ËÎÏ×ÌÅÄÇÅ ÁÎÄ ÅØÐÅÒÉÅÎÃÅ ÁÃÃÕÍÕÌÁÔÅÄ ÂÙ ÔÈÅ 
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 disadvantages of the FAST-2 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, time-consuming 
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 delays. In 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 face-sided specimens 
because they did not slide easily.  The method is not only time-consuming but also unreliable and 
shows the need for improvements.  

In the third PBL step entÉÔÌÅÄ Ȭ0ÒÏÂÌÅÍ ÄÅÆÉÎÉÔÉÏÎͻȟ ÔÈÅ ÐÒÏÂÌÅÍ ×ÁÓ ÄÅÆÉÎÅÄ ÉÎ ÔÈÅ ÆÏÒÍ ÏÆ ÔÈÅ 
question: What innovative solutions of the testing method could help to evaluate the bending 
stiffness of textiles more accurately, reliably, and effectively than practically implemented the 
simplified FAST-2 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. 

 
In ÔÈÅ ÆÏÕÒÔÈ 0", ÓÔÅÐ ÅÎÔÉÔÌÅÄ Ȭ!ÎÁÌÙÓÉÎÇ ÔÈÅ ÐÒÏÂÌÅÍȭȟ ÁÎ ÉÎ-depth analysis was carried out, ideas 
were presented, explained in more detail, grouped and linked to each other. To improve the 
accuracy and efficiency of the bending stiffness test method, several practical 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 replaced by the sharp cutting metal templates (cutters) placed 
on top of the multiple layers of fabrics and cut by using the pressing device. This decision would 
increase the accuracy of a specimen and the efficiency of their preparation process. In the 
laboratory test applied with the FAST-2 (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 specimen 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 pressure 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 triggered by sensor signals. After 
the discussion in the team, the sketch of the improved testing device was suggested (Fig. 4). 
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Fig. 4. The sketch of the improved testing device (prototype) 

)Î ÔÈÅ ÆÉÆÔÈ 0", ÓÔÅÐ ÅÎÔÉÔÌÅÄ Ȭ&ÏÒÍÕÌÁÔÉÎÇ ÌÅÁÒÎÉÎÇ ÇÏÁÌÓ ɉÐÒÅÌÉÍÉÎÁÒÙ ÄÉÓÃÕÓÓÉÏÎɊȭȟ new 
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 the devices 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.  

)Î ÔÈÅ ÓÉØÔÈ ÓÔÅÐ ÏÆ 0", ÅÎÔÉÔÌÅÄ Ȭ3ÅÌÆ-ÓÔÕÄÙȭȟ ÔÈÅ ÔÅÁÍ ÍÅÍÂÅÒÓ ÉÎÄÅÐÅÎÄÅÎÔÌÙ ÃÏÌÌÅÃÔÅÄȟ ÓÔÕÄÉÅÄ 
and analysed the scientific literature. After that, they prepared individual study reports and 
presented them at a seminar between the student team and the lecturer-tutor.  

In the last step of the PBL process, Ȭ2ÅÐÏÒÔÉÎÇȭȟ Á ÔÅÁÍ ÐÒÅÐÁÒÅÄ ÔÈÅ ÒÅÐÏÒÔ ÒÅÆÅÒÒÉÎÇ ÔÏ ÁÌÌ 
activities (literature analysis, tests, results analysis, and conclusions), reflecting the skills 
obtained. In this case, the typical reporting was changed 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 the alternatives of the bending stiffness testing 
methods, their limitations and disadvantages. Real testing of bending stiffness allowed one to 
gain new knowledge in the field of material engineering. 

2. The FAST-2 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 natural-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 benefits. The findings suggest 
ÔÈÁÔ ÂÉÏÃÈÁÒ ÐÒÏÄÕÃÔÉÏÎ ÆÒÏÍ ÔÅØÔÉÌÅ ×ÁÓÔÅ ÃÁÎ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÒÅÄÕÃÅ #/Ϝ ÅÍÉÓÓÉÏÎÓȟ ÇÅÎÅÒÁÔÅ 
financial value, and contribute to societal well-being. 

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 of garments 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 21st century. According to the Intergovernmental Panel on Climate Change (IPCC), 
global ÁÖÅÒÁÇÅ ÔÅÍÐÅÒÁÔÕÒÅÓ ÈÁÖÅ ÁÌÒÅÁÄÙ ÉÎÃÒÅÁÓÅÄ ÂÙ ÁÐÐÒÏØÉÍÁÔÅÌÙ ρȢρ Ј# ÁÂÏÖÅ ÐÒÅ-industrial 
levels [2]. If emission levels are not significantly reduced in the coming years, the planet is 
ÅØÐÅÃÔÅÄ ÔÏ ÅØÃÅÅÄ ρȢυ Ј# ÏÆ ×ÁÒÍÉÎÇ ÂÅÔ×ÅÅÎ ςπσπ ÁÎÄ ςπυςȟ ÌÅÁÄÉÎÇ ÔÏ severe climate 
disruptions such as extreme weather events, sea level rise, and loss of biodiversity [3]. In 
ÒÅÓÐÏÎÓÅȟ ÔÈÅ 0ÁÒÉÓ !ÇÒÅÅÍÅÎÔ ɉςπρυɊ ÁÉÍÓ ÔÏ ÌÉÍÉÔ ÔÅÍÐÅÒÁÔÕÒÅ ÒÉÓÅ ÔÏ ×ÅÌÌ ÂÅÌÏ× ς Ј# ÁÎÄ ÓÔÒÉÖÅ 
ÆÏÒ ρȢυ Ј#ȟ ÒÅÑÕÉÒÉÎÇ ÃÁÒÂÏÎ ÎÅÕÔÒÁÌÉÔÙ ÂÙ ÍÉÄ-century [4].  
 
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, biochar - a carbon-rich solid produced through pyrolysis 
of biomass in a low-oxygen environment - has recently gained attention for its dual benefits in 
carbon sequestration and soil enhancement [3]. The biochar production process, potential 
feedstocks, and applications are 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 global textile waste, this approach offers a promising opportunity to 
repurpose natural fibre-based textiles for climate change mitigation.  

 
Fig. 1. The biochar production process, potential feedstocks, and applications [6] 

 

Biochar has emerged as a 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 end-of-life option for textiles and evaluate its effects across different environmental impact 
categories, especially its impact on climate change. 
This study evaluates whether converting natural-fibre textile waste into biochar as a NET can 
provide climate benefits and deliver economic and societal value. The analysis 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 TencelΆ lyocell (68%), wool (19%), and 
hemp (13%) was pyrolyzed at the Laboratory for Biochar Environmental Technologies at Vilnius 
Tech University. The biochar was produced 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 ICPɀ/%3 ÍÅÔÈÏÄȟ Ð( ×ÁÓ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ ÔÈÅ πȢπρ- #Á#ÌϜ ÍÅÔÈÏÄ ɉ)3/ 
10390), the FT-IR 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 chemical 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  

! ÍÅÔÈÏÄÏÌÏÇÙ ÄÅÖÅÌÏÐÅÄ ÂÙ Ȱ0ÕÒÏȢÅÁÒÔÈȱȟ Á ÖÅÒÉÆÉÅÄ ÃÁÒÂÏÎ ÒÅÍÏÖÁÌ ÒÅÇÉÓÔÒÙȟ ×ÁÓ ÕÓÅÄ ÔÏ 
ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÁÍÏÕÎÔ ÏÆ #/Ϝ ÐÏÔÅÎÔÉÁÌÌÙ ÓÅÑÕÅÓÔÅÒÅÄ ÏÖÅÒ Á ρππ-year time horizon by the 
produced biochar [7]. According to this methodology, the following formula was applied (1): 

                      Ὁ ὗ ὅ Ὂ
ȟ

  (1)  

where: Estored is the amount of CO2 sequestered over a 100 year time horizon by the amount of 
biochar produced, Qbiochar is the amount of biochar produced, Corg is the organic carbon content 
of the biochar produced, FpTH,Ts is 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 textile waste-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 estimated 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 potential 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 material ɀ 309 g 
Ó×ÅÁÔÅÒ ÓÁÍÐÌÅ ÃÏÍÐÏÓÅÄ ÏÆ 4ÅÎÃÅÌΆ ÌÙÏÃÅll, wool, and hemp fibers - was subjected to pyrolysis 
ÁÔ τυπ Ј# ÉÎ Á ÔÕÂÅ ÆÕÒÎÁÃÅȢ 4ÈÅ ÒÅÓÕÌÔÉÎÇ ÂÉÏÃÈÁÒ ÙÉÅÌÄ ×ÁÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ςυϷ ÏÆ ÔÈÅ ÉÎÐÕÔ ÔÅØÔÉÌÅ 
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 societal benefits. 

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, indicating that its application would pose no risk to soil health (Table 
1).  
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Table 1. Concentrations of potentially toxic elements (mg/kg dry matter) compared with EBC ɀ Agro 
Organic 

Element Concentration (mg/kg DM) EBC Limit (mg/kg DM) 
Zinc (Zn) 60.23 (±3.63) <200 
Nickel (Ni) 1.544 (±0.30) <25 
Copper (Cu) 12.79 (±0.35) <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)  <0.4 
 

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 (±9.27) 
Phosphorus (P) 237.58 (±10.75) 

 

The sample's pH was measured at 6.16 ± 0.02, indicating a slightly acidic to near-neutral 
character, which provides a good balance for microbial activity, nutrient availability, and overall 
soil health. 
Elemental analysis revealed that the biochar sample contains total carbon (C) 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 on the 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 
ÓÅÌÅÃÔÅÄ ÃÁÒÂÏÎ ÓÅÑÕÅÓÔÒÁÔÉÏÎ ÅÓÔÉÍÁÔÉÏÎ ÍÅÔÈÏÄÏÌÏÇÙ ÆÒÏÍ Ȱ0ÕÒÏȢÅÁÒÔÈȱȟ ÔÈÉs quantity of biochar 
ÃÏÕÌÄ ÅÆÆÅÃÔÉÖÅÌÙ ÓÅÑÕÅÓÔÅÒ ÁÐÐÒÏØÉÍÁÔÅÌÙ φψσ ËÇ ÏÆ #/Ϝ ÅÑÕÉÖÁÌÅÎÔ ɉ#/ϜÅɊȢ #ÏÍÐÁÒÅÄ ÔÏ 
incineration ɂ the conventional method of treating textile waste in many economically 
ÄÅÖÅÌÏÐÅÄ ÃÏÕÎÔÒÉÅÓȟ ×ÈÉÃÈ ÅÍÉÔÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ σ ËÇ ÏÆ #/ϜÅ Ðer tonne ɂ biochar production 
offers a significant improvement [12]. Replacing incineration with biochar production thus 
transforms the textile waste management process from carbon-positive 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 applications ɂ 
including use in agriculture (as a soil fertiliser), landscaping, water purification, 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 potential revenue of approximately EUR 75 to  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 long-term carbon sequestration. 
Biochar-based carbon credits are actively traded in the voluntary market, typically priced 
ÂÅÔ×ÅÅÎ %52 ρππ ÁÎÄ %52 ςππ ÐÅÒ ÔÏÎÎÅ ÏÆ #/Ϝ ÅÑÕÉÖÁÌÅÎÔ ɍρπȟρρɎȢ 4ÈÅÓÅ ÃÒÅÄÉÔÓ ÁÒÅ ÖÁÌÕÅÄ ÆÏÒ 
their permanence and co-benefits, 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 
ÃÏÕÌÄ ÓÅÑÕÅÓÔÅÒ φψσ ËÇ ÏÆ #/ϜÅ - equivalent to a potential revenue of EUR 68 to EUR 137 from 
carbon credits. 
 
Although these figures may not represent a major 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 long-term public health and 
well-being gains, particularly in urban or degraded rural areas where soil restoration is needed. 

4. Conclusions 

1. This study demonstrates that biochar production from natural-fibre 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 climate-positive alternative to incineration, capable of sequestering up to 
φψσ ËÇ #/ϜÅ ÐÅÒ ÔÏÎÎÅ ÏÆ ÔÅØÔÉÌÅ ×ÁÓÔÅȢ 

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 carbon credits. 

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

6. Further research is needed to assess long-term soil effects, optimize production processes, 
and evaluate the scalability of biochar integration 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 that different yarn twists did not 
have an essential impact on microfibre release during laundering. But low yarn twist showed 
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, in 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 the laser direct infrared 
(LDIR) and liquid chromatography tandem mass spectrometry methods. The finding showed that 
each technique had limitations, but could be combined effectively. The adopted liquid 
chromatography tandem mass spectrometry method removed only 68.7% of PET, 71.4 % of PA6.6 
and only 38.4 % of PC from wastewater [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 highest, 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 greater amount of MFs 
compared to woven fabrics. The chosen washing scheme was 80 min, temperature ɀ 50°C and 30 
stainless steel balls. These proportions show that choosing a different washing temperature does 
not affect microfibre release. The research also analyzed weave structures and satin fabric 
showed the largest amounts of microfibre release, plain weave fabric ɀ the 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 different 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 indicated quite 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. Indo-Rama 
Synthetics Tbk. Indonesians were 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 600 m-1 and a index ɀ 2.7. Using the same 
calculation method, medium yarn twist was estimated ɀ 700 m-1 r and a index ɀ 3.3. For a high 
twist yarn, twist was 819 m-1 with a index ɀ 3.8. 

 

Fig. 1. Polyester yarn 51/1 Nm 

After the yarn spinning process, three different yarn twist fabrics of single 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; three specimens of different yarn 
twists were cut into 15 x 29 cm pieces according to the ISO 4484- 1 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 microfibres 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 were compared with 
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theoretical ones. To visualize the research, 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. 
 

  

Fig. 2. Microfibre release results 

The graph in Figure 2 shows that there is some tendency between yarn twist and microfibre 
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). High-twist fibre showed the lowest coefficient of variation (CV) ɀ 12.03%, 
which indicates the most uniform yarn structure. The medium twist had the highest CVɀ13.28 %, 
which means the lowest evenness. When it comes to hairiness, the low twist appeared 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 (Fig. 3), medium (Fig. 4), using 10x magnification, and high (Fig. 5), 
using 4x magnification, twist yarns visually highlight the differences in their structural 
characteristics. In the case of low-twist, the fibre appears to be quite loose, with a more open 
structure. Medium-twist shows a more balanced structure, and as for high-twist fibres, the yarn 
exhibits a tightly spun structure. 
 

 

Fig. 3. Low twist fibre 

 
 

Fig. 4. Medium 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 minor impact 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 high-twist 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 common in 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 ɀ tightly spun 
appearance. 

5. When concluding, the research confirms that while yarn 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 the sustainability 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 main woven 
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 the lowest 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 and approaches 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 sustainability 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 using industrial 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 important 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 adhesive bonds [1-5]. 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 temperature can reduce 
the quality of the bond due to too deep of a penetration of adhesive [1]. Temperature 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 polymer structure to degrade [2] . The optimal 
temperature is around 150ɀ160 °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 peeling strength of the adhesive textile bonds 
designed pairing the main warp, weft, and bias-orientated woven fabric tapes selected for dress 
production and the tapes of textile waste left from the manufacture of interior textile products 
suitable for dress decorating in the form of adhesive bonding appliqués. 

2. Materials and methods  

4ÈÅ ×ÏÖÅÎ ÆÁÂÒÉÃ ÍÁÎÕÆÁÃÔÕÒÅÄ ÂÙ *3# Ȭ4ÅØÔÉÌÉÓȭ ɉ,ÉÔÈÕÁÎÉÁɊȟ ÓÕÉÔÁÂÌÅ ÆÏÒ ÔÈÅ ÐÒÏÄÕÃÔÉÏÎ ÏÆ 
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 
and 
code 

Fiber 
content, 
% 

Weave 
type 

Thickness, mm Area 
density, 
g/m 2 

Fabric 
density, cm-1 

Yarn linear density, 
tex 

h1 h2 warp weft warp weft 
Main 
(A) 

90 PES, 
10 EL 

Plain 0.69±0.01 0.66±0.01 210.0±11.0 62 31 11.0±0.0 11.2±0.0 

Decor 
(D1) 

100 PES Jacquard 0.76±0.11 0.63±0.05 242.0±4.0 87 41 8.7±0.0 36.0±0.0 

Decor 
(D2) 

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 

Decor 
(D3) 

100 PES Satin 0.64±0.01 0.61±0.01 204.0±4.0 61 26 18.1±0.0 33.3±0.0 

Notes: PES ɀ polyester. EL ɀ elastane. The area density of textile materials was measured according to the 
standard LST ISO 3801:1998 [8]. h1 is the thickness of the fabric measured with J-40-T under a pressure 
of 1 kPa according to the standard ISO 5084:1996 [9]. h2 is the thickness of the fabric measured with J-40-
T under a pressure of 1.6 kPa. The linear density of the woven fabric was determined according to the 
standard ISO 7211-5: 2020 [10]. 

 

Mechanical properties such as strength, elongation, and bending 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 ISO 13934-1:2013 [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 (50 mm ³ 150 mm) in each sample were 
tested.  The length of the 2c bent part of the strip-shaped specimens was measured six times to 
calculate its average value and to determine the bending stiffness B: 

B = w × c3 × 9.81 × 10ɀ6 ɉʈ.ÍɊȟ     (1)  

where: w ɀ area density of the fabric, g/m2, c ɀ half the length of the inclined specimen part, mm. 

 

Adhesive bonding technology is an effective way to join two layers of fabrics with the application 
of thermo-adhesive polymeric polyurethane (PU) or polyester (PES)-based tapes [3]. 100% PES-
based 0.88 mm thickness adhesive film with 130-135 C̄ melting point manufactured by the 
ÃÏÍÐÁÎÙ Ȭ!ÄÈÅÓÉÖÅ &ÉÌÍÓȟ ).#ȭ ×ÁÓ ÕÓÅÄ ÉÎ ÔÈÉÓ ÉÎÖÅÓÔÉÇÁÔÉÏÎȢ )Ô ÉÓ ÍÏÓÔ ÓÕÉÔÁÂÌÅ ÆÏÒ ÔÈÅ ÂÏÎÄÉÎÇ 
of polycotton and polyester fabrics in applications such as appliques, labels on woven and printed 
ÆÁÂÒÉÃÓȢ 4ÈÅ ÆÁÂÒÉÃ ÓÔÒÉÐÓ ÕÓÅÄ ÔÏ ÐÒÏÄÕÃÅ ÔÈÅ ÁÄÈÅÓÉÖÅ ÂÏÎÄÓ ÈÁÄ ÄÉÍÅÎÓÉÏÎÓ ςπױÍÍ ɉ×ÉÄÔÈɊ 
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ϼױψπױÍÍ (length). The sizes of the adhesive films used to bond the woven fabric samples with the 
applicaÔÉÏÎ ÏÆ ÔÈÅ ÐÒÅÓÓ ÄÅÖÉÃÅ ×ÅÒÅ ρπױÍÍ ɉ×ÉÄÔÈɊ ϼױυπױÍÍ ɉÌÅÎÇÔÈɊȢ The number of specimens 
in each sample group was 5. During the bonding that was applied in two steps, the technological 
parameters, such as pressure, temperature, and duration, were controlled.  Pressure and duration 
were taken from the results of previous research [1, 3-5, 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. 110 ̄C pressing temperature and 15 s duration 
were parameters of the first step of bonding. After pre-bonding was applied in the first step, the 
ÓÉÌÉÃÏÎ ÐÁÐÅÒ ×ÁÓ ÐÅÅÌÅÄ ÏÆÆ ÉÎ υױÓȢ 4ÈÅ υȢφ Ë0Á ÐÒÅÓÓÕÒÅ ÆÏÒ ÔÈÅ ÐÒÅÓÓÉÎÇ ÄÕÒÁÔÉÏÎ ÏÆ ςπ Ó ×ÁÓ Á 
parameter of the second bonding step.  For a thin, 10ɀςππױʈÍ ÁÄÈÅÓÉÖÅ ÌÁÙÅÒȟ ÔÅÎÓÉÌÅ ÆÏÒÃÅÓ ×ÉÌÌ 
dominate [2]. Therefore, the peeling strength test F (N/mm) was performed with the same H10KT 
tensile machine at a rate of 50 mm/min. The peeling strength was calculated automatically from 
experimental delamination curves. The penetration of the adhesive into the fabric structure 
strongly depends on the softness index of a fabric. Therefore, it was calculated using the thickness 
values h1 and h2 measured at different pressures (Table 1) and the formula: 

ЎὬ
 
 ϽρππϷ.       (2)  

3. Results and discussion 

The results of the strength and elongation tests of the main woven fabric are presented in Table 2. 
It is seen that the fabric is strongest in the warp direction (1008.00 N). The bias direction offers the 
greatest stretch and flexibility (Table 3), which is useful in applications 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 (AI sample code) 

Maximal force Fmax, 
N 

Elongation at 
maximal force 
emax, % 

Maximal force 
Fmax, N 

Elongation at 
maximal 
force emax, % 

Maximal force 
Fmax, N 

Elongation at 
maximal force 
emax, % 

1008.00±154.00 48.67±19.77 412.00±72.00 37.33±4.07 425.00±115.00 75.90±12.12 

 

Table 3 presents the results of the bending stiffness testing of the A main woven fabric.  The 
ÒÅÓÕÌÔÓ ÓÈÏ× ÔÈÁÔ ×ÅÆÔ ÆÁÂÒÉÃ ÄÉÒÅÃÔÉÏÎ ÈÁÓ ÔÈÅ ÈÉÇÈÅÓÔ ÂÅÎÄÉÎÇ ÓÔÉÆÆÎÅÓÓ ɉωȢψρʈ.ÍɊȢ 4ÈÅ ×ÁÒÐ 
direction shows intermediate stiffness, and the bias direction has the lowest (ςȢςυ ʈ.ÍɊȟ which 
shows the highest fabric flexibility. 

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

Fabric side Bending stiffness Bȟ ʈ.Í 

Warp (AM sample code) Weft (AA sample code) Bias (AI sample 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 Table 4. The D1 decor-woven fabric shows 
the highest peeling strength in the bias direction (0.1444 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 only in 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 are highlighted in bold) 

Fabric code Peeling strength F, 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) AI-P1-D2I (Bias) 
0.0203±0.0170 0.0928±0.0992 0.1309±0.1784  

   

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

   
 

The bias direction of the D2 décor-woven fabric, similar to the D1 fabric, shows the highest peeling 
strength, and the warp direction shows the lowest. The D3 decor-woven fabric demonstrates the 
highest peeling strength in the weft direction, suggesting a 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 bonds with all 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 direction. The D3 decor fabric showed the strongest adhesive bonds 
along all directions of the fabric compared to the other two fabrics, and the weakest ones ɀ the D2 
fabric. In the weft direction of the D3 decor fabric, the peeling strength reached the maximum 
value (1.1280 N/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 adhesive film, and 
improper bonding conditions. 
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The summary of the results of the fabric softness index ЎὬ is 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 deeper into the fabric.  

Table 5. Fabric softness indexes 

Parameter Woven fabric 
A D1 D2 D3 

Softness ВÈ, % 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 (4.69%) ɀ the highest peeling strength (Table 4). Fabrics A and D3 are the 
least soft (4.35ɀ4.69%). They are denser and stiffer in surface feel. The D2 fabric has 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 the 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 sewing and 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 adhesion, 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 the 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 that a 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 structure 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 radiation, which is invisible to the human eye and 
occupies the spectral region between visible and X-ray 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 established that electromagnetic radiation of the ultraviolet range of 
wavelengths in the interval from 200 to 320 nm has a bactericidal effect, therefore, it is used in 
surgical operations. However, in large quantities, it is dangerous for the human body. Therefore, 
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 threads 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 produced on 
various bases: cotton, polyester, polyamide, para-aramid, 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 by scientists [3ɀ6] 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 specified 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 pre- and 
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postoperative periods has not yet been considered 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 with an 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 inches. In the knitting process, the knitting density was 
changed vertically at three levels. At the same time, the feed rate of the elastomeric thread into 
the soil structure remained unchanged and was controlled by the rotation speed of the wheel that 
feeds it into 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 code Speed of 
wheel 

supplying 
elastomeric 
inlay-yarn v, 

min-1 

Wale 
density Pw, 

cm-1 

Course 
density Pc, 

cm-1 

Area 
density, 
M, g/m² 

Loop length 
of plating 

cotton yarn, 
mm 

Loop length 
of textured-
elastomeric 

PA-EL 
ground yarn, 

mm 

Average 
length of 
textured-

elastomeric 
PA-EL inlay-
yarn per one 

wale, mm 
the pattern repeat 1×1 

1×1/11/110  
110 8.5 

11 402.4 5.6 5.2 1.1 
1×1/10/110  10 397.6 6.2 5.8 1.2 
1×1/9/110  9 400.8 6.8 6.4 1.1 

the pattern repeat 1×3 
3×1/11/110  

110 9.0 
11 450.0 6.1 5.5 1.2 

3×1/10/110  10 456.8 6.7 6.1 1.3 
3×1/9/110  9 417.6 7.3 6.7 1.2 

 

To provide knitted materials with shielding properties against ultraviolet radiation, their surface 
ÍÏÄÉÆÉÃÁÔÉÏÎ ×ÁÓ ÐÅÒÆÏÒÍÅÄȢ 4ÈÅ ÅÓÓÅÎÃÅ ÏÆ ÔÈÅ ÍÅÔÈÏÄ ÏÆ ȰÍÏÄÉÆÉÃÁÔÉÏÎ ×ÉÔÈ ÍÅÔÁÌ 
ÎÁÎÏÐÁÒÔÉÃÌÅÓȱ ÉÓ ÔÈÅ ÃÈÅÍÉÃÁÌ ÒÅÄÕÃÔÉÏÎ ÏÆ ÍÅÔÁÌ ÉÏÎÓ ÔÏ ÍÅÔÁÌÓ ÄÉÒÅÃÔÌÙ ÉÎ ÔÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ 
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 materials to shield UV radiation was 
evaluated by the values of the Transmittance in a certain wavelength range (Transmission, %) 
using a UV-Vis spectrophotometer DU-8800D (Drawell International Technology Ltd). The device 
is designed to determine the shielding properties of textile materials against non-ionising 
electromagnetic radiation in the wavelength range of 190-1100 nm (ultraviolet, visible and 
infrared spectrum). 
The studies revealed that the surface modification of samples with a 1+3 elastomeric yarn layout 
leads to a significant decrease in the ability of the fabrics to transmit UV rays both in the UV-B 
(280-315 nm) and UV-A (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 UV-A (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 radiation. It has been 
found that the shielding properties of a modified knitted material with a compression effect are 
influenced by the report of elastomeric yarn insertion 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 directly 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 final phase 
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 largest 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 end-of-life cycle of textile and fashion products. This 
study aimed to create and discuss business ideas on how to reduce the industrial and post-
consumer textile waste. The ideas are based on eco-design 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 challenges. By transforming waste into new products or wearable art, eco-
design businesses combat overproduction, reduce resource consumption, and empower a new 
generation of conscious consumers ɀ all while ensuring sustainability and a stylish 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 is an important part of the European 
manufacturing industry, playing a crucial role in the economy and social well-being in many 
regions of Europe. The textiles and fashion industry is also one of the second largest polluters in 
the world, and the environmental 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 climate 
ÃÈÁÎÇÅ ɍσɎȢ 4ÅØÔÉÌÅ ÁÎÄ ÆÁÓÈÉÏÎ ÓÅÃÔÏÒȭÓ ×ÁÓÔÅ ÃÁÎ ÍÁÉÎÌÙ ÂÅ ÃÌÁÓÓÉÆÉÅÄ ÉÎÔÏ ÔÈÒÅÅ ÇÒÏÕÐÓȡ 
production waste, pre-consumer waste, and post-consumer waste. Production waste is scraps of 
fibers, yarns, fabrics, fabric roll ends, etc. Pre-consumer waste consists of products manufactured 
with some fabric, design or color mistakes. Post-consumer 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 incorporates a variety of sustainable actions to minimize the environmental 
impact of the fashion industry. Eco-design not only aims to reduce environmental impact but also 
seeks to improve aesthetic and functional aspects of a product. It also includes the consideration 
of social and ethical needs. Solutions of the eco-design of a product deal effectively with both the 
ÐÒÏÄÕÃÔȭÓ ÆÕÎÃÔÉÏÎÁÌÉÔÙ ÁÎÄ ÔÈÅ ÔÈÒÅÅ ÄÉÍÅÎÓÉÏÎÓ ÏÆ ÓÕÓÔÁÉÎÁÂÉÌÉÔÙ ɀ environmental, economic and 
social [4]. Eco-design choices have an impact on various stages of the life-cycle of materials and 
products. Eco-designers 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, enable re-use and recycling, and provide opportunities for upcycling, i.e., integrating re-
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 and fashion waste. 
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2. Methods  

The development of business ideas in eco-design covers the following aspects:  
¶ Core Concept: The need for the eco-design business and the purpose of entrepreneurship. 
¶ Ecological Impact: specific environmental benefits of the eco-design business idea. 
¶ Necessity: reasons justifying the importance and necessity of the eco-design business idea. 
¶ Innovation: unique aspects and added value of the idea. 
¶ Feasibility and Sustainability: Evidence that the eco-design business idea is feasible and 

has a lasting impact.  
 

Two eco-design business ideas are presented in this paper: the 1st idea TyreesCoat is developed 
ÂÙ %ÍÉÌÉÊÁ -ÉÅÌÉÁÕÓËÁÉÔõȟ ÁÎÄ ÔÈÅ ςnd idea, Reborn Threads, ÉÓ ÄÅÖÅÌÏÐÅÄ ÂÙ +ÏÔÒÙÎÁ -ÁÒÉÊÁ ,ÉÅËÙÔõȢ 
Turning waste into new products or wearable art, new eco-design business ideas help combat 
overproduction, reduce resource consumption and empower a new generation of conscious 
consumers, while ensuring sustainability and style. 

3. Eco-design business ideas 

TyreesCoat 
 
The 1st business idea was to combine non-×ÏÖÅÎ ÆÁÂÒÉÃȭ ×ÁÓÔÅ ÁÎÄ ÒÅÃÙÃÌÅÄ ÔÉÒÅ ÒÕÂÂÅÒ ÆÏÒ 
outerwear production.  About 1 billion end-of-life tires are generated annually, and a great part 
of them end up in landfills. Scientists have already found various solutions for 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 have inspired to develop a new ecological business idea - 
to combine non-woven 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 ɀ rainproof coats. These coats would not only be rainproof, they 
are also designed to insulate and maintain warmth. TyreesCoat would reduce waste over time and 
provide new ways to recycle and upcycle. Tyreescoat is targeted at people who are passionate 
about outdoor activities in rainy weather conditions. 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 serve as a 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. Non-woven 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.  
 
TyreesCoat delivers an unusual, innovative solution for designing outerwear. Most raincoats we 
see in markets are usually very thin and serve only one purpose ɀ to protect from rain. They do 
not provide warmth, lots of them are even one-time use and are disposed after. TyreesCoat offers 
a sustainable clothing solution made from recycled materials ɀ automobile tires and recycled 
cotton and wool nonwoven fabrics. This guarantees a high-quality product made from waste 
materials. 
 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

80 

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 eco-social impact on society, because sustainability would 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 challenge 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 eco-design business idea proposes to revive old clothes from second-hand 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. In Reborn 
Threads, pre-loved garments from second-hand stores will be collected and creatively 
transformed into stylish, one-of-a-kind pieces. Each item will be made with techniques like 
tailoring, dyeing, patchwork, embroidery, and reassembly, giving discarded clothes a fresh start. 
The main goal is to reach like-minded 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 well-being and love unique 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. All Reborn Threads materials are recycled or recovered from clothing 
manufacturers, significantly reducing the need for non-renewable 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 carefully selected to ensure that they align with the core values: 
eco-consciousness, waste reduction.  
 
The process of making the new products from end-of-life items is: 
¶ Collection of old clothing from thrift shops, donations, vintage markets or cut-waste from 

clothing manufacturers.  
¶ Washed and quality checking of each clothing piece as well as sorting them by raw 

material. 
¶ Designing of a new piece from the prepared materials. 
¶ Construction of a new clothing or accessory form sourced materials by sewing them 

together, dyeing, tailoring and restructuring.   
¶ Quality checking of each item and preparation for sale. 

 
Reborn Threads stands out by being a fresh, authentic, and eco-forward brand. Every Reborn 
Threads piece is one-of-a-kind, offering customers clothing and accessories that no one else in the 
world owns. Customers can feel good knowing their purchase supports environmental 
responsibility and reduces waste. Potential customer is everybody who cares about sustainability, 
ethical consumption, and personal style, and individuals who love standing out with one-of-a-
kind clothing rather than mass-produced fast fashion. 
 
Collecting and delivering second-hand garments, especially if sourced from distant locations, can 
ÇÅÎÅÒÁÔÅ #/Ϝ ÅÍÉÓÓÉÏÎÓȢ 4ÈÅ ÕÓÅ ÏÆ ÓÅ×ÉÎÇ ÍÁÃÈÉÎÅÓȟ ÌÉÇÈÔÉÎÇȟ ÁÎÄ ÈÅÁÔÉÎÇ ÉÎ Á ÓÔÕÄÉÏ ÃÏÎÔÒÉÂÕÔÅÓ 
to electricity use. Improperly disposed of packaging, even recyclable, can contribute to litter or 
contamination in recycling streams. Thus, by transforming waste into new unique products, 
Reborn Threads fights 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 turning waste into 
raw materials for new products.  
 
Supporting young researchers and entrepreneurs who question outdated business practices 
opens the door to innovative, sustainable solutions ɀ from new materials to smarter technologies 
ɀ shaping a better future for us all. 
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Abstract  
The study focuses on the design and simulation of TORP-type hearing prosthesis. The prosthesis 
of the middle ear was analysed by using computer-aided design (CAD) and computer-engineering 
techniques. Geometrical modelling was combined with the Finite Element (FE) method to set 
various assemblies of a TORP prosthesis, stapes footplate and the tympanic membrane. The 
design process included the development of 3D numerical models, taking into 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 tympanosclerosis may result in 
conductive hearing loss requiring surgical reconstruction. 
  
Two types of prosthesis are used for middle ear reconstruction: the first one is the application of 
the total ossicular chain replacement prosthesis (TORP) technique, and the second one is the 
partial ossicular replacement prosthesis (PORP) technique. TORP 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 Waltman).  As it is presented in Figure 1 middle ear 
surgery, namely the ossiculoplasty and tympanoplasty, are the techniques for the reconstruction 
of the ossicular chain by adapting an appropriate TORP or PORP prosthesis. Clinically, 
postoperative hearing outcomes depend not only on prosthesis design 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 surgery. When a prosthesis is 
introduced, it is important to assure the stability of the prosthesis, because bad contact and poor 
osseointegration affect the sound transmission after the ossiculoplasty [1], [2] . Therefore, stable 
coupling between the hearing prosthesis and 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-angle ear prosthesis was proposed [3] .  
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Fig. 1 Main research fields of the reconstruction of the ossicular chain   

 

This article focuses on TORP prosthesis, when the stapes, one bone of the three ossicular bones, 
is partially or fully damaged. 

2. Methods  

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

 
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 of the injured stapes can be affected differently, according 
to the disease, and for example, the crusses can be injured totally. Thus, the state of the 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 
prostheses wÅÒÅ ÍÏÄÅÌÌÅÄȟ ÁÉÍÉÎÇ ÔÏ ȰÕÓÅȱ ÔÈÅ ÇÅÏÍÅÔÒÙ ÏÆ ÔÈÅ ÆÏÏÔÐÌÁÔÅ ÁÎÄ ÔÈÅ ÃÒÕÓÓÅÓ ÏÆ ÓÔÁÐÅÓȢ 
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 presented in Figure 3, by performing the modifications of the footplate and the 
modifications of the standard TORP prosthesis, new geometries of the hearing prosthesis were 
created. However, for better osseointegration of the 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. 4ÈÅ ȰÓÃÒÁÔÃÈȱ ÔÅÃÈÎÉÑÕÅ, used in medicine, was applied 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 set-value parameter data of an industrial film web 
processing machine. XGBoost, Logistic Regression, Naïve Bayes, and SVM modelling techniques 
are evaluated in binary machine state classification based on set-value parameters due to their 
prominence in recent works. XGBoost is found to be the most accurate, achieving 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 35 different 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 consultancy 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 (IoT) has reached 57% in 2024. It should be noted that the 
usage of IR4 technologies differs widely between economic powers. China and the USA lead the 
way in supply chain transparency, autonomous systems, Digital Twins, and IoT 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 day-to-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 technologies, with Machine Learning (ML) being considered 
one of the most prominent [1] . 
 
Machine Learning is a broad term under the Artificial Intelligence (AI) umbrella. While AI refers 
to the attempt to mimic human intelligence in machines, ML specifically uses algorithms to train 
and make predictions on data without step-by-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 sensor or 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 but also 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 generated during 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, as these 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 high-dimensionality data are of 
relevance here. Moreover, the relationship between human decision-making and the utilization 
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  

Previous research has suggested specialized approaches to ML [3ɀ5], the generalized process of 
ML framework creation can be summarized as shown in Fig. 1.  
 

 

Fig. 1 General ML framework in manufacturing [6, 7] 
 

When the data is prepared 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 classification ML 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 (TNR) [8] .  

 ὖὶὩὧὭίὭέὲ; (1)  

 ὝὖὙ ; (2)  

 ὝὔὙ ; (3)  

where: TP ɀ True positives, FP ɀ False positives, FN ɀ 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), which evaluates TR, FP, 
FN, and the True Negatives (TN), given in equation 5 [3, 8]. 

 Ὂρ ς
ẗ

; (4) 

 ὓὅὅ 
      

  . (5) 

Industrial film web processing equipment data is going to be analysed. The equipment is used in 
company X, which is not going to be disclosed due to a non-disclosure 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 heat-sealing, 
film hole punching, picking and placing of raw materials on the film web, and in-process 
automated visual inspection. The equipment is complex and has over 40 stations, which 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 have 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 the right 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. Then, the 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 data points 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 are going 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, Naïve Bayes, and Support Vector Machine (SVM). 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 cross-
validation samples. The presented workflow 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 variable ɀ the 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. RandomSearchCV 
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 time samples 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 there 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 search has been performed with bounds set within the minimum and 
maximum υ Ϸ of each parameter in the original dataset. See the values of the most interesting 
parameters, found in Figure 2ɀ3.  
 

 

Fig. 2 Optimal station position parameters 
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Fig. 3 Optimal pick and place position parameters 

The plot in 2 shows multiple station position adjustment parameters. The parameters denoted 
x1 to x7, and x20 are the equipment parameter inputs, which determine the product 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 parameters x12 and x16 are the z-axis pick positions, determining the reliability of 
gripping an object to be sealed to the film from the infeed conveyor belt. The x13, x14, x15 with 
x16, x17, x18 are the x-axis, y-axis, and z-axis robot place positions respectively, determining the 
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 availability and 7.3% points of OEE can be 
gained with this change, with a 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 operators 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 or digital 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 allow the storage of the data.  

4. Conclusions 

1. Gradient Boosting, Logistic Regression, Naïve 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 as measured 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 Naïve 
Bayes performed the worst at 0.398 in MCC.  

2. 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 has excellent 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 process, such 
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 standard recycling methods or machines 
available for large-scale 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 for 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 explores the 
implementation of waste valorization in the Kombucha industry and the possibility of adopting 
ÒÅÃÙÃÌÉÎÇ ÍÅÔÈÏÄÓ ÆÒÏÍ ÔÈÅ ÐÌÁÓÔÉÃ ÉÎÄÕÓÔÒÙ ÆÏÒ +ÏÍÂÕÃÈÁȭÓ "#Ȣ  

 
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 [1]. The SCOBY, 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 (BC) is 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 same 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, and yeast 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 very hard 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 alternative method 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 industrial 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 for different 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 utilizing 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 preparation of Kombucha drinks in the Kombucha industry resembles 
the traditional kombucha fermentation process. For large-scale 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 
ÁÒÅ ÁÄÄÅÄ ÔÏ ρυπ ÌÉÔÒÅÓ ÏÆ ×ÁÔÅÒȟ ÁÎÄ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅ ÔÅÁ ÓÏÌÕÔÉÏÎ ÉÓ ÍÁÉÎÔÁÉÎÅÄ ÁÔ ψυᴈ 
throughout the process. The tea solution is recirculated inside the mixing tank 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 stirred 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 
ςψᴈȟ ÔÈÅ ÓÔÁÒÔÅÒ ÌÉÑÕÉÄ ɉÐÒÅÖÉÏÕÓÌÙ ÍÁÄÅ ËÏÍÂÕÃÈÁ ÔÅÁɊ ÁÎÄ 3#/"9 ÁÒÅ ÁÄÄÅÄȢ 4ÈÅ ÔÅÍÐÅÒÁÔÕÒÅ 
ÍÕÓÔ ÂÅ ÂÅÌÏ× ςψᴈȟ ÏÒ ÉÔ ÍÁÙ ËÉÌÌ ÔÈÅ ÂÁÃÔÅÒÉÁ ÉÎ ÔÈÅ ÓÔÁÒÔÅÒ ÃÕÌÔÕÒÅȢ 4ÈÅ ÔÅÁ ÓÏÌÕÔÉÏÎ ÉÓ ÌÅÆÔ ÔÏ 
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 to the 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]. 

 

 
Fig.1. Steps involved in the large-scale production 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 textiles [4, 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 (sodium 
hydroxide) is utilized as a washing agent, and NaOCl (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 according 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 that 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 methods 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 is 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, which melts 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, washing lines, 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 BC film 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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4. 2ÅÃÙÃÌÉÎÇ ÏÆ +ÏÍÂÕÃÈÁȭÓ "# 

As shown in Figure σȟ 2ÅÃÙÃÌÉÎÇ ÏÆ +ÏÍÂÕÃÈÁȭÓ "# ÂÅÇÉÎÓ ×ÉÔÈ ×ÁÓÈÉÎÇ ÔÈÅ ×ÅÔ "# ÆÉÌÍ ÏÂÔÁÉÎÅÄ 
from Kombucha fermentation using a 1% NaOH solution. After washing with the NaOH solution, 
the BC films are rinsed with NaOCl for 2 hours. The solution of temperature must be maintained 
ÁÔ ωπᴈȢ 4ÈÅ ÁÍÏÕÎÔ ÏÆ ÔÈÅ .Á/( ÓÏÌÕÔÉÏÎ ÕÓÅÄ ÆÏÒ ×ÁÓÈÉÎÇ ÍÁÙ ÖÁÒÙ ÄÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅ ÓÉÚÅ ÏÆ ÔÈÅ 
BC film. For laboratory-produced BC, which weighs approximately 80g, one litre of 1% NaOH 
solution (10g of NaOH and 990 mL of water) is needed to wash the BC film. In an industrial setup, 
ÌÅÔȭÓ ÁÓÓÕÍÅ ρπ ËÇ ÏÆ "# ÎÅÅÄÓ ÔÏ ÂÅ ×ÁÓÈÅÄȟ ÈÅÎÃÅȟ ÔÈÅ ÁÍÏÕÎÔ ÏÆ .Á/( ÁÎÄ ÔÈÅ ×ÁÔÅÒ ÌÅÖÅÌ ×ÉÌÌ 
be increased. To wash 10 kg of BC, a water tank that has a volume of 1000 litres is used for 
washing; therefore, the 1% NaOH solution should contain 10kg of NaOH in 990 litres of water. 
The same applies to the NaOCl washing. An industrial stirrer will be connected to the washing 
tanks to mix the solution, facilitating faster removal of impurities. The stirrer's rpm is set to 100, 
as a higher rpm 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 dried. A tray dryer, which is used in the food and pharmaceutical industry to dry 
ÔÈÅ ÍÁÔÅÒÉÁÌȟ ÃÁÎ ÂÅ ÕÓÅÄ ÆÏÒ ÄÒÙÉÎÇȢ 4ÈÅ ÁÍÂÉÅÎÔ ÔÅÍÐÅÒÁÔÕÒÅ ×ÏÕÌÄ ÂÅ ςυᴈȟ ÁÎÄ ÔÈÅ ÔÉÍÅ 
duration for the whole drying process will be 24 hours. After drying, the BC films will lose most 
of their weight and look like a thin film, as described in Fig. 3, which is now suitable for other 
applications. 

 

 

 

 

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

5. Conclusions 

1. The recycling methods and machines used in the plastic industry are analyzed to assess the 
ÆÅÁÓÉÂÉÌÉÔÙ ÏÆ ÕÔÉÌÉÚÉÎÇ ÔÈÅÍ ÉÎ +ÏÍÂÕÃÈÁȭÓ "# ÒÅÃÙÃÌÉÎÇȢ 0ÌÁÓÔÉÃ ÒÅÃÙÃÌÉÎÇ ÉÎÃÌÕÄÅÓ ÍÏÒÅ 
processes than BC purification, but washing and drying used in plastic recycling are similar to 
BC purification.  

2. Hence, the washing and drying unit of the 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. The ÐÒÉÎÃÉÐÁÌ ÕÎÉÔÓ ÏÆ +ÏÍÂÕÃÈÁȭÓ "# ÒÅÃÙÃÌÉÎÇ ÁÒÅ ÄÉÓÃÕÓÓÅÄȟ ÁÎÄ ÔÈÅ "# ÒÅÃÙÃÌÉÎÇ ÐÒÏÃÅÓÓ ÉÓ 
developed, indicating the main parameters of each step. 
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4. As the world is moving towards more sustainability, the implementation of waste valorization 
in the Kombucha industry 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 fleets in the 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 infrastructure, 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 is now 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 
ÒÏÂÏÔÉÃÓȟ ÂÉÇ ÄÁÔÁ ÁÎÁÌÙÔÉÃÓ ÁÎÄ ÁÒÔÉÆÉÃÉÁÌ ÉÎÔÅÌÌÉÇÅÎÃÅ ÁÒÅ ÁÌÌ ÔÒÁÎÓÆÏÒÍÁÔÉÖÅ ÔÅÃÈÎÏÌÏÇÉÅÓ ÉÎ ÔÏÄÁÙȭÓ 
ÓÍÁÒÔ ×ÁÒÅÈÏÕÓÅ ÁÎÄ ÃÏÎÓÅÑÕÅÎÔÌÙ ÔÏÄÁÙȭÓ ÁÕÔÏÍÁÔÅÄ ÓÕÐÐÌÙ ÃÈÁÉÎ ɍρɎȢ )Î tune with industrial 
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 paper-based applications [2]. The introduction of barcodes in the 1960s 
was the foundation of warehouse automation, allowing inventory management to incorporate 
real-time data processing within modern warehouse management systems (WMS). Barcode 
scanning opened doors for technologies such as radio-frequency identification (RFID) supported 
by the Internet of Things (IoT) systems, enabling the concept of automated warehouse operations 
[3]. IoT integration allows for a constant flow of real-time 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 reduce 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 
beyond the health and safety requirements. 

 
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 in Figure 2d is the new layout adapted for increasing 
storage locations. However, this layout increases the chances of deadlock when more than one 
AGV is used and is 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 
ÅÁÃÈ ÏÔÈÅÒȭÓ ÐÁÔÈÓ ɍυɎȢ 
 

 
a b 

 
c d 

Fig. 2 Four common warehouse schemes: a ɀ traditional parallel layout; b ɀ traditional vertical layout; c ɀ 
traditional horizontal layout; d ɀ fishbone layout [5] 

 

/ÎÅ ÏÆ ÔÈÅ ÆÁÃÔÏÒÓ ÔÈÁÔ ÁÆÆÅÃÔÓ !'6Óȭ ÐÅÒÆÏÒÍÁÎÃÅ ÉÓ ÔÈÅ ÌÁÙÏÕÔ ÏÆ ÉÔÓ ÅÎÖÉÒÏÎÍÅÎÔȢ Many research 
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 and much more. The lanes can be designed 
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to be one-way 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 optimization of 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 the impact of AGVs on real-life 
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 baseline 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 set up the 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 Enterprise Resource Planning (ERP) system, 
Manufacturing Execution System (MES), AGV connector, Fleet management and the AGV as shown 
in the illustration in Fig. 3. 

 
Fig. 3 Overview of flow processes 

 

Before to AGV implementation, the initial situation for this 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 instructions 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 ease of the set-up 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 drop-off 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 trolley 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 of transport item. 
 

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

Item  Description  
Purchased parts  Components to build the finished product. Components are stored 

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 packaging 

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. In this work, a mixed-methods approach was adopted to assess the impact of AGVs on real-life 
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 management and 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 cupping tests were conducted 
by ISO 527-3 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 pure pÏÌÙÍÅÒȟ ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÎÃÒÅÁÓÅÄ ÆÒÏÍ 
ρπςȟω -0Á ÔÏ ςφυȟχ -0ÁȢ (Ï×ÅÖÅÒȟ ÔÈÉÓ ÃÏÎÔÅÎÔ ×ÁÓ ÉÎÓÕÆÆÉÃÉÅÎÔ ÔÏ ÅÎÓÕÒÅ ÅÌÅÃÔÒÉÃÁÌ ÃÏÎÄÕÃÔÉÖÉÔÙȢ 
In addition, a considerable reduction in plasticity was observed, as the relative strain at break 
reached only 32,2% compared to 268% for the pure polymer. Increasing the graphene content to 
ψϷ ÉÍÐÒÏÖÅÄ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÔÏ ςρȟχ -0Á ɉͯχυϷɊ ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÔÏ υψρȟω -0Áȟ ÂÕÔ ÔÈÅ 
relative strain dropped to 11,8%. Electrical conductivity was achieved, with the tensile specimens 
ÓÈÏ×ÉÎÇ Á ÒÅÓÉÓÔÁÎÃÅ ÒÁÎÇÉÎÇ ÆÒÏÍ ψφȟυ ÔÏ υππ ɱȢ 4ÈÅ ÒÅÓÉÓÔÁÎÃÅ ÉÎÃÒÅÁÓÅÄ ×ÉÔÈ ÄÅÆÏÒÍÁÔÉÏÎȟ 
indicating changes in the conductive graphene network within the polymer matrix. Cupping tests 
confirmed these trends: pure TPC remained the most ductile (23ȟω ÍÍɊȟ ×ÈÉÌÅ 40#Ⱦ'Ò-4% 
ÓÈÏ×ÅÄ ÉÎÃÒÅÁÓÅÄ ÓÔÒÅÎÇÔÈ ɉχωωȟς .Ɋ ÁÎÄ ÍÏÄÅÒÁÔÅ ÄÕÃÔÉÌÉÔÙ ɉρςȟσ ÍÍɊȢ 4ÈÅ 40#Ⱦ'Ò-8% 
ÃÏÍÐÏÓÉÔÅ ×ÁÓ ÔÈÅ ÍÏÓÔ ÂÒÉÔÔÌÅȟ ÆÁÉÌÉÎÇ ÁÔ ρσωȟψ . ×ÉÔÈ ÄÅÆÏÒÍÁÔÉÏÎ ÏÆ ÏÎÌÙ ςȟς ÍÍȢ /ÂÔÁÉÎÅÄ 
results revealed the possibility to identify the graphene 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, graphene, 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 high-tech sectors such as aerospace [1], automotive [2], 
electronics [3] and biomedicine [4], where both mechanical reliability and specific 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]. One of the most promising solutions involves the 
incorporation of nanostructured materials such as graphene [7-8]. Due to its exceptional 
mechanical and electrical properties, graphene can significantly improve composite performance; 
however, its effectiveness strongly depends on the appropriate selection of filler concentration 
ɍωɎȢ 3ÃÉÅÎÔÉÆÉÃ ÌÉÔÅÒÁÔÕÒÅ ÉÎÄÉÃÁÔÅÓ ÔÈÁÔ ÅØÃÅÓÓÉÖÅ ÇÒÁÐÈÅÎÅ ÃÏÎÔÅÎÔ ÍÁÙ ÒÅÄÕÃÅ ÔÈÅ ÍÁÔÅÒÉÁÌȭÓ 
ductility, increase brittleness, and limit the applicability of the composite [10]. However, limited 
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research exists on the incremental forming applicability of graphene-enhanced 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 effects and 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 mechanical 
performance. This research focuses on the development of electrically conductive, 3D-printable 
TPCɀgraphene composites, which have not been previously studied in the literature. 

2. Research Methodology and Experimental Investigation  

Composite material specimens 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% concentration 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 both the conductivity threshold and mechanical property 
changes at higher filler contents. The 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 
ÔÈÅ ÅØÔÒÕÄÅÄ ÆÉÌÁÍÅÎÔ ɉρȟχυ ϻ πȟπρ ÍÍ ÉÎ ÔÈÉÓ ÓÔÕÄÙɊȢ 4ÈÒÏÕÇÈÏÕÔ ÔÈÅ ÅØÔÒÕÓÉÏÎ ÐÒÏÃÅÓÓ, the 
temperature was maintained at approximately 200ɀςρπ Ј# ÔÏ ÅÎÓÕÒÅ ÏÐÔÉÍÁÌ ÍÉØÔÕÒÅ 
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, a series consisting of four standard-sized 
specimens was fabricated by standards ISO 527-3 (Fig. 1, a) and ISO 20482 (Fig. 1, b). The 
mechanical properties of the fabricated materials were evaluated using tensile and 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 acquisition system of the testing machine. Based on the 
ÃÏÌÌÅÃÔÅÄ ÄÁÔÁȟ ÔÈÅ ËÅÙ ÍÅÃÈÁÎÉÃÁÌ ÐÁÒÁÍÅÔÅÒÓ ×ÅÒÅ ÃÁÌÃÕÌÁÔÅÄȟ ÉÎÃÌÕÄÉÎÇ ÔÅÎÓÉÌÅ ÓÔÒÅÎÇÔÈȟ 9ÏÕÎÇȭÓ 
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 recorded. In 
addition, the electrical conductivity of the composites was evaluated to determine their potential 
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 paste to the surfaces of tensile specimens to 
ensure electrical contact, and resistance changes during deformation were recorded using a Fluke 
3000 FC multimeter. 

 
                                                                   a                                             b 

Fig. 1. Fabricated specimens of composite material: a ɀ for tensile testing, b ɀ for cupping testing 

 

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

   
                                                                        a                                                   b 

Fig. 2. Experimental setup of the tensile test: a ɀ structural fractures, b ɀ conductivity measurement  

3. Results  

The TPC/Gr-4% composite materials specimens showed notable ductility, with a strain at break 
ÏÆ σςȢςϷ ÁÎÄ ÁÎ ÁÖÅÒÁÇÅ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÏÆ ρφȢτ -0Á ɉÓÅÅ &ÉÇȢ σɊȢ 4ÈÅ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ×ÁÓ 
approximately 265,7 MPa (see Fig. 4), which indicates structural flexibility 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 approximately 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 86,5 and υππ ɱ ÄÕÒÉÎÇ ÔÈÅ ÅÎÔÉÒÅ ÔÅÎÓÉÌÅ ÔÅÓÔȢ $ÕÒÉÎÇ ÔÈÅ ÔÅÎÓÉÌÅ 
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 only 12.4 MPa (see Fig. 3), while 
ÄÕÅ ÔÏ ÉÔ ÉÓ ÈÉÇÈ ÐÌÁÓÔÉÃÉÔÙȟ ÔÈÅ ÒÅÌÁÔÉÖÅ ÓÔÒÁÉÎ ×ÁÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÈÉÇÈÅÒ ÁÔ ςφψȢφϷ ÁÎÄ ÔÈÅ 9ÏÕÎÇȭÓ 
modulus was 102.9 MPa (see Fig. 4). All results are presented as average values. 

  

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

 

&ÉÇÕÒÅ τ ÐÒÅÓÅÎÔÓ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌÌÙ ÄÅÔÅÒÍÉÎÅÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÖÁÌÕÅÓ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÍÁÔÅÒÉÁÌ 
contents. 

 
Fig. 4. 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ the composite structures with varying graphene contents 

 

The pure TPC specimens 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/Gr-4% composite material specimens showed relatively high mechanical 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/Gr-8% specimens showed pronounced brittleness during cupping tests. Average load 
reached 139,8 N and average strain at failure 2,2 mm (see Fig. 5).  
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Fig. 5. Load vs. Strain curves of the composite structures with varying graphene content 
 

Visual observations revealed that TPC/Gr-4% specimens showed greater deformation prior to 
fracture, with a more plastic and bulging fracture morphology. In contrast, the TPC/Gr-8% 
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 
ÁÖÅÒÁÇÅ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÏÆ ρςȟτ -0Á ÁÎÄ Á ÓÔÒÁÉÎ ÁÔ ÂÒÅÁË ÏÆ ςφψϷȢ 7ÉÔÈ τϷ ÇÒÁÐÈÅÎÅ ÃÏÎÔÅÎÔȟ 
ÔÈÅ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÉÎÃÒÅÁÓÅÄ ÔÏ ρφȟτ -0Á ɉͯσςϷɊ ÁÎÄ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÎÃÒÅÁÓÅÄ ÆÒÏÍ 
ρπςȟω -0Á ÔÏ ςφυȟχ -0Á ɉͯρυψ ϷɊȢ 4ÈÅ ÓÔÒÁÉÎ ÁÔ ÂÒÅÁË ÄÅÃÒÅÁÓÅÄ ÔÏ σςȟςϷȢ 7ÈÅÎ ÔÈÅ 
ÇÒÁÐÈÅÎÅ ÃÏÎÔÅÎÔ ×ÁÓ ÉÎÃÒÅÁÓÅÄ ÔÏ ψϷȟ ÔÈÅ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÒÅÁÃÈÅÄ ςρȟχ -0Á ɉͯχυϷɊȟ ×ÈÉÌÅ ÔÈÅ 
ÓÔÒÁÉÎ ÁÔ ÂÒÅÁË ÄÒÏÐÐÅÄ ÔÏ ÏÎÌÙ ρρȟψϷȢ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÎÃÒÅÁÓÅÄ ÆÕÒÔÈÅÒ ÔÏ υψρȟω -0Áȟ 
indicating higher stiffness and brittleness. 

2. Electrical conductivity tests showed that 4% graphene content was not sufficient to ensure 
conductivity, while 8% resulted in measurable conductivity, with resistance ranging from 86,5 
ÔÏ υππ ɱȢ 4ÈÅ ÒÅÓÉÓÔÁÎÃÅ ÉÎÃÒÅÁÓÅÄ ×ÉÔÈ ÄÅÆÏÒÍÁÔÉÏÎȟ ÉÎÄÉÃÁÔÉÎÇ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÃÏÎÄÕÃÔÉÖÅ 
graphene network within the polymer matrix.  

3. Cupping test results showed that pure TPC was the most ductile, with an average failure load 
ÏÆ υρρȟτ . ÁÎÄ Á ÓÔÒÁÉÎ ÁÔ ÆÁÉÌÕÒÅ ÏÆ ςσȟω ÍÍȢ 4ÈÅ 40#Ⱦ'Ò-4% composite showed higher 
strength, with an average failure load of 799,ς . ÁÎÄ Á ÒÅÄÕÃÅÄ ÓÔÒÁÉÎ ÏÆ ρςȟσ ÍÍȢ 4ÈÅ 40#Ⱦ'Ò-
ψϷ ÃÏÍÐÏÓÉÔÅ ×ÁÓ ÔÈÅ ÍÏÓÔ ÂÒÉÔÔÌÅȟ ×ÉÔÈ ÁÎ ÁÖÅÒÁÇÅ ÓÔÒÁÉÎ ÏÆ ÏÎÌÙ ςȟς ÍÍ ÁÎÄ Á ÆÁÉÌÕÒÅ ÌÏÁÄ 
ÏÆ ρσωȟψ .Ȣ 
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Abstract  

The goal of this study is to develop mixed matrix hollow fiber membranes (HFMs) with improved 
#/ϜȾ#(Ϟ ÓÅÐÁÒÁÔÉÏÎ ÐÅÒÆÏÒÍÁÎÃÅ ÂÙ ÉÎÃÏÒÐÏÒÁÔÉÎÇ ÍÏÎÔÍÏÒÉÌÌÏÎÉÔÅ ɉ--4Ɋ ÎÁÎÏÆÉÌÌÅÒÓ ÉÎÔÏ Á 
polyetherimide (PEI) matrix. Two types of MMTɂunmodified (hydrophilic) and surface-modified 
(hydrophobic)ɂwere used to investigate the impact of filler characteristics on membrane 
morphology and gas separation behaviour. The membranes were fabricated using the dry-wet 
spinning method and characterized by field emission scanning electron microscopy (FESEM) to 
assess structural morphologyȢ 'ÁÓ ÐÅÒÍÅÁÔÉÏÎ ÅØÐÅÒÉÍÅÎÔÓ ×ÅÒÅ ÃÏÎÄÕÃÔÅÄ ×ÉÔÈ ÐÕÒÅ #/Ϝ ÁÎÄ 
#(Ϟ ÁÔ φ ÂÁÒ ÁÎÄ ÁÍÂÉÅÎÔ ÔÅÍÐÅÒÁÔÕÒÅȢ 4ÈÅ PEI membrane containing modified MMT showed the 
ÂÅÓÔ ÐÅÒÆÏÒÍÁÎÃÅȟ ÁÃÈÉÅÖÉÎÇ ÔÈÅ ÈÉÇÈÅÓÔ #/ϜȾ#(Ϟ ÓÅÌÅÃÔÉÖÉÔÙ of 1.7, which is higher than neat PEI 
and PEI-Na-MMT by 12.5 % and 28.57 %, respectively, due to improved polymerɀfiller 
compatibility and reduced non-selective voids. These findings demonstrate the potential of 
surface-modified nanofillers to enhance gas separation efficiency in PEI-based HFMs. 

 

Keywords: Polyetherimide (PEI), Hollow Fiber membranes (HFMs), CO2 Separation, 
Montmorillonite, Cation Exchange. 
 

I. Introduction  
 
Toyota Central Research Laboratories introduced the first and foremost commercial applications 
of polymer clay composite in the automotive industry in 1990 [1]. Since then, clay minerals have 
gained tremendous response both from academia and industry 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 flat sheet membranes, and its effect on morphology has 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 HFMs is a 
far more complicated phenomenon than FSMs, as the dope viscosity ranges from 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 (polytetrafluoroethylene) are 
used to develop membranes, however, it has certain limitations in terms of separation ability and 
mechanical properties [5]. Polyetherimide (PEI), despite of its hydrophobic nature, possesses a 
high glass transition temperature, which makes it chemically and thermally resistant. Natural 
montmorillonite (MMT), a type of clay with exchangeable cations, can be converted 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 
ÃÁÔÉÏÎÓ ÓÕÃÈ ÁÓ .Áϕ ÁÎÄ #ÁόϕȢ This ionic structure renders MMT hydrophilic, leading to water 
absorption and swelling, which ultimately results in poor compatibility with hydrophobic 
polymer matrices.  The aforementioned inorganic cations can be exchanged with long-chain 
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 hydrophobicity. 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 diffusion pathway blockage. Consequently, even at a 
ÌÏ× ÆÉÌÌÅÒ ÃÏÎÔÅÎÔ ÏÆ πȢυ ×ÔϷȟ ÔÈÅ ÍÅÍÂÒÁÎÅͻÓ ÐÅÒÍÅÁÂÉÌÉÔÙ ÄÅÃÒÅÁÓÅÄȟ ×ÈÉÌÅ #/ϜȾ#(Ϟ ÓÅÌÅÃÔÉÖÉÔÙ 
significantly increased by 144%. 
 
In this study, Na-Montmorillonite, a layered silicate, is used to exchange cations ×ÉÔÈ ʖ-amino 
acid to introduce organophilic and compatibility towards organic polymers. Moreover, the 
objective of this research work is to observe Na-MMT and organo-modified clay (f-MMT) on PEI 
hollow fibre membrane morphology and CO2/CH4 separation performance. 

2. Experimental Methodology  

2.1. Materials  

A variant of Na-MMT with a cation exchange capacity of 100 meq/100 g, KUNIPIA-F, has been 
provided by Kunimine Ind. Co., Japan. The following compounds were provided by Sigma Aldrich: 
polyetherimide (PEI; melt index: 9 g/10 min), ), N-methyl-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 Na-MMT was was performed as mentioned elsewhere[9]. 
The dope solutions consist of 23% PEI and 77% NMP, with 3% solid polymer derived from Na-
MMT and f-MMT. To achieve the desired dopant composition, the designated quantities of Na-
MMT and f-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 subsequently 
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 at 30 rpm utilizing a Fungilab Rotational Viscometer 
(Model Alphas L). 
 

Table 3. Dope solution composition 

Dope solution PEI (wt.%)  
Na/ f-MMT  
Wt.% of PEI 

Viscosity (cp) 

Neat PEI 23 0 5.617 

PEI-Na-MMT 23 3 9.014 

PEI-f-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 through spinneret 
the fibre transported to a solvent-exchange 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 2 described the spinning conditions for both PEI-
Na-MMT and PEI-f-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  

FTIR spectroscopy (Perkin Elmer 1650) ÉÓ ÕÓÅÄ ÔÏ ÃÏÎÆÉÒÍ ÔÈÅ ÁÔÔÁÃÈÍÅÎÔ ÏÆ ʖ-aminolauric acid 
in the interlayer gallery of MMT. Thermo gravimetric Analyzer (TGA, Perkin Elmer, STA 
6000)TGA is used to check the content of amino acid attached. Small angle XRD (SAX, BRUKER, 
XRD/D8Ɋ ÉÓ ÕÓÅÄ ×ÉÔÈ #Ï+ɻ ÒÁÄÉÁÔÉÏÎ ɉπȢρυτ ÎÍɊ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÉÎÔÅÒÌÁÙÅÒ distance of layered 
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 (FESEM, Zeiss Supra55 VP). 
 
2.4. Gas Separation Test  
 
A gas permeation test was performed at 6 bar pressure and ambient temperature using gases that 
were 99% pure, namely CO2 and CH4. An injection of a 2-fiber pile was introduced into the module; 
one end of the pile was covered with epoxy glue 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 cm2. 
A digital flow meter is employed to measure the downstream gas flow rate. The equation was 
employed to ascertain the permeance (1). 
 

 
( )

TPA
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PI 15.273
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     (1)  

Here, Pi represents the gas permeability of species i ɉÅȢÇȢȟ #/Ϝ ÏÒ #(ϞɊȟ ÅØÐÒÅÓÓÅÄ ÉÎ 'ÁÓ 
Permeation Units (GPU). The variable, l, denotes the membrane thickness, while Q refers to the 
volumetric gas flow rate. A is the effective membrane area, and ɝ0 indicates the pressure 
difference across the membrane, measured in cm.Hg. The permeation temperature is denoted by 
T, expressed in Kelvin (K).  
 
ɻij represents ideal selectivity of gas i to j, and was calculated using the equation (2). 
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Whereas Pi/l, Pj/l  represents permeation of gas i and j, respectively. 
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3. Results and Discussion  

&4)2 ÔÅÃÈÎÉÑÕÅ ÉÓ ÕÔÉÌÉÚÅÄ ÔÏ ÉÎÖÅÓÔÉÇÁÔÅ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ʖ-aminolauric acid in the interlayer 
gallery of Na-MMT. 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, Si-O stretching and H-O-H bending and Al-O stretching respectively. In amino 
functionalized MMT, the new peaks appear around 1713, 2850, 3236 and 3617 and are the 
characteristic peaks of carbonyl group, C-H bond stretching, NH stretching and OH stretching of 
structural hydroxyl group [10,11]. All-important bands and assignments of functional groups 
can be seen in Table 2. 

    a                    b 

Fig. 7. a ɀ FTIR, b ɀ TGA analysis of clays 

Table 5. FTIR peaks and bonds assigned 

SN Wave Number (cm-1) Bond Assigned Theoretical Range 
 Na-MMT f-MMT  cm-1 
1 521 521 Al-O-Si deformation - 
2 1041 1048 Si-O stretch 1030-1045 
3 1637 1638 H-O-H bending 1610-1650 
4  1713 Carbonyl group 1690-1760 
5  2850 C-H 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 oC 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 estimated from TGA analysis, the difference 
between weight decreases in MMT and modified MMT is approximately 21 %. The content of 
organic compounds in modified MMT was calculated by the weight loss MMT by heating from 25 
to 700 oC.  The weight loss from 120 to 700oC considered to be the contents of organic and 
structurally absorbed water in MMT. The weight loss for MMT is 7% from 210 to 300oC 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 460 oC 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 MMT is confirmed 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 spectra, peak observed was around 2-theta value of 5 degree 
whereas it was shifted to 6.2 degree for modified MMT, which suggests the increase in inter layer 
ÄÉÓÔÁÎÃÅȢ 4ÈÅ ÉÎÔÅÒÌÁÙÅÒ ÄÉÓÔÁÎÃÅ ÃÏÕÎÔÅÄ ÆÏÒ ÍÏÄÉÆÉÅÄ --4 ÉÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ρτȢςφ ᴠȟ ×ÈÉÃÈ ÉÓ 
consistent with literature [12, 13]. 
 
Cross sectional morphology of spun hollow fiber membranes have been depicted in Figure 3. It is 
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 of developed HF membranes at magnification of 100 µm 

 

The phase inversion process influences the shape, mechanical properties, and gas separation 
performance of the membranes throughout development. The 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 coagulants, 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 NMP as a solvent and water is used as non-solvent. The interactions of PEI-
NMP is weak in comparison to NMP- water 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 formed. Upon 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 development [15]. 
  
In addition, the viscosity of the dope solution is another factor that governed the morphological 
structure. The viscosity of PEI-f-MMT dope solution is higher as compared to other dope solutions 
as depicted in Table 1. Due to higher viscosity, the pore forming process slowed down and thicket 
outer skin layer is formed [16]. The outer skin is thicker for neat PEI and PEI-f-MMT membranes 
in comparison to PEI-Na-MMT HF membrane. Due to hydrophilic nature of Na-MMT, the water 
interactions increases which result in thinner skin layer formation. The thinner skin enhance the 
gas permeance however the selectivity has to compromise [17]. 
 
Figure 4 shows the CO2 permeance of all three developed hollow fiber membranes at 600 kPa 
pressure. CO2, CH4 permeance can be seen in Figure 4(a) whereas Figure 4(b) represent the 
selectivity. PEI-Na-MMT showed the highest permeation for CO2 and CH4. The poor polymer filler 
interactions create surface voids and leads to Knudsen diffusion which is responsible for higher 
gas permeance [18]. The Na-MMT in PEI-Na-MMT 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 CO2/CH4 
selectivity as observed in figure 4 (b). 

Fig. 10. The permeance (CO2, CH4) and selectivity of spun hollow fibre membranes 

The hydrophobic MMT is compatible with host PEI, as a result form evenly distributed 
morphology and showed highest gas permeance for CO2 gas. 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 selectivity 
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 uniform 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 PEI-f-
MMT the CH4 transportation is lowest. Due to this reason the selectivity is highest as compared 
to both neat PEI and PEI-Na-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 CO2 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 
ÆÏÒ ÈÙÄÒÏÐÈÉÌÉÃ --4 ÄÕÅ ÔÏ ÔÈÅ ÖÏÉÄȭÓ ÃÒÅÁÔÉÏÎ ÉÎ ÔÈÅ ÓËÉÎ ÌÁÙÅÒ ÏÆ &3-ÓȢ 
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4. Conclusion  

Na-Montmorillonite is layered structure containing Na+ as interlayer cation, and organophilic in 
nature. Na---4 ×ÁÓ ÓÕÃÃÅÓÓÆÕÌÌÙ ÍÏÄÉÆÉÅÄ ×ÉÔÈ ʖ-amino acid and the intercalation of organic 
compound inside gallery of layered structure is confirmed by FTIR, and the content of attached 
compound of amino acid is approximately 15 %, with basal spacing of 14.26 Å. Mixed matrix HFMs 
with Na-MMT and f-MMT were developed via phase inversion method to study the effect on its 
morphology and CO2/CH4 separation. For modified clay, the inorganic cation of Na-MMT was 
replaced with organic cation of aminolauric acid to induce hydrophobicity. FESEM images 
suggested the uniform finger like pore generation for both types of MMT, which ultimately 
support the CO2, CH4 permeation as evident from gas separation test. The PEI-f-MMT showed 
lower CO2, CH4 permeance as compared to neat PEI and PEI-Na-MMT HFMs owing to improved 
filler distribution , however showed improved selectivity by 28.57 %. 
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Abstract  

The development of biomimetic scaffolds is essential for advancing bone tissue engineering. This 
study aimed to fabricate and evaluate polylactic acid and hydroxyapatite (PLA-HAP) composite 
scaffolds using 3d printing technology. Three scaffold geometries, mimicking cancellous bone, 
were designed and fabricated. PLA filaments 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 60ɀ80% porosity with interconnected pores. These results 
highlight the importance of optimizing HAP content to ensure scaffold quality and functionality 
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 trauma worldwide. 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 grafts, 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 natural polymers, inorganic materials, or their combinations [4]. 
 
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 3d-printed scaffolds made of 
PLA and HAP composites for bone tissue engineering. 

2. Materials and methods  

Three distinct scaffold geometries with varying internal architectures were designed using Z-
SUITE software (Zortrax, Poland). Each model was configured as a 20 × 20 × 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 Figure 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 filaments were 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 using a high-resolution S-3400N 
scanning electron microscope (SEM, Hitachi S-3400N, Japan). 

3. Results and discussion 

In this work, PLA and HAP were successfully used as primary materials for the fabrication of 
composite scaffolds. Four different composite 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 diameter and 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 filament. SEM analysis confirmed 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 scaffolds from this 
material. "It was determined that filaments containing 5ɀ20% HAP are suitable for fabricating 3d 
scaffolds with porosity ranging from 60% to 80%.  
The FT-IR spectrum of the PLA-HAP 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 FTIR spectra comparing Pla, Hap and Pla-Hap composite 

 
The FT-IR spectrum of the PLA-HAP scaffold sample retains the characteristic peaks of 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 5ɀ20% hydroxyapatite demonstrated good processability 
and structural integrity, indicating their suitability for tissue engineering applications. 

2. A reduction 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 scaffold 
properties. 
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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 ash from 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 elements. The ashɀwater 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, low-energy method to reclaim 
useful materials and reduce waste, supporting more sustainable practices in bioenergy [1]. 
 

Keywords:  biomass ash, wood ash, AWE(s). 

1. Introduction  

The development of renewable energy technologies is essential to reduce reliance on fossil fuels 
and minimize environmental pollution. Among these technologies, bioenergyɂparticularly from 
woody biomassɂoffers a carbon-neutral option for generating heat and power. However, while 
the energy output and emission reduction benefits are well recognized, the solid by-products 
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 material 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 
missed opportunities for resource conservation [3]. 
 
In this work, a simple water-based 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 components can 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 water-soluble 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 Agro-Waste Extracts (AWEs)ɀ  
liquids derived from agricultural or biomass residues using low-tech, 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 eco-conscious applications, ranging from natural 
fertilizers and biodegradable cleaning agents to soap-making bases and textile treatments. 
The integration of AWE use into biomass energy systems contributes to both waste valorization 
and sustainable chemical sourcing, reinforcing the principles of circular bioenergy and practical 
environmental stewardship [4]. 

2. Digital Experimental Details  

Wood ash was collected from the discharge system of an industrial biofuel boiler fueled by chips 
of biomass. Ash was sifted using a stainless-ÓÔÅÅÌ ÓÉÅÖÅ ɉ/+/ ÍÅÓÈ πȢψπ ÍÍȟ ×ÉÒÅ πȢυ ÍÍɊ ÔÏ 
ÓÅÐÁÒÁÔÅ ÆÉÎÅ ÁÓÈ ÆÒÏÍ ÓÌÁÇ ÁÎÄ ÕÎÂÕÒÎÔ ÒÅÓÉÄÕÅÓȢ &ÒÏÍ ͯρȢτ ËÇ ÏÆ ÒÁ× ÁÓÈȟ ͯρ ËÇ ÏÆ ÆÉÎÅ ÁÓÈ ×ÁÓ 
stored in sealed glass containers to prevent moisture uptake. 
 
&ÏÒ ÅØÔÒÁÃÔÉÏÎȟ ςπ Ç ÏÆ ÆÉÎÅ ÁÓÈ ×ÁÓ ÍÉxed with 200ɀρτππ Í, ÏÆ ÄÉÓÔÉÌÌÅÄ ×ÁÔÅÒ ÉÎ Á ςπππ Í, 
ÃÏÎÔÁÉÎÅÒȢ 3ÔÉÒÒÉÎÇ ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÁÔ ͯρππ ÒÐÍ ÁÎÄ ͯςς Ј# ÕÓÉÎÇ Á (ÅÉÄÏÌÐÈ 2:2 ςπςπ ÏÖÅÒÈÅÁÄ 
stirrer. Two mixing durations were tested: 
Ɇ ρυ ÍÉÎÕÔÅÓ 
Ɇ σπ ÍÉÎÕÔÅÓ 
Post-mixing, using filters ash are derived from the solution, and it was done immediately to 
ÒÅÄÕÃÅ ÁÔÍÏÓÐÈÅÒÉÃ #/Ϝ ÉÎÔÅÒÁÃÔÉÏÎȢ &ÉÌÔÒÁÔÅÓ ×ÅÒÅ ÃÏÌÌÅÃÔÅÄ ÉÎ ÐÒÅ-weighed flasks, then dried at 
60ɀψπ Ј# ÉÎ Á ÆÕÍÅ ÃÕÐÂÏÁÒÄ ÏÖÅÎ ÕÎÔÉÌ ×ÁÔÅÒ ÅÖÁÐÏÒÁÔÅÓ ÁÎÄ ÔÈÅÒÅ ÉÓ ÏÎÌÙ ÕÓÅÆÕÌ ÅÌÅÍÅÎÔÓ ÌÅÆÔ 
(12ɀρψ ÈɊȢ &ÉÎÁÌ ×ÅÉÇÈÔÓ ×ÅÒÅ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ Á 3ÈÉÍÁÄÚÕ !9ςςπ ÂÁÌÁÎÃÅ ɉϻπȢππρ ÇɊ ÔÏ 
determine extracted solids. All processes are shown below (Figure 1). 
 

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

setup. 
 

Solubility Observations (Table 1) 
Soluble in water: 
Ɇ 0ÏÔÁÓÓÉÕÍ ɉ+Ɋȟ #ÁÌÃÉÕÍ ɉ#ÁɊȟ -ÁÇÎÅÓÉÕÍ ɉ-ÇɊ 
Ɇ "ÏÒÏÎ ɉ"Ɋȟ 0ÈÏÓÐÈÏÒÕÓ ɉ0Ɋȟ ÌÉÇÈÔ ÏÒÇÁÎÉÃ ÒÅÓÉÄÕÅÓ 
Ɇ 4ÒÁÃÅ ÅÌÅÍÅÎÔÓȡ 6ÁÎÁÄÉÕÍ ɉ6Ɋȟ :ÉÎÃ ɉ:ÎɊȟ #ÏÐÐÅÒ ɉ#ÕɊ 
Insoluble or poorly soluble: 
Ɇ (ÅÁÖÙ metals (Pb, Cr, Ni, As, Cd, Hg) 
Ɇ (ÙÄÒÏÐÈÏÂÉÃ ÏÒÇÁÎÉÃÓ ÌÉËÅ ÂÅÎÚÏÐÙÒÅÎÅ 
These results confirm that the extract ɀ an alkaline lye ɀ is rich in soluble mineral salts and fits 
within the category of Agro-Waste Extracts (AWEs) for sustainable reuse in detergents, 
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 12,5 12,4 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 9964-3:1993 
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 <1,5 <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 LST EN 13657:2003, LST EN 12846:2012 
"ÅÎÚÁÐÙÒÅÎÅ ʈÇȾËÇ <0,5 <0,5 LST EN 17503:2022 
*<0.5 - detection limit.     
**<1.5 - detection limit.     

    

 
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 2, the concentration of useful substances obtained from wood ash, measured 
ÐÅÒ ρππ Ç ÏÆ ÓÏÌÕÔÉÏÎȟ ÁÃÒÏÓÓ ÄÉÆÆÅÒÅÎÔ ÁÓÈ-to-water ratios (1:10 to 1:70). The results compare 15-
minute and 30-minute mixing durations. As the ash-to-water ratio becomes more diluted, the 
ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÅØÔÒÁÃÔÁÂÌÅ ÃÏÍÐÏÕÎÄÓ ÐÅÒ ρππ Ç ÏÆ ÓÏÌÕÔÉÏÎ ÄÅÃÒÅÁÓÅÓȟ ÄÅÍÏÎÓÔÒÁÔÉÎÇ Á ÔÙÐÉÃÁÌ 
dilution effect. However, this decrease in concentration is offset by an increase in total extracted 
mass across the entire solution volume, indicating improved overall extraction efficiency. 
Additionally, the minimal difference observed between the 15-minute and 30-minute mixing 
times suggests that extending the contact duration provides limited benefit, making the shorter 
mixing period more practical and efficient. 
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Table 2. Concentration and total yield of useful substances from wood ash at various ash-to-water ratios 
after 90 minutes of contact. 

Proportions 
100g of solution 
settlements, g 

Whole solution 
settlements, g 

Ash, g Distilled water, 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. The declining 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 evaluation was 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 solid residue 
was calculated by subtracting the empty flask weight: 

                             ά  ά    ά  ρ 

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: 

                                                  ά  ά    ά   ς 

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

ὅ   σ 

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: 

ὅ    ρππ        τ 

 
These formulas were applied to all sample sets under both 15-minute and 30-minute mixing 
conditions to ensure comparability across tests. 
Boundary conditions applied throughout all experimental runs: 
Ɇ )ÎÉÔÉÁÌ ÁÓÈ ÍÁÓÓȡ ςπȢππ Ç 
Ɇ 7ÁÔÅÒ ÖÏÌÕÍÅÓȡ ςππ ÍÌ ÔÏ ρτππ ÍÌ ɉÉÎ ςππ ÍÌ ÉÎÃÒÅÍÅÎÔÓɊ 
Ɇ -ÉØÉÎÇ ÄÕÒÁÔÉÏÎȡ ρυ ÍÉÎÕÔÅÓ ÁÎÄ σπ ÍÉÎÕÔÅÓ 
Ɇ 3ÔÉÒÒÉÎÇ ÓÐÅÅÄȡ ͯρππ ÒÐÍ ɉ(ÅÉÄÏÌÐÈ 2:2 ςπςπ ÏÖÅÒÈÅÁÄ ÓÔÉÒÒÅÒɊ 
Ɇ $ÒÙÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅȡ φπɀψπ Ј# ɉÉÎ Á ÆÕÍÅ cupboard oven) 
Ɇ &ÌÁÓË ×ÅÉÇÈÔÓȡ )ÎÄÉÖÉÄÕÁÌÌÙ ÐÒÅ-measured prior to each trial 
This consistent calculation framework enabled reproducible results and supported quantitative 
comparisons regarding how dilution and mixing time affected the extraction of water-soluble 
components from wood ash. 
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4. Results and Discussion  

7ÁÔÅÒ ÅØÔÒÁÃÔÉÏÎ ÏÆ ÆÉÎÅ ×ÏÏÄ ÁÓÈ ÓÈÏ×ÅÄ ÃÏÎÓÉÓÔÅÎÔ ÒÅÓÕÌÔÓ ÁÃÒÏÓÓ ÓÁÍÐÌÅÓȢ 3ÅÖÅÎ ςπ Ç ÂÁÔÃÈÅÓ 
were mixed with 200ɀρτππ Í, ÄÉÓÔÉÌÌÅÄ ×ÁÔÅÒ ɉÉÎ ςππ Í, ÓÔÅÐÓɊȟ ÓÔÉÒÒÅÄ ÁÔ ͯρππ ÒÐÍȟ ÆÉÌÔÅÒÅÄȟ 
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 compounds dissolve within 
15 minutes, supporting efficient processing. 

Dried residues were light and fine-grained, consistent with compounds like potassium carbonate, 
calcium hydroxide, and magnesium salts ɀ aligned with solubility data for alkali, alkaline earth 
ÍÅÔÁÌÓȟ ÂÏÒÁÔÅÓȟ ÁÎÄ ÐÈÏÓÐÈÁÔÅÓȢ 4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ÈÉÇÈÌÉÇÈÔ ×ÏÏÄ ÁÓÈȭÓ ÖÁÌÕÅ ÁÓ Á ÓÏÕÒÃÅ ÏÆ !ÇÒÏ-
Waste Extracts (AWEs)[5]. 

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 15-minute 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 cost-effective 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. 

References 

1. SARMAH, Debasish; BORAH, Kamala Kanta ir BORA, Utpal. Aqueous extracts of biomass ash as an 
alternative class of Green Solvents for organic transformations: A review update. Sustainable Chemistry 
and Pharmacy, vol. 24 (2021), pp. 100551. Prieiga per: 
https://www.sciencedirect.com/science/article/pii/S2352554121001789 .. 

2. WANG, Lili ir PANG, Jun. Assessing the impact of climate mitigation technology and environmental tax 
on renewable energy development: A dynamic threshold approach. Renewable Energy, vol. 244 (2025), 
pp. 122683. Prieiga per: https://www.sciencedirect.com/science/article/pii/S0960148125003453 .. 

3. PETTERSSON, M.; BJÖRNSSON, L. ir BÖRJESSON, P. Recycling of ash from co-incineration of waste wood 
and forest fuels: An overlooked challenge in a circular bioenergy system. Biomass and Bioenergy, vol. 
142 (2020), pp. 105713. Prieiga per: 

      https://www.sciencedirect.com/science/article/pii/S0961953420302476 . 
4. DANISH, Aamar; KARADAG, Omer; BILIR, Turhan ir OZBAKKALOGLU, Togay. Valorization of biomass 

ashes in the production of cementitious composites: A comprehensive review of properties and 
performance. Construction and Building Materials, vol. 405 (2023), pp. 133244. Prieiga per: 
https://www.sciencedirect.com/science/article/pii/S0950061823029616 .. 

5. STEENARI, B-M; KARLSSON, L. G. ir LINDQVIST, O. Evaluation of the leaching characteristics of wood 
ash and the influence of ash agglomeration. Biomass and Bioenergy, vol. 16 (1999), nr. 2, pp. 119ɀ136. 
Prieiga per: https://www.sciencedirect.com/sc ience/article/pii/S0961953498000701 . 

 
  

https://www.sciencedirect.com/science/article/pii/S2352554121001789
https://www.sciencedirect.com/science/article/pii/S0960148125003453
https://www.sciencedirect.com/science/article/pii/S0961953420302476
https://www.sciencedirect.com/science/article/pii/S0950061823029616
https://www.sciencedirect.com/science/article/pii/S0961953498000701


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

125 

 

Influence of Silica Aerogel and Preheat Temperature on 
Thermomechanical Properties of Polyurethane  

Muneeba RASHID1, M. Hassan ATIQUE1, Muhammad FAKHIR1, M. Haseeb IQBAL1, 
Kashif SOHAIL2*, Asif JAMIL1* 

1 Department of Chemical, Polymer and Composite Materials Engineering, University of Engineering and Technology, 
Lahore (New Campus), Pakistan 

2 Ahmed Medix Pvt Limited, Lahore, Pakistan 

* majamil@uet.edu.pk 

Abstract  

This research investigates how the addition of silica aerogel and pre-heating 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. In this study, 3% by weight silica aerogel, known for its exceptional thermal insulation 
and lightweight nature, was incorporated into the PU formulation. Pre-heating temperatures of 
30ᴈ, 40ᴈ and 50ᴈ ×ÅÒÅ ÅÍÐÌÏÙÅÄ ÔÏ ÓÔÕÄÙ ÔÈÅÉÒ ÉÍÐÁÃÔ ÏÎ ÔÈÅ ÆÏÁÍ ÃÈÁÒÁÃÔÅÒÉstics. The results 
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 in automotive, 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 industrial applications 
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 because of 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 other materials, 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 formation. Silica 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]. Several studies have indicated 
that adding silica aerogel 1-3% by weight in PU foams can significantly reduce the thermal 
conductivity while maintaining or enhancing the mechanical characteristics [3ɀ5]. However, 
beyond this loading, opposite trends emerged due to disrupted hydrogen bonding, altered 
stoichiometry, increased viscosity-induced nanoparticle agglomeration, and poor nanoparticle 
distribution.  
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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, reaction kinetics 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 strength of PU foams. Because higher temperatures can lead to lower density 
and a weak cell wall [6, 7]. Therefore, pre-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 of PU Foams. However, the combined impact of 
these parameters on PU foams remains largely unexplored. Moreover, the excessive amount of 
aerogel can cause poor mechanical strength of PU foams [Kim et al,2021]. To achieve the desired 
balance between thermal and mechanical properties depends on the concentration of silica 
aerogel incorporated. The pre-heating temperature should also be controlled to get the desired 
properties. This study intends to explore the combined effect of 3% by weight silica aerogel incorporation and preheat 

temperature (30 , 40 , 50 ) on PU foams' thermal and mechanical properties. 

2. Experimental Methodology  

2.1. Materials  

4ÈÅ ÍÁÔÅÒÉÁÌÓ ÕÓÅÄ ÉÎ ÔÈÉÓ ÓÔÕÄÙ ×ÅÒÅ ÐÏÌÙÏÌ ɉÖÉÓÃÏÓÉÔÙ ͽ ςυᴈȡ ςφπ ϻ τπ Ã0Óȟ ÄÅÎÓÉÔÙȡ ρȢρυ - 1.16 
g/cm3ɊȠ ÄÉÐÈÅÎÙÌÍÅÔÈÁÎÅ ÄÉÉÓÏÃÙÁÎÁÔÅ ɉÂÒÏ×Î ÌÉÑÕÉÄȟ ÖÉÓÃÏÓÉÔÙ ͽ ςυᴈȡ ρχπ-250 mPa.S) and 
silica aerogel. The materials used in this work were of commercial grades and provided by Ahmed 
Medix (Pvt) Limited, Lahore, Pakistan. 

2.2. Synthesis of Polyurethane Foam  

This research focuses on the controlled temperature synthesis of silica-aerogel-modified PU, 
which requires the precise mixing of reactants and temperature control. 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 bath up to the desired preheat temperature (30 ᴈ, 40 ᴈȟ 50 ᴈɊȢ 
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 cm3) and allowed to be cured at room temperature 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 ensures the minimization of any inconvenience during the 
chemical process. 
 

 

 

 

 

 

 

 

Fig.1. Block Flow diagram for the production of silica aerogel modified PU 
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The calculation for the required components for the production of silica-aerogel-modified 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 27000m3, using the isocyanate to polyol 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. The sample foam was in the cubic shape, having dimensions 30*30*30 cm3 and 
its weight was measured by a digital balance. 

2.3.2. Thermal Conductivity  

The thermal conductivity of silica-aerogel-modified PU foam was measured by ASTM D 5334 
using a thermal conductivity 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 conductivity-time 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 mm2 and was deflected up to 50% of its original thickness. 
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 its applications. 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 result in more CO2 
production and foam expansion, which would reduce the density [Juan Wang et al,2022]. 
 

 
Fig. 2. Reaction of polyurethane [8] 
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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 ( Ɋ Foam weight (W foam)(g)  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 at different 
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 PU foams decreases, as 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 from 0.0314 to 0.0268 W/(m K). Kim et al also observed 
the reduction in thermal conductivity of PU upon the addition of silica aerogel, 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 factors, including the 
pre-heating temperature. Pre-heating 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 these foams effective thermal 
insulators for use in insulation and heat retention applications. 
 

 
 

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

3.3 Compression Strength of PU foam 

Compressive strength is the other most significant 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 pre-heat temperature by up to 50% thickness deflection to determine the stress-strain 
relationship of the PU foams. The results of compression tests at different preheat temperatures 
are given in Figure 4. The higher mechanical properties were achieved by the addition of silica 
aerogel. Upon increasing the pre-heat temperature and isocyanate ratio, mechanical 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 pre-heat temperature, the compressive stress is maximum, 
whereas it decreases as the temperature increases [6]. The decrease in compressive stress is 
explained by the change in cell structure of the PU foam when the pre-heating temperature 
increases [7]. The dispersion and the pore generation also become the reason for decreased 
compressive strength with an increase in preheat temperature [4]. 
 

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

4. Conclusion 

In this study, the effect of pre-heat temperature (30 ᴈ, 40 ᴈȟ 50 ᴈɊ ÏÎ ÄÅÎÓÉÔÙȟ ÔÈÅÒÍÁÌ 
conductivity and compressive strength of the PU is investigated 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 also increases with the increase in pre-heating 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 pre-heating temperature because of the pore formation and cell 
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 and wax-based aluminium 
MIM feedstock. The binder system is composed of paraffin wax (PW) ɀ 65 wt.%, high density 
polyethene (HDPE) ɀ 30 wt.% and Stearic acid (SA) ɀ 5 wt.%. While, the wax-based aluminium 
MIM feedstock is formulated with the proportions of the 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 wax-based aluminium MIM feedstock were 
differential scanning calorimetry and thermogravimetric analysis (TGA). Significant changes 
were observed for the binder constituents at various temperatures 45 °C and 60 °C (PW), 135 °C 
(HDPE), 75 °C (SA) and 45 °C, 60 °C, 135 °C (Wax-based aluminium MIM feedstock) on the DSC 
profiles. While TGA results revealed that binder constituents can be removed completely around 
580 °C from the wax-based aluminium MIM feedstock. Thermal behaviour of the binder system 
established will be useful for setting suitable injection moulding temperature, development 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 powder 
processing ranging from ferrous and non-ferrous metals [1ɀ3]. 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 a number 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 [4ɀ8] 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 and high-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 [9ɀ15]. The petroleum-based are further grouped 
into wax-based [7] and polymer-based [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 as dispersant and wax 
is added to enhance flowability. The wax-based 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 injection moulding 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 MIM feedstock.  

2. Materials and methods  

The composition of the binder system and proportions of the constituents is as follows: paraffin 
wax (PW) ɀ 65 wt.%, high density polyethene (HDPE) ɀ 30 wt.% and stearic acid (SA) ɀ 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 theoretically evaluated to be 
2.0284 g/cm3 at 62 vol.% solid loading. 

  
a                           b 

 

c                           d 
 

Fig. 11. Samples of the powder used and binder constituents as received: a ɀ Al; b ɀ PW; c ɀ SA; d ɀ HDPE 
 



 

 

 

a b c 

Fig. 2. Samples of the wax-based aluminium MIM feedstock as prepared: a ɀ 3 mm pelletise; b ɀ 
granulated; c ɀ 8 mm extruded 

 
Table 1. Physical properties of wax-based binder constituents and aluminium powder 

S/N Binder constituents/ powder Density, g/cm3 Chemical structural/ symbol 
1 PW 0.92 CnH2n+2 
2 HDPE 0.96 (C2H4)n 
3 SA 0.94 CH3(CH2)16COOH or C18H36O2 
4 Aluminium 2.70 Al 

 

Thermal characterisation of the binder constituents and wax-based 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 melting 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 µl, placed in the DSC chamber and set 
at 10 °C/min of heating rate, and readings were 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. About 20 mg of the samples each 
was carefully weighed and loaded into the TGA machine and the analysis was conducted under 
vacuum atmospheric conditions. The tests were conducted from 25 °C 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 4. The DSC spectrum of the wax-based aluminium 
MIM feedstock shown in Fig. 3 reveal the homogeneity of the of powder-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 Figure 4. It was observed that no residue of PW and 
SA were obtained at 575 °C. This indicates the suitability of multi-step 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 summarised in Table 2, based on DSC and TGA respectively. 
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Fig. 3 DSC thermogram of the binder constituents and wax-based aluminium MIM feedstock 
 

 
Fig. 4. TGA of the binder constituents and wax-based aluminium MIM feedstock 
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Table 2. Thermal characteristics of the binder constituents and wax-based aluminium MIM feedstock 

S/N Binder constituents/ 
feedstock 

Melting Point, 
°C  

Weight loss 
start 
temperature, 
°C  

Rapid weight 
loss 
temperature, 
°C 

Weight loss 
end 
temperature, 
°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 150ɀ179 °C. Furthermore, development of the combine or 
separate thermal profile(s) for debinding and sintering must consider at least a soaking/ holding 
time at 346ɀ480°C to burn-off the polymer constituents in order to produce carbon free parts.   

4. Conclusions 

The following conclusions are drawn: 
1. Melting and degradation temperature range of the binder constituents were established. 
2. Significant changes were observed for the wax-based 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 wax-based 
aluminium MIM feedstock will be useful in setting injection moulding temperature, 
development of the thermal profiles for debinding and sintering processes using this binder 
system. 

References 

1. GERMAN, R. M. Powder injection molding. New Jersey, USA, Metal powder industries federation, 1990. 
ISBN-13 978-0918404954. 

2. GERMAN, R. M. Powder injection molding-Design and applications. Innovative materials solutions, 
USA, 2003. ISBN 0-9727642-0-8. 

3. GERMAN, R. M. Progress in titanium metal powder injection molding. Materials, vol. 6 (2013), no. 8, 
pp. 3641-3662. 

4. LIU, Z. Y., SERCOMBE, T. B., SCHAFFER, G. B. Metal injection moulding of aluminium alloy 6061 with 
tin. Powder Metallurgy, vol. 51 (2008), no. 1, pp. 78-83. 

5. PINWILL, I. E., EDIRISINGHE, M. J., BEVIS, M. J. Fabrication of aluminium components by injection 
moulding: Role of carbon residue caused by removal of the organic vehicle. Journal of Materials Science 
Letters, vol. 10 (1991) no. 18, pp. 1107-1110. 

6. JOYS, J., KASLER, R., RAMSEY, C. Aluminum MIM: New advanced powders and feedstock achieve higher 
densities. Powder Injection Moulding International, vol. 8 (2014), no. 2, pp. 75-79. 

7. ABDOOS, H., KHORSAND, H., YOUSEFI, A. A. Torque rheometry and rheological analysis of powder-
polymer mixture for aluminum powder injection molding. Iranian Polymer Journal, vol. 23 (2014), no. 
10, pp. 745-755. 

8. KATOU, K., MATSUMOTO, A. Application of Metal Injection Molding to Al Powder. Journal of the Japan 
Society of Powder and Powder Metallurgy, vol. 63 (2016), no. 7, pp. 468-472. 

9. WEN, G., CAO, P., GABBITAS, B., ZHANG, D., EDMONDS, N. Development and design of binder systems 
for titanium metal injection molding: An overview. Metallurgical and Materials Transactions a-Physical 
Metallurgy and Materials Science A, vol. 44 (2013), no. 3, pp. 1530-1547. 

10. LADO-Touriño, I. MERODIO-PEREA, R. G. Molecular Dynamics Simulations of Sustainable Green 
Binders for Metal Injection Molding. Sustainability, vol. 17 (2025), no. 5, pp. 2263-2279. 

11. MOMENI, V., SHAHROODI, Z., GONZALEZ-GUTIERREZ, J., HENTSCHEL, L., DURETEK, I. SCHUSCHNIGG, 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

 

136 
 

S., KUKLA, C., HOLZER, C. Effects of Different Polypropylene (PP)-Backbones in Aluminium Feedstock 
for Fused Filament Fabrication (FFF). Polymers, vol. 15 (2023), no. 14, pp. 3007-3025. 

12. HANEMANN, T., WEBER, O. Polymethylmethacrylate/polyethyleneglycol-based partially water soluble 
binder system for micro ceramic injection moulding. Microsystem Technologies-Micro-and 
Nanosystems-Information Storage and Processing Systems, vol. 20 (2014), no, 1, pp. 51-58. 

13. AGGARWAL, G., PARK, S. J., SMID, I., GERMAN, R. M. Master decomposition curve for binders used in 
powder injection molding. Metallurgical and Materials Transactions a-Physical Metallurgy and 
Materials Science, vol. 38 (2007), no. 3, pp. 606-614.  

14. ZOU, H., CHEN, M., FU, Y., XIONG, H., ZHANG, l., ZHOU, K. Microstructure and mechanical properties of 
complex-shaped 7075 aluminium alloy prepared using modified polyoxymethylene-based feedstock. 
Trans. Nonferrous Met. Soc. Chinaȟ ÖÏÌȢ στ ɉςπςτɊȟ ÎÏȢ ρρȟ ÐÐȢ σψφςϺσ875.  

15. LIM, K., HAYAT, M. D., JENA, K. D., ZHANG, W., Li, L. CAO, P. Interactions of polymeric components in a 
POM-based binder system for titanium metal injection moulding feedstocks. Powder Metallurgy, vol. 
66 (2023), no. 4, pp. 355-364. 

16. SCHAFFER, G. B., HALL, B. J. The influence of the atmosphere on the sintering of aluminum. 
Metallurgical and Materials Transactions A, vol. 33 (2002), no. 10, pp. 3279-3284. 
 

  



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

 

137 
 

 

Properties of Polyhydroxyalkanoate  Copolymer and Shungite 
Composite s  

Domas '2)'!,)®.!31*, Malik Daniyal ZAHEER2, Deividas UMBRASAS3, Rolandas 
$!5+£%6)I)532ȟ 6ÉÒÇÉÎÉÊÁ *!.+!53+!)4U1 

1 Kaunas University of Technology, Faculty of Mechanical Engineering and Design, Kaunas, Lithuania 

2 Kaunas University of Technology, Institute of Mechatronics, Kaunas, Lithuania 

3 MB Matteraxis, Kaunas, Lithuania 

* do.grigaliunas@ktu.edu  

Abstract  

In this study, the effects of shungite as a functional filler on the thermal stability, electrical 
conductivity, and mechanical performance of bio-based poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) are investigated. For this reason, the polymer was filled with 5ɀ30 wt.% of 
shungite. The morphology of the shungite was studied by scanning electron microscopy. The 
influence of the filler on the thermal stability of the obtained compositions was evaluated using 
thermogravimetry. Moreover, the electrical and mechanical properties of the polymer with 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, electrical properties, 
thermal properties, mechanical behaviour.  

1. Introduction  

Finding sustainable bio-based alternatives to petroleum-based plastics has become a major global 
priority. Among these alternatives, polyhydroxyalkanoates (PHAs) have attracted a lot of 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 PHA-type monomers. The most notable examples are 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) (Fig. 1). PHBH in particular has better thermal stability, a wider 
processing range, and better mechanical properties due to its ability to combine rigid 3HB units 
and flexible 3HH components [1]. 

 

 

Fig. 1. Chemical structure of a general PHA (a), 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 packaging. Its 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.  
Carbon-based materials 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 fullerenes ɀ spherical carbon molecules [2]. It is predominantly 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 adsorption properties, 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 composites [3]. 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 bio-based poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate). 

2. Experimental  

Fully biobased, water/soil-degradable and home-compostable semi-crystalline 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 are Tm ~  133 °C, Tg = ɀ2 °C, 
r = 1.2 g/cm3 and MFI = 10ɀ15 g/10 min (at 165 °C and load 5 kg). Shungite (ShC) was kindly 
provided by UAB Matteraxis.  
 
The PHBH compositions with shungite (PHBH/ShC) samples were prepared by extrusion using 
Noztek Touch single-screw 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 ± 0.05 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 zone temperature 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 the filament samples (L = 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 2-3 mm section at both ends of each filament, where the 
probes were connected to measure resistance. 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, using a four-point (Kelvin) method, with an applied voltage of 1 V for the resistance 
measurement. The 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, R is resistance, A is the cross-sectional 

area, and L is the length of the filament). 
Scanning electron microscope (SEM) S-3400N (Hitachi, Japan) was used to analyze the ShC 
particles morphology. Thermogravimetric analysis (TGA) was performed using a Perkin Elmer 
instrument (TGA 4000) in a nitrogen atmosphere in the temperature range of 25 °C to 1000 °C at 
a heating rate of 10 °C/min. Tensile testing was carried out using an H10KT universal testing 
machine (Tynius Olsen, England) with a load cell of 250 N and a crosshead speed of 50 mm/min. 
The mechanical properties of the PHBH filament samples (l = 120 mm, Å = 1,8 ± 0.05 mm), such 
as yield strength, tensile strength, ultimate strength, elongation at break, were measured at room 
temperature using a self-tightening 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 sub-angular morphologies, which is typical of mechanically 
ground materials. A broad size distribution of ShC particles is observed with size ranges from less 
than 0.5 µm to approximately 3ɀ4 µm. Most particles fall in the 1ɀ2 µm range and the calculated 
mean size is approx. 0.63 µm. Some areas suggest agglomeration, where smaller particles cluster 
around larger ones, probably due to van der Waals forces. 
 

   
a       b 

Fig. 2. a ɀ SEM image of ShC particles; b ɀ their size distribution based on this image 
 

The TGA curves show the relative mass change of PHBH samples of different composition as they 
ÁÒÅ ÈÅÁÔÅÄ ÕÐ ÔÏ ρπππ Ј# ɉ&ÉÇȢ σɊȢ !ÌÌ ÓÁÍÐÌÅÓ ÅØÈÉÂÉÔ Á ÓÈÁÒÐ ÁÎÄ ÓÉÇÎÉÆÉÃÁÎÔ ÍÁÓÓ ÌÏÓÓ ÉÎ ÔÈe 
temperature range 250ɀσρπ Ј#ȟ ×ÈÉÃÈ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ÔÈÅÒÍÁÌ ÄÅÃÏÍÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ ÐÏÌÙÍÅÒȢ 
Only slightly higher resistance to thermal degradation can be observed in this case of 
0("(Ϲ3È#ɉσπϷɊ ÃÏÍÐÏÓÉÔÉÏÎȢ &ÏÒ ÅØÁÍÐÌÅȟ Á σπϷ ÍÁÓÓ ÌÏÓÓ ÏÃÃÕÒÓ ÁÔ ςωυ°C for this 
ÃÏÍÐÏÓÉÔÉÏÎȟ ÃÏÍÐÁÒÅÄ ÔÏ ςψυ Ј# ÆÏÒ ÐÕÒÅ 0("(Ȣ 4ÈÅ ÒÅÓÉÄÕÅ ÁÔ ρπππ oC increases with increasing 
ShC content. Only minimal mass remains in the case of pure PHBH, indicating complete 
decomposition and the absence of a thermally stable residue. This behaviour is characteristic of 
biodegradable PHBH, which breaks down into volatile products at relatively low temperatures 
(>300 oC). The highest residue is obtained in the case of PHBH+ShC(30%), reflecting the presence 
of thermally stable ShC. 
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Sample 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 1000 oC : 1 ɀ pure PHBH;  
2 ɀ PHBH/ShC(5%); 3 ɀ PHBH/ShC(15%); 4 ɀ PHBH/ShC(30%)  

 

Pure PHBH behaves like a typical insulating biopolymer (Table 2). The addition of ShC 
significantly reduces both resistance and resistivity. For example, at ShC(30%), the resistivity 
decreases by over 60% compared to pure PHBH. ShC, being a carbon-rich material, exhibits good 
electrical conductivity due to its graphitic and fullerene-like structures. However, even at 30% 
3È# ÆÉÌÌÅÒ ÌÏÁÄÉÎÇȟ ÔÈÅ 0("( ÃÏÍÐÏÓÉÔÉÏÎ ÁÃÈÉÅÖÅÓ Á ÃÏÎÄÕÃÔÉÖÉÔÙ ÏÆ ÏÎÌÙ ͯρπϖϐ 3ȾÍȟ ×ÈÉÃÈ 
remains several orders of magnitude lower than tÈÁÔ ÏÆ ÃÏÎÄÕÃÔÉÖÅ ÐÏÌÙÍÅÒÓ ɉρπϖό ɀ ρπϊ 3ȾÍɊ ÏÒ 
ÍÅÔÁÌÓ ɉͯρπϒ 3ȾÍɊȢ 

 

Table 2. Electrical resistance and resistivity of PHBH compositions 

Specimen 2ÅÓÉÓÔÁÎÃÅȟ 'ɱ Resistivity, 105 ɱɇÍ 
   
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 incorporation of 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 stress-strain 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%) decreases 
ultimate strength and strength at break of the PHBH composite in 30-40 % (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 twice (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. 4c). Such mechanical behaviour of PHBH may be due to the relatively large size 
of ShC particles, their aggregation and poor distribution in the PHBH matrix, and defects 
formation, which may lead to the formation of defects. 

 
a 

 
b 

 
c 

Fig. 4. Influence of the ShC content on the stress-strain 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 polydispersity.  
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4. Conclusions 

1. Shungite particles exhibit irregular, angular to sub-angular morphologies with average 
diameter of 1ɀ2 µm.  

2. PHA copolymer poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) break down into volatile 
products at temperature higher than 250 °C and complete decomposes at ~300 °C.  

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

4. The addition of shungite reduces poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) ductility 
and tensile strength, but slightly increases stiffness. The reduced mechanical properties are 
most likely due to the poor dispersion and aggregation of filler particles, and potential defect 
formation in the polymer matrix. 
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Abstract  

In this study, the effect of sodium hyaluronate (Na-HA) on the spinnability of the 
polyvinylpyrrolidone (PVP) solution was investigated. PVP-ethyl alcohol and aqueous Na-HA 
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 calculated. It was determined that Na-HA-modified PVP fibres exhibit 
a uniform, smooth, and free-of-distress structure.  
 

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

1. Introduction  

The skin is the largest human organ, composed 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]. Skin is 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 nerves. Depending on the severity of the wound, it can be 
categorised as acute or chronic wounds, acute 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 that has 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 lead to longer 
healing times 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 wound-healing bands and technologies are 
explored. One of them is electrospinning, which enables the development of innovative non-
woven medical materials [1]. Nanofibres obtained by electrospinning from biodegradable 
polymers display properties such as gas exchange and hydration, fluid 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].  
 

mailto:ugne.zasciurinskaite@ktu.edu
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Polyvinylpyrrolidone (PVP) is a synthetic polymer known for its non-toxicity, biocompatibility, 
physicochemical stability, and surface activity properties. These 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 attachment [3]. 
 
The addition of bioactive materials to the polymeric solution can provide beneficial properties to 
nanofibers for wound dressings. Biocompatible and non-toxic hyaluronic acid (HA) is a main 
component of the extracellular matrix of the skin. Because of its anti-inflammatory, 
antiproliferative, regenerative and moisturising properties, HA is widely applied in tissue 
engineering, wound healing and anti-cancerous treatment [4]. 
 
The aim of this study is to investigate the possibility of incorporating hyaluronic acid derivative, 
sodium hyaluronate, into polyvinylpyrrolidone -ethyl alcohol solution and to determine its effect 
on the polymer's spinnability.  

2. Methods 

The 10 wt% 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 hyaluronate (Na-HA) with a molecular weight ranging from 1,200 to 1,800 kDa was 
utilized in this study. A 0.5 wt% Na-HA solution was prepared by dissolving its powder in distilled 
water under continuous stirring for 30 min at room temperature. The prepared solutions were 
stored at 4 ° C until use. Before electrospinning, aqueous Na-HA 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 electrospinning 

Code of sample Composition  

PVP 10 g PVP + 90 g EtOH 

PVP/Na-HA(0.55 wt%) 9 g PVP + 81 g EtOH + 0.05 g Na-HA + 9.95 g H2O 

PVP/Na-HA(1.25 wt%) 8 g PVP + 72 g EtOH + 0.1 g Na-HA + 19.9 g H2O 

 

Nonwoven mats from the solutions were created by using a rotating roller electrospinning 
ÍÁÃÈÉÎÅ Ȱ.ÁÎÏÓÐÉÄÅÒ4-Ȱ ɉ%ÌÍÁÒÃÏȟ #ÚÅÃÈ 2ÅÐÕÂÌÉÃɊȢ The duration of the electrospinning process 
for each specimen was 5 min at an operating voltage 60 kV.  
A scanning electron microscope (SEM) S-3400N (Hitachi, Japan) was used to describe the 
electrospun mats' morphology. The diameter of nano/microfibers (50 measurements) was 
ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ 3%- ÉÍÁÇÅÓ ɉϼρππππɊ ÕÓÉÎÇ ÔÈÅ Ȱ)ÍÁÇÅ *ȱ ÓÏÆÔ×ÁÒÅȢ 

3. Results and Discussions 

SEM images of electrospun mats from PVP nanofibers with and without the addition of Na-HA are 
shown in Fig. 1. It is visible that in all cases, the PVP nanofibers are randomly distributed without 
clear orientation. Surfaces of the nanofibers are smooth and uniform, with no visible defects such 
as breaks, tears, beads or droplets. This indicates that the nano-mats were formed during a stable 
electrospinning process, with appropriately selected parameters and suitable compositions. 
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a b c 

Fig. 1 SEM images of electrospun PVP mats with varying compositions: a ɀ pure PVP;  
b ɀ PVP/ Na-HA(0.55 wt%); c ɀ PVP/ Na-HA(1.25  wt%). Images were captured at magnifications of 

×1,000 and ×10,000 

 

From Figure 2, it is evident that the majority of both pure PVP and PVP/Na-HA fibers fall within a 
relatively narrow diameter range of 100-200 nm. In the case of pure PVP the majority of fibers 
fall into the 151ɀ200 nm range. The addition of Na-HA leads to a reduction in fiber diameter, 
shifting the distribution t oward finer fibers. The predominant diameter range of PVP/Na-HA 
fibers is 101ɀ150 nm; however, a significant proportion also falls within the 51ɀ100 nm range, 
which is well within the nanometre scale. No significant effect of Na-HA content (0.55 % or 
1.25 %) on the nano/microfibers diameter distribution was observed. 
 

 

Fig. 2 Composition dependence of PVP nano/microfibers diameter distribution 
 

The influence of Na-HA on fibers diameter may be attributed to changes in solution viscosity, 
conductivity, or surface tension, influencing the electrospinning process. On 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 surface is likely to enhance cell adhesion and 
proliferation, thereby contributing to improved biocompatibility of the polymer with skin.  

4. Conclusions 

1. Low content of sodium hyaluronate can be effectively incorporated into polyvinylpyrrolidone 
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 process parameters' effects on surface quality, far 
ÆÅ×ÅÒ ÓÔÕÄÉÅÓ ÁÄÄÒÅÓÓ ÈÏ× Á ÃÏÍÐÏÎÅÎÔȭÓ ÇÅÏÍÅÔÒÙ ÉÎÔÅÒÁÃÔÓ ×ÉÔÈ ÔÈÅÓÅ ÐÁÒÁÍÅÔÅÒÓ ÁÃÒÏÓÓ 
different additive manufacturing processes. This paper investigates the correlation between 
surface roughness, geometry and process parameters on selected 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 trying 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 layer-stepping and balling phenomena, while SLA 
shows a greater consistency due to its photopolymerization mechanism. This paper shows that 
geometry-dependent process optimisation is critical for achieving targeted surface quality. It also 
highlights the need for optimised design stage considerations, where 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 closed-loop control systems, enabling more accurate surface finish 
control in AM applications. This research supports general AM practitioners in making geometry-
aware, parameter-optimised decisions to reduce post-processing needs and improve part quality 
directly from the build  process. 
 
Keywords: additive manufacturing, process parameters, surface quality, geometry, non-metal 
additive manufacturing. 

1. Introduction  

Additive Manufacturing (AM) has transformed the approach to production and prototyping of 
components in major sectors 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 technology 
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, aesthetic quality, part performance and even influences 
the production cost, which adds up due to post-processing. High surface roughness can result in 
premature mechanical failures, reduced aerodynamic efficiency, or poor biocompatibility [1]. 
Although considerable research has been done investigating the influence of various AM process 
parameters on surface roughness, most studies focus narrowly on single-technology, parameter-
specific, or flat geometry scenarios. However, in practical applications, diverse geometric 
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 significant gap. 
 
Addressing this knowledge gap, this paper examines the correlation between surface roughness, 
geometry and influential process parameters across the three most used polymer-based AM 
methods - fused deposition modelling (FDM), stereolithography (SLA), 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 enhance the predictability of surface roughness of an AM-
produced part. This study integrates geometry-dependent 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 closed-loop 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, this method ensures the validity and reliability of 
the findings while avoiding unsubstantiated claims. Data was collected in a systematic literature 
ÒÅÖÉÅ× ɉ3,2Ɋ ÕÓÉÎÇ ÔÁÒÇÅÔÅÄ ËÅÙ×ÏÒÄ ÓÅÁÒÃÈÅÓ ɉȰÓÕÒÆÁÃÅ ÒÏÕÇÈÎÅÓÓȟȱ ȰÇÅÏÍÅÔÒÙ ÅÆÆÅÃÔÓȟȱ ȰÁÄÄÉÔÉÖÅ 
manufacturing ÐÒÏÃÅÓÓ ÐÁÒÁÍÅÔÅÒÓȟȱ Ȱ&$-ȟȱ Ȱ3,!ȟȱ Ȱ3,3ȱɊ ÁÃÒÏÓÓ ÒÅÐÕÔÁÂÌÅ ÄÁÔÁÂÁÓÅÓ ÓÕÃÈ ÁÓ 
Science Direct, Research Gate, Google Scholar, IEEE Xplore, MDPI, Web of Science etc. Only studies 
providing clear and detailed experimental conditions and numeric roughness values (Ra) were 
considered. Data was organised according to process, geometry and parameter variations. 
The criteria for the selection of the study include: 

1. report of Ra values for specific geometry and process settings; 

2. involve non-metal polymer materials (e.g., PLA, PA12, PA11, resin); 

3. at least one of the selected process parameters; 

4. must clearly describe geometry (flat, angled, or curved). 

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 processes utilise 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 these methods 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 commonly encountered: 
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¶ Flat surfaces (horizontal and vertical): baseline roughness measurement, least affected by 
stair-stepping anomalies. 

¶ Angled surfaces (45° and 90° inclinations): typically exhibit pronounced stair-step effects, 
especially in FDM and SLS. 

¶ Curved geometries: used to analyse complexity-driven roughness variation, critical in 
functional or aesthetic components. 

4ÈÅÓÅ ÃÁÔÅÇÏÒÉÅÓ ÁÌÌÏ× Á ÃÏÍÐÒÅÈÅÎÓÉÖÅ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÇÅÏÍÅÔÒÙȭÓ ÉÎÆÌÕÅÎÃÅ ÏÎ ÐÁÒÁÍÅÔÅÒ-
roughness relationships [3]. 

2.4. Process Parameters 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 modelling (FDM), some of the important parameters are layer 
height, nozzle temperature and print speed. Thicker layers tend to produce rougher surfaces 
thanks to more noticeable stair-stepping effects, while thinner layers produce smoother finishes 
at the cost of lonÇÅÒ ÐÒÉÎÔ ÔÉÍÅÓȢ 4ÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅ ÎÏÚÚÌÅ ÁÆÆÅÃÔÓ ÔÈÅ ÔÈÅÒÍÏÐÌÁÓÔÉÃ ÆÉÌÁÍÅÎÔȭÓ 
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 lower surface 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 exposing each layer for the correct amount of time is a 
ÍÕÓÔȟ ÔÏÏ ÌÉÔÔÌÅ ÌÉÇÈÔ ÁÎÄ ÌÁÙÅÒÓ ×ÏÎȭÔ ÃÕÒÅȟ ÔÏÏ ÍÕÃÈ ÁÎÄ ÒÏÕÇÈ ÏÒ ÏÖÅÒ-cured textures are 
observed. The viscosity of the resin is also a factor; lower viscosity aids flow and uniform polymer 
curing, and 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 energy density 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 particles) 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 [5-7] 

AM Process Parameter  Justification  
FDM Layer Height Dominant stair-step effect 
FDM Nozzle Temp. Influence on filament 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 value Ra, 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 experimental 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 following the profile of the surface with a stylus 
and gives accurate Ra values [7]. Optical profilometry and microscopy are used for more complex 
geometries, especially for curved or detailed surfaces. They are, therefore, non-contact 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 
roughness Ra increases 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]: 
 

Ὤ ὒ ÓÉÎ —                                                    (1)  

where: hs - stair step height; L - layer thickness; ɡ - 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 µm (flat) to 12.94 µm (curved), with 10.5 µm 
found at 45° due to the stair-stepping phenomenon, which occurs due to material deposition [3]. 
The increase in layer thickness with SLA is more gradual as it transitions from 0.81 µm 
(horizontal) to 1.2 µm (vertical) based on the incidence of light and depth of local resin curing 
affected by photo-polymerisation homogeneity [6]. In SLS, Ra values vary from 6.3 µm (flat) to 
7.8 µm (curved), due to anisotropic melting of 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 (FDM). The main key process parameters that closely influence surface 
roughness in FDM are layer height Lh, nozzle temperature T, and print speed S. This is reflected 
as it can be described from research introducing an empirical model to estimate the surface 
roughness in extrusion-based processes, which is written as [3]: 
 
                                                                         Ὑὥ ὯϽὒ ϽὛ ϽὩ Ⱦ                                                    (2)  

 
where k, a, b, and c are experimentally determined constants. 
 
This theory was experimentally confirmed by a study that reported Ra values 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 while 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 stair-stepping 
phenomenon induced by the layer-by-layer extrusion and deposition process fundamental to 
FDM. In FDM, layer height had the most effect, with reduced parameter values greatly improving 
Ra but also affecting cost and time of production [5]. 
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Stereolithography (SLA). In SLA, both layer thickness and exposure time Et have a major influence 
on surface roughness. The cure depth Cd in SLA obeys the Beer-Lambert law according to Jacobs 
[10]:  
 

ὅ  Ὀ ϽὍὲ Ὁ Ὁϳ                                                  (3) 

where: Cd - 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 overexposure (Emax>Ec) 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 appropriate 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 affecting its 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). The parameters like laser power P, scan speed V, hatch spacing h, 
layer thickness t, etc, mainly affect the surface finish in polymer-based SLS. A vital factor is the 
energy density Ed deposited in the powder bed, and follows the relationship [11]: 
 

Ὁ  
ὖ

ὠ Ὤ ὸ
                                                    (4)  

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 layers reduce 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 of the scan lines. A well-balanced 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 
ÉÎ 2Á ÖÁÌÕÅÓ ÖÁÒÙÉÎÇ ÆÒÏÍ πȢψ ÔÏ ρȢς ʈÍ ɍφɎȢ 4ÈÅ ÆÉÎÉÓÈ ×ÉÔÈ &$- ÉÓ the roughest, with a Ra between 
χȢω ÁÎÄ ρςȢω ʈÍȟ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅ ÌÁÙÅÒ-by-layer extrusion process and the stair-stepping of slopes 
[5]. Considering SLS, surface roughness indicates an intermediate value, usually in the range of 
φȢσ ÔÏ χȢψ ʈÍȟ ÉÎ ÃÏÒÒÅÓÐÏÎÄÅnce with the powder fusion quality, type 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 the final 
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  3ÕÒÆÁÃÅ 2ÏÕÇÈÎÅÓÓ ɉ2Áȟ ʈÍɊ 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 PA11 

 

 
Fig. 1. Surface roughness by geometry and AM processes 

4. Conclusions 

1. The roughness of the surface in the AM is geometry-dependent, and it increases especially on 
angled or curved surfaces for FDM, SLA, and SLS processes. 

2. FDM exhibits the most variable roughness due to the stair-stepping 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. 

3. In the FDM process, layer height has the most significant effect on Ra, 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. 

4. Lower layer height in FDM, exposure parameters optimisation for SLA and fine powders with 
balanced energy density in SLS are successful approaches to reducing the Ra. 

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

6. 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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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, cost-efficiency 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 for sensing elements. 
Interlayer tensile strength tests were conducted on specimens fabricated with combinations of 
PLA, PETG, CB/PLA, and Fe/PLA, according to ISO 527:2012-1BA standard. Results showed that 
combinations with PETG have significantly lower interlayer tensile strength, while PLA+CB/PLA 
combination showed the highest value among the combination groups. The weakest adhesion was 
observed between pure PLA and PETG, confirming poor inter-material 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 various 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 with the 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 methods are costly and 
time-consuming for the 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 custom-made 
filaments for their required applications [2, 3]. The article focuses on the role of filament-based 
material extrusion (FBME) technology in sensor production, highlighting the materials and their 
applications in sensing elements production. The FBME method was chosen due to its high 
commercial availability, cost-effectiveness, 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. It uses 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: pre-processing, printing, and post-
processing.  
The pre-processing stage covers the 3D model and toolpath code creation. The model is created 
using computer-aided design (CAD) software, which 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 parameters is saved as a G-code, which can be uploaded to the 
printer's controller. The printing process covers material extrusion according to the G-code. The 
filament is directed from its spool to the extrusion head, where it is melted and extruded through 
the nozzle onto the build platform layer by layer.  These technology machines are most commonly 
based on cartesian coordinates system. During post-processing stage the supporting structures 
are removed, if they were required by the geometry. Removal of supports 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 [2]. Common pure 
polymers used for sensor housing are Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene 
(ABS), Thermoplastic Polyurethane (TPU), Polyethylene Terephthalate Glycol (PETG) and 
Polycarbonate (PC). These materials require extrusion temperatures in range of 190-310°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, their printing releases toxic fumes.   
Pure polymers used in FBME are low-cost 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 composites 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 
choice of 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. Common composite additives 
for sensing element production are introduced in Table 1. 

Table 1. Common composites 

Additive  Possible matrix  Properties  Application  
Commercial 

suppliers  

Graphene 
[4]  

PLA, ABS, and PC 
Flexibility, low resistivity, high 

electron mobility, electrical 
and thermal conductivity 

Resistive, 
capacitive, 

and 
piezoresistive 

sensors 

Angstron Materials, 
Graphene 3D Labs, 

Black Magic 3D, 
Filabot 

Carbon 
Black (CB) 

[4]  

Polycaprolactone 
(PCL), PLA, and 

ABS 

Low cost and chemical 
stability, piezoresistive 

properties, semiconductor-
like electrical conductivity 

Proto-Pasta 

Multi -
walled 
carbon 

nanotubes 
(CNTs) [4] 

ABS, PLA, and 
PETG 

High electrical conductivity, 
axial thermal conductivity, 
lateral insulation, and high 

tensile strength and stiffness 

3DXTech, 
Functionalize F-
Electric, Filabot, 
Cheap Tubes Inc., 

Nanocyl 
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Magnetic 
materials 
(Maraging 
steel, Iron) 

[3, 6] 

PLA, PETG 

Maraging steel is a soft 
magnet; lower viscosity and 
lower extrusion temperature 

due to metal particles 

Magnetic field 
detection or 
proximity 
sensors 

Proto-Pasta, 
PrusaResearch 

Barium 
Titanate 

nanowires 
[7]  

Polyvinylidene 
Fluoride, PLA 

Barium Titanate is a 
piezoelectric ceramic, 

however, on its own, it is 
brittle  

Force, 
vibration, or 

pressure 
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 sensing element 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 chemical reactions by generating 
signals proportional to the concentration of an analyte in the reaction [8]. However, 
electrochemical sensors and biosensors elements often require post-processing (chemical 
treatments, coatings). 
 
One instance of stain or piezoresistive 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 pattern 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 commercial filaments [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 filled 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 a bendable, 
coplanar capacitive sensor for liquid-level 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 was unaffected by bending. This 
proves an opportunity for rapid prototyping and low-cost production [11]. 
An example of an electrochemical sensor is a low-cost, portable system for on-site detection of 
soil pH and potassium levels. The system employs additively manufactured miniaturized ion-
selective electrodes fabricated using commercially available conductive CB/PLA filament [12]. 
ME method application for medical field biosensors, and this method's advantages during a crisis 
is the development of Au-modified additively manufactured biosensors using a commercial G-PLA 
filament for detecting SARS-CoV-2 and a potential disease biomarker [13]. 

5. Experimental Methodology  

The specimens for tensile testing were modelled according to the ISO 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 software. A sketch of the specimen is presented 
in Figure 1. 
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Fig. 1 Sketch of a small specimen for tensile testing [15] 

For adhesion testing two polymers PLA and PETG from Prusa Research and two composites 
Electrically Conductive Composite PLA (PLA >67%, 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 CB/PLA, 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 MK3.5 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 ensure failure between the layers (Fig. 2). To minimize vibrational 
distortion, the printing speed was later reduced manually.  
 
&ÏÒ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ ÓÐÅÃÉÍÅÎÓ Ȱ4ÅÎÇ 4ÏÏÌÓȰ ÃÁÌÉÐÅÒ ×ÉÔÈ Á ÍÅÁÓÕÒÅÍÅÎÔ ÌÅÎÇÔÈ ÏÆ ρυπ ÍÍ ÁÎÄ 
a division value of 0.01 mm was used. The adhesion testing was carried out using a 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. 

a        b 

Fig. 2. Testing specimens: a ɀ specimens printing orientation and placement of the printing bed; b ɀ 
specimen fixture in universal tensile-flexural machine 

6. Results and discussion 

After post-processing operations specimens' centre part was measured at three different points. 
It was observed that PETG experienced shrinkage in width (b1), whereas other materials showed 
an increase in width and thickness (h) compared to the original 3D model. Summarized and 
averaged measurement results are presented in Table 2.  
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Table 2. Average measuring results of specimens 

Combinations group  Control group  

Materials 
b1, 

mm 
h, 

mm 
Cross-sectional 

area, mm2 
Materials 

b1, 
mm 

h, 
mm 

Cross-sectional 
area, mm2 

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 5.1 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 

3ÐÅÃÉÍÅÎÓȭ ÂÅÈÁÖÉÏÕÒ ÄÕÒÉÎÇ ÔÅÎÓÉÌÅ ÔÅÓÔÉÎÇ ÉÓ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ σȢ !ÌÌ ÓÐÅÃÉÍÅÎÓ ÓÅÐÁÒÁÔÅÄ 
within a displacement range of 0.8-1.5 mm during tensile testing. The weakest adhesion was 
observed between pure PLA and PETG, suggesting poor compatibility. However, PLA composites 
with CB and Fe showed slightly improved adhesion with PETG. Control group results show that 
composite materials are inherently more susceptible to tensile stress. 

 
   a               b 

Fig. 3 Interlayer Tensile Stress-Displacement curves: a ɀ combinations group, b ɀ control group 

The average interlayer tensile strength of the tested specimens, along with the results dispersion, 
is illustrated in Figure 4. Overall, the control group demonstrated higher interlayer tensile 
strength compared to the combination group. Among the control materials, PLA exhibited the 
highest strength ɀ 38.62 MPa, while Fe/PLA had the lowest value ɀ 10.35 MPa. In the 
combinations group, PLA+CB/PLA specimens showed the highest strength ɀ 12.7 MPa), followed 
by PLA+Fe/PLA and CB/PLA+Fe/PLA. Several PETG ÃÏÍÂÉÎÁÔÉÏÎȭ specimens failed during 
clamping, indicating that PETG had the weakest interlayer adhesion with the tested materials. 
Compared to pure PLA, its composites showed a 62ɀ73% decrease in interlayer tensile strength, 
and in the combinations group, PLA+CB/PLA and PLA+Fe/PLA experienced a 67ɀ70% interlayer 
tensile strength decrease in comparison to pure PLA. The most consistent results were observed 
in CB/PLA and PLA+Fe/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: red ɀ control group, blue ɀ combinations group 

7. Conclusions 

1. Common polymer additives used to achieve electrical conductivity, magnetic or piezoelectric 
properties are such: graphene, carbon black, carbon nanotubes, magnetic materials (maraging 
steel, iron), barium titanate nanowires. 

2. Measurements showed that PETG experienced shrinkage in width by 0.14 mm, while other 
materials exhibited slight increases in width and thickness. TPU specimens were excluded due 
to print failure caused by excessive vibrations and its rubber-like properties.  

3. The combinations group specimens showed lower interlayer tensile strength compared to 
pure PLA ɀ 62ɀ73% reduction. PLA+CB/PLA showed the highest interlayer tensile strength 
among combinations ɀ 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 traditional materials. Abrasive water jet machining 
(AWJM) is widely used in industry for composite materials. However, AWJM faces certain 
challenges when cutting composite materials, including delamination, fiber pull-out, matrix 
erosion, and the tapering of the cutting kerf. This paper presents an investigation of the effect of 
AWJM 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 process, such 
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 strength-to-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 basalt fiber reinforced polymer 
composite is an example of a composite derived from a mineral source [2]. Basalt fibers are made 
from basalt rock by melting it and converting it into fiber [3]. The eco-friendly nature of this 
composite makes it a more sustainable option than many other composites [3]. Due to the wide 
use of composites, the machining of these materials is also becoming increasingly important these 
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 AWJM is 
highlighted for the cutting of composite materials. To analyse the cutting quality, the 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 cutting 10 basalt fibres plies (Basaltex NV, Wevelgem, 
Belgium) with dimensions of 100 × 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 with 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 × 30 mm were cut using a Wazer desktop AWJM. 80-mesh alluvial garnet 
was used as 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 Schematic of 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 surfaces. The roughness parameters 
calculated in this work are the arithmetic mean roughness (Ra) and the root mean square 
roughness (Rq). Parameters were calculated using ImageJ software. At least three cross-sectional 
profiles of the optical microscope 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. The x-axis shows the length of the horizontal scan in pixels, and the y-axis shows 
the intensity of the grey. Peaks in the profile indicate high grey values, and valleys are low grey 
values.  

Kerf angles were measured using the optical microscope Ȱ-ÏÔÉÃÁÍ ρπππ ρȢσ- 0ÉØÅÌȱ ÁÎÄ ȰMotic 
Images plus 2.0ȱ ÓÏÆÔ×ÁÒÅ. The Kerf angles were calculated from four measurements. Using the 
same microscope, a qualitative study of 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 high-quality surface finish on the samples, 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 epoxy composite. Although the examples 
show that both cuts produce a high-quality cut, the main problem encountered in machining 
composites is the delamination that occurs during the cutting process [5].  
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a b 

Fig. 2. Images of BFRPC samples: 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. 3 c). It can be seen that the delamination occurred on the edge from which 
the cutting process started. The investigations of Shanmugam et al. [5] show that the delamination 
is caused by a shock wave caused by a water jet and the abrasive particles used in the cutting 
process. In addition, composites without good adhesion between the matrix and the reinforcing 
fibre are prone to defects such as cracks and delamination. 

 

The cross-sectional 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 b). In 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 pull-out and more fiber matrix bonding. The 
alignment of the fibers is also more parallel and cleaner. In coarse cutting, microcracks are more 
present than in fine cutting.  
 

Fig. 3 Optical microscope images of BFRPC samples delamination: a- coarse cutting, c - fine cutting and 
images of BFRPC cross-sections at magnification ³10: b - coarse cutting)., b - fine cutting 

 

The cross-sectional profiles presented in Figure 4 illustrate the surface profile of BFRPC after the 
coarse and fine cutting processes. In the coarse cutting profile, a very large difference between 
the peaks and valleys is clearly visible in some regions. This indicates that the surface is less 
smooth and rougher after coarse cutting. Sharp peaks and deep valleys are visible in the profile, 
which may be due to the effect of fiber pull-out or delamination during the cutting process. The 
increase in feed rate compared to fine cutting can be the reason for a more aggressive cutting 
action. The fine cutting profile shows high fluctuation, which means strong irregularities in the 
cut profile. 

    

a b c d 
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mm 
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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 low feed rate. 

From the details given in Table 1 on the roughness values. Normally, the values of Ra and Rq were 
expected to be lower for fine cutting compared to coarse cutting, but in this situation, the results 
were the opposite of what was expected.  

 

  
a b 

Fig. 4 Cross-sectional profile of BFRPC samples: a - coarse cutting; b ɀ fine cutting 
 

Table 1. Surface roughness values of coarse and fine cutting samples 

Cutting type  Rq (µm) Ra (µm) 

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 that the value of the kerf angle increased more 
than twice, then the feed rate increases from 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 angles. At higher feed rates, the jet nozzle 
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 researchers showed that a cone 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] . 

 

  

a b 

Fig. 5 The kerf angles of BFRPC: a - coarse cutting; b - fine cutting 
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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 cut due 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 mm/min resulted 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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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 students develop practical skills through real, complex project 
tasks. 
Didactic innovations in the module include project-based 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 increasingly 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 innovations include both teaching methods, 
assessment strategies, and the use of technologies in the study process [1ɀ2]. One of the modules 
ÔÈÁÔ ÉÍÐÌÅÍÅÎÔÓ ÔÈÅÓÅ ÐÒÉÎÃÉÐÌÅÓ ÉÎ ÐÒÁÃÔÉÃÅ ÉÓ Ȱ$ÉÇÉÔÁÌ -ÅÄÉÁ 4ÅÃÈÎÏÌÏÇÉÅÓ ÁÎÄ $ÅÓÉÇÎȱȟ ÄÕÒÉÎÇ 
which students acquire interdisciplinary competencies that include graphic design, website 
development, 3d modelling and information visualisation. 

The educational innovation process consists of five phases (see Fig. 1). 

 
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 outcomes. After completing the first two 
phases, the (re)design itself defines the third phase. During 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 met [3] . 

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 into account their learning groups [4-5]. 
The aim of this paper is to show how innovative teaching methods are applied in the module 
ȰDigital Media Technologies and Designȱ and 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 skills, 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. Submission 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 open-source and professional 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: 

¶ A vector logo created using Krita or another ÇÒÁÐÈÉÃ ÄÅÓÉÇÎ ÐÒÏÇÒÁÍÍÅ ÄÅÖÅÌÏÐÓ ÓÔÕÄÅÎÔÓȭ 
imagination and understanding of branding; 

¶ A three-dimensional model with adapted lighting and overview animation, created using 3ds 
Max, illustrates the form, functionality and aesthetics; 

¶ A project ÄÅÓÃÒÉÐÔÉÏÎ ÉÎ ÔÅØÔ ÆÏÒÍÁÔȟ ×ÈÉÃÈ ÐÒÏÖÉÄÅÓ ÉÎÆÏÒÍÁÔÉÏÎ ÁÂÏÕÔ ÔÈÅ ÐÒÏÄÕÃÔȭÓ ÔÅÃÈÎÉÃÁÌ 
characteristics, design solutions, and creative process; 

¶ Quality of information presentation ɀ the website must clearly and consistently display 
information about the materials used, functionality, target audience, etc.; 

¶ The section ȰAbout the authorȱ provides a brief introduction of the student, helping to form a 
personal digital identity.  

Clearly defined assessment criteria help students to achieve results that are focused on 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 modern design 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 ȰAbout the authorȱ page 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: 

Ɇ ψχϷ ÏÆ ÔÈÅ ÓÔÕÄÅÎÔÓ ÓÁÉÄ ÔÈÁÔ ÔÈÅ ×ÅÂÓÉÔÅ ÄÅÓÉÇÎ ÁÓÓÉÇÎÍÅÎÔ ÉÍÐÒÏÖÅÄ ÔÈÅÉÒ ÄÉÇÉÔÁÌ ÌÉÔÅÒÁÃÙȠ 

Ɇ ωρϷ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ ÔÈÅ ÐÒÏÊÅÃÔ ÈÅÌÐÅÄ ÔÈÅÍ ÂÅÔÔÅÒ ÕÎÄÅÒÓÔÁÎÄ ÔÈÅ ÉÎÔÅÇÒÁÔÉÏÎ ÏÆ design and 
technology; 

Ɇ χψϷ ÉÎÄÉÃÁÔÅÄ ÔÈÁÔ ÉÔ ×ÁÓ ÔÈÅ ÍÏÓÔ ÖÁÌÕÁÂÌÅ ÁÓÓÉÇÎÍÅÎÔ ÏÆ ÔÈÅ ÓÅÍÅÓÔÅÒȢ 

4. Conclusions 

1. 4ÈÅ ÄÉÄÁÃÔÉÃ ÉÎÎÏÖÁÔÉÏÎÓ ÁÐÐÌÉÅÄ ÉÎ ÔÈÅ ÓÔÕÄÙ ÍÏÄÕÌÅ Ȱ$ÉÇÉÔÁÌ -ÅÄÉÁ 4ÅÃÈÎÏÌÏÇÉÅÓ ÁÎÄ 
$ÅÓÉÇÎȱ ÁÒÅ ÁÎ ÅÓÓÅÎÔÉÁÌ ÃÏÎÄÉÔÉÏÎ ÆÏÒ ÁÃÈÉÅÖÉÎÇ ÒÅÌÅÖÁÎÔ Ánd high quality learning. 

2. Didactic innovations in the module ȰDigital Media Technologies and Designȱ allow achieving 
higher-level learning goals by developing both technological and creative competencies. Such 
projects strengthen the connection between theory 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 the study process. 
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Abstract  

By todayôs trends, companies need to apply a circular economy model, which involves extending the 

life cycle of a product, thereby ensuring that manufacturing plants will continue to operate without 

interruptions. In this regard, plastic recycling technologies are an important tool for extending the cycle 

of plastic packaging. Although many companies have currently implemented models of mechanical 

recycling technologies, chemical recycling can be another excellent tool to recycle plastic packaging 

and efficiently manage packaging waste. This review examines chemical recycling technologies 

specifically applied to plastic packaging materials and provides an overview of the current situation, 

challenges and future directions. 

 

Keywords: chemical recycling, plastic packaging, packaging waste management. 

1. Introduction  

Modern society is a consumer community; therefore, with each passing day, not only does the volume 

of production increase, but also the amount of waste. It is estimated that in 2022, about 58.7 million 

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 fossil-fuels; it is calculated that less than 10% are 

made 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 the structure of plastics 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 lower quality: 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 plastic packaging. 

The advantages and limits of the systems are reviewed, to understand what future prospect does 

chemical recycling have, that would help to achieve sustainable plastic waste management. 

2. Variety of plastic packaging waste  

Polymers for packaging are chosen 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 materials, halogens, 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 emissions 

and enhance the recovery [4]. Furthermore, there are key elements, for recycling-focused design, which 

includes to choose materials with good recycling properties and proper labelling, which ensures easy 

disassembly if needed, understanding real-time conditions of the recycling market [4]. Polymer 

complexity, contamination levels, for example, labels, adhesives, additives, inks, often are reasons why 
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mechanical recycling is unable to recycle plastic packaging waste into high-quality recyclates, and for 

that reason, interest in chemical recycling 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 high-quality monomers, oligomers, oils, fuels and much 
more. Since it can obtain high-quality materials, those feedstocks can be used in new production 
streams. There are several chemical recycling methods, which are presented in Table 1., 
nonetheless all of them fall into these 2 main categories: thermolysis and solvolysis.  

Table 1. Chemical recycling methods for types of plastic packaging [5ɀ8] 

Recycling 
technology  

The type of plastic that 
can be recycled by this 
method  

Main reaction of the 
technology  

Main products 
from the reaction  

Pyrolysis Polyolefins, such as 
polyethylene (PE), 
polypropylene (PP), 
polystyrene (PS), as well 
as mixtures of plastics  

Thermal decomposition is 
carried out in an inert 
environment at temperatures 
between 450ɀ800°C, if needed 
a catalyst is used  

Various organic 
compounds, 
including fuels, 
waxes, oils and 
monomers 

Hydrocracking Polyolefins, such as 
polyethylene (PE), 
polypropylene (PP), 
polystyrene (PS), as well 
as mixtures of plastics 

Hydrogen and catalysts used to 
break down plastics, 
environment is 350ɀ525°C 

Fuels and other 
high-value 
chemicals 

Gasification Mixtures of plastics and 
non-recyclable plastics 

Reaction takes place at 
temperatures above 700°C 
using oxygen or steam  

Various synthetic 
gases 

Hydrothermal 
liquefaction 

Polyolefins, such as 
polyethylene (PE), 
polypropylene (PP), 
polystyrene (PS), as well 
as mixtures of plastics 

The reaction is carried out at 
high temperatures of 290ɀ
450°C under pressure  

Plastics break down 
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 

Glycolysis Polyethylene 
terephthalate (PET), 
other polyesters, 
polyurethane (PU) 

Depolymerization of plastics by 
applying glycols such as 
ethylene glycol  

Monomers and 
oligomers 

Hydrolysis  Polyethylene 
terephthalate (PET), 
polyamides (PA) 

Depending on the type of 
hydrolysis, water, aqueous 
concentrated acids (H2SO4(aq)), 
as well as aqueous bases 
(NaOH(aq)) are used for 
depolymerization  

Monomers 

Alcoholysis Polyethylene 
terephthalate (PET), 

Alcohols such as methanol or 
ethanol are used for 
depolymerization  

Monomers and 
other chemical 
materials 
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Recycling 
technology  

The type of plastic that 
can be recycled by this 
method  

Main reaction of the 
technology  

Main products 
from the reaction  

other polyesters, 
polycarbonates (PC) 

Aminolysis and 
ammonolysis 

Polyethylene 
terephthalate (PET), 
polyurethane (PU) 

Depolymerization using 
amines or, in the second case, 
ammonia (NH3)  

Amine structure 
monomers 

The names of the 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 recycle not only 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 as BASF [9] , Plastic 
Energy [10], or methanolysis at Eastman [11], or glycolysis of PET in company Loop Industries 
[12]. 

4. Challenges, limitations and prospects  

Although there are 9 chemical processing technologies mentioned, the broad adoption of 
chemical recycling is hampered by issues 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 full-scale without capital investments [2]. Despite the fact, that 
chemical recycling is presented to a circular economy and decrease dependence on virgin fossil-
based materials [13], some chemical recycling reactions can generate hazardous by-product or 
secondary emissions [2]. Needless to 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 system 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 products 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 hydrothermal 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. 
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2. Many different products could be produced from using chemical recycling technologies, for 
instance, from PET waste, which is depolymerized by the glycolysis process, is obtained high-
quality raw material is obtained, which could be used to make food-grade PET plastic, and 
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  

Data centers comprise important IT infrastructure but represent major energy users, particularly 
in tropical climates where cooling needs are high. This research presents an Analytic Hierarchy 
Process (AHP)-based Decision Support System (DSS) to systematically prioritize solutions for 
lowerin g data center energy usage. By describing the issue as a goal, criteria, and alternatives, and 
ÇÁÔÈÅÒÉÎÇ ÅØÐÅÒÔ ÅÖÁÌÕÁÔÉÏÎÓ ÕÓÉÎÇ 3ÁÁÔÙȭÓ ω-point scale, the AHP framework statistically ranks 
ÅÁÃÈ ÁÌÔÅÒÎÁÔÉÖÅȭÓ ÐÏÔÅÎÔÉÁÌ ÅÆÆÅÃÔȢ ! ÃÁÓÅ ÓÔÕÄÙ ÁÔ 3ÒÉ ,ÁÎËÁ 4Ålecom Data Center reveals that high-
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 close connection between these elements and overall energy use. 
This DSS provides a transparent, data-driven decision-making strategy that is repeatable across 
comparable tropical conditions. Future studies may expand this technology to real-time 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 around the world, data center 
ÏÐÅÒÁÔÉÏÎÓ ÁÃÃÏÕÎÔ ÆÏÒ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÁÍÏÕÎÔ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÌÅÃÔÒÉÃÁÌ ÐÏ×ÅÒ ÃÏÎÓÕÍÐÔÉÏÎȟ 
prompting urgent requests for more efficient designs and operations [2]. Against this background, 
attempts to install greener technology and manage power use in high-density locations have 
become a strategic priority for organizations aiming to reconcile operational performance with 
sustainability objectives [3, 4]. 
 
This research tackles the critical issue of excessive energy usage in data 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 alternative 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, sub-criteria, and candidate alternatives, AHP 
offers measurable measurements of relative significance, thereby aiding infrastructure planners 
and managers in making balanced, data-driven decisions [6]. Expert opinion, acquired via paired 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025 

 

176 
 

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 boost energy 
efficiency in data centers, spanning from enhanced cooling systems to renewable power 
integration and resource virtualization [7, 8]. While much research focuses on particular 
strategies, such as free-cooling or liquid cooling, fewer have utilized a systematic 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 quantifies trade-offs among potentially conflicting 
factors, an area where AHP is especially well-suited. A recent research by Özkan et al. [9] 
ÅØÁÍÉÎÅÄ ÁÎÄ ÃÏÎÔÒÁÓÔÅÄ !ÓÉÁ 0ÁÃÉÆÉÃ !ÃÃÒÅÄÉÔÁÔÉÏÎ #ÏÏÐÅÒÁÔÉÏÎ ɉ!0!#Ɋ ÃÏÕÎÔÒÉÅÓȭ ÒÉÓË ÐÒÏÆÉÌÅÓ 
that influence data ÃÅÎÔÅÒÓȭ ɉ$#ÓɊ ÅÆÆÉÃÁÃÙȢ 4ÈÅÙ ÐÒÏÐÏÓÅÄ Á ÓÙÓÔÅÍÁÔÉÃ ÁÓÓÅÓÓÍÅÎÔ ÐÒÏÃÅÓÓ 
employing two MCDM methodologies, namely spherical fuzzy AHP (SF-AHP) and EDAS 
(evaluation based on distance from average solution). While SF-AHP is favored to prioritize the 
main and sub-criteria in an imperfect decision-making environment, EDAS is employed to rank 
ÔÈÅ ÃÏÕÎÔÒÉÅÓȭ $# ÐÒÏÆÉÌÅÓȟ ÅÍÂÅÄÄÉÎÇ ÔÈÅ ÄÅÒÉÖÅÄ ÃÒÉÔÅÒÉÏÎ ×ÅÉÇÈÔÓȢ %ÒÄÅÍ ÁÎÄ vÚÄÅÍÉÒ ɍρπɎ 
assessed the eight major criteria and the forty-five 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)-based AHP to specify the 
weights of each criterion and sub-criterio n. Then, the CIFS-based 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 CIFS-based AHP. Another study in a European environment 
likewise preferred MCDM-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 AHP-based decision-making method specific 
for a Data Center in Sri Lanka, intending 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 suggest that 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 reproducible blueprint for energy efficiency and 
decision-making excellence in this vital sector. 

2. Methodology  

This research used the AHP as an MCDM framework to systematically evaluate and prioritize 
options for minimizing energy usage in data centres. AHP enables decision-makers 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 significanÃÅ ÏÆ ÅÁÃÈ ÃÒÉÔÅÒÉÏÎ ÁÎÄ ÏÐÔÉÏÎȢ 4ÈÅ ÒÅÓÅÁÒÃÈ ÕÓÅÄ 3ÁÁÔÙȭÓ ω-point scale [12] 
to quantify expert assessments, facilitating a systematic analysis of decision-making elements. A 
case study methodology was used to implement the AHP concept in a practical context. 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 analysis confirms that the AHP framework offers 
practical, data-informed 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 sub-criteri a 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 energy-efficient data center. Each decision is evaluated in terms of 
impact criteria, and AHP is used to determine the priority ranking of these alternatives. This 
method guarantees an objective and mathematically rigorous approach to identifying data 
centers' optimal energy reduction strategy. A case study methodology was used to implement 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 high-temperature, 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data gathering included expert surveys to acquire pairwise comparison evaluations. Four specialists with extensive data 

center operations and energy management expertise were chosen as detailed in Table 1. 

Table 6. Industry experts participated in the pairwise comparison of criteria 

 

The pairwise comparison matrix (PCM) was derived using a decision tree, assessing the weight of ITi relative to ITj. The  

 

 

Fig. 2. AHP decision hierarchy for selecting the best energy-efficient data center category 
 

Data gathering included expert surveys to acquire pairwise comparison evaluations. Four 
specialists with extensive data center operations and energy management expertise were 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 Electrical Engineering 

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 to indicate preference. 
 






































































































































































