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Preface 

 

The 12th International Young Researchers’ Conference on “Industrial Engineering 2025” is dedicated to developing 

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

sustainable production and consumption. This year, a thematic section, “Fashion engineering—future technologies,” 

is included in the conference program. 

The Conference covers a wide range of topics: 

• Advanced Mechanical Technologies 

• Fashion Engineering 

• Industrial Design and Engineering 

• Materials Science and Engineering 

• Production Technologies and Engineering 

• Sustainable Consumption and Business Management 

• Sustainable Energy Systems 

• Sustainable Food Systems and Agriculture 

• Sustainable Urban and Rural Development 

• Transport Engineering and Sustainable Mobility 

 

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

Emilija STANKUTĖ1, 2*, Gediminas MONASTYRECKIS1, Daiva ZELENIAKIENĖ1 

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. Experimental  

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 – 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): 

 𝜏 =
𝐹𝑚𝑎𝑥

𝜋𝑙𝑑
,  (1) 

where Fmax is the maximum load at debonding, d – fibre diameter, l – 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 – 16 µm, the 
surrounding interface was chosen 1 µm in thickness and the microdroplet diameter was 100 µm, 
while the embedded length – 250 µm. The fibre, interface, knives and the matrix were modelled 
using 3D solid elements. Elastic properties of basalt fibre (Young’s modulus 90 GPa, Poisson’s 
ratio 0,25), interface (Young’s modulus 2 GPa, Poisson’s ratio 0,3) and epoxy (Young’s modulus 
3,3 GPa, Poisson’s ratio 0,3) droplet were implemented as linear isotropic. Model additionally had 
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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Sustainable and Efficient Epoxy Curing for Enhanced Aviation 
Composite Bonding 

Karina DRAGASIUTE*, Gediminas MONASTYRECKIS, Daiva ZELENIAKIENE 

Kaunas University of Technology 

* karina.dragasiute@ktu.edu 

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]. 
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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 assessment of any potential anisotropy in the material’s 
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 50–60 °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 
with a 10 kN load cell and a crosshead speed of 0.5 mm/min. Shear strength tests were performed 
according to ISO 291, with each specimen being mounted in a way so that 37.5 mm of its length 
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 
nominal angle of 0° had the highest resistance values (28.80 Ω), followed by those at 45° 
(21.50 Ω), and the lowest values at 90° (17.48 Ω), as illustrated in Figure 3. When comparing 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 
(10.61 MPa) compared to the pure epoxy specimens (9.31 MPa). However, this 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 
strength of 10.61 MPa compared to pure epoxy specimens (9.31 MPa).  
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Abstract 

Forearm fractures are fairly common, accounting for 17% of all fractures [1]. Effective treatment 
and rehabilitation depend on timely and accurate monitoring of the fracture’s healing process. 
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 monitoring of the fracture’s healing process. Traditionally, healthcare 
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 
patient visits, not to mention the fact that manual examinations are relatively subjective and can’t 
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-Ray on the fact that the recipient doesn’t 
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 – circuit and system level; b – block diagram of the developed smart bandage for wireless strain 
and temperature monitoring; c – 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 – 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 – 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 „Follow–through” 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): 𝛼 - angle between foot and calf; 𝛽 - 
angle between calf and thigh; 𝛾 - angle between thigh and upper lumbar; 𝛿 - angle between upper 
lumbar and upper arm; 𝜀 - angle between arm and forearm. 

   
a b c 

Fig. 3. Throwing positions and analysed angles: a – 1 position, b – 2 position, c – 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 
the body. This is relevant for the angles: α (angle through the ankle joint), β (knee bend), and γ 
(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 in δ (angle over the shoulder) and ε (angle over the elbow) because the 
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 

α, °  β, °  γ, °  δ, °  ε, °  

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 

α, °  β, °  γ, °  δ, °  ε, °  

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 

α, °  β, °  γ, °  δ, °  ε, °  

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 

α, °  β, °  γ, °  δ, °  ε, °  

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 

α, °  β, °  γ, °  δ, °  ε, °  

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 

α, °  β, °  γ, °  δ, °  ε, °  

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. 
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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 
degrade the fiber’s physical structure, 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, 
suggesting optimal configurations of ≤20 % recycled content in ring-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]. ArahWeave, as described by Arnăutu and Cioara, supports 
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] 
 

Arnăutu further explores ArahWeave's ability to 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 [19]. The geometrical model developed by Mathur et al. was combined with various 
colour mixing techniques – including the Kubelka-Munk model – 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 Jacquard’s invention of punched cards 
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 – 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 [3– 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 
30” diameter Orizio (Italy) knitting machine in the company UAB “Omniteksas fabrics”.   

 
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) ̊C, 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. 
Križmančić with coauthors [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/m2, 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 
‘Fashion product exploitation modelling’, realised on the practical testing of bending stiffness 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 research is defined as ‘a method of education in which the 
student is at the centre and the teacher is the guide on the side’ [1]. When applying this learning 
method, students are responsible for their learning process and have a certain degree of control 
over the choice of literature [1]. 
 
Innovative problem-based learning was applied in the study module ‘Fashion Product 
Exploitation Modelling’, in which students gained knowledge of standard and original testing 
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, 
and other materials such as paper or leather. Shirley’s stiffness tester provides a quick way 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 moment–
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/m2 area density (determined according to LST 
ISO 3801:1998 [10]) and 62 cm-1 warp and 31 cm-1 weft densities manufactured by JSC ‘Textilis’ 
(Lithuania) was investigated. For fabric laminating, the polyester-based adhesive film of the PAF-
110 series (‘Adhesive Films, INC’), most commonly used for the bonding of polyester, polycotton, 
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/m2 area density, and 
a melting point of 130-135 C. 156±2 C pressing temperature and 15 min pressing duration 
were applied for the lamination with the press device ‘Stirovap’ (Reggio Emilia, Italy). Thickness 
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 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

53 

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 × 10–6 (μNm),      (1) 

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

3. Results and discussion 

In the first PBL step entitled ‘Clarifying unfamiliar terms’, 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 – investigated woven fabric and adhesive film used for the lamination; b 
– specimen marking; c –specimen cutting; d – specimen coding; e – weft specimens cut from woven 

fabric; f – warp specimens cut from woven fabric; g – lamination; h –laminated 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 6.933 μNm up to 9.810 μNm for woven fabric and from 25.618 μNm up to 70.573 μNm 
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 B, μNm 
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) 

In the second PBL step entitled ‘Brainstorm’, the knowledge and experience accumulated by the 
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 entitled ‘Problem definition', the problem was defined in the form of the 
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 the fourth PBL step entitled ‘Analysing the problem’, an in-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) 

In the fifth PBL step entitled ‘Formulating learning goals (preliminary discussion)’, 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.  

In the sixth step of PBL entitled ‘Self-study’, the team members independently collected, studied 
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, ‘Reporting’, a team prepared the report referring to all 
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 
that biochar production from textile waste can significantly reduce CO₂ emissions, generate 
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 average temperatures have already increased by approximately 1.1 °C above pre-industrial 
levels [2]. If emission levels are not significantly reduced in the coming years, the planet is 
expected to exceed 1.5 °C of warming between 2030 and 2052, leading to severe climate 
disruptions such as extreme weather events, sea level rise, and loss of biodiversity [3]. In 
response, the Paris Agreement (2015) aims to limit temperature rise to well below 2 °C and strive 
for 1.5 °C, requiring carbon neutrality by mid-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 Tencel™ 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 ICP–OES method, pH was measured using the 0.01M CaCl₂ method (ISO 
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  

A methodology developed by “Puro.earth”, a verified carbon removal registry, was used to 
calculate the amount of CO₂ potentially sequestered over a 100-year time horizon by the 
produced biochar [7]. According to this methodology, the following formula was applied (1): 

                      𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = 𝑄𝑏𝑖𝑜𝑐ℎ𝑎𝑟 × 𝐶𝑜𝑟𝑔 × 𝐹𝑝
𝑇𝐻,𝑇𝑆 ×

44

12
  (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 
44

12
 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 – 309 g 
sweater sample composed of Tencel™ lyocell, wool, and hemp fibers - was subjected to pyrolysis 
at 450 °C in a tube furnace. The resulting biochar yield was approximately 25% of the input textile 
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 – 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 
selected carbon sequestration estimation methodology from “Puro.earth”, this quantity of biochar 
could effectively sequester approximately 683 kg of CO₂ equivalent (CO₂e). Compared to 
incineration — the conventional method of treating textile waste in many economically 
developed countries, which emits approximately 3 kg of CO₂e per tonne — 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 — 
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 
between EUR 100 and EUR 200 per tonne of CO₂ equivalent [10,11]. These credits are valued for 
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 
could sequester 683 kg of CO₂e - 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 
683 kg CO₂e per tonne of textile waste. 

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 – 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 – 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  index – 2.7. Using the same 
calculation method, medium yarn twist was estimated – 700 m-1 r and  index – 3.3. For a high 
twist yarn, twist was 819 m-1 with  index – 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 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

66 

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  - 2.7 TPM 656  - 3.04 
TPM 711  - 3.3 TPM 802  - 3.72 
TPM 819  - 3.8 TPM 876  - 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) – 12.03, 
which indicates the most uniform yarn structure. The medium twist had the highest CV–13.28 , 
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 – 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 150–160 °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 

The woven fabric manufactured by JSC ‘Textilis’ (Lithuania), suitable for the production of 
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/m2 

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 – polyester. EL – 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  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 × 10–6 (μNm),     (1) 

where: w – area density of the fabric, g/m2, c – 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 C melting point manufactured by the 
company ‘Adhesive Films, INC’ was used in this investigation. It is most suitable for the bonding 
of polycotton and polyester fabrics in applications such as appliques, labels on woven and printed 
fabrics. The fabric strips used to produce the adhesive bonds had dimensions 20 mm (width) 
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× 80 mm (length). The sizes of the adhesive films used to bond the woven fabric samples with the 
application of the press device were 10 mm (width) × 50 mm (length). 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 
silicon paper was peeled off in 5 s. The 5.6 kPa pressure for the pressing duration of 20 s was a 
parameter of the second bonding step.  For a thin, 10–200 μm adhesive layer, tensile forces will 
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: 

∆ℎ =
ℎ1− ℎ2

ℎ1
 ∙ 100%.       (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 
max,  

Maximal force 
Fmax, N 

Elongation at 
maximal 
force max,  

Maximal force 
Fmax, N 

Elongation at 
maximal force 
max,  

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 
results show that weft fabric direction has the highest bending stiffness (9.81μNm). The warp 
direction shows intermediate stiffness, and the bias direction has the lowest (2.25 μNm), which 
shows the highest fabric flexibility. 

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

Fabric side Bending stiffness B, μNm 

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 – 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 ∆ℎ 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 ∆h,  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) – the highest peeling strength (Table 4). Fabrics A and D3 are the 
least soft (4.35–4.69%). 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. Introduction 

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 [3–6] 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 
modification was performed. The essence of the method of “modification with metal 
nanoparticles” is the chemical reduction of metal ions to metals directly in the structure of the 
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. 

4. Acknowledgements 

This research was carried out within the framework of a joint Lithuanian–Ukraine science and 
research project, “Functional textile materials and products for the needs of the military, doctors, 
hospitalists and civilians (ORTOKNIT)”, supported by the Ministry of Education and Science of 
Ukraine and the Research Council of Lithuania (LMT). 

5. References 

1. KOLOBRODOV, V. G. Wave optics. Part 1. Electromagnetic theory of light and interference: 
Textbook for students. Online. Place: Kyiv, NTUU "KPI named after I. Sikorsky", 2017. Available 
from: https://ela.kpi.ua/server/api/core/bitstreams/79210ae1-8a14-4a85-8bf3-
9c3e8cf899a2/content 

2. ZABETAKIS, A. Textiles for protection against solar UVR, weather conditions and fire, 
Proceedings of 1st International Textile, Clothing & Design Conference, 152-157, ISBN 953-
96408- 8-1, Dubrovnik, October 2002, University of Zagreb, Faculty of Textile Technology, 
Zagreb, Croatia. 

3. VISILEANU, E.  Influence on the UPF level of the content and type of nanoceramics used in the 
textile treatment. Proceedings of the International Conference TexTeh IX "Advanced Textiles 
for a Better World", INCDTP-ICPI, Romania, Bucharest, Vol. 9, 24-25 October 2019, p. 187-190.  
Available from: https://paper.researchbib.com/view/paper/241714 

4. WILSON, C. A., BEVIN, N. K., LAING, R. M., & NIVEN, B. E. Solar protection – Effect of selected 
fabric and use characteristics on ultraviolet transmission. Textile Research Journal, 2008, Vol. 
78, p. 95–104. Available from: 
https://journals.sagepub.com/doi/10.1177/0040517508089660 

5. SINGH, M. K., & SINGH, A. Ultraviolet protection by fabric engineering. Journal of Textiles, 2013, 
Vol. 16, p.21-32. Available from: https://onlinelibrary.wiley.com/doi/10.1155/2013/579129 

6. VLASENKO, V., SMERTENKO, P., BEREZNENKO, S., ARABULI, S., KUCHERENKO, V. Synthesis 
of metals nano-particles in the porous structure of textiles for UV-shielding. Vlakna a textil, 
Fibres and textiles, vol. 24, 2017, no.4, pp.30-33. ISSN 1335-0617 Available from: 
http://vat.ft.tul.cz/2017/4/VaT_2017_4_5.pdf 

7. MIKUCIONIENE, D., HALAVSKA, L., LAURECKIENE, G., MELNYK, L., ARABULI, S., & MILAŠIUS, 
R. Development of Knitted Compression Covers for Amputated Limbs. Fibers, 2024, 12(10), 
80. Available from: https://www.mdpi.com/2079-6439/12/10/80 

8. MELNYK, L., HALAVSKA, L., MIKUCIONENE, D., DUDNYK, I.  Assortment and Manufacturing 
Methods of Stump Socks Proceedings of 11th International Young Researchers Conference 
INDUSTRIAL ENGINEERING 2024 – from Zero to Hero, 2024, pp.129-131. Available from:   
https://ebooks.ktu.edu/pdfreader/international-young-researchers-conference-industrial-
engineering-2024--from-zero-to-hero.-proceedings 

9. ARABULI, S., TRUBA, A., ARABULI, A., MIKUCIONIENE, D. Improvement of UV protection 
properties of the cotton fabric by chemical treatments. Book of Abstracts 15th Joint 
International Conference on Innovation in Clothing - Clotech 2024, Dresden, Germany, 5th - 
6th September 2024, pp.28-30. https://tud.qucosa.de/landing 
page/https%3A%2F%2Ftud.qucosa.de%2Fapi%2Fqucosa %253A92640%2Fmets%2F/?L=1 

https://ela.kpi.ua/server/api/core/bitstreams/79210ae1-8a14-4a85-8bf3-9c3e8cf899a2/content
https://ela.kpi.ua/server/api/core/bitstreams/79210ae1-8a14-4a85-8bf3-9c3e8cf899a2/content
https://paper.researchbib.com/view/paper/241714
https://journals.sagepub.com/doi/10.1177/0040517508089660
https://onlinelibrary.wiley.com/doi/10.1155/2013/579129
http://vat.ft.tul.cz/2017/4/VaT_2017_4_5.pdf
https://www.mdpi.com/2079-6439/12/10/80
https://ebooks.ktu.edu/pdfreader/international-young-researchers-conference-industrial-engineering-2024--from-zero-to-hero.-proceedings
https://ebooks.ktu.edu/pdfreader/international-young-researchers-conference-industrial-engineering-2024--from-zero-to-hero.-proceedings
https://tud.qucosa.de/landing%20page/https%3A%2F%2Ftud.qucosa.de%2Fapi%2Fqucosa%20%253A92640%2Fmets%2F/?L=1
https://tud.qucosa.de/landing%20page/https%3A%2F%2Ftud.qucosa.de%2Fapi%2Fqucosa%20%253A92640%2Fmets%2F/?L=1


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

78 

 

Eco-Design Challenge in Fashion 

Emilija MIELIAUSKAITĖ*, Kotryna Marija LIEKYTĖ, Daiva MIKUČIONIENĖ 

Kaunas University of Technology, Kaunas, Lithuania 

* emilija.mieliauskaite@ktu.edu 

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 – 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 
change [3]. Textile and fashion sector’s waste can mainly be classified into three groups: 
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 
product’s functionality and the three dimensions of sustainability – 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 
by Emilija Mieliauskaitė, and the 2nd idea, Reborn Threads, is developed by Kotryna Marija Liekytė. 
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-woven fabric’ waste and recycled tire rubber for 
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 – 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 – 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 – automobile tires and recycled 
cotton and wool nonwoven fabrics. This guarantees a high-quality product made from waste 
materials. 
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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 
generate CO₂ emissions. The use of sewing machines, lighting, and heating in a studio contributes 
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 – from new materials to smarter technologies 
– 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 were modelled, aiming to “use” the geometry of the footplate and the crusses of stapes. 
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. The “scratch” technique, 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 [3–5], 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].  

 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃

𝑇𝑃+𝐹𝑃
; (1) 

 𝑇𝑃𝑅 =
𝑇𝑃

𝑇𝑃+𝐹𝑁
; (2) 

 𝑇𝑁𝑅 =
𝑇𝑁

𝑇𝑁+𝐹𝑃
; (3) 

where: TP – True positives, FP – False positives, FN – 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]. 

 𝐹1 = 2 ×
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛⋅𝑇𝑃𝑅

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛+𝑇𝑃𝑅
; (4) 

 𝑀𝐶𝐶 =
𝑇𝑃 × 𝑇𝑁 − 𝐹𝑃 × 𝐹𝑁

√(𝑇𝑃+𝐹𝑃)(𝑇𝑃+𝐹𝑁)(𝑇𝑁+𝐹𝑃)(𝑇𝑁+𝐹𝑁)
  . (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 
𝜒2 Criterion are considered when ranking the features concerning the target variable – 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 𝜒2 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 ±5 % of each parameter in the original dataset. See the values of the most interesting 
parameters, found in Figure 2–3.  
 

 

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 𝜒2 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 
recycling methods from the plastic industry for Kombucha’s BC.  

 
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 
are added to 150 litres of water, and the temperature of the tea solution is maintained at 85℃ 
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 
28℃, the starter liquid (previously made kombucha tea) and SCOBY are added. The temperature 
must be below 28℃, or it may kill the bacteria in the starter culture. The tea solution is left to 
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. Recycling of Kombucha’s BC 

As shown in Figure 3, Recycling of Kombucha’s BC begins with washing the wet BC film obtained 
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 
at 90℃. The amount of the NaOH solution used for washing may vary depending on the size of the 
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, 
let’s assume 10 kg of BC needs to be washed, hence, the amount of NaOH and the water level will 
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 
the material, can be used for drying. The ambient temperature would be 25℃, and the time 
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 
feasibility of utilizing them in Kombucha’s BC recycling. Plastic recycling includes more 
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 principal units of Kombucha’s BC recycling are discussed, and the BC recycling process is 
developed, indicating the main parameters of each step. 

Wet BC film 

obtained 

from 

Kombucha 

fermenter. 

Washed and 

dried BC 

film, that can 

be used for 

other 

applications.  

Washing the 

BC films in a 

washing unit. 

Drying the 

BC film in 

an 

industrial 

dryer.  

Wet BC 

film 

Tray Dryer Dried BC 

film 
A washing tank fitted 

with an industrial stirrer 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

96 

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 
robotics, big data analytics and artificial intelligence are all transformative technologies in today’s 
smart warehouse and consequently today’s automated supply chain [1]. In 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 
each other’s paths [5]. 
 

 
a b 

 
c d 

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

 

One of the factors that affects AGVs’ performance is the layout of its environment. 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 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

99 

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. 
 

 

 

 

 

 

 

 

 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

100 

 
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 polymer, and Young’s modulus increased from 
102,9 MPa to 265,7 MPa. However, this content was insufficient to ensure electrical conductivity. 
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 
8% improved tensile stress to 21,7 MPa (~75%) and Young’s modulus to 581,9 MPa, but the 
relative strain dropped to 11,8%. Electrical conductivity was achieved, with the tensile specimens 
showing a resistance ranging from 86,5 to 500 Ω. The resistance increased with deformation, 
indicating changes in the conductive graphene network within the polymer matrix. Cupping tests 
confirmed these trends: pure TPC remained the most ductile (23,9 mm), while TPC/Gr-4% 
showed increased strength (799,2 N) and moderate ductility (12,3 mm). The TPC/Gr-8% 
composite was the most brittle, failing at 139,8 N with deformation of only 2,2 mm. Obtained 
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 
[9]. Scientific literature indicates that excessive graphene content may reduce the material’s 
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 
TPC–graphene 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 
the extruded filament (1,75 ± 0,01 mm in this study). Throughout the extrusion process, the 
temperature was maintained at approximately 200–210 °C to ensure optimal mixture 
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 
collected data, the key mechanical parameters were calculated, including tensile strength, Young’s 
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 – for tensile testing, b – 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 – structural fractures, b – conductivity measurement  

3. Results  

The TPC/Gr-4% composite materials specimens showed notable ductility, with a strain at break 
of 32.2% and an average tensile stress of 16.4 MPa (see Fig. 3). The Young’s modulus was 
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 500 Ω during the entire tensile test. During the tensile 
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 
due to it is high plasticity, the relative strain was significantly higher at 268.6% and the Young’s 
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 

 

Figure 4 presents the experimentally determined Young’s modulus values for different material 
contents. 

 
Fig. 4. Young’s modulus of 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).  



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

107 

 

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 
average tensile stress of 12,4 MPa and a strain at break of 268%. With 4% graphene content, 
the tensile stress increased to 16,4 MPa (~32%) and Young’s modulus increased from 
102,9 MPa to 265,7 MPa (~158 %). The strain at break decreased to 32,2%. When the 
graphene content was increased to 8%, the tensile stress reached 21,7 MPa (~75%), while the 
strain at break dropped to only 11,8%. Young’s modulus increased further to 581,9 MPa, 
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 
to 500 Ω. The resistance increased with deformation, indicating changes in the conductive 
graphene network within the polymer matrix. 

3. Cupping test results showed that pure TPC was the most ductile, with an average failure load 
of 511,4 N and a strain at failure of 23,9 mm. The TPC/Gr-4% composite showed higher 
strength, with an average failure load of 799,2 N and a reduced strain of 12,3 mm. The TPC/Gr-
8% composite was the most brittle, with an average strain of only 2,2 mm and a failure load 
of 139,8 N. 
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Abstract 

The goal of this study is to develop mixed matrix hollow fiber membranes (HFMs) with improved 
CO₂/CH₄ separation performance by incorporating montmorillonite (MMT) nanofillers into a 
polyetherimide (PEI) matrix. Two types of MMT—unmodified (hydrophilic) and surface-modified 
(hydrophobic)—were used to investigate the impact of filler characteristics on membrane 
morphology and gas separation behaviour. The membranes were fabricated using the dry-wet 
spinning method and characterized by field emission scanning electron microscopy (FESEM) to 
assess structural morphology. Gas permeation experiments were conducted with pure CO₂ and 
CH₄ at 6 bar and ambient temperature. The PEI membrane containing modified MMT showed the 
best performance, achieving the highest CO₂/CH₄ selectivity of 1.7, which is higher than neat PEI 
and PEI-Na-MMT by 12.5 % and 28.57 %, respectively, due to improved polymer–filler 
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 fillers. 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 
cations such as Na⁺ and Ca²⁺. 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 
low filler content of 0.5 wt%, the membrane's permeability decreased, while CO₂/CH₄ selectivity 
significantly increased by 144%. 
 
In this study, Na-Montmorillonite, a layered silicate, is used to exchange cations with ω-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 modification 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) is used to confirm the attachment of ω-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/D8) is used with CoKα radiation (0.154 nm) to measure the interlayer 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

Q

l
PI 15.273


=

     (1) 

Here, Pi represents the gas permeability of species i (e.g., CO₂ or CH₄), expressed in Gas 
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 ΔP indicates the pressure 
difference across the membrane, measured in cm.Hg. The permeation temperature is denoted by 
T, expressed in Kelvin (K).  
 
αij 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. 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

112 

3. Results and Discussion 

FTIR technique is utilized to investigate the presence of ω-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 – FTIR, b – 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 
distance. The interlayer distance counted for modified MMT is approximately 14.26 Å, which is 
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 
for hydrophilic MMT due to the void’s creation in the skin layer of FSMs. 
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4. Conclusion 

Na-Montmorillonite is layered structure containing Na+ as interlayer cation, and organophilic in 
nature. Na-MMT was successfully modified with ω-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 60–80% 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 5–20% 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 5–20% 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 ash–water 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, bioenergy—particularly from 
woody biomass—offers 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)–  
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-steel sieve (OKO mesh 0.80 mm, wire 0.5 mm) to 
separate fine ash from slag and unburnt residues. From ~1.4 kg of raw ash, ~1 kg of fine ash was 
stored in sealed glass containers to prevent moisture uptake. 
 
For extraction, 20 g of fine ash was mixed with 200–1400 mL of distilled water in a 2000 mL 
container. Stirring was performed at ~100 rpm and ~22 °C using a Heidolph RZR 2020 overhead 
stirrer. Two mixing durations were tested: 
• 15 minutes 
• 30 minutes 
Post-mixing, using filters ash are derived from the solution, and it was done immediately to 
reduce atmospheric CO₂ interaction. Filtrates were collected in pre-weighed flasks, then dried at 
60–80 °C in a fume cupboard oven until water evaporates and there is only useful elements left 
(12–18 h). Final weights were measured using a Shimadzu AY220 balance (±0.001 g) to 
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: 
• Potassium (K), Calcium (Ca), Magnesium (Mg) 
• Boron (B), Phosphorus (P), light organic residues 
• Trace elements: Vanadium (V), Zinc (Zn), Copper (Cu) 
Insoluble or poorly soluble: 
• Heavy metals (Pb, Cr, Ni, As, Cd, Hg) 
• Hydrophobic organics like benzopyrene 
These results confirm that the extract – an alkaline lye – 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 
Benzapyrene μg/kg <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 
per 100 g of solution, across different ash-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 
concentration of extractable compounds per 100 g of solution decreases, demonstrating a typical 
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: 

                             𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒 =  𝑚𝑓𝑙𝑎𝑠𝑘+ 𝑟𝑒𝑠𝑖𝑑𝑢𝑒  − 𝑚𝑓𝑙𝑎𝑠𝑘 (1) 

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: 

                                                  𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑚𝑓𝑙𝑎𝑠𝑘+ 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  − 𝑚𝑓𝑙𝑎𝑠𝑘  (2) 

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

𝐶𝑠𝑜𝑙𝑖𝑑 =
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
  (3) 

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: 

𝐶𝑠𝑜𝑙𝑖𝑑(𝑝𝑒𝑟 100𝑔) =  (
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
) ×  100        (4) 

 
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: 
• Initial ash mass: 20.00 g 
• Water volumes: 200 ml to 1400 ml (in 200 ml increments) 
• Mixing duration: 15 minutes and 30 minutes 
• Stirring speed: ~100 rpm (Heidolph RZR 2020 overhead stirrer) 
• Drying temperature: 60–80 °C (in a fume cupboard oven) 
• Flask weights: Individually pre-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 

Water extraction of fine wood ash showed consistent results across samples. Seven 20 g batches 
were mixed with 200–1400 mL distilled water (in 200 mL steps), stirred at ~100 rpm, filtered, 
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 – aligned with solubility data for alkali, alkaline earth 
metals, borates, and phosphates. These findings highlight wood ash’s value as a source of Agro-
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. 
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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 
30℃, 40℃ and 50℃ were employed to study their impact on the foam characteristics. 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 [3–5]. 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 

The materials used in this study were polyol (viscosity @ 25℃: 260 ± 40 cPs, density: 1.15 - 1.16 
g/cm3); diphenylmethane diisocyanate (brown liquid, viscosity @ 25℃: 170-250 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 ℃, 40 ℃, 50 ℃). 
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 (℃) Foam weight (Wfoam)(g) Volume of Cup (litre) Density(kg/m3) 
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 ℃, 40 ℃, 50 ℃) on density, thermal 
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) – 65 wt.%, high density 
polyethene (HDPE) – 30 wt.% and Stearic acid (SA) – 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 [1–3]. 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 [4–8] 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 [9–15]. 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) – 65 wt.%, high density polyethene (HDPE) – 30 wt.% and stearic acid (SA) – 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 – Al; b – PW; c – SA; d – HDPE 
 



 

 

 

a b c 

Fig. 2. Samples of the wax-based aluminium MIM feedstock as prepared: a – 3 mm pelletise; b – 
granulated; c – 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 150–179 °C. Furthermore, development of the combine or 
separate thermal profile(s) for debinding and sintering must consider at least a soaking/ holding 
time at 346–480°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. 
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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 5–30 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 – 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 = –2 °C, 
 = 1.2 g/cm3 and MFI = 10–15 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: 𝜌 = R 
𝐴

𝐿
 (𝜌 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,  = 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 3–4 µm. Most particles fall in the 1–2 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 – SEM image of ShC particles; b – their size distribution based on this image 
 

The TGA curves show the relative mass change of PHBH samples of different composition as they 
are heated up to 1000 °C (Fig. 3). All samples exhibit a sharp and significant mass loss in the 
temperature range 250–310 °C, which corresponds to the thermal decomposition of the polymer. 
Only slightly higher resistance to thermal degradation can be observed in this case of 
PHBH+ShC(30%) composition. For example, a 30% mass loss occurs at 295 °C for this 
composition, compared to 285 °C for pure PHBH. The residue at 1000 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 – pure PHBH;  
2 – PHBH/ShC(5%); 3 – PHBH/ShC(15%); 4 – 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% 
ShC filler loading, the PHBH composition achieves a conductivity of only ~10⁻⁵ S/m, which 
remains several orders of magnitude lower than that of conductive polymers (10⁻² – 10⁰ S/m) or 
metals (~10⁷ S/m). 

 

Table 2. Electrical resistance and resistivity of PHBH compositions 

Specimen Resistance, GΩ Resistivity, 105 Ω·m 
   
PHBH 7.5  1.89 
PHBH/ShC(5%) 7.2  1.83 
PHBH/ShC(15%) 4.2 1.07 
PHBH/ShC(30%) 2.8 0.71 

Incorporating ShC into polymer matrix can modify mechanical properties, often reducing tensile 
strength while increasing flexibility [4]. As illustrated in Fig. 4a, the mechanical behaviour of 
PHBH changes markedly by 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.  

0

10

20

30

40

50

0 10 20 30 40 50 60 70

S
tr

es
s,

 M
P

a

Strain, %

20

30

40

50

0 10 20 30

S
tr

e
g

th
, M

P
a

ShC content, %

Ultimate stress, MPa

Stress at break, MPa

0

20

40

60

80

100

0 5 10 15 20 25 30

E
lo

n
g

a
ti

o
n

, %

ShC content, %

Elongation at ultimate stress, %

Elongation at break, %



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

142 
 

4. Conclusions 

1. Shungite particles exhibit irregular, angular to sub-angular morphologies with average 
diameter of 1–2 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


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

144 
 

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 
machine “NanospiderTM“ (Elmarco, Czech Republic). 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 
calculated from SEM images (×10000) using the “Image J” software. 

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 – pure PVP;  
b – PVP/Na-HA(0.55 wt%); c – 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 151–200 nm range. The addition of Na-HA leads to a reduction in fiber diameter, 
shifting the distribution toward finer fibers. The predominant diameter range of PVP/Na-HA 
fibers is 101–150 nm; however, a significant proportion also falls within the 51–100 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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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 
fewer studies address how a component’s geometry interacts with these parameters across 
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 
review (SLR) using targeted keyword searches (“surface roughness,” “geometry effects,” “additive 
manufacturing process parameters,” “FDM,” “SLA,” “SLS”) across reputable databases such as 
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. 

These categories allow a comprehensive understanding of geometry’s influence on parameter-
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 longer print times. The temperature of the nozzle affects the thermoplastic filament’s 
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 
must, too little light and layers won’t cure, too much and rough or over-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]: 

 
ℎ𝑠 = 𝐿 × sin (𝜃)                                                    (1) 

where: hs - stair step height; L - layer thickness; Θ - 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]: 
 
                                                                         𝑅𝑎 = 𝑘 ∙ (𝐿ℎ)𝑎 ∙ (𝑆)𝑏 ∙ 𝑒(𝑐/𝑇)                                                   (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]. 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

152 
 

 
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]: 

 
𝐶𝑑 =  𝐷𝑝 ∙ 𝐼𝑛 (𝐸𝑚𝑎𝑥 𝐸𝑐⁄ )                                                 (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]: 

 

𝐸𝑑 =  
𝑃

𝑉 × ℎ × 𝑡
                                                    (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 
in Ra values varying from 0.8 to 1.2 μm [6]. The finish with FDM is the roughest, with a Ra between 
7.9 and 12.9 μm, because of the layer-by-layer extrusion process and the stair-stepping of slopes 
[5]. Considering SLS, surface roughness indicates an intermediate value, usually in the range of 
6.3 to 7.8 μm, in correspondence 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 Surface Roughness (Ra, μm) 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.  
 
For measurements of specimens “Teng Tools“ caliper with a measurement length of 150 mm and 
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 – specimens printing orientation and placement of the printing bed; b – 
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 

Specimens’ behaviour during tensile testing is illustrated in Figure 3. All specimens separated 
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 – combinations group, b – 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 – 38.62 MPa, while Fe/PLA had the lowest value – 10.35 MPa. In the 
combinations group, PLA+CB/PLA specimens showed the highest strength – 12.7 MPa), followed 
by PLA+Fe/PLA and CB/PLA+Fe/PLA. Several PETG combination’ specimens failed during 
clamping, indicating that PETG had the weakest interlayer adhesion with the tested materials. 
Compared to pure PLA, its composites showed a 62–73% decrease in interlayer tensile strength, 
and in the combinations group, PLA+CB/PLA and PLA+Fe/PLA experienced a 67–70% 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 – control group, blue – 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 – 62–73% reduction. PLA+CB/PLA showed the highest interlayer tensile strength 
among combinations – 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 “Moticam 1000 1.3M Pixel” and “Motic 
Images plus 2.0” software. 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 10: 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 – 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 [1–2]. One of the modules 
that implements these principles in practice is “Digital Media Technologies and Design”, during 
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 
“Digital Media Technologies and Design” and to substantiate the importance of didactic 
innovations. 

2. Creation of a digital portfolio 

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 graphic design programme develops students’ 
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 description in text format, which provides information about the product’s technical 
characteristics, design solutions, and creative process; 

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

• The section “About the author” 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 “About the author” 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: 

• 87% of the students said that the website design assignment improved their digital literacy; 

• 91% confirmed that the project helped them better understand the integration of design and 
technology; 

• 78% indicated that it was the most valuable assignment of the semester. 

4. Conclusions 

1. The didactic innovations applied in the study module “Digital Media Technologies and 
Design” are an essential condition for achieving relevant and high quality learning. 

2. Didactic innovations in the module “Digital Media Technologies and Design” 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 today’s 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 [5–8] 

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 450–800°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 350–525°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 290–
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 
lowering data center energy usage. By describing the issue as a goal, criteria, and alternatives, and 
gathering expert evaluations using Saaty’s 9-point scale, the AHP framework statistically ranks 
each alternative’s potential effect. A case study at Sri Lanka Telecom 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 
monitoring 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 
operations account for a considerable amount of the world’s electrical power consumption, 
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 
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comparisons, provides the foundation of this weighted analysis, guaranteeing that the proposed 
technique is both contextually grounded and mathematically coherent. 
To date, a considerable body of significant research has studied approaches to 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] 
examined and contrasted Asia Pacific Accreditation Cooperation (APAC) countries’ risk profiles 
that influence data centers’ (DCs) efficacy. They proposed a systematic assessment process 
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 
the countries’ DC profiles, embedding the derived criterion weights. Erdem and Özdemir [10] 
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-criterion. 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 significance of each criterion and option. The research used Saaty’s 9-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-criteria 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 environment, necessitating substantial cooling measures. 
As a premier telecom operator, enhancing energy efficiency in its data centers directly influences 
operational efficacy and sustainability.  
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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. 
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Decision-makers offer judgments comparing criteria pairwise using the standard scale Table 2. 
These comparisons generate a reciprocal matrix. After that, the following steps are performed. 
Step 1: The relative weights of the criteria are calculated by calculating the dominant eigenvector 
of the matrix. The weights are then normalized such that their total equals one. This technique 
facilitates the quantitative examination of subjective preferences [13]. 

Table 2. Saaty’s nine-point scale for pairwise comparison [12] 

Intensity of 
Importance 

Definition Explanation 

1 Equally importance Each of the two actions contributes equally to the objective 
3 Moderate importance Experience and judgment marginally favor one activity 

over another 
5 Strong importance Strong preference is given to one aspect over another 
7 Demonstrated importance The practical demonstration of an element’s dominance 
9 Extreme importance An element’s complete domination is confirmed at the 

highest level 
2,4,6,8 Intermediate values used to balance opposing opinions when analysing data 

 

Step 2: The Consistency Ratio (CR) is computed to guarantee accurate judgments (see Table 3). If 
the CR is below 0.1, the matrix is deemed consistent. Otherwise, inputs should be corrected. This 
prevents against contradicting preferences and promotes decision robustness. 

Table 3. Random indexes for the consistency ratio check [12] 

n 1 2 3 4 5 6 7 8 9 10 
RI 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

 

Step 3: Each choice is evaluated by multiplying its performance scores under each criterion by the 
relevant weight and totaling the results. The option with the greatest score is rated as the most 
favorable. 

3. Results 

Experts evaluated the five primary criteria for their impact on decreasing energy usage in data 
centers. Cooling optimization (C1) and energy-efficient hardware (C2) are often prioritized 
because of their immediate energy-saving effects. The normalized eigenvector obtained from the 
pairwise matrix establishes the relative significance of each primary criterion in attaining energy 
efficiency in data centers (see Table 4). 

Table 4. Pairwise comparison of the goal and weights of the main criteria 

Criteria C1 C2 C3 C4 C5 Weight 
C1 1 2 3 4 3 0.384 
C2 1/2 1 2 3 2 0.239 
C3 1/3 1/2 1 2 2 0.153 
C4 1/4 1/3 1/2 1 2 0.126 
C5 1/3 1/2 1/2 1/2 1 0.098 

 

After calculation, the highest eigenvalue (λmax) is determined to be 5.12, along with a consistency 
index (CI) of 0.03 and a random index (RI) of 1.12. The consistency ratio (CR) is calculated at 
0.026, which is under the threshold of 0.1, indicating that the judgments of the decision-makers 
are consistent. Then, the experts evaluated the extent to which each alternative fulfils the primary 
criteria (see Fig. 2). Scores are local weights normalized under each criterion. 
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Fig. 4. Weights of alternatives against the main criteria 

 

The total scores of the alternatives were obtained by synthesizing the local priority weights of 
each option under the five primary criteria with their corresponding global weights. This 
aggregate gives a complete assessment of how effectively each solution meets the purpose of 
energy savings in data centers. The final results reflect the relative efficacy of each data center 
plan based on expert judgments across major energy efficiency variables (see Fig. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Final weights of the alternatives 
 

The results reveal that the High-Density Modular Data Center (A3) is the most suited solution for 
optimizing energy efficiency, followed closely by the Green Data Center (A2). The investigation 
reveals that emphasizing sophisticated cooling and hardware efficiency methods greatly helps to 
decrease energy consumption in data centers operating under tropical climatic conditions. 

4. Conclusions 

1. The research successfully developed an AHP-based DSS tailored for selecting the most energy-
efficient data center design, especially addressing the operational issues of tropical climatic 
zones such as Sri Lanka. 

2. Cooling Optimization (C1) and Energy-Efficient Hardware (C2) were identified as the most 
significant criteria, providing a combined weight of over 60% toward the aim of energy 
reduction, highlighting the vital need for infrastructure-level changes. 

Fig. 3. Weights of alternatives against the main criteria 

Fig. 5. Final weights of the alternatives 
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3. The High-Density Modular Data Center (A3) was selected as the most ideal solution, with a 
final weight of 0.342, because of its compatibility with sophisticated cooling systems and 
current hardware combinations. 

4. The Green Data Center (A2) followed closely after, exhibiting significant alignment with 
renewable energy integration, whereas the Hybrid Cloud Data Center (A1) was more 
successful in virtualization-related elements but less influential in cooling and hardware 
domains. 

5. This study indicates that MCDM methods like AHP offer an objective, transparent, and 
repeatable framework for complex infrastructure choices in the ICT industry, especially in 
energy-intensive contexts. 

6. Future research should study hybrid MCDM models (AHP-TOPSIS or AHP-Fuzzy logic, etc.), 
include real-time energy data for dynamic decision-making, and expand the concept to cloud-
native or edge data center architectures. 

References 

1. EWIM, Daniel Raphael Ejike, Nwakamma NINDUWEZUOR-EHIOBU, Ochuko Felix ORIKPETE, Blessed 
Afeyokalo EGBOKHAEBHO, Akeeb Adepoju FAWOLE, et al. Impact of Data Centers on Climate Change: 
A Review of Energy Efficient Strategies. The Journal of Engineering and Exact Sciences, vol. 9 (2023), 
no. 6, pp. 16397–01e. ISSN 2527-1075. 

2. KOOT, Martijn, and Fons WIJNHOVEN. Usage impact on data center electricity needs: A system 
dynamic forecasting model. Online. Applied Energy, vol. 291 (2021), p. 116798. ISSN 0306-2619. 

3. IKRAM, Muhammad, and Jinane Es SADKI. Resilient and sustainable green technology strategies: A 
study of Morocco's path toward sustainable development. Online. Sustainable Futures, vol. 8 (2024), 
p. 100327. ISSN 2666-1888. 

4. ZHU, Hongyu, Dongdong ZHANG, Hui Hwang GOH, Shuyao WANG, Tanveer AHMAD, et al. Future Data 
Center Energy-Conservation and Emission-Reduction Technologies in the Context of Smart and Low-
Carbon City Construction. Online. Sustainable Cities and Society, (2022), p. 104322. ISSN 2210-6707.  

5. TOMCZEWSKI, Andrzej, Stanisław MIKULSKI, and Jan SZYMENDERSKI. Application of the Analytic 
Hierarchy Process Method to Select the Final Solution for Multi-Criteria Optimization of the Structure 
of a Hybrid Generation System with Energy Storage. Online. Energies, vol. 17 (2024), no. 24, p. 6435. 
ISSN 1996-1073.  

6. KRISWARDHANA, Willy, Bladimir TOAZA, Domokos ESZTERGÁR-KISS, and Szabolcs DULEBA. Analytic 
hierarchy process in transportation decision-making: A two-staged review on the themes and trends 
of two decades. Online. Expert Systems with Applications, vol. 261 (2025), p. 125491. ISSN 0957-4174. 

7. RAN, Yongyi, Han HU, Yonggang WEN, and Xin ZHOU. Optimizing Energy Efficiency for Data Center Via 
Parameterized Deep Reinforcement Learning. Online. IEEE Transactions on Services Computing, 
(2022), pp. 1–14. ISSN 1939-1374. 

8. BEREZOVSKAYA, Yulia, Chen-Wei YANG, Arash MOUSAVI, Valeriy VYATKIN, and Tor Bjorn 
MINDE. Modular Model of a Data Centre as a Tool for Improving Its Energy Efficiency. Online. IEEE 
Access, vol. 8 (2020), pp. 46559–46573. ISSN 2169-3536. 

9. ÖZKAN, Barış, Mehmet ERDEM, and Eren ÖZCEYLAN. Evaluation of Asian Countries using Data Center 
Security Index: A Spherical Fuzzy AHP-based EDAS Approach. Online. Computers & Security, (2022), 
p. 102900. ISSN 0167-4048.  

10. ERDEM, Mehmet, and Akın ÖZDEMIR. Sustainability and risk assessment of data center locations 
under a fuzzy environment. Online. Journal of Cleaner Production, vol. 450 (2024), p. 141982. ISSN 
0959-6526. 

11. AVGERINOU, Maria, Paolo BERTOLDI, and Luca CASTELLAZZI. Trends in Data Centre Energy 
Consumption under the European Code of Conduct for Data Centre Energy Efficiency. Online. Energies, 
vol. 10 (2017), no. 10, p. 1470. ISSN 1996-1073. 

12. SAATY, T. The analytic hierarchy process: Planning, priority setting, resource allocation. New York: 
McGraw-Hill International Book Co., 1980. ISBN 0070543712. 

13. FORMAN, Ernest H., and Saul I. GASS. The Analytic Hierarchy Process–An Exposition. Operations 

Research. Vol. 49 (2001),  no. 4, pp. 469–486. ISSN 1526-5463.   



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

181 
 

 

ESTE Framework: A Novel Approach to Construction Waste 
Management Through AHP-Based MCDM Model 

Thilina Ganganath WEERAKOON*, Jūratė ŠLIOGERIENĖ 

Vilnius Gediminas Technical University, Lithuania 

* thilina-ganganath.weerakoon@vilniustech.lt 

Abstract 

The construction industry greatly contributes to global waste generation, with construction and 
demolition waste (CDW) providing considerable environmental, economic, and operational 
difficulties. In many developing countries, traditional waste management systems fall short in 
encouraging sustainability, leading to wasteful resource usage and increased landfill dependency. 
This paper presents the ESTE Framework, an innovative method combining Economic, Social, 
Technological, and Environmental dimensions into an Analytic Hierarchy Process (AHP)-based 
Multi-Criteria Decision-Making (MCDM) model to improve Construction Waste Management 
(CWM) via circular economy (CE) principles, using Sri Lanka as a case study. Expert views were 
acquired via pairwise comparisons, indicating environmental elements as the most essential 
(41.6%), followed by economic (38.4%), technological (12.6%), and social (7.4%) concerns. On-
site waste segregation was identified as the most effective option, with off-site treatment, 
prefabrication, and waste-to-energy conversion all considered. The research stresses the 
necessity for organized decision-making tools like the ESTE Framework and advises future 
integration of real-time data and artificial intelligence (AI) to better assist sustainable practices. 
 
Keywords: multiple criteria decision making, AHP, construction industry, waste management. 

1. Introduction 

Globally, the construction industry substantially drives economic development, especially in 
emerging nations, nonetheless, this expansion has precipitated severe sustainability concerns 
with construction and demolition waste (CDW) [1]. Global annual CDW generation exceeds 3 
billion tons, intensifying environmental challenges due to increased landfill use and resource 
exhaustion [2–4]. Conventional linear economic (LE) models (take-make-dispose) have shown 
their insufficiency, leading to the implementation of circular economy (CE) strategies that 
prioritize the recycling and reuse of resources within a closed-loop framework [5]. 
 
Integrating CE concepts into construction waste management (CWM) necessitates structured 
decision-making procedures owing to the complexities in choosing the optimum options. Multi-
criteria decision-making (MCDM) approaches, especially the Analytic Hierarchy Process (AHP), 
have become essential instruments for methodically assessing several conflicting criteria, such as 
technological, social, economic, and environmental factors that impact sustainable waste 
management alternatives [6, 7]. Notwithstanding its potential, the present utilization of MCDM 
alongside CE principles in the construction industry is nonetheless constrained. 
 
The current research addresses the highlighted gap by developing a complete, integrated 
framework that combines AHP-based MCDM methodologies with CE principles, designed to 
prioritize and optimize waste management strategies. The primary research inquiry is “What 
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ways can the incorporation of an AHP-based MCDM methodology improve the implementation of 
CE principles in CWM?” 
The article introduces the ESTE (Environmental, Social, Technological, and Environmental) 
Framework, a systematic decision-making model built on an AHP-based MCDM methodology to 
tackle these difficulties. The ESTE Framework encompasses four fundamental elements for 
evaluating and selecting sustainable CWM options. The framework aims to improve the use of 
circular economy concepts in CWM procedures by methodically identifying trade-offs and 
interrelationships among these factors. 

2. Theoretical Background of MCDM in CWM 

MCDM methodologies have become vital in Construction Waste Management (CWM), given their 
potential to systematically analyze complicated and linked decision-making situations (Table 1). 
Among the most prominent MCDM methods utilized are the Analytic Hierarchy Process (AHP), 
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), Decision-Making Trial 
and Evaluation Laboratory (DEMATEL), Analytic Network Process (ANP), Weighted Aggregated 
Sum Product Assessment (WASPAS), and Multi-Attributive Border Approximation Area 
Comparison (MABAC). 
 
The AHP technique supports prioritizing by breaking complicated waste management solutions 
into hierarchical criteria, allowing stakeholders to analyze the relative value of alternative waste 
reduction options [8]. TOPSIS offers a systematic assessment of options by analyzing their 
proximity to an ideal solution, frequently utilizing fuzzy extensions to handle uncertainty and 
subjective data inputs, such as recycling rates and cost variations [9]. DEMATEL explicitly tackles 
interdependencies across crucial components, revealing key causal links and drivers in efficient 
CWM deployment, such as policy enforcement and technical availability. Additionally, ANP 
enhances the possibilities of AHP by supporting connected criteria rather than hierarchical 
structures alone, enabling flexibility in recording complicated decision networks [10]. Methods 
such as WASPAS and MABAC have lately been merged to handle thorough multi-criteria 
assessments, especially when paired with fuzzy logic or rough numbers, to successfully manage 
uncertainties inherent in construction projects [11]. These combined techniques increase 
robustness, precision, and transparency of CWM-related decisions. 

Table 8. Summary of MCDM studies focused on CWM 

Author(s) Focus Applied MCDM Method 
Khoshand et al. [12] Identify best CWM alternatives including 

landfilling, reusing, recycling, and reducing 
Fuzzy AHP 

Marzouk et al. [13] Prioritizing waste management techniques by 
choosing the most sustainable disposable 
method 

Fuzzy TOPSIS 

Eghbali-Zarch et al. [14] Ranks the feasible strategy solutions by the 
sustainable development criteria to enhance 
the performance of CWM 

IDOCRIW+WASPAS 

Shah. [15] Optimal site selection of construction waste 
treatment options 

AHP 

Bin et al. [16] Identify the most critical CWM factors DEMATEL 

Zhang et al. [17] 
 

Develop a heterogeneous multi-criteria 
evaluation framework to assist decision-
making in CDW utilization by selecting the 
most optimal waste management scheme from 
multiple alternatives 

ANP+MABAC 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

183 
 

Yi et al. [18] 
 

CDW management by integrating Life Cycle 
Assessment (LCA) and Life Cycle Costing (LCC) 
into an MCDM framework 

AHP+TOPSIS 

However, despite their virtues, present MCDM applications confront constraints, including 
subjective biases in expert assessments, heavy data needs, dynamic cost swings, and the difficulty 
required in combining qualitative and quantitative data successfully. Overall, MCDM techniques 
greatly boost sustainable building processes by promoting transparent, informed, and methodical 
decision-making, so aligning closely with CE principles to promote resource recovery and waste 
reduction. 

3. Methodology 

This research employs the ESTE Framework, applying an AHP-based MCDM technique to 
thoroughly analyze CWM solutions. The AHP technique is chosen because of its organized 
approach, enabling complicated issues to be broken down hierarchically and appraised via 
pairwise comparisons. By evaluating four fundamental elements, the ESTE Framework offers a 
complete framework for choosing sustainable waste management choices. The technique is 
created primarily for poor nation environments, with Sri Lanka acting as a sample case study. 

3.1. Research Design 

The research’s strategy makes use of the AHP methodological framework to make it simpler to 
discover elements impacting the CWM and suggest a new framework. The widely used AHP is an 
MCDM technique that allows for systematic comparisons and alternative ranking utilizing a 
hierarchical structure. Using AHP, decision-making modelling starts with the development of a 
decision tree. This decision tree (Fig. 1) contains the goal of the study, dimensions for CWM, and 
affecting factors within each dimension (Table 2). 

Table 2. Dimensions and factors influencing CWM 

Goal Dimensions Dimension 
Label 

Influencing Factor  

 
 
 
 
 
 
 
 
 

Selecting the 
ideal CWM 

strategy 

 
Economic factors 
(EC) 

EC1 Market demand for recycled materials 
EC2 Financial incentives 
EC3 Cost‐effective practices 
EC4 Policies and regulations 

 
Social factors (S) 

S1 Safety and health 
S2 Training and Education 
S3 Employment and labor regulations 
S4 Community involvement 
S5 Cultural attitudes towards waste management 

Technological 
factors (T) 

T1 Waste tracking and monitoring 
T2 Development of modular construction 
T3 Waste segregation technologies 
T4 Waste recycling technologies 
T5 Product design 
T6 CWM infrastructure 

 
 
Environmental 
factors (EN) 

EN1 Natural resource availability 
EN2 Ecosystem fragility 
EN3 Energy costs and sources 
EN4 Land availability for landfills 

 

The review evaluates four waste management alternatives, including on-site segregation (A1), 
off-site treatment (A2), Waste-to-Energy (WTE) conversion (A3), and prefabrication and modular 
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Construction (A4). The Eigenvector Method is used to prioritize these options, providing an 
objective, mathematically rigorous approach.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This research examines developing countries, with Sri Lanka as a case study due to its significant 
urbanization and building sector expansion, insufficient recycling infrastructure, weak policy 
enforcement, and lack of circular economy integration. Despite these challenges, Sri Lanka has 
shown increased commitment to sustainability through legislative interventions, recycling 
efforts, and cooperation with foreign organizations. A structured survey was conducted among 
six industry professionals, ensuring a smaller, experienced panel for accurate and consistent 
decision-making, as MCDM approaches promote quality and depth of expert knowledge. 

3.2. AHP Method 

The pairwise comparison matrix (PCM). The matrix evaluates elements at each level of hierarchy 
with a predefined nine-point scale (Table 3) established by Saaty [19] for expressing preference 
of the experts. 

Table 3. The nine-point scale used in the pairwise comparison of AHP [19] 

Intensity of 
Importance 

Definition Explanation 

1 Equally importance Two activities contribute equally to the objective 
3 Moderate importance Experience and judgment slightly favor one activity over 

another 
5 Strong importance Experience and judgment strongly favor one activity over 

another 
7 Very strong importance An activity is favored very strongly over another 
9 Extreme importance The evidence favoring one activity over another is of the 

highest possible order of affirmation 
2,4,6,8 Intermediate values used to balance opposing opinions when analysing data 

Fig. 1. AHP decision tree with goal, dimensions, and influencing factors for ESTE framework 

Selecting the most 
suitable CWM 

strategy  

EC S T EN 

EC1, EC2, EC3, 
and EC4 

S1, S2, S3, S4, and 
S5 

T1, T2, T3, T4, T5, 
and T6 

EN1, EN2, EN3, 
and EN4 

A1 A2 A3 A4 
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The Eigenvector Method, commonly known as the primary eigenvalue technique, is utilized in this 
study to estimate priority weights of criteria and rank alternatives in the AHP. It calculates the 
principal eigenvector of the pairwise comparison matrix. Once the comparison matrix is formed, 
the main eigenvector is derived by calculating the eigenvalue equation shown below (1): 

𝐴 = 𝜆 𝑚𝑎𝑥𝜔.                                                                           (1) 

Where: 𝜆max is the greatest eigenvalue of matrix A, and w is the related eigenvector that specifies 
the priority weights of the criteria.  
The eigenvector is normalized by formula (2) such that the sum of its constituents equals 1: 

𝜔𝑖𝑗 =
𝜔𝑖

∑ 𝜔𝑗
𝑛
𝑗=1

 .                                                                         (2) 

One feature of the AHP method is the ability to verify the consistency of the responses. The 
consistency ratio (CR) is calculated using the formulas presented below (3) and (4): 

                                                                               𝐼𝐶 =
(𝜆𝑚𝑎𝑥−𝑛)

𝑛−1
,         (3) 

                                                                                   𝐶𝑅 =
𝐼𝐶

𝑅𝐼
.                         (4) 

where: λmax is the eigenvalue of each decision matrix, and n is the matrix order.  
 
Each matrix’s random index (RI) is determined by the number of criteria it contains. The RI values 
are displayed in Table 4 based on the matrix order (n).  

Table 4. RI numbers used for computing CR [19] 

n 1 2 3 4 5 6 7 8 9 10 
RI 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

 

The CR value below 0.1 indicates acceptable consistency, while higher values suggest revision. 
Priority weights are computed, alternative levels compared, and final rankings obtained by the 
formula presented below (5): 

𝑆𝑗 = ∑ 𝑤𝑖𝑎𝑖𝑗 ,                                                                        (5)

𝑛

𝑖=1

 

where Sj is the final score of option j, wi is the weight of criterion i, and aij indicates the relative 
performance of alternative j under criterion i.  

3. Results 

The experts used pairwise comparison and Saaty's scale to assess CWM alternatives. They 
normalized pairwise comparison matrices and determined priority weights for each criterion, 
ensuring direct comparisons.  Environmental aspects were selected as the most essential feature, 
accounting for 41.4% of the total weight, showing the increased focus on resource conservation, 
land availability, and ecosystem preservation. Economic considerations followed with a weight of 
38.6%, suggesting the considerable impact of market demand, financial incentives, and cost-
effective procedures. Technological elements contributed 12.6%, stressing the impact of 
innovation in waste monitoring, recycling technology, and modular building. Social elements, 
although still vital, had the lowest weight at 7.4%, demonstrating that while community 
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engagement and labor standards are important, they are seen as secondary compared to 
environmental and economic concerns in construction waste management prioritizing. 
The final scores were obtained by integrating these weights with the total relevance of the criteria. 
This method ensured consistency in decision-making by transforming subjective judgments into 
a measurable scale. The final ranking (Fig. 2) of CWM methods was obtained by combining 
weighted priority ratings across all assessment categories, ensuring the most sustainable and 
effective waste management solution is determined through a detailed, multi-criteria analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Final weights of the alternatives 
 

On-site Waste Segregation was the most recommended method, ranked at 0.5085 due to its 
economic feasibility, social acceptability, and technical efficacy. Off-site Waste Treatment 
followed with a score of 0.2445, showing potential for large-scale waste processing and recycling 
but needing additional logistical assistance. Prefabrication took third place with a score of 0.1254, 
benefiting from decreased material waste but facing cost and flexibility issues in Sri Lanka's 
current building scene. Waste-to-Energy Conversion ranked lowest at 0.1216, highlighting 
concerns about high initial costs, energy inefficiencies, and environmental limits. The study 
incorporated CE principles directly into the AHP-based MCDM framework for CWM, focusing on 
waste reduction, resource recovery, and recycling in the building environment. This 
comprehensive perspective connects well with the global focus on sustainability and provides 
practical insights for policy-makers and industry practitioners in developing sustainable waste 
management plans. 

4. Conclusions 

1. The proposed ESTE Framework, based on an AHP-based MCDM theory, offers an effective and 
systematic way an effective and systematic way to integrate CE concepts into CWM by 
incorporating environmental, economic, technical, and social elements. 

2. On-site waste segregation and recycling (A1) was selected as the most successful CWM 
method, since it immediately decreases waste at the source, boosts material recovery, and 
promotes sustainability. It gives rapid advantages with very minimal technological 
complexity, making it extremely relevant in underdeveloped economies. 

Fig. 2. Final weights of the alternatives 
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3. The framework enables stakeholders to understand and navigate the trade-offs involved in 
alternative waste management methods, such as off-site treatment, prefabrication, and waste-
to-energy conversion, each of which offers distinct advantages and limitations, including cost, 
logistical challenges, and technology requirements. 

4. This study presents a realistic and scalable decision-support tool for policymakers and 
industry practitioners in poor nations, where inadequate infrastructure and regulatory 
structures impede sustainable building methods.  

5. Future studies ought to concentrate on improving the model’s versatility through 
incorporation with real-time data analytics and AI, which could help overcome the static 
constraints of AHP and minimize subjectivity in expert judgments, leading to more dynamic 
and responsive decision-making systems. 
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Abstract 

Tris(2-chloro-1-methylethyl) phosphate (TCPP) is an organophosphorus flame retardant used in 
construction materials, mostly in polyurethane (PUR) foam insulation. Although effective in 
reducing fire risk, TCPP has raised increasing concern due to its persistence, chemical mobility, 
and toxicity. This paper represents an overview of the hazardous properties, regulatory 
developments and environmental occurrence related to TCPP in Europe. The paper highlights 
TCPP migration from construction products into indoor air, dust, and water systems such as 
stormwater and wastewater, based on various document analyses and scientific literature. 
Finally, the work introduces a conceptual model for TCPP flows in the construction sector, 
focusing on emission pathways. 
 
Keywords: TCPP, flame retardants, construction materials, hazardous substances. 

1. Introduction 

Reducing the use of hazardous substances in the construction sector is increasingly recognised as 
a critical step towards protecting both the natural environment and human health, while 
promoting building sustainability. Flame retardants are chemical substances added to materials 
to reduce flammability and delay the spread of fire. One of the widely used flame retardants in the 
construction sector is TCPP, mostly applied in polyurethane (PUR) foam insulation. Although 
effective in fire prevention, TCPP has been connected with growing concerns due to its physical-
chemical properties, including mobility, persistence in the environment and toxicity. 
  
This paper focuses on TCPP used in construction materials and presents an overview of its hazard 
properties and regulatory, known environmental occurrence and implications for further 
analysis. The main objective is to summarise how this substance behaves in the built 
environment, based on published articles and screening evaluations carried out in the European 
Union (EU) countries. The study also introduces conceptual model for TCPP flows, by describing 
qualitative emission pathways, without quantitative estimates. The overall aim is to understand 
how TCPP are released from materials and transported through different environmental 
compartments. 

2. Methods 

The methodology applied in this paper is designed to systematically address the issue of TCPP in 
the construction sector and its environmental occurrence. Analysis was performed following the 
steps and methods indicated in Fig. 1. 
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Fig. 1. Steps and research methods of the study 

 

The methodology applied in this study combines literature review, data collection, and modelling 
to analyse the use and environmental pathways of TCPP in the construction sector. First, a 
literature review was conducted to identify the properties of TCPP that support its usage in 
construction materials. This was followed by a review of scientific literature and legal regulations 
associated with TCPP. Additionally, data were collected on the usage of TCPP in construction 
products and its occurrence in the environment. Based on the gathered information, a conceptual 
model was developed to illustrate the flows of TCPP within the construction sector and its 
transfer to the environment. Finally, conclusions were formulated. 

3. Results and discussion 

3.1. Use in construction 

TCPP (CAS No. 13674-84-5, EC No. 237-158-7) is a liquid organophosphate flame retardant at 
room temperature. Its flame retardant performance is attributed to the presence of both 
phosphorus and chlorine atoms: phosphorus promotes char layer formation, while chlorine 
suppresses free radical generation during combustion [1]. According to the EU Risk Assessment 
Report [1], TCPP is primarily used in rigid polyurethane foams (PUR) found in construction 
insulation boards and sprayed foam systems. Typically, TCPP constitutes around 8–10% of PUR 
foam mass. Smaller quantities are used in flexible foams for furniture or automotive applications, 
electronics, coatings, adhesives, and paints. According to a report prepared within the 
NonHazCity 3 project [2], which includes an analysis of the Swedish Byggvarubedömningen (BVB) 
database, TCPP was identified in approximately 50 construction products, with concentrations 
ranging from 3% to 20%. BVB is an online Swedish database aimed at promoting the selection of 
environmentally preferable construction materials. Most of the materials were polyurethane- or 
foam-based materials such as insulation, sealing foams, and fire-resistant sealants. 
 
According to the global market report of TCPP [3], in 2025 Europe accounted for over 30% of the 
global TCPP flame retardant market, valued at USD 113.07 million. Concerns over the toxicity and 
regulation of older brominated and chlorinated flame retardants have led to a shift toward less 
restricted alternatives such as TCPP, contributing to the growth of its market. 
 
 
 

Literature	review	on	hazards	of	TCPP

Literature	review	on	legal	regulation	of	TCPP

Literature	review	of	properties	that	lead	to	TCPP	usage	in	
the	construction	sector

Literature	review	and	data	collection	on	usage	in	
construction	materials	and	on	environmental	occurrence

Development	of	a	conceptual	model	for	TCPP	flows	
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3.2. Hazard properties and regulatory framework 

According to the classification provided by companies to European Chemicals Agency (ECHA) in 
CLP notifications [4], TCPP is classified as harmful if swallowed (H302), harmful to aquatic life 
with long lasting effect (H412), and suspected of causing cancer (H351) as well as suspected of 
damaging fertility and unborn child (H361). Despite these concerns, TCPP is not listed on the 
REACH Candidate List of Substances of Very High Concern, meaning its presence in construction 
materials does not need to be disclosed. 
The EU Risk Assessment Report [1] initially concluded that no further risk reduction measures 
were necessary. However, a 2018 Screening Report [5] highlighted potential risks to children 
exposed to TCPP in flexible polyurethane foam products, leading ECHA to recommend a 
restriction similar to the one already applied to TCEP [6]. In 2019, the European Commission 
withdrew its proposal until the results of two carcinogenicity studies from the U.S. National 
Toxicology Program (NTP) became available [6]. 
 
ECHA has issued both an Assessment of Regulatory Needs (2022a) for a group of chlorinated 
trialkyl phosphate flame retardants - including TCPP - and a broader Regulatory Strategy for 
Flame Retardants (2023) [6]. These documents identified TCPP as potentially carcinogenic, 
reprotoxic, and endocrine-disrupting. The final proposed action was to introduce a restriction 
based on harmonised classification and labelling (CLH) for a group of flame retardants. However, 
it was recommended to wait for the full publication of two carcinogenicity studies prepared by 
the US National Toxicology Program (NTP).  
 
In 2015, the inclusion of TCPP in the Community Rolling Action Plan (CoRAP) was first 
considered; however, the evaluation was postponed pending the results of the same two 
carcinogenicity studies conducted by the NTP. CoRAP is an initiative launched by ECHA aimed at 
assessing the risks of substances that raise concerns for human health or the environment. It is a 
continuously updated list of substances to be evaluated under the REACH Regulation. The plan 
covers substances that may pose risks such as carcinogenicity, endocrine disruption, or other 
hazards. Substances are prioritised for inclusion in CoRAP based on their potential risk, and they 
are evaluated within a defined timeframe to determine whether further actions, such as 
additional testing or, are needed. TCPP was officially included in CoRAP in 2022. The evaluation 
focused on the concerns outlined in the CoRAP justification document – namely, carcinogenicity, 
reproductive toxicity, and endocrine-disrupting properties. The assessment was based on data 
submitted in the registration dossier, full study reports, scientific literature, and the published 
results of the two NTP carcinogenicity studies. TCPP was also discussed during the 23rd meeting 
of ECHA’s Endocrine Disruptor Expert Group, where experts concluded that sufficient evidence 
exists to establish a link between endocrine activity and adverse effects caused by the TCPP [6]. 
Based on the document prepared by Denmark [6] and its summary, it can also be concluded that 
TCPP may cause endocrine disruption and poses a risk to human health. The available 
information is considered sufficient for classification and labelling of the substance. 

3.3. Environmental occurrence 

According to a report prepared as part of the NonHazCity 3 project [2], TCPP has been 
increasingly detected in various environmental compartments, which is attributed to its high 
mobility and water solubility. A stormwater screening conducted in four cities (Stockholm, 
Västerås, Turku, and Helsinki) found TCPP in 37% of analysed samples. Detection frequencies 
varied by location: 55% in Turku, approximately 40% in both Helsinki and Stockholm, and 0% in 
Västerås. Concentrations were from below the limit of quantification (LOQ) up to 0.52 µg/L. 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

192 
 

In research conducted in Stockholm during November–December 2023, stormwater samples 
were collected from seven urban sites representing various land use types, including residential, 
commercial, and light industrial areas. TCPP was detected in four locations: Hjulstadammen 
(0.15 µg/L), Sundbydammen (0.29 µg/L), Mårtensdal (0.44 µg/L), and Bergslagsdammen 
(0.25 µg/L). 
The same analysis also provides data on wastewater systems. TCPP concentrations in residential 
wastewater reached 5.5 µg/L, while influent and effluent samples from a wastewater treatment 
plant (WWTP) showed concentrations of 3.6 µg/L and 1.5 µg/L, respectively. These results 
suggest that residential areas represent a primary source of TCPP entering wastewater 
infrastructure. Additionally, TCPP was the dominant substance among all analysed 
organophosphate esters (OPEs), occurring at the highest concentrations. Fig. 2 illustrates a 
comparison of TCPP concentrations in stormwater and wastewater across the cities. 
 

 

Fig. 2. TCPP concentrations in water sources. Compiled based on [2] 
 

In the previously mentioned study, preschools in Västerås were investigated to assess the 
presence of TCPP in indoor dust. The average concentration of TCPP in dust samples was 0.665 
µg/g. These results were compared to earlier studies:  

1. In a 2015 study conducted in Stockholm, TCPP was not detected. 
2. In a 2020 study, TCPP levels in dust ranged from 0.9 to 5.4 µg/g, while concentrations in 

the air ranged from below the detection limit to 30 ng/m³. 

 

These findings suggest that TCPP usage may be increasing and that its presence in indoor 
environments, particularly in facilities for children, is becoming more relevant. 
One of the more comprehensive studies on the environmental occurrence and ecological risk of 
TCPP was conducted by Xie et al. [7]. The study compared two widely used chlorinated flame 
retardants, TCPP and TCEP, across various aquatic environments. In line with earlier sources, 
TCPP occurrence was attributed to its widespread use in construction materials, especially 
polyurethane foams, from which it can migrate into the environment via wastewater, surface 
runoff, or waste streams. The study analysed TCPP concentrations in WWTP effluent, rivers, lakes, 
and drinking water, and calculated ecological risk quotients (RQ). The highest concentrations (up 
to 10 µg/L) and the most significant ecological risk (RQ > 1) were observed in WWTP effluent in 
Japan (RQ = 4.47) and Sweden (RQ = 2.45). River water samples showed lower concentrations 
(up to 0.5 µg/L), although moderate risk levels were still observed in some locations (RQ up to 
0.55). In contrast, TCPP levels in lakes and drinking water were very low (<0.1 µg/L), resulting in 
negligible ecological risk. Results are shown in Table 1 below.  
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Table 1. TCPP concentrations and ecological risk. Compiled based on [7] 

Environment  TCPP concentration, µg/L Ecological risk (RQ) 
WWTP effluent 0.1 – 10.0 2.45 – 4.47 
River water 0.001 – 0.5 up to 0.55 
Lake water 0.001 – 0.1 < 0.1 
Drinking water <0.01 < 0.01 
 

Another study about the migration of TCPP, more specifically, its isomer TCIPP (tris(1-chloro-2-
propyl) phosphate), from construction materials was conducted by Brandsma et al. [8]. The study 
focused on the use of flame retardants in spray polyurethane foam insulation and their transfer 
to the environment, with particular attention to indoor dust, air, and potential migration into soil. 
The aim was to assess whether TCPP/TCIPP remains active and tends to migrate even during use.  
TCIPP was detected in significant concentrations in both indoor dust and air samples more than 
two years after the PUR insulation had been installed. This finding indicates that flame retardants 
continue to migrate actively from polyurethane foams into indoor environments over time. 
 
The study also applied a hand wipe method: after a 10-second contact with the foam surface, 
samples were collected using sterile wipes and found to contain up to 2.7 µg of TCIPP. This 
confirmed that the flame retardant was still migrating from the material and could reach human 
skin through direct contact, even a long time after installation. Although the primary focus of the 
study was on indoor migration, the authors also highlighted the potential for TCIPP to migrate 
into soil. Spray foam insulation is often used beneath floors, especially in older buildings where 
the floor structure may be above unsealed ground. In such situations, TCIPP may leach into soil 
and groundwater. At the end of life, PUR insulation waste is difficult to recycle because it is 
strongly attached to construction materials such as concrete and bricks. As a result, this type of 
waste is often incinerated or sent to landfills. Studies have shown that TCIPP may leach from 
landfills into the environment, and inappropriate disposal of these materials could contribute to 
groundwater contamination. 

3.4. Conceptual model 

This section provides a qualitative overview of the potential flow pathways of TCPP used in 
construction materials. As an additive flame retardant, TCPP can migrate from products during 
use and at end-of-life stages. The conceptual model is presented in Fig. 3. 
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Fig. 3. Conceptual model of TCPP flows 

The conceptual model aims to illustrate environmental compartments where TCPP is released, 
for further quantification of the volumes or fluxes involved. These pathways are relevant for 
understanding exposure risks and for identifying priority points for emission reduction and 
regulation. 

4. Conclusions 

1. TCPP continues to be commonly used in the construction sector, mainly in rigid polyurethane 
insulation. 

2. Environmental monitoring confirms that TCPP is present in stormwater and wastewater, with 
the highest concentrations found in samples from residential areas. 

3. Studies from indoor environments have also shown that dust and air contain TCPP, indicating 
long-term migration from building materials. 

4. Among analysed organophosphate flame retardants, TCPP often dominates in terms of both 
frequency of detection and concentration levels. 

5. The substance is currently under regulatory review in the EU, with concerns related to 
carcinogenicity, reproductive toxicity, and endocrine disruption forming the basis for 
proposed risk management measures. 

6. The developed conceptual model of TCPP flows provides a structured basis for identifying key 
pathways and compartments and should be further extended into a quantitative flow analysis 
to assess substance loads, distribution, and potential environmental risks. 
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Abstract  

This study focuses on sustainability and commercial growth relating to the assessment of the 
environmental benefits, and economic impacts of recycling Tetrapak packaging materials. 
Tetrapak packaging is a multi-layered material composed of paper, plastic and aluminium 
ingredients, and it is popular as it provides excellent protective qualities. Tetrapak is very 
versatile, and it is most common useto develop packs for food and beverages there is an 
acceptance of Tetrapak across the supply chain and customers as it has less environmental impact 
than traditional packaging. Life cycle assessments illustrated environmental benefits of Tetrapak 
packaging, however, Tetrapak is composed of different elements, and the recycling capacity of 
Tetrapak is largely restricted to cellulose (paper). The remainder of the composite "PolyAl" 
(plastic and aluminum) is significantly limited so it is predominantly energy from waste or 
incinerated as separated, where appropriate it is difficult to obtain the layered material 
economically or practically. 

Tetrapak packaging is a multi-component packaging made of paper, plastic, and aluminium. Its 
most widespread use is in the food and beverage industry because this packaging has good 
properties to protect the product, which is the essence of this packaging. Despite life cycle 
analyses showing environmental advantages over traditional packaging, recycling of this 
packaging is quite complicated. Simply put, only the cellulose part is currently recycled effectively, 
and, most often, the plastic and aluminium that remain after separation are incinerated. Modern 
hydrocellulose technologies of today partially allow the separation of materials, although full 
recycling is encountered in cases such as those related to "PolyAl" components. Many Tetrapak 
packages end up in mixed waste containers rather than in recycling, which indicates that the 
collection and recycling rates for this packaging are quite low. From this, we can conclude that it 
is necessary to increase both consumer awareness of this issue and the sorting and recycling 
infrastructure. 

By implementing new solutions – nanotechnologies based on microfibrillated cellulose – we can 
achieve a higher level of sustainability, but in doing so, we face functional and economic 
challenges. Currently, we are increasingly seeing innovations being developed, such as artificial 
intelligence systems in sorting or chemical waste recycling methods but looking at it from the 
other side, the legal regulation is not so consistent. Recycling Tetrapak packaging has significant 
benefits, including reducing negative environmental impact, saving resources, and reducing 
carbon dioxide emissions. From an economic point of view, recycling Tetrapak packaging requires 
significant investments at the beginning, especially in sorting or separation technologies for this 
waste. However, taking all this into account, we see only growth, where new jobs are created, and 
opportunities are created to use secondary recycled materials and bring them to the market. 

Keywords: recycling, Tetrapak, packaging, reuse. 
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1. Introduction 

Tetrapak-type packaging, also known as beverage cartons, consists of layers of different 
materials: aluminum, paper, and plastic. Mostly used for the packaging of food products, 
especially milk and juice, due to their hygienic and barrier properties [1]. Although life cycle 
analysis data show that such packaging often outperforms plastic or glass in terms of renewable 
resource use and production efficiency, its recycling remains limited: usually only the cellulose 
fraction is recovered, while the plastic and aluminum parts are currently mostly incinerated [1]. 
Modern hydropulping technologies break down the packaging into components but do not 
address the issue of comprehensive recycling, and innovative ideas such as PolyAl recycling still 
face cost-effectiveness and logistical challenges [1]. 

Studies show that most of such packaging ends up in the mixed municipal waste stream rather 
than in specialized sorting containers, which significantly reduces the actual collection and 
recycling rate – for example, in Vienna, only about 19.6% of this packaging is collected separately 
[1]. This situation reveals the need to strengthen consumer information and modernize sorting 
and logistics systems. Furthermore, as people's awareness increases and environmental 
requirements are tightened, the beverage (liquid) industry is increasingly focussing on 
sustainable packaging solutions: using bioplastics or other recycled components [2]. Newly 
introduced nanotechnology-based packaging – microfibrillated cellulose (MFC) – improves the 
moisture and oxygen resistance of cardboard and paper packaging while reducing the need for 
plastic and improving their recyclability and compostability [3]. However, there is another side 
where the application of these technologies still faces challenges of functionality and economic 
sustainability, especially in industrial production [3]. 

This solution ensures that the shelf life of products without refrigeration or chemical 
preservatives is as long as possible, thereby reducing energy consumption and food waste [4]. 
This packaging is compatible with innovative, sustainable food processing technologies, such as 
HPP (high pressure processing), which allows the maintenance of the quality of the product 
significantly longer product quality maintenance [5]. Although these packagings have advantages, 
they pose several challenges during recycling – the cellulose fraction is easily separated and 
recycled, but the separation of the aluminum and plastic layers is difficult, and the recovery of 
these materials is limited [4]. Life cycle assessment (LCA) shows that we can reduce 
environmental and human health impacts mainly through recycling and reuse. Statistical data, 
according to the LCA meta-analysis, show that up to 1 day of healthy life (DALY) can be saved per 
ton of recycled plastic worldwide [6]. 

Furthermore, the efficiency of reuse depends on consumer habits – for example, if reusable plastic 
packaging were truly more environmentally friendly than single-use plastic, it would need to be 
reused at least 30 times [6]. Therefore, such data highlights the need to improve packaging 
recycling infrastructure, further develop circular economy solutions, and deepen public 
understanding of the importance of sustainable consumption. 

Modern waste management systems pay increasing attention to the principles of the circular 
economy, and one of the priorities is the recycling and recovery of secondary raw materials [7]. 
This usually involves developing new ways and challenges to recycle plastic or other multi-layer 
packaging and separating it (plastic, aluminum, paper [8]. Single-use plastics used in industries 
such as food and beverage are usually partially recycled, while the rest of the packaging is 
incinerated or sent to a landfill (but this method is decreasing), which increases the negative 
impact on climate change [9]. Technological solutions such as the use of waste-derived fuel (RDF) 
in solid industry - cement production, show that this is progress in waste recycling, because at the 
same time renewable energy is used in the same production, which reduces CO2 emissions [10]. 
Although active and smart packaging, such as those containing oxygen absorbers and gas 
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indicators, can also be recycled and contribute to a longer shelf life of the product and reduce food 
waste, due to its composition, recycling of this packaging is still very difficult [11]. 

With a focus on the separation challenges, increasing attention is being paid to the application of 
artificial intelligence and computer vision. Systems such as EcoMind use deep learning and local 
image datasets to improve the accuracy of waste classification and allow more efficient separation 
of materials in sorting lines [12]. This direction also includes the implementation of smart 
containers equipped with sensors and visual analysis, which increases the efficiency of sorting in 
both households and industries. 

Tetra Pak-type packaging, as mentioned before, is widely used in the food and beverage industry 
and poses significant recycling challenges due to its multi-layer composition (paper, polyethylene, 
aluminium) – especially the difficult separation of plastic and aluminium layers [8]. In Lithuania, 
TetraPak packaging is not collected in the deposit system, although its management is regulated 
by the Packaging Waste Management Law; recycling is still carried out through the general waste 
stream, and there are no specific incentive mechanisms yet [13]. In the EU, the management of 
packaging waste is regulated by Directive 94/62/EC, but there is still a lack of unified solutions 
for Tetra Pak packaging – proposals for a standardized deposit system are currently being 
prepared [14]. Meanwhile, Sweden, Germany, and some Canadian provinces already apply 
integrated collection systems, which allow achieving high recycling rates [15]. Technological 
solutions such as optical sorting equipment, RDF technologies, or smart waste identification tools 
(EcoMind) provide the prerequisites for more efficient material recovery [10, 12]. However, 
clearer regulation, strengthening of infrastructure, and application of financial incentives to the 
recycling sector are necessary to accelerate Tetra Pak recycling. 

2. Solutions 

2.1. Opportunities and challenges for repurposing Tetrapak packaging 

Tetrapak packaging is often considered a recycling challenge due to its complex multilayer 
structure, but recent studies reveal its potential as a source of raw materials in various industrial 
sectors, especially in the production of construction sector materials. Analyzed research studies 
show that recycled Tetrapak waste can be used as a filler or reinforcing material in wood-plastic 
composites (WPC), which are used in the production of building boards, furniture, packaging, and 
other durable structures (Ramli, 2024). WPCs, consisting of recycled plastics and wood or plant 
fibers, also allow for the effective use of agro-waste, such as sugarcane residues, rice husks, or 
fruit peels, while reducing manufacturing costs and carbon dioxide emissions [10]. In addition, 
such composites are characterized by moisture resistance, good mechanical properties, and 
durability, making them suitable not only for use in interior but also in exterior decoration [16]. 

Although we see many advantages, the reuse of Tetrapak packaging still poses a number of 
challenges. Firstly, their multilayer structure requires complex processing processes to effectively 
separate the materials and adapt them for further use [16]. Second, WPCs made from agricultural 
waste and Tetrapak components face variability - natural fibers are not uniform in their 
composition, which complicates quality control and standardization [16]. Furthermore, to ensure 
safety and compliance with the construction requirements of such materials, additional 
processing or reinforcement with additives is necessary, which increases the overall cost. 
Nevertheless, a growing number of projects show that the industrial recycling of Tetrapak into 
construction or creative materials – from wall panels to school furniture – is not only feasible but 
also contributes to the development of the circular economy and the reduction of waste [9]. 
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2.2. Recycling/reuse costs, market demand for recycled materials, and potential economic 
benefits 

The recycling of the aforementioned Tetrapak packages still poses a number of economic 
challenges due to their multilayer structure, as special equipment is required for the separation 
of aluminum, plastic and paper. The main factor that indicates low recycling efficiency is the high 
financial costs of sorting, collection and processing, especially if there are no deposit systems or 
separate collection points [17]. Analysis shows that with low collection rates, as in one of the articles 
in Australia, only about 41% of milk bottles are collected, this slows the development of the 
circular economy, leading to a less attractive investment attraction [18]. Additional financial costs 
arise from the need to ensure the properties of the chemicals used, especially when the packaging 
is intended for storing food products [19]. However, beyond the cost perspective, certain 
materials that are recycled, such as bioplastics, show a significantly growing market potential on 
a global scale. Investments in the production of biocomposite packaging are also growing, as these 
technologies allow the production of packaging with good properties, which is an alternative to 
conventional paper/plastic packaging, which allows managing plastic dependence [20]. At the 
same time, sustainable solutions, such as the compatibility of biomass-type waste use with energy 
recovery, only prove that such innovative solutions can not only reduce the cost of energy 
resources but also create new jobs and increase local and not only economic value [17]. Therefore, 
in short, from the economic perspective of recycling, it can be seen that it is directly related to 
newly developing technologies, from the regulatory perspective, through the environmental 
perspective, that more sustainable products need to be developed and used. 

2.3. The opportunity to reduce waste, reduce carbon footprint, and conserve resources 
through recycling/reuse 

Tetrapak packaging, despite the technological challenges of recycling, and considering the need 
to use circular economy goals, research analysis shows that recycled Tetrapak cellulose (called 
rCell), combined with a polybutylene succinate (called PBS)-based composite, can be used 
sustainably – in the construction sector, as a raw material from reusable materials [21]. The 
development of these materials significantly reduces dependence on primary resources, but at 
the same time helps to reduce or completely eliminate the disposal of cellulose in landfills, which 
does not decompose due to its structure (polymer). The analysis shows that they can be used 
because they have good composting conditions and are quite resistant to mechanical and 
thermodynamic damage [21]. 
Continuing on, by integrating recycled Tetrapak materials into the production stages, we can 
significantly reduce the number of resources and carbon dioxide emissions. For example, the 
production of a 1-liter Tetrapak package generates between 60 and 90 g of carbon dioxide, which 
is significantly less than the production of plastic packaging, which generates between 115 g and 
200 g of CO2, and the production of glass packaging up to 250 g of CO2, so recycling Tetrapak 
packages only increases the ecological efficiency of such packaging [21]. Also, by performing an 
analysis (Life Cycle Analysis, abbreviated as LCA), we can more accurately assess the 
environmental impact of recycled materials throughout their entire life cycle, and with such data, 
we can reduce or completely avoid indirect impacts, such as unnecessary transportation or excess 
energy consumption [22]. Such assessments can lead to the conclusion that sustainable recycling 
practices can not only reduce waste and GHG emissions but also manage and control existing 
material flows, achieving an even higher level of sustainability. 
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3. Benefits and Recommendations 

3.1. Environmental, economic, sustainability benefits, public awareness, and education, 
innovative solutions 

First of all, it is worth repeating that recycling and reusing Tetrapak packages allows us to reduce 
the negative impact on the environment. As we know, these packages contain plastic, paper and 
aluminum. One solution is to use membrane technologies, which allow us to reduce both energy 
consumption in production and the generation of greenhouse gases (GHG) compared to 
traditional production methods, such as pasteurization or distillation [10]. At the same time, 
recycling, when we choose the principles of the circular economy, allows production to save on the 
cost of primary raw materials and create sustainable products with higher added value. 

Equally important, from an economic perspective, recycling and reuse offer opportunities to 
reduce production costs, encourage innovation, and build new workplaces in sustainable sectors 
[23]. Public awareness and education are also essential components – raising awareness among 
consumers and producers about the benefits of sorting and recycling improves waste 
management outcomes. Research suggests that educational initiatives involving teachers and 
students can act as ‘amplifiers’, changing long-term habits and encouraging creative problem-
solving [24]. These types of solutions, which include innovative technologies, the education 
sector, and legislators, are essential to ensure the long-term success of the circular economy in 
achieving sustainability. 

3.2. Proposals for technological, policy and consumer engagement improvements to 
support Tetrapak recycling and reuse 

For Tetrapak packaging recycling to be effective and economically viable, when advanced 
technologies are combined, legislators and consumers themselves, therefore, on the technological 
side, it is necessary to apply and develop smart sorting systems, as well as artificial intelligence 
functions that would allow identifying the type of waste and flows, to optimize recycling costs, as 
this would increase the accuracy of material separation [25]. From the legislator's side, deposit 
refund schemes should be further expanded, which would also include multi-layer packaging, 
Tetrapak. In short, on the economic side, it may be necessary to apply certain environmental taxes 
to Tetrapak packaging manufacturers and allocate certain subsidies to create an infrastructure to 
recycle this packaging [27]. Such mechanisms could incentivize producers and consumers to 
choose more sustainable alternatives and increase the scale of collection. Consumer engagement 
also remains a critical component – research shows that targeted education campaigns and 
details about the advantages of recycling significantly contribute to sorting activity, especially if 
information is presented transparently and with a clear social impact [26]. Therefore, only 
coordinated action at all levels – technological, institutional, and societal – creates the 
prerequisites for a more effective integration of Tetra Pak packaging into the circular economy. 

In short, the analyzed topics of Tetrapak packaging recyclability and reuse still pose technological, 
economic and consumption habit challenges that still need to be worked on, which opens the way 
to a perspective towards a more sustainable path. Research shows that Tetrapak can be valued 
not only in the food industry but also in the hard sector, in the construction or energy sectors, 
which would allow them to reduce dependence on primary resources. To implement all this, we 
must use smart technologies, artificial intelligence, and innovative sorting solutions, as well as the 
necessary reforms in politics to allocate tools and funds for their implementation, from the 
expansion of deposit systems to financial grants for the implementation of sustainable solutions. 
Furthermore, society itself plays a crucial role, and it is necessary to strive for responsible 
consumption and consumers themselves, and only by using technological solutions, legislators 
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and social measures can good results be achieved by integrating Tetrapak packaging recycling 
into the circular economy. 

4. Conclusions 

1. Despite the environmental advantages, the recycling of Tetrapak packaging is hampered by 
multilayer materials, i.e. aluminum, and plastic, and advanced technological solutions are still 
required for these technologies. 

2. To develop and integrate recycling effectively, more political regulatory involvement and more 
proposals for financial mechanisms are needed. 

Consumer involvement and education are also very important, and these are some of the key 
factors that would determine the collection rates of the Tetrapak packaging itself. 
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(2022). Strategies to mitigate food safety risk while minimizing environmental impacts in the era of 
climate change. Trends in Food Science & Technology, 126, 180–191. Available from: 
https://doi.org/10.1016/j.tifs.2022.02.027. [viewed 2024-04-08]. 

23. Editorial Team. (2023). A review of the key findings from the virtual special issue on sustainability of 
circular-based chemical processes. Journal of Cleaner Production, 416. Available from: 
https://doi.org/10.1016/j.jclepro.2023.137874. [viewed 2024-04-08]. 

24. KUMAR, A. T. V., ARADWAD, P., & YADAV, R. (2025). Packaging of green technology processed 
beverages: A development trend. In Emerging Green Processing Technologies for Beverages (pp. 309–
324). Elsevier. Available from: https://doi.org/10.1016/B978-0-443-15732-5.00011-3. [viewed 
2024-04-08]. 

25. SHELARE, S. D., BELKHODE, P. N., NIKAM, K. C., JATHAR, L. D., SHAHAPURKAR, K., SOUDAGAR, M. E. M., 
VEZA, I., KHAN, T. M. Y., KALAM, M. A., NIZAMI, A.-S., & REHAN, M. (2023). Biofuels for a sustainable 
future: Examining the role of nano-additives, economics, policy, internet of things, artificial intelligence 
and machine learning technology in biodiesel production. Energy, 282, 128874. Available from: 
https://doi.org/10.1016/j.energy.2023.128874. [viewed 2024-04-08]. 

26. ADEWALE, P., SHOKROLLAHI YANCHESHMEH, M., & LAM, E. (2022). Starch modification for non-food, 
industrial applications: Market intelligence and critical review. Carbohydrate Polymers, 291. Available 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

203 
 

from: https://doi.org/10.1016/j.carbpol.2022.119590. [viewed 2024-04-08]. 
27. SEBASTIAN, R. M., & LOUIS, J. (2021). Understanding waste management at airports: A study on 

current practices and challenges based on literature review. Renewable and Sustainable Energy 
Reviews, 147, 111229. Available from: https://doi.org/10.1016/j.rser.2021.111229. [viewed 2024-04-
08]. 

  

https://doi.org/10.1016/j.rser.2021.111229


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

204 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SUSTAINABLE ENERGY SYSTEMS 

 

 

 

 

 

 

 

 



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

205 
 

 

Investigation of Aerodynamic Performance of Hybrid Vertical Axis 
Wind Turbines Using CFD 

Saad ASHRAF*, Antanas ČIUPLYS** 

Kaunas University of Technology, Kaunas, Lithuania 

*  saaash@ktu.edu.lt 

** antanas.ciuplys@ktu.lt 

Abstract 

A sustainable transition requires window energy as the basic renewable energy source which 
prevents the use of fossil fuels for environmental protection. Hybrid Vertical Axis Wind Turbines 
including Savonius and Darrieus types prove their efficiency as wind technology solutions for 
diverse wind conditions. Hybrid VAWTs unite Savonius drag properties to capture low wind 
speeds with the Darrieus lift mechanism for achieving high wind power generation. Research 
investigates modern hybrid VAWT technology through evaluation of its present operational 
accomplishments and automated starting procedures. Results obtained by simulation work 
showed the improved performance is achieved by changes made in blade geometry and structural 
changes. Environmental turbine performance evaluations serve as the leading analytical measure 
to study temperature effects throughout this research. The research investigates operational 
parameters such as blade angle along with inlet velocity together with air density to evaluate their 
impact on hybrid VAWT performance via CFD simulation results. Research indicates that 
improved hybrid vertical axis wind turbine performance results from finding specific turbine 
configurations. 
 
Keywords: hybrid vertical axis wind turbine, aerodynamic performance, computational fluid 
dynamics, lift and drag forces, Savonius Darrieus turbine. 

1. Introduction 

The world requires wind energy to aid its renewable energy transition, as it offers clean power 
and helps preserve nature differently to traditional fossil energy options. The most basic groups 
of wind turbines are Vertical Axis Wind Turbines (VAWTs) and Horizontal Axis Wind Turbines 
(HAWTs). At greater wing speed, Horizontal Axis Wind Turbines are as efficient at making 
electricity as other wind turbines with that design. Since the turbine spins on its axis, VAWTs 
function better in cities and crosswind areas and do not require yawing [1]. The current VAWT 
designs include the Savonius and Darrieus models. Savonius turbines function at low speeds 
mainly because of drag, but the performance drops as wind speed goes up. Efficiency in a Darrieus 
turbine is determined by lift principle, even though the torque at the start continues to be 
significant. Consequently, we wanted to develop a VAWT that combines the positive aspects of 
Savonius drag based action with Darrieus lift principles. With changing wind speeds, these 
turbines have become more efficient in both performance and work rate [2]. For this reason, 
further investigation into this area could greatly improve hybrid VAWTs, helping sustainable 
energy systems. 
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2. Recent Studies Conducted 

Many researchers have shown intense interest in hybrid Vertical Axis Wind Turbines (VAWTs) 
through numerical investigations to boost their operational efficiency. The following research 
explores the most recent studies conducted in this field.  
 
Hybrid VAWT Performance in Recent Research 

Belal et al conducted a numerical evaluation which investigated how different internal rotor arc 
angles influence the working characteristics of a modified hybrid VAWT. Each rotor assisted in 
identifying optimal configuration through the developed numerical methodology which helped 
identify superior design choices to maximize efficiency [3]. 
 
Aerodynamic Performance of Hybrid Configurations 

Research conducted through numerical simulation examined the usage of combined Darrieus and 
Savonius wind turbine systems in 2023. Multiple combination forms of turbines known as Hybrid 
T-II, T-III, and T-IV underwent aerodynamic performance testing through this research study. 
Particular combinations of hybrid systems showed better starting performance and total 
efficiency compared to separate conventional designs  [5]. 
 
Numerical Advances in VAWT Design 

Didane et al. simulated two vertically rotating blades and found that their VAWTs produced more 
torque and achieved greater operational efficiency [7, 9]. Experimental results show that 
Bianchini et al.  achieved accurate predictions using 2D CFD for Darrieus turbines [10].  
 
Hybrid VAWT Optimization 

The focus of recent research has been on improving how well hybrid VAWTs start on their own 
and their aerodynamic performance. Optimizing the space and angles of a Savonius turbine with 
a Taguchi method led to an improvement of 19.69% in Cp at a TSR of 0.8 [11]. A second CFD 
investigation showed that improving the placement of the vortex cavity in H-type Darrieus rose 
Cp by 25%, however, the use of poor placement saw Cp fall by 54%. Installing a double deflector 
made the TSR able to go from 3.5 to 4.2, with the system’s efficiency rising to 86% [12]. 
 
Innovation in Turbine Blades and Hybrid Configurations 

Dynamic NACA-based flap settings helped lift-based turbines achieve better self-start in different 
conditions [13]. At low rotating speed, hybrid Darrieus–Savonius rotors improved Cp by 26.91%, 
but deflectors helped to recover efficiency at higher speeds, resulting in a 30% Cp gain [14]. 
 
Problem Framework and Resolution 

Even with advancements, studies of hybrid VAWT are not tested in various climate conditions. 
When the temperature changes, the air’s density, viscosity and what the material is made from 
shift, affecting turbine output. In this work, ANSYS Fluent is used to produce hybrid VAWT 
simulation, assessing results at different temperatures and inlet speeds, while pinpointing ideal 
blade angles and setting up configuration policies for different locations. 
 
Analysis of Similar Studies  

Using the Taguchi method, Zhang et al. optimized the pitch angle, diameter ratio and overlap ratio 
so that their Cp reached 0.2328 [15]. Farajyar et al. established the best arrangement of 3D blades 
to stop flow separation [16]. Chegini and colleagues boosted the efficiency of hybrid Darrieus-
Savonius turbines by 26.91% with modifications to the deflector design [17]. Lakshani et al. 
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worked out how to make low-wind Savonius systems more efficient using advancements in 
deflectors [18] and Peng et al. applied Taguchi optimization to boost Cp based on the system’s 
wind speed and TSR [19]. All of these studies together help direct the performance enhancements 
studied in this research for hybrid VAWTs. 

3. Methodology 

To understand hybrid VAWTs, researchers have used CFD, tests in the laboratory and 
optimization. CFD was employed by Xiaojing Sun et al. and Fausto Arpino et al. to improve how 
blades function in air [22, 24]. Researchers Cameron Gerrie and Sanda Budea checked that the 
CFD results matched the actual performance in wind tunnel tests [25, 26]. Two teams of Wendong 
Zhang et al. and Qiang Gao et al. developed rotor designs that solved the challenge of high negative 
torque at high TSR [27, 28]. Tayebi and his co-authors increased the performance of the machine 
by introducing active flaps together with slot blade technology [29]. Al-Bahrani found that Kline-
Fogelman airfoils increased his wind turbine’s efficiency by 47% at different wind speeds [30]. 

3.1. Project Simulation 

The project uses ANSYS Fluent to perform CFD simulations as seen in previous works from Sun 
et al., Chaiyanupong et al. and Arpino et al. that modified the shape of hybrid blades [22–24]. 
Authors Gerrie et al. and Budea et al. verified the results of CFD models in wind tunnel tests [25, 
26]. The rotor designs from Zhang et al. and Gao et al. boosted the output torque for elevated TSR 
conditions [27, 28]. Using flap-based control by Tayebi [29] and Al-Bahrani’s airfoils also 
increased the efficiency of the design. 

3.2. Numerical simulation settings 

For simulations, the COUPLED algorithm and the SST k-ω turbulence model were used, together 
with second-order upwind schemes. Starting conditions: 9 m/s inlet speed, 1.225 kg/m³ air 
density and 15°C temperature. The results consisted of torque coefficient, power coefficient and 
power output. The turbine design was constructed in ANSYS DesignModeler and uploaded for 
advanced analysis and meshing. A graphical example of the geometry can be seen in Figure 1, and 
the full list of data is in Table 1. 
. 

 

 

Fig. 12. Boundary Conditions and Computational Domain for Flow Simulation 
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Table 9. Numerical setting for CFD simulation 

Parameters Values 
Type of Turbine Hybrid Type 
Profile of Darrieus Blade NACA 0021 
Solidity Ratio 0.5 
Diameter for Darrieus Blade 3.0 m 
Diameter for Savonius Blade 0.75 m 
Height 4.50 m 
Number of Blades 3 
Aspect Ratio 1.5 
Number of Stages 01 
Material Al 1060 Alloy 

3.3. Boundary conditions included  

The simulations involved setting inlet wind speeds from 0 to 14 m/s to represent rural and semi-
urban wind patterns. With ambient temperatures going from –60°C to +60°C, this allowed for the 
study of how the turbine performed in every thermal extreme around the world. This analysis 
used a reference air density of 1.225 kg/m³ at 15°C. The vent was opened to the pressure in the 
atmosphere. 
SST with k-ω provided an accurate representation of the boundary layer and separation flows. 
The high-resolution approach to meshing (Fig. 2) guaranteed that the results were well-defined. 
Four sets of turbines were examined, changing the angle of the blades, how solid they were and 
their spacing. 
 

 

 

Fig. 13 Meshing of Rotor Zone 

3.4. Governing equations for CFD analysis 

The CFD analysis used steady/quasi-steady flow assumptions, governed by Navier-Stokes 
Equation for momentum conservation: 

𝜕(𝑝𝑣⃗)

𝜕𝑡
 + (𝑣⃗. 𝛻)𝑣⃗)  =  −𝛻𝑝 +  𝛻 · 𝜏 +  𝜌𝑔⃗                                                              (1) 

where: p = pressure (Pa), τ = viscous stress tensor, g = gravitational acceleration (m/s²). 
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Energy Equation for internal energy and heat transfer. RANS modelling for turbulence, with LES 
as a potential refinement. These equations provided insights into velocity fields, pressure 
distribution, and power output, essential for optimizing hybrid VAWT performance. 

4. Simulation Results and Analysis 

A validation study using a three-blade HVAWT with NACA 0021 airfoil, 0.5 solidity and 3 m rotor 
diameter was carried out to ensure the model’s accuracy, matched by Hosseini et al. [21]. At 
14 m/s, the k-ω SST model using COUPLED predicted Cp values that were in strong agreement 
with those obtained in experiments. 
 
The study shows that the CFD model gives accurate predictions of how turbines perform. In 
addition, lower temperatures, which were created by the denser atmosphere, strengthened the 
torque and pressure fields, while the opposite occurred at higher temperatures. It confirms that 
the model can describe actual changes in airflow as conditions vary. 
 
Exploring CFD allowed us to conclude that a hybrid VAWT works its best with blades between 0° 
and 15°, as this creates the best balance between lift and drag for maximum torque output. 
Overall, the results confirmed that the turbine had stable performance and efficient energy use in 
its hybrid format under a variety of operation parameters. 
 
At a wind velocity of 14 m/s and an air temperature of 15°C, the turbine produced its highest 
torque of 90.60 Nm and generated 711 W of mechanical power. The data shows that the turbine 
performs well and could be used in locations with moderate wind energy. Wind and temperature 
changes do not affect the model’s sturdiness or aerodynamics, signalling that it would handle 
climate differences well. 
 
The simulations highlight that the turbine retains its functionality through various environmental 
variations due to its ideal blade structure and special rotor pairing in combination with the robust 
turbulent airflow model implemented in the k-ω SST scheme. 
 

 

Fig. 14. Power Output VS Windspeed 
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    a       b 

 
Fig. 15.  a – Cp at Different Inlet Velocity; b – Ct at Different Inlet Velocities 

 

 
Fig. 16. Power Calculations Analysis at Different Air Densities 

 

 

 

    a              b 
Fig. 17. a – Cp at 45° Blade Angle & Different Densities; b – Ct at 45° Blade Angle & Different Densities 

 

0,00

50,00

100,00

150,00

200,00

250,00

300,00

-150 -100 -50 0 50 100 150

P
o

w
er

 (
W

)

Angle (Degree)

Analysis at 45° Blade Angle and Different Air Densities

0,000

0,005

0,010

0,015

0,020

0,025

0 5 10 15

C
t

Air Velocity

Velocity vs Ct

0,000

0,100

0,200

0,300

0,400

0,500

0,600

0,700

0 5 10 15

C
p

Air Velocity

Velocity vs Cp

0,00

0,10

0,20

0,30

0,40

0,50

0,60

-150 -100 -50 0 50 100 150

C
p

Angles (Degree)

Cp

0,000

0,005

0,010

0,015

0,020

0,025

-150 -100 -50 0 50 100 150

C
t

Angle Degree

Ct



Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

211 
 

 
Fig. 18 Power at Different Temperatures 

 

   a       b 
Fig. 8. a – Cp Calculations at Different Temperatures; b – Ct Calculations at Different Temperatures 

5. Conclusion  

Simulation study using the defined parameters yielded the following important findings:  
1. Results from CFD show that the best blade angle for a hybrid VAWT is between 0° and 15°, as 

it generates the most torque at this angle. Different configurations were used to assess the 
performance. 

2. The turbine operated its best at a wind speed of 14 m/s and 15°C, producing a maximum 
torque of 90.60 Nm and 711 W of power. That means it is suitable for actual use, mainly in 
temperate climates. 

3. Simulations and estimates reveal that the hybrid VAWT is a cost-effective way to install, 
operate and maintain. Although results seem positive in the initial data, full-scale deployment 
requires proving both technical and financial viability through experiments.  
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Abstract 

The aerodynamic performance of a horizontal axis wind turbine (HAWT) blade was analyzed and 
optimized using QBlade software, incorporating XFoil for airfoil polar calculations. A three-bladed 
rotor with a 20m diameter was designed, featuring NACA 55xx series airfoils at r/R > 0.3 and 
NACA 0035 at r/R = 0.25, while maintaining a circular profile at r/R = 0.1. Aerodynamic 
properties, including lift and drag coefficients (CL/CD), were extracted for an angle of attack 
(AoA) of 5 ° and a tip speed ratio (TSR) of 6. Blade element momentum (BEM) simulations were 
conducted to obtain power coefficient (Cp) and thrust coefficient (Ct) variations with TSR, 
illustrating optimal performance around TSR = 6 with Cp peaking at approximately 0.4. The 
optimized blade design incorporated twist distribution and chord variation, ensuring an efficient 
energy conversion profile. The Reynolds number distribution along the blade confirmed 
aerodynamic stability, with values ranging up to 1.4 × 10⁷. The results highlight the effectiveness 
of QBlade in rotor blade design and performance assessment, providing a computationally 
efficient approach to optimize wind turbine efficiency. Future improvements could involve 
increasing the number of analyzed sections 

 

Keywords: HAWT, QBlade, XFoil, Blade Optimization, Aerodynamic Performance, Wind Turbine 
Efficiency 

1. Introduction 

Wind energy has emerged as a crucial renewable energy source, with Horizontal Axis Wind 
Turbines (HAWTs) being the predominant choice for efficient energy conversion. The 
aerodynamic performance of the wind turbine blades significantly influences the overall 
efficiency of the system. Computational tools such as QBlade, which incorporates XFoil for airfoil 
polar calculations, provide a cost-effective alternative to experimental wind tunnel testing for 
aerodynamic analysis and optimization (Zuhdi & Islam, 2017). Several studies have investigated 
the aerodynamic design, optimization, and performance evaluation of HAWT blades using QBlade, 
demonstrating its reliability in predicting aerodynamic forces, power coefficients, and thrust 
coefficients (Zahariea et al., 2019). The design of wind turbine blades involves defining the chord 
distribution and twist angles to maximize aerodynamic efficiency. Studies have shown that 
optimizing these parameters using QBlade leads to significant improvements in power coefficient 
(Cp) values (Nazir & Javed, 2019). The use of multi-airfoil elements in blade design has also been 
explored, demonstrating enhanced lift-to-drag ratios and improved wind energy capture (Xi & 
Zhao, 2022). Airfoil selection is critical in determining the aerodynamic performance of HAWTs. 
The integration of different NACA airfoils at various blade sections has been extensively 
investigated, with studies demonstrating that NACA 5522 and NACA 55xx airfoils provide an 
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optimal balance of lift and drag, enhancing overall efficiency (Davari et al., 2024). Additionally, 
modifications to airfoil camber and thickness have been explored to optimize aerodynamic 
performance at varying Reynolds numbers (Akheel et al., 2024). 

The aerodynamic performance of a three-bladed rotor with a 20m diameter was analyzed using 
QBlade. The rotor design included circular airfoils at r/R=0.1, transitioning to NACA 0035 at 
r/R=0.25, and NACA 55xx series beyond r/R=0.3. The study considered different angle of attack 
(AoA) values, with 5° assigned for the third team in the design experiment. The rotor was 
evaluated at different Tip Speed Ratios (TSRs), ranging from 5.0 to 6.5, to optimize energy 
extraction and aerodynamic performance. The QBlade simulations provided crucial insights into 
the lift and drag characteristics of these airfoils and their impact on the power coefficient (Cp) 
and thrust coefficient (Ct).QBlade applies Blade Element Momentum (BEM) theory to simulate 
wind turbine blade performance. Several studies have validated BEM-based predictions of power 
coefficient (Cp), thrust coefficient (Ct), and torque distribution (Altmimi et al., 2022). The 
software’s integrated XFoil module enhances the accuracy of lift and drag coefficient estimations, 
making it a reliable tool for wind turbine analysis (Marten et al., 2013). Optimizing the Tip Speed 
Ratio (TSR) is essential for maximizing wind turbine efficiency. Research has shown that selecting 
a TSR of around 6 yields peak power coefficients of approximately 0.40 (Abdullah et al., 2023). 
Additionally, Reynolds number computations for each blade section provide insights into 
aerodynamic force distributions, aiding in performance optimization (Guțu et al., 2021). 

Despite its effectiveness, QBlade simulations rely on steady wind conditions, which may not fully 
capture real-world turbulence effects. Future studies should incorporate dynamic stall modeling 
and adaptive blade pitch control to improve aerodynamic performance (Hachim & Mahdi, 2020). 
Additionally, structural integrity assessments, including modal and static structural analysis, 
should be further explored for enhanced blade durability (Krishnanunni et al., 2020). The 
application of QBlade in HAWT blade design and optimization has proven to be highly effective, 
offering a computationally inexpensive alternative to CFD and wind tunnel testing. Studies 
confirm that optimized chord and twist distributions, coupled with appropriate airfoil selections, 
significantly enhance wind turbine performance. Further research into real-world turbulence 
effects and structural optimization is essential for advancing wind energy technology. Building 
upon these findings, this paper will carry out a detailed study to analyze the aerodynamic design 
and optimization of a 20m diameter, three-bladed HAWT rotor using QBlade. The research will 
incorporate the analysis of various airfoil transitions, chord distributions, angle of attack 
configurations, and Tip Speed Ratios (TSRs) to validate the effectiveness of computational 
optimization for wind turbine blade design. 

2. Methodology 

This study presents the aerodynamic design and performance evaluation of horizontal-axis wind 
turbine (HAWT) blades using QBlade, an open-source software for blade element momentum 
(BEM) analysis. The methodology encompasses airfoil selection, blade geometry definition, 
computational analysis, and optimization to enhance aerodynamic efficiency. 

Blade Geometry and Airfoil Selection 

A three-blade rotor with a diameter of 20 m was considered, with airfoil profiles varying along 
the span. The law of chords was derived based on blade radius fractions (r/R), with different 
NACA airfoil families applied. The key stations considered include r/R = 0.1, 0.25, 0.3, 0.6, 0.9, and 
1.0, where: 
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• Circular profiles were assigned near the root (r/R = 0.1, 0.25) 
• NACA 55xx series were employed at mid-sections 
• NACA 5510 was utilized towards the tip 

A tabulated summary of chord length, thickness-to-chord ratio (t/c), and relative velocity (Vrel) 
was extracted (Figure 1, Table 1). 

 

Fig. 19. Chord and t/c Ratio Along the Blade 

 

 
 

Fig. 20. NACA 5522 corresponding to t/c ratio 0.22 

Table 10. Data for Sections 

Sections 
r/R 

r c t/c Airfoil Vrel Re 

0.0 0 0.8 1.00 Circular 2.7 144000 
0.1 1 0.8 1.00 Circular 4.3 229333 
0.25 2.5 1.2 0.40 NACA0035 8.8 704000 
0.3 3 1.2 0.34 NACA5534 10.41 832800 
0.6 6 0.8 0.22 NACA5522 20.29 1082133 
0.9 9 0.5 0.10 NACA5510 30.28 1009333 
1.0 10 0.3 0.10 NACA5510 33.62 672400 

 

 
 

Fig. 21. Airfoils for Blades 
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Airfoil Performance Computation 

The aerodynamic coefficients (CL, CD) can be computed for each airfoil using XFOIL integrated 
within QBlade. The Reynolds number can be calculated as:  

Where:  

Vrel is the relative velocity,  

C is the local chord length, and  

νair is the kinematic viscosity of air (1.5 × 10⁻⁵ m²/s).  

Polar plots of CL vs AoA and CL/CD vs AoA are generated for the NACA 5522 profile  

 
                                                         Fig. 22. Polar plots of CL vs AoA and CL/CD vs AoA 

Blade Optimization & BEM Analysis 

Using QBlade’s blade design module, an HAWT with 3 blades and a hub radius of 0.5 m was 
designed. The tip speed ratio (TSR) was set to 6, and an optimal angle of attack (AoA) of 5° was 
used for lift-to-drag maximization. Optimization was performed using the Betz limit approach. 
The twist and chord distribution were refined iteratively. 

 

Fig. 23. Twist and chord distribution (Refined) 

A BEM simulation was then conducted with correction factors applied (Prandtl tip/root loss, 3D 
correction, Reynolds drag correction). The simulation yielded a coefficient of power (Cp) vs TSR 
and thrust coefficient (Ct) vs TSR curves. 
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Fig. 24. Cp vs TSR & Ct vs TSR Curves 

3. Results & Discussion 

3.1. Airfoil Characteristics & Reynolds Number Analysis 
 
The computed Reynolds number varied from 144,000 (root) to 1,426,260 (mid-section) and 
1,008,933 (tip), confirming that the airfoils experience a transition from laminar to turbulent 
flow. The CL/CD ratio for NACA 5522 peaked at 146, validating its selection for mid-span regions. 
The drag coefficient (CD) was found to be 0.0078, a critical factor in reducing torque losses. 
 
3.2. Blade Geometry Optimization & Twist Distribution 
 
The optimized blade geometry showed a decreasing chord length and an increasing twist angle 
from root to tip. After optimization, the twist at r = 2.5 m increased to 6.25°, while at r = 10 m, it 
reduced to -2.66°, indicating a well-balanced aerodynamic shape. Design can be improved by 
taking into account more stations. 
 

 
Fig. 25. Preliminary Design with 7 Stations 

 

3.3. Rotor Performance & Power Coefficient Analysis 
 
The BEM simulation results reveal that Cp reaches a peak value of 0.40 at TSR ≈ 6, which aligns 
with optimal efficiency predictions. The Ct curve shows an increasing trend with TSR, 
emphasizing the increasing thrust demand as rotational speed increases. 

4. Conclusions 

This study successfully presents the aerodynamic design and performance evaluation of a 
horizontal axis wind turbine (HAWT) blade using QBlade. By leveraging Blade Element 
Momentum (BEM) theory and computational optimization, the aerodynamic efficiency of a three-
blade rotor was systematically analyzed. The investigation involved selecting NACA airfoil 
profiles across different blade sections, optimizing the chord length and twist distribution, and 
computing aerodynamic coefficients (CL/CD) through XFOIL simulations. The Reynolds number 
analysis confirmed smooth aerodynamic behavior, with airfoil performance validating the 
selection of NACA 5522 for mid-span and NACA 5510 near the tip. 
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The BEM simulation results demonstrated a peak power coefficient (Cp) of 0.40 at TSR ≈ 6, 
aligning with expected efficiency benchmarks. The thrust coefficient (Ct) curve showed a gradual 
increase with TSR, emphasizing the aerodynamic loading variations across different rotational 
speeds. 

 
This research highlights the effectiveness of QBlade as a computational tool for wind turbine 
blade design and performance assessment. The study suggests further refinement by 
incorporating: 

 
• Increased blade section resolution for improved aerodynamic accuracy. 
• Advanced stall delay techniques for enhanced performance under varying wind 

conditions. 
• CFD validation to complement BEM predictions and validate flow characteristics. 

 
By focusing exclusively on HAWT design and analysis, this study provides valuable insights into 
optimizing blade aerodynamics for improved wind energy harnessing. Future work can be 
extended to hybrid blade configurations for enhanced efficiency in diverse operating 
environments e.g., harnessing tidal energy. 
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Abstract 

This study evaluates and optimizes the performance of Power Take-Off (PTO) systems in 
Horizontal Axis Tidal Turbines (HATTs) through detailed computational analysis. Using 
predefined values of the power coefficient (Cp = 0.32) and thrust coefficient (Ct = 1.2), the rotor 
and hydrodynamic parameters were computed, yielding a tip-speed ratio (TSR) of 7.81 at an 
operational water speed of 2.15 m/s. Rotor geometry calculations resulted in a swept area of 
736.2 m², a rotor diameter of 30.62 m, and a rotational speed of 1.095 rad/s. The rotor torque and 
thrust forces were estimated at 1068 kN·m and 2092.9 kN, respectively. Gear and generator 
selection initially optimized performance, with a Flender Planurex P2SA gearbox and a Siemens 
PM-WC generator rated at 1382 kW. The computed cut-out water speed was 2.7 m/s, leading to 
an annual energy production (AEP) of 4810.19 MWh/year and a capacity factor (CF) of 39.7%. An 
optimization study was conducted by varying rotor diameter and rotational speed. The optimal 
configuration, featuring a 34.0 m rotor diameter and 8.5 RPM, achieved a TSR of 7.04, significantly 
improving the turbine’s performance. This optimized design resulted in a power output of 1479.8 
kW, a rotor torque of 1662.5 kN·m, an AEP of 12,963.2 MWh/year, and a high-capacity factor of 
107.08%. Consequently, a generator upgrade to a 1500–1600 kW class, such as the Siemens 1FT7 
or ABB M3BP 355 series, is recommended to accommodate the enhanced output. These results 
demonstrate the strong potential for improving the efficiency, reliability, and economic viability 
of tidal energy conversion systems through PTO optimization. 

Keywords: Tidal Energy, Power Take-Off (PTO), Horizontal Axis Tidal Turbines (HATT), Rotor 
Optimization, Hydrodynamic Performance 

1. Introduction 

Tidal energy has emerged as a viable renewable energy source due to its predictability and high 
energy density. The Power Take-Off (PTO) system plays a crucial role in converting kinetic energy 
from tidal currents into usable electricity, and its optimization significantly impacts the overall 
efficiency of Horizontal Axis Tidal Turbines (HATTs). The performance of PTO systems is 
influenced by several factors, including hydrodynamic efficiency, rotor geometry, gear and 
generator selection, and advanced control strategies. Recent research has focused on improving 
hydrodynamic performance, as the power coefficient (Cp) and thrust coefficient (Ct) directly affect 
energy capture. Computational Fluid Dynamics (CFD) simulations and Blade Element Momentum 
(BEM) theory have been widely employed to optimize these parameters, ensuring an efficient 
balance between power output and structural loads [1]. Studies have demonstrated that adjusting 
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the tip-speed ratio (TSR) between 6 and 8 leads to optimal energy extraction, with variable pitch 
blades improving efficiency by up to 15% [2]. 
Rotor design also plays a significant role in optimizing tidal turbine efficiency. Research indicates 
that an increase in rotor diameter enhances power capture but necessitates robust structural 
reinforcements due to the higher loads acting on the system [3]. A bi-directional counter-rotating 
tidal turbine model has shown efficiency improvements of 8%, particularly in sites experiencing 
bidirectional tidal flows, as this design reduces losses caused by flow reversal [4]. Furthermore, 
probabilistic failure models have been developed to assess the impact of turbulent flow on PTO 
components, revealing that uncertainties in turbulence modelling can directly affect failure rates 
and operational reliability [5]. 
 
Power Take-Off system selection is equally important in optimizing performance and reducing 
operational losses. Direct-drive generators are increasingly being favoured as they eliminate the 
need for mechanical gearboxes, thus enhancing reliability and reducing maintenance costs [6]. 
Comparative studies between hydraulic and electromagnetic PTO systems indicate that hydraulic 
PTOs are better suited for high-energy tidal sites, whereas electromagnetic PTOs perform more 
efficiently in locations with moderate tidal velocities [7]. Additionally, a real-time emulation of 
PTO systems has shown that variable-speed control significantly increases energy output and 
system adaptability, making it a preferred approach for future tidal energy deployments [8]. 
 
Several advanced control strategies have been investigated to optimize PTO efficiency. Maximum 
Power Point Tracking (MPPT) algorithms dynamically adjust rotor speed to maintain maximum 
energy capture, while fuzzy logic-based controllers allow turbines to adapt to fluctuating flow 
conditions [9]. Research on Yaw-controlled tidal turbines suggests that active control of turbine 
orientation can enhance performance in sites where flow direction is variable [10]. These findings 
emphasize the importance of integrating adaptive control strategies into PTO systems to improve 
their operational efficiency and reliability. 
 
Economic feasibility and environmental sustainability remain major challenges for tidal energy 
deployment. While levelized costs of tidal energy are declining, ongoing research aims to reduce 
maintenance costs and extend the operational lifespan of PTO components [11]. Environmental 
concerns have also been addressed, with studies highlighting the need for optimized turbine 
placement to reduce ecological impact while maintaining high energy yield [12]. Future 
improvements in component reliability, material selection, and site-specific deployment 
strategies are expected to enhance the economic competitiveness of tidal energy and facilitate its 
broader integration into national energy grids. 
 
The purpose of this study is to advance the performance evaluation and optimization of PTO 
systems in TEC-HATs by integrating state-of-the-art hydrodynamic modelling, improved rotor 
geometries, high-efficiency PTO components, and advanced control strategies. The research will 
focus on enhancing energy capture efficiency, reducing failure rates, and increasing the economic 
viability of tidal energy. Addressing these challenges will contribute to developing cost-effective, 
sustainable, and highly efficient tidal energy solutions, which are essential for the future 
expansion of renewable marine energy systems. 

2. Methodology 

Since Cp and Ct are derived from a previous study, this methodology focuses on utilizing these 
values to compute the key parameters without redundant experimental derivation. The revised 
methodology follows: 
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• Utilize Cp = 0.32 and Ct = 1.2 as calculated via QBlade for HAWT. 
• Establish the relationship between water speed and turbine performance using pre-

defined Cp and Ct. 
• Define rotor design parameters based on power requirements and efficiency 

considerations. 
• Compute TSR using the given water speed relation and Cp to ensure optimal energy 

extraction. 
• Select appropriate gear and electric generator with minimum weight constraints. 
• Evaluate AEP and CF based on the given water speed distribution and turbine efficiency & 

optimization study. 
 

 

Fig. 26. Cp vs TSR & Ct vs TSR 

3. Results  

3.1. Rotor and Hydrodynamic Parameters 

The efficiency of a tidal turbine largely depends on its tip-speed ratio (TSR), which governs the 

optimal energy extraction. The TSR is defined as the ratio of the blade tip speed to the free stream 

velocity. Higher TSR values indicate that the rotor is optimized for high-speed, low-torque 

applications, whereas lower TSR values favour high-torque operations. 

Table 11. Rotor and Hydrodynamic Parameters 

Parameter Formula/Value Units 
Water Speed (Uwn) 2.0 + 0.05 × TN m/s 
Team Number (TN) 3 - 
Calculated Uwn 2.15 m/s 
Blade Tip Speed (Utb) 18 - 0.4 × TN m/s 
Calculated Utb 16.8 m/s 
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Tip Speed Ratio (TSR) Utb / Uwn - 
Calculated TSR 7.81 - 
Power Coefficient (Cp) 0.32 - 
Thrust Coefficient (Ct) 1.2 - 

3.2. Rotor Geometry 

The rotor's swept area determines the amount of kinetic energy available for conversion. A larger rotor 

captures more energy but requires structural reinforcement and increased material costs. The following 

calculations define the rotor’s key geometrical parameters. 

Table 12. Rotor Geometry 

Parameter Formula/Value Units 
Rotor Area (Arotor) 736.2 m² 
Rotor Diameter (Dr) 30.62 m 
Rotor Radius (Rr) 15.31 m 

3.3. Rotational Speed and Torque 

Rotational speed influences the efficiency and mechanical stability of the turbine. Too high a speed 

increases wear and tear, while too low a speed leads to inefficient energy capture. The rotor speed and 

torque are derived as follows: 

Table 13. Rotational Speed and Torque 

Parameter Formula/Value Units 
Rotational Speed (Ωrotor) 1.095 rad/s 

Rotor RPM (Nrotor) 10.46 rpm 
Torque Coefficient (Cq) 0.04 - 

3.4. Rotor Torque and Thrust 

The forces acting on the rotor determine the structural loads and mechanical stresses experienced by the 

turbine. The rotor torque and thrust are crucial for gearbox and generator design.  

Table 14. Rotor Torque and Thrust 

Parameter Formula/Value Units 
Rotor Torque (Qrotor) 1068 kN·m 
Thrust Force (Trotor) 2092.9 kN 

3.5 Gear and Generator Selection 

To ensure efficient energy conversion and mechanical reliability, the selection of appropriate gear and 

generator systems is crucial. The gear system must handle the torque generated by the rotor while 

ensuring smooth power transmission to the generator. The generator, in turn, must efficiently convert the 

mechanical energy into electrical power while maintaining optimal performance across varying load 

conditions.  

Table 15. Gear and Generator Selection 

Component Chosen Model Specifications 
Gear Flender Planurex P2SA Nominal Output Torque: 1709 

kN·m 
Generator Siemens PM-WC 800 RPM, Rated Power: 1382 

kW 
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3.6. Uw Cutout AEP Calculation 

The Annual Energy Production (AEP) estimation is an essential metric for evaluating the performance of 

a tidal turbine system. AEP depends on factors such as water speed variations, capacity factor, and 

generator efficiency. The cut-out water speed represents the maximum operational limit, beyond which 

the turbine ceases operation to prevent structural damage.  

Table 16. Uw Cutout AEP Calculation 

Parameter Formula/Value Units 
Cut-out Water Speed (Uw cut-
out) 

2.7 m/s 

Annual Energy Production (AEP) 4810.189 MWh/year 
Capacity Factor (CF) (AEP / (Nominal Power × 8760)) 

× 100 
% 

Calculated CF 39.7 % 

3.7. AEP Optimization Study 

To optimize the performance of the tidal energy converter design, an optimization study was conducted. 

The objective was to maximize the Annual Energy Production (AEP) while maintaining the tip-speed ratio 

(TSR) within the optimal range of 6–8 and ensuring that the rotor torque did not exceed the gearbox limit 

of 1709 kNm. The optimization considered variations in rotor diameter between 28 and 34 meters (in 0.5 

m increments) and rotational speed (RPM) between 8 and 12 rpm (in 0.5 rpm increments), as supported 

by standard tidal turbine design practices. For each design combination, key performance indicators such 

as TSR, power output, rotor torque, AEP, and capacity factor (CF) were calculated. Only configurations 

satisfying the operational constraints were considered. The results revealed that the optimal design 

features a rotor diameter of 34.0 meters and an RPM of 8.5, achieving a TSR of 7.04. This design produced 

a power output of 1479.8 kW, a rotor torque of 1662.5 kNm, an AEP of 12,963.2 MWh/year, and a 

remarkably high-capacity factor of 107.08%. A 3D scatter plot illustrating the relationship between rotor 

diameter, RPM, and AEP demonstrates the energy output landscape, highlighting the optimal region for 

maximum energy production. These findings confirm that strategic adjustment of rotor geometry and 

rotational speed can significantly enhance tidal turbine performance. 

 

Fig. 27. Optimization of Tidal Turbine AEP as a Function of Rotor Diameter and Rotational Speed 
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4. Discussion 

The performance of a tidal turbine is critically linked to its tip-speed ratio (TSR), with a TSR of 
7.81 achieved in this study, aligning within the optimal 6–8 range to balance energy extraction 
and structural load management. With a power coefficient (Cp) of 0.32, a thrust coefficient (Ct) of 
1.2, and an average water speed of 2.15 m/s, the turbine effectively captures tidal energy while 
maintaining structural stability. The rotor, with a swept area of 736.2 m² and a diameter of 30.62 
m, coupled with an operational rotational speed of 1.095 rad/s (10.46 RPM), delivers a rotor 
torque of 1068 kN·m and thrust force of 2092.9 kN. A Flender Planurex P2SA gearbox and a 
Siemens PM-WC generator (1382 kW, 800 RPM) were initially selected to ensure efficient power 
transmission. The turbine's cut-out water speed was set at 2.7 m/s, resulting in an annual energy 
production (AEP) of 4810.19 MWh/year and a capacity factor (CF) of 39.7%. To enhance 
performance, an optimization study was conducted, varying rotor diameters between 28–34 
meters and rotational speeds between 8–12 RPM. Key performance parameters were evaluated, 
identifying an optimal design with a 34.0-meter rotor diameter and 8.5 RPM, achieving a TSR of 
7.04. This configuration elevated the power output to 1479.8 kW, rotor torque to 1662.5 kN·m, 
and AEP to 12,963.2 MWh/year, with a significantly improved capacity factor of 107.08%. A 3D 
scatter plot illustrated the relationship between rotor diameter, RPM, and AEP, highlighting the 
optimal performance region. Based on these findings, a generator upgrade to a 1500–1600 kW 
class, such as the Siemens 1FT7 or ABB M3BP 355 series, is recommended to accommodate the 
enhanced output and ensure operational reliability. 

5. Conclusion 

The computational analysis and optimization of the PTO system for Horizontal Axis Tidal 
Turbines (HATTs) demonstrate the system's ability to achieve efficient energy conversion 
through optimized rotor geometry, torque distribution, and power output. Initially, a TSR of 7.81, 
a rotor diameter of 30.62 m, and an estimated annual energy production (AEP) of 4810.19 
MWh/year with a 39.7% capacity factor confirmed effective performance within structural and 
hydrodynamic constraints. To further enhance energy capture, an optimization study was 
conducted, identifying an optimal configuration with a 34.0 m rotor diameter and 8.5 RPM, 
yielding a TSR of 7.04. This optimized design increased AEP to 12,963.2 MWh/year and achieved 
a high capacity factor of 107.08%, indicating substantial performance improvement. 
Consequently, a generator upgrade to a 1500–1600 kW class, such as the Siemens 1FT7 or ABB 
M3BP 355 series, is recommended to match the enhanced output, while the existing Flender 
Planurex P2SA gearbox remains marginally suitable. These findings confirm the strong potential 
of optimized HATT systems for sustainable tidal energy generation. Future advancements in 
material selection, adaptive control strategies, and component durability could further enhance 
system efficiency. 

Acknowledgment 

This research was partially supported by the European Union under Grant Agreement No. 
610523-EPP-1-2019-1-BE-EPPKA1-JMD-MOB. 

References 

1. Jo, C., Rho, Y., & Lee, K. HAT tidal current turbine design and performance test with variable loads. 
Journal of the Korean Society for New and Renewable Energy, (2012), 8(1), 44-51. Available from: 
https://doi.org/10.7849/KSNRE.2012.8.1.044  

2. Portilla, M. P., Piñeiro, A. L., Rivas, L. N., & Guerra, E. T. Improved design of multi-rotor tidal energy 
converters. (2018), Volume 10: Ocean Renewable Energy. Available from: 
https://doi.org/10.1115/OMAE2018-78227  

https://doi.org/10.7849/KSNRE.2012.8.1.044
https://doi.org/10.1115/OMAE2018-78227


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

227 
 

3. Afshar, O., Henderson, A., Walker, J. M., & Wang, X.  Numerical investigation of a horizontal axis tidal 
turbine. Proceedings of the International Conference on Ocean Engineering, (2016). Available from: 
https://people.eng.unimelb.edu.au/imarusic/proceedings/20/492%20Paper.pdf 

4. Huang, B., Zhu, G., & Kanemoto, T. Design and performance enhancement of a bi-directional counter-
rotating type horizontal axis tidal turbine. Ocean Engineering, (2016), 128, 116-123. Available from: 
https://doi.org/10.1016/J.OCEANENG.2016.10.012  

5. Val, D., Chernin, L., & Yurchenko, D. Updatable probabilistic evaluation of failure rates of mechanical 
components in power take-off systems of tidal stream turbines. Energies, (2021), 14(20), 6586. 
Available from: https://doi.org/10.3390/en14206586  

6. Wani, F. Improving the reliability of tidal turbine generator systems. Thesis, Delft University of 
Technology, (2021).  Available from: https://doi.org/10.4233/UUID:B5D38E9A-44AB-4BD4-9CF9-
15659F7867B8   

7. Hansen, R. H., Andersen, T. O., & Pedersen, H. C. Model based design of efficient power take-off systems 
for wave energy converters. In Proceedings of the 12th Scandinavian International Conference on 
Fluid Power, Tampere, Finland, (2011), 18-20. Available from: 
https://vbn.aau.dk/en/publications/model-based-design-of-efficient-power-take-off-systems-for-
wave-e  

8. Erdogan, N., Murray, D., Giebhardt, J., Wecker, M., & Donegan, J. Real-time hardware emulation of a 
power take-off model for grid-connected tidal energy systems. IEEE International Electric Machines & 
Drives Conference (IEMDC), (2019), 1368-1372. Available from: 
https://doi.org/10.1109/IEMDC.2019.8785358  

9. Henriques, J., Gomes, R., Gato, L., Falcão, A., Robles, E., & Ceballos, S. Testing and control of a power 
take-off system for an oscillating-water-column wave energy converter. Renewable Energy, (2016), 85, 
714-724. Available from: https://doi.org/10.1016/J.RENENE.2015.07.015 

10. Frost, C., Morris, C. E., Mason-Jones, A., O'Doherty, D., & O’Doherty, T. The effect of tidal flow 
directionality on tidal turbine performance characteristics. Renewable Energy, (2015), 78, 609-620. 
Available from: https://doi.org/10.1016/J.RENENE.2015.01.053 

11. Batten, W. M. J., Bahaj, A. S., Molland, A. F., & Chaplin, J. R. Power performance analysis according to the 
configuration and load control algorithm of power take-off system for oscillating water column type 
wave energy converters. Energies, (2022), 13(23), 6415. Available from: 
https://doi.org/10.3390/en13236415  

12. Chan, R., Kim, K., Park, J.-Y., Park, S., Kim, K.-H., & Kwak, S. The effect of power take-off system on S-
shaped vertical axis autorotation current turbine. Journal of Marine Science and Engineering, (2020), 
10(11), 1660. Available from: https://doi.org/10.1115/omae2023-100991  

  

https://people.eng.unimelb.edu.au/imarusic/proceedings/20/492%20Paper.pdf
https://doi.org/10.1016/J.OCEANENG.2016.10.012
https://doi.org/10.3390/en14206586
https://doi.org/10.4233/UUID:B5D38E9A-44AB-4BD4-9CF9-15659F7867B8
https://doi.org/10.4233/UUID:B5D38E9A-44AB-4BD4-9CF9-15659F7867B8
https://vbn.aau.dk/en/publications/model-based-design-of-efficient-power-take-off-systems-for-wave-e
https://vbn.aau.dk/en/publications/model-based-design-of-efficient-power-take-off-systems-for-wave-e
https://doi.org/10.1109/IEMDC.2019.8785358
https://doi.org/10.1016/J.RENENE.2015.07.015
https://doi.org/10.1016/J.RENENE.2015.01.053
https://doi.org/10.3390/en13236415
https://doi.org/10.1115/omae2023-100991


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

228 
 

 

Design and Fabrication of a Universal Solar Dryer with Tracking 
Device 

Masin Muhammadu MUHAMMADU*, Muhammad SULE-SARKI  

Federal University of Technology, Gidan Gwanu-Minna, Nigeria 

* masin.muhammadu@futminna.edu.ng 

Abstract 

A solar dryer with tracking has been developed to make maximum use of the solar energy for 
drying products, especially agricultural products such as tomatoes, vegetables, etc. The 
framework of all the parts of the dryer concept was designed, fabricated and tested using 
available materials that were sourced locally. Preliminary tests with no load to the dryer showed 
that the solar collector raised the ambient air temperature from 20 °C to 41 °C, and to a warm air 
of 28 °C to 64 °C between the morning and midday. This lowered the relative humidity of the air 
from an average of 26 % in the morning to 5 % at midday. The dryer, loaded at 5 kg/m, dried 
tomato slices of 8 mm thickness from the initial moisture content of 93.3% to a final moisture 
content of 12 % in 13 hours and 11 hours when operated under natural convection current. Using 
forced ventilation, the slices of tomato took 11 hours to reach final moisture contents of 12 %. 
The open-air, sun drying tests conducted side by side with solar drying needed an average of 20 
hours to reach the same final moisture contents for tomato slices. The maximum drying rate of 
tomato slices attained under natural convection and forced circulation was 3.1 and 2.8 kg of water 
per kg of dry matter-hr. For the open-air sun drying, the maximum drying rates for tomato slices 
were 1.5 kg of water per kg of dry matter-hr. The dryer was able to remove 52.8% of moisture 
while tracking the sun, dry basis, from 4.6 kg of product in one day of 10.00 hours drying time, 
which is about 0.46 kg/hr drying rate. The efficiency of the dryer was 65.7%, and the solar dryer 
system will be useful for long-term preservation of agricultural perishable crops by farmers and 
stakeholders. 

 

Keywords: tracking device, solar, dryer, universal, efficiency and convection. 

 
1. Introduction 

Drying is a simple process of removing moisture or excess water content from a product whereby 
the moisture content of the product is reduced to a pre-determined value, usually by the 
movement of heated air through the product. This value of moisture content is very much higher 
than the required for long preservation [1]. Due to this moisture content, bacterial and fungal 
growth are very fast in the crops. Bacteria and enzymes may spoil the product and reduce the 
nutrient content in it. The moisture content of crops, to a certain level, slows down the bacterial, 
enzymes and yeast effect. Therefore, it is necessary to reduce the moisture content in the product 
for its long preservation. Another case of drying is to remove the total excess water from the 
product [1-2]. These dehydrated products regain their original conditions after rehydration 
whenever necessary for use. 

Drying is the most practical means of preserving vegetable or agricultural products by reducing 
their excess moisture content to a safe level, which will inhibit the growth of microorganisms. 
Because of that, the solar dryer technology will become an alternative method which can process 
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the products in a clean, safe, hygienic and produce better quality and more nutritious foods. In 
general, this solar dryer has saved energy, labour-intensive, time, less area for spreading the 
product to dry, makes the process more efficient and protects the environment and also safe the 
products from Rat attack to avoid the deadly disease called Lassa fever [3 – 6].  

Vegetables and fruit are the main source of Vitamins such as vitamins A, B and C and also minerals 
such as calcium, phosphorous, iron, magnesium and to a little extent carbohydrate in our diet 
which are essential to the body by contributing to the requirements of the metabolic needs of the 
body, in view of this, vegetable like tomatoes should be accorded a rightful position in the process 
of feeding the nation [5]. Fruits and vegetables are not only seasonal but highly perishable and 
spoil more readily than other Agricultural products. 

Vegetable crops such as tomatoes, okra, onions and peppers are perishable crops and are 
generally grown and widely eaten in Nigeria. These agricultural products are characterised by 
being of good quality, excessive and cheap in their seasons and scarce, costly and of bad quality 
out of season. Keeping these crops for some months in their fresh state (such as to retain the 
actual nutrients, taste and colour as when freshly harvested) has remained a problem yet 
unsolved because they deteriorate a few days after harvest [4]. And many problems also occur in 
the previous type of solar tracking system. The problem here is the solar panel that is used only 
in a fixed installation. Because of this problem, the power that can be generated is low. Also, there 
is a problem with installing more than one solar panel to produce enough power [6, 7].  

2. Materials and Methods  

The materials used in the fabrication of the solar dryer are listed in Table 1.  
 

Table 1. Materials used in the fabrication of the universal solar tracker 

S/No Item Purpose and Specification 
1 Glass Use for the reflection of light 
2 Wooden frame Use for the construction of a solar collector 
3 Absorber Use for collecting heat to generate hot air 
4 D.C Fan 2 V, 0.5 A, for blowing hot air 
5 Air Duct Plastic Flexible pipe for conveying air 
6 PV Module 80 W 80 W solar panel for powering the DC fan and tracking system 
7 Angle Iron 1” Mild steel iron, used for the solar panel frame 
8 Square Pipe 1” Mild steel pipe, used as a dryer chamber 
9 Insulator Fiber glass, used as an insulator 
10 Al–sheet Use for covering the drying chamber 
11 Al–foil Use for covering the inner chamber 
12 Wire mesh 0.5 cm iron rod, used as a tray 
13 Linear Actuator For actuating the solar collector 
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2.1. Description and Working Principles  

The schematic diagram of the solar tomatoes dryer shown in Figure 1, comprises the tracker, air 
flow solar collectors. 

 
Fig. 1. Schematic layout of the universal solar dryer with tracking device, drying chamber section and 

chimney 

The solar collector was designed to track the movement of the sun when working. The solar 
collector collects the solar radiation from the sun to heat up air extracted from the environment 
and blows the hot air flow through the transparent (glazing) into the tomatoes drying chamber 
via a mini-DC fan. The air is transported through an insulated air duct. The solar radiation is 
absorbed into the collector via a black body absorber. The collector is insulated using a fibreglass 
to minimized heat loss to the environment. 

Air from the surrounding pass through an inlet pipe attached to the absorber plate with the aid of 
an air sucker and when the solar collector, collected the incoming solar radiation from the sun, it 
heats up the air from the surrounding and the hot air pass through the multiple pipes to exit at 
the outlet pipe the hot air enters the drying chamber under the effect of thermal force and is 
placed in shelves and passes through drying trays with tomatoes. 

The hot air enters the tomato dryer from the bottom of the dryer and exits from the top of the 
dryer through a chimney. The hot air loses its temperature before exiting the dry chamber, and 
the tomatoes gain temperature from the hot air, thereby losing their moisture content to a certain 
level. The entire system is monitored by a control system that is capable of measuring the 
temperature and humidity inside the drying chamber. 
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2.2. Methodology of Calculations 

The drying of vegetables is in two face or stages. The first stage is to raise the temperature of the 
wet materials to a level at which the moisture will be removed. Equations (1) and (2) were used 
to determine the amount of heat required to remove the moisture content. 

QExp. = MTCP (∆𝑇)                                                                        (1) 

where: MT – Mass of tomatoes (kg), Cp – Specific heat capacity (kJ/Kg℃), ∆T - Change in 
temperature (℃), Qu = Ac . Fc .e .IH, Fr = heat remitter factor (0.7 for an air collector), E = Effective 
transmittance (0.5 for transparent white polyether), I = Total solar radiation per unit area,  

Q = 40 m x 0.7 x 0.5 x 500  

     =7000 W  

     = 7.0 kJ/s  

Therefore, energy required for 1 hr (3600 S), 7.0 x 3600 = 25200 kJ/hr, and for 10 hrs, 10 hr x 
25200 kJ/hr = 252000 kJ/day. Therefore, the period that will be required is 

  
8𝑘

2𝑘/𝑑
   = 4 𝑑𝑎𝑦𝑠 

However, determining the quantity of water or moisture to be removed in drying substances is 
directly connected to the amount of drying space. According to Hafez et al. [7], Equation (2) can 
be used to determine the quantity of water in a drying substance. 

Mw = 
𝑊𝑤 (𝑀𝑖 − 𝑀𝑓 )

1 − 𝑀𝑓
                                                                        (2) 

Furthermore, the average daily solar insulation of Minna is 12.58 MJ/m2/day and for an ambient 
temperature of 33 °C and F = 500 W/m2. The collector efficiency ranges between 30% to 40%. 
Other factors that influence the collector efficiency are temperature, air flow rate, isolation of 
cover material use, and absorber plate, type of insulator used. An efficiency of 30% was chosen, 
and this means that the expected energy production can be determined by Equation (3): 

Qexp. = I × ƞ𝑐𝑜𝑙𝑙𝑒𝑐𝑡                                                                    (3) 
Qexp. = 12.58 × 0.38 
Qexp. = 4.7804 MJ/m2/day 
Therefore, the collector area required is given by Equation (4) 

Ac = 
𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑦𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
                               (4) 

Ac = 
718.200

14.34
,  

Ac = 5.0 m2 

Therefore, the total collector area required is 5.0 m2 and considering a collector dimension ratio 
of 1:1:5, the collector width = 0.8 m, while the length is 1.12 m was used. 

In addition, the recommended drying temperature for the fruits and vegetables (Tomatoes 
inclusive) is between 37.7 ℃ to 54.4 ℃ [8]. Any temperature below this range may not effectively 
dry the material, and if the temperature is higher than the recommended, it may cause sugar 
caramelization (browning of sugar) for many fruit products. 

Also, energy efficiency in drying is of obvious importance as energy consumption is such a large 
component of drying costs. So this adiabatic air-drying efficiency (ŋ), can be defined by: The 
efficiency(ŋ) of the energy efficiency in drying was calculated using Equation (5). 

𝜂 =
𝑇1−𝑇2

𝑇1−𝑇𝑎
  𝑥 100                                                          (5) 
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where: T1 is the inlet (high) air temperature into the dryer, T2 is the outlet air temperature from 
the dryer, and Ta is the ambient air temperature. The numerator, the gap between T1 and T2, is a 
major factor in the efficiency.  
Then, the rate of mass transfer is proportional to the potential (pressure or concentration) 
difference and to the properties of the transfer system, characterised by a mass-transfer 
coefficient, we have 

𝑑𝑤

𝑑𝑡
= 𝑘𝑔

′ . 𝐴. ∆𝑌                                               (6) 

where: dw is the mass (moisture) being transferred kgs-1 in time dt, A is the area through which 
the transfer is taking place, kg' is the mass transfer coefficient in this case in units kgm-2 s -1, and 
Y is the humidity difference in kgkg-1 

So also, air flow rate affects the performance of the dryer, therefore, determining air flow rate in 
the dryer is a function of the cross-sectional area of a duct and the distance the air travels with 
time. Then the cross-sectional area can be easily determined and the volumetric flow calculated. 

                                                                            𝑄 = 𝐴. 𝑉 (m3/s)                                                          (7) 
where: A = area (m2) and V = air velocity m/s. 
 
This comprised the supporting frame, the jack that provides the linear motion and the mechanism 
for translating the linear motion into a rotary motion for the flat solar collector. Therefore, the 
position, velocity and torque equations of the tracking mechanism are given by Equations (8) - 
(10). 

𝑋𝑑 = 𝑏. 𝑐𝑜𝑠𝜃 + (𝑎2 − 𝑏2𝑠𝑖𝑛𝜃)1/2                                             (8) 

𝑉𝑑 = − [𝑏𝑠𝑖𝑛𝜃 +
𝑏𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

𝑎2−𝑏2𝑠𝑖𝑛2𝜃
] 𝜃̇                                                          (9) 

                                         and  𝑇 = 𝑚1𝑔𝑎 × 𝑐𝑜𝑠𝜃 + 𝑚2𝑔𝑎 × 𝑐𝑜𝑠𝜃 × 𝑠𝑖𝑛𝜃                                          (10) 

where: a – Jack length (cm), b – half of collector length (m) and c – angle that the jack makes with 
horizontal (degree). 

 

Fabrication Procedure - PV Module Stand: The 80 W solar use has a side of 0.8 m x 1.2 m, and 
there from 1” angle iron (mild steel) was cut using a hacksaw and joined together with the aid of 
a bolt and nut to form the frame for the PV module. The supporting stand of the PV module was 
also fabricated using a 1” mild steel equal angle iron. The stand was also bolted together using an 
M5 bolt and nut. The PV-module frame and PV-module stand were coupled via a pivoted pin joint. 

To determine the air flow rate required for drying, the useful energy has to be estimated. The 
volumetric flow rate of the air at the drying section is 

                                             V=
𝑀𝑎

𝜌
                                                                                                            (11) 

Procedure Experimental: The solar dryer setup was placed outside in an open space having direct 
sunlight, as shown in Figure 4. The drying chamber, the solar tracker and the solar panel were all 
connected to the control unit, having four (4) temperature sensors to measure both the inlet and 
outlet temperature of the solar collector and drying chamber, respectively. A DC fans were fixed 
to the collector for air axial flow through the collector. The experiments were conducted in May 
2023 during the rainy season, from 9 am to 5 pm. The solar radiation was measured using a 
pyranometer. The temperature of the four sensors was read directly from the display at an 
interval of 10 minutes at a controlled air velocity. The weight of the drying samples was measured 
using a digital weighing device each time the is recorded. All the experiments were repeated to 
confirm the repeatability of the data obtained. Figure 2 indicates the experimental setup. 
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Fig. 2. Experimental Setup 

3. Results and Discussion 

The amount of heat required to remove the moisture content of the tomato from 80% to 20% was 
computed to be 332640 joules at a device drying efficiency of 65.52%. the drying area of the 
drying chamber was computed to be 0.264 m2 with a drying space of 0.2123 m3. The air flow rate 
is 0.732 m3/s. while the mass of the water removed is 7.62 Kg during the drying period, when 
drying tomatoes. 

The results of the tracking device show a maximum velocity and acceleration of 0.2 m/s and 0.05 
m2/s, while the positioner is tracking the sun. The velocity of the collector increases steadily, 
while the acceleration remains almost constant. Fig. 3 indicates the angular position of the Solar 
Collector. 

 

Fig. 3. Angular position of the Solar Collector 
 

3.1 Experimental Results 

Figure 4 indicates experimental results conducted for one week from morning to evening (7:00 
am to 3:00 pm) in hourly variation of the dryer concerning the ambient temperatures, and this 
rate was corrected with results of [2 – 4] and was plotted graphically as indicated. The 
temperatures at the inlet and outlet of both the solar collector and the drying chamber were 
recorded while varying the velocity or flow rate of the forced convection over the solar collector. 
Also, the ambient temperature was recorded simultaneously. However, (T1[oC] to T4[oC]) were 
the repeated values within an hour as indicated in Fig.4. The average temperatures of the solar 
collector inlet and outlet were 34.7 oC and 56.4 oC, while those of the drying chamber were 52.4 
oC and 46.3 oC, respectively. Therefore, the heating temperature inside the dryer was higher than 
the ambient temperature by an average of 21.6 oC (37.7%) throughout the daylight and up to 31 
oC (75%) between 13.00 and 15.00 hours, which indicates a prospect for better performance than 
open-air sun drying. 
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Fig. 4. Hourly variation of the dryer and the ambient temperatures 

 

It was observed that the drying rate increased due to an increase in temperature between 10.00h 
and 14.00h but decreased thereafter, which shows the earlier and faster removal of moisture from 
the dried item. 

 
4. Conclusions 
 
The following conclusions were drawn:  
1. A universal solar tracker dryer for drying tomatoes was successfully designed.  
2. The designed machine was successfully fabricated. 
3. The efficiency of the solar tracker was found to be 75.52%.  
4. The dryer was able to remove 52.8% of moisture, dry basis, from 4.6 kg of product in one day 

of 10.00 hours drying time, which is about 0.46 kg/hr drying rate.  
5. This rate compares well with the rate obtained from other dryers.  
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Abstract 

Sustainable landscape management is crucial for balancing environmental, social, and economic 
problems in both urban and rural growth. As increasing urbanization and climate change continue 
to affect land-use patterns, decision-makers want sophisticated frameworks to evaluate and 
prioritize landscape management solutions. This study employs the Analytic Hierarchy Process 
(AHP), a widely used Multi-Criteria Decision-Making (MCDM) method, to examine sustainable 
landscape management choices in Sri Lanka. Three important strategies – Green Infrastructure, 
Urban Farming, and Sustainable Forest Management – were selected and evaluated as 
alternatives based on four fundamental criteria including Environmental Sustainability, Socio-
Cultural Impact, Economic Viability, and Governance & Policy Frameworks. 

A structured AHP method was used to develop a hierarchical decision-making model, perform 
pairwise comparisons, and compute priority weights for each criterion and sub-criterion. The 
results reveal that Urban Farming is the most desired alternative, having the highest total weight 
(0.4068), followed by Green Infrastructure (0.3735) and Sustainable Forest Management 
(0.2196). The findings emphasize the usefulness of AHP in incorporating several sustainability 
criteria into the decision-making process, giving policymakers and urban planners a structured 
framework for optimizing landscape management. By including environmental protection, socio-
economic advantages, and governance considerations, this study contributes to the rising 
discourse on sustainable urban and rural development. 

 

Keywords: multi-criteria decision-making, decision support system, sustainable landscape 
management, urban development, rural planning, analytic hierarchy process. 

1. Introduction 

Sustainable landscape management plays a crucial role in balancing ecological, economic, and 
social concerns in both urban and rural development. As growing urbanization and climate 
change transform land-use patterns, decision-makers require comprehensive frameworks to 
maximize resource allocation, assure environmental sustainability, and increase social well-being 
[1, 2]. A Multi-Criteria Decision-Making (MCDM) approach has evolved as a useful way for 
handling these challenges by incorporating multiple criteria to evaluate and prioritize landscape 
management methods [3]. This research intends to explore the application of MCDM in 
sustainable landscape management, focusing on urban and rural development concerns, by 
synthesizing recent breakthroughs in decision-support systems, optimization models, and 
participatory frameworks. 
 
The issue of making educated landscape management decisions is increased by competing needs 
for green infrastructure, agricultural land, and urban expansion [4]. Conventional decision-
making procedures typically fail to account for the multidimensional trade-offs involved, 
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necessitating an integrated process that combines ecological, economic, and social aspects [5]. 
Recent studies have proved the efficacy of MCDM in numerous areas, including urban agriculture 
optimization [2], forest ecosystem sustainability [3], and pedestrian infrastructure planning [4]. 
These techniques employ mathematical modelling, multi-objective optimization (MOO), and 
qualitative assessment tools such as Analytical Hierarchy Process (AHP), Technique for Order 
Preference by Similarity to Ideal Solution (TOPSIS), and VIšekriterijumsko KOmpromisno 
Rangiranje (VIKOR) to evaluate landscape options [6, 7]. 
 
The methodological approach employed in this study incorporates a systematic evaluation of 
current literature on MCDM applications in landscape management, coupled with an examination 
of essential decision-support (DSS) systems. Several studies have proven that integrating MOO 
with MCDM promotes decision quality by addressing spatial, economic, and environmental 
limitations [1, 2]. Additionally, participatory decision-making frameworks, such as multi-lens 
governance models [5] and interactive scenario-based techniques [8], have been proposed to 
promote stakeholder involvement in landscape planning. The findings indicate that MCDM 
methods greatly contribute to optimizing landscape management by balancing environmental 
conservation with urban growth objectives. For instance, Xu and Chang [1] found a 16.23% 
increase in green space with MCDM-based design, while Haloui et al. [2] demonstrated its 
usefulness in lowering CO₂ emissions and improving urban agricultural sites. Similarly, 
Shavazipour, Podkopaev, and Miettinen [8] emphasized how MCDM enables long-term forest 
landscape design under severe uncertainty. These observations underline the importance of 
adaptive and context-specific decision-making frameworks to handle rising sustainability 
concerns in urban and rural areas. 
 
In summary, this paper presents a complete evaluation of MCDM applications in sustainable 
landscape management, stressing their importance in improving urban and rural development.  
By merging advanced decision-support approaches, spatial planning tools, and participatory 
governance models, this research contributes to the evolving debate on sustainable landscape 
decision-making. The succeeding sections will further explore specific case studies, techniques, 
and policy implications for promoting landscape sustainability through multi-criteria 
approaches. 

2. Methodology  

The Analytic Hierarchy Process (AHP), originally pioneered by Thomas L. Saaty in 1971, stands 
as one of the most powerful and widely embraced methodologies for addressing complex Multi-
Criteria Decision-Making (MCDM) challenges across an impressive spectrum of domains – 
including political strategy, economic policy-making, socio-cultural evaluations, and management 
science [9]. Renowned for its exceptional adaptability and intuitive structure, AHP advocates the 
careful integration of decision-makers’ ideas, preferences, and judgments by meticulously 
deconstructing difficult, diverse problems into an elegant and accessible hierarchical model. 

At the center of its methodology lies the building of a structured, tiered framework that cascades 
logically from the ultimate decision aim to an extensive network of criteria and sub-criteria, 
ending in a foundation of particular alternatives or possibilities. This sophisticated design begins 
with a clearly stated, overall purpose at the top of the hierarchy, which then branches downward 
into progressively intricate and nuanced levels of decision criteria. Figure 1 which is developed 
by the author vividly illustrates this hierarchical design in the context of identifying the Best 
Sustainable Landscape Management Strategy – where high-level considerations such as 
environmental sustainability dominate the upper echelons, while their more granular, 
contributing sub-criteria are carefully distributed across the intermediate levels. This methodical 
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approach not only encourages clarity and logic but also helps decision-makers to traverse and 
solve otherwise overwhelming decision scenarios with confidence and precision. 

 

 
 

Fig. 1. AHP hierarchical structure for decision-making factors influencing sustainable landscape 
management (developed by the author) 

 

The first and most important phase in the AHP process is the creation of the hierarchical 
structure, as was previously mentioned. The relative value or preference of pieces within the 
same tier is then evaluated by pairwise comparisons at each hierarchical level. Based on their 
expertise and judgment, stakeholders or subject matter experts offer numerical values that 
represent a level of preference. Using a matrix, this technique ranks components at each level 
according to their links to lower ones. A standardized nine-point Saaty scale that represents 
degrees of importance is used to quantify preferences. This scale is described and interpreted in 
depth in Table 1. 

Table 1. Fundamental scale use for pairwise comparison [9] 

Intensity of 
Importance 

Definition 

1 Equally importance 
3 Moderate importance 
5 Strong importance 
7 Demonstrated importance 
9 Extreme importance 
2,4,6,8 Intermediate values 

 

To be able to calculate overall rankings or weights for items at each hierarchy level, priorities 
from pairwise comparisons are synthesized. A lower CR score denotes greater reliability, and 
consistency analysis guarantees logical and congruent preferences [10]. Equations 1 and 2 can be 
used to get the consistency index and ratio: 

𝐶𝐼 =
(𝜆𝑚𝑎𝑥 − 𝑛)

𝑛 − 1
, 

(1) 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
. 

(2) 
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In this case, n denotes the matrix's size or order, while λmax represents the eigenvalue of a 
particular decision matrix. According to Saaty (10), each matrix's Random Index (RI) is 
determined by the number of criteria it includes. Table 2 gives the corresponding RI values based 
on the matrix order n. 

Table 2. Average random index (RI) dependent on matrix size [10] 

n 1 2 3 4 5 6 7 8 9 10 
RI 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

The value of CR that is lower than 0.10 indicates that the consistency is satisfactory, whereas a 
value that is higher indicates that the pairwise comparisons should be revised. 

3. Case study  

A case study was performed to illustrate the utilization of the AHP in decision-making for 
sustainable landscape management. The study focused on a project in Sri Lanka, where the 
purpose was to discover the best-suited technique for sustainable landscape development in both 
urban and rural areas. Three principal Alternatives were assessed, including Green 
Infrastructure, Urban Agriculture, and Sustainable Forest Management. The options were pre-
selected for their importance to environmental protection, socio-economic advantages, and 
policy alignment.  The study intended to establish the most effective way by analyzing many 
variables, including environmental sustainability, socio-cultural impact, economic viability, and 
governance & policy frameworks. Through AHP, a structured decision-making process was 
carried out to enable policymakers and urban planners to make informed decisions for 
sustainable development. The pairwise comparison of the goal is as shown in Table 3. 

Table 3. Pairwise comparison matrix  

Goal Environmental 
Sustainability 

Socio-
Cultural 
Impact 

Economic 
Viability 

Governance & 
Policy Framework 

Priority 
Vector 

Environmental 
Sustainability 

1 3 5 7 0.56381 

Socio-Cultural 
Impact 

0.33333 1 3 5 0.26339 

Economic Viability 0.2 0.33333 1 3 0.11779 

Governance & 
Policy Framework 

0.14286 0.2 0.33333 1 0.05502 

 

After computation, the maximum eigenvalue (λmax) is found to be 4.117, with a consistency 
index (CI) of 0.039 and a random index (RI) of 0.89 (for (n = 4), as indicated in Table 2). The 
consistency ratio (CR) is estimated as 0.043, which is below the threshold of 0.1, suggesting that 
the decision-makers' judgments are consistent. The weights allocated to each primary criterion 
are presented in Table 4. 

Table 4. Main criteria weights 

Main Criteria  Weight 

Environmental Sustainability  0.5377 

Socio-Cultural Impact   0.2992 

Economic Viability    0.1237 

Governance & Policy  0.0394 

 

Similarly, the pairwise comparison of all the sub-criteria was undertaken to ensure a full 
evaluation of the options. The performance of Green Infrastructure, Urban Farming, and 
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Sustainable Forest Management with respect to each important criterion was examined and is 
provided in Table 5. From Table 5, it can be noticed that Urban Farming has the highest overall 
weight, making it the most preferable option for sustainable landscape management. This implies 
that Urban Farming performs best across major sustainability parameters, considering 
environmental effect, socio-cultural advantages, economic feasibility, and governance support. 

Table 5. Main criteria weights 

Main Criteria  Green 
Infrastructure 

Urban 
Farming 

Sustainable Forest 
Management 

Environmental Sustainability 0.27895 0.64912 0.07193 

Socio-Cultural Impact 0.63699 0.10473 0.25828 

Economic Viability 0.32364 0.07459 0.60177 

Governance & Policy 
Framework 

0.18839 0.08096 0.73064 

 

The final overall weights and ranking of the alternatives were established by averaging the ratings 
assigned to each sub-criterion. The weights were computed by first multiplying each sub-criteria 
with its corresponding main criterion weight and the respective performance rating of each 
alternative. The values obtained from all sub-criteria were then summed to get the final weight of 
each alternative. These AHP calculations offered unambiguous and structured weights for the 
criterion, sub-criteria, and alternative ranks in a crisp numerical form. Table 6 displays the final 
weight calculations along with the associated ranking of the alternatives, showing the best 
suitable technique for sustainable landscape management in urban and rural development. 

Table 6. Final Weight calculations and ranking 

Alternative Final Score Final Ranking  

Urban Farming 0.4068 1 

Green Infrastructure 0.3736 2 
Sustainable Forest Management 0.2196 3 

 

The AHP study found that Urban Farming emerged as the most suitable method for sustainable 
landscape management, gaining the highest total weight among the alternatives.  Green 
Infrastructure followed closely in second place, exhibiting good performance in socio-cultural and 
economic dimensions.  Sustainable Forest Management, while valuable for long-term ecological 
stability, was placed lowest due to substantially lower scores in governance and economic 
feasibility. 

4. Conclusions 

1. This study demonstrates the importance of the Analytic Hierarchy Process (AHP) in 
sustainable landscape management for urban and rural development.  Among the alternatives, 
Urban Farming (0.4068) ranked highest, followed by Green Infrastructure (0.3735) and 
Sustainable Forest Management (0.2196). 

2. The analysis identifies Environmental Sustainability as the most influential factor (0.5377), 
underlining its influence in decision-making.  Urban Farming emerged as the best balanced 
solution, excelling in environmental, socio-cultural, and economic aspects. 

3. While AHP provides a disciplined and systematic decision-making framework, its dependence 
on expert judgment involves subjectivity.  Future studies should combine fuzzy logic or 
machine learning to enhance objectivity. 

4. Practically, this study gives insights for urban planners and politicians, pushing for integrating 
Urban Farming and Green Infrastructure to meet sustainability goals.  Strengthening 
governance systems is critical for effective implementation. 
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5. This research contributes to MCDM approaches in landscape design, emphasizing the value of 
AHP in optimizing sustainable decisions.  Future studies could explore more participative 
decision-support systems to solve developing sustainability challenges. 
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Abstract 

A “Living Lab” models real-life scenarios in combination with the communities, researchers, 
businesses, and governance to reach long-term goals in the circularity of cities. It is important to 
have precise steps of what can be done at a municipality (urban) level to reach circularity 
measures, as the lack of data or methods used today is not efficient enough to reach national 
circularity goals. This work aims to prepare a circular economy-oriented roadmap for Jonava 
municipality to increase the efficiency of materials consumption, implement circular practices, 
and reduce environmental impact. This study was carried out in 39 public organisations from 7 
sectors – public governance, education, culture, social, health, sports, and municipal services. A 
survey was conducted regarding the material flows (materials or energy inputs and outputs) from 
the organisations to analyse the highest concern areas. An analysis of current good and bad 
practices regarding circularity (circular consumption, circular procurement, etc.) from 
organisations was carried out to understand the current situation. From the results, a strategic 
framework was created for the municipality, which consists of recommendations regarding urban 
circularity measures that public organisations may implement in their work areas. 

 

Keywords: living lab, circularity, innovation, public organisations. 

1. Introduction 

Urban activities significantly contribute to climate change, with urban areas accounting for 70 
percent of global CO2 emissions [1]. This figure is projected to rise, as 2008 marked the first time 
in history when more individuals resided in cities than in rural locations. By 2050, two-thirds of 
the global population is expected to inhabit urban settings [2]. Given that cities are already major 
players in climate change, it is crucial to implement sustainable development goals within 
communities before reaching an environmental tipping point. A shift towards urban circularity is 
essential, where community members, local governance, businesses, and researchers collaborate 
to address circularity challenges in a municipality. 
Research problem. Lithuania aims to achieve a completely circular economy by 2050 [3]. Yet, the 
existing approaches utilized by municipalities are ineffective due to inadequate data and 
insufficient communication among stakeholders. Therefore, it is essential to create a definitive 
circularity framework to fulfil national circularity objectives. 
Research aim. To analyse the current problematic areas of Jonava municipality regarding 
circularity, get acquainted with the good and bad practices, and to prepare an urban circular-
economy-oriented roadmap for Jonava municipality. 
Research tasks: 
1. Analyse the concept of urban circular economy and the current situation of Jonava municipality 

regarding circularity. 
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2. Conduct a study in which data on Jonava municipality public organizations' material and 
energy inputs and outputs, barriers, and implemented circularity projects in organizations are 
collected and interpreted. 

3. Create an urban circularity-oriented framework for Jonava municipality. 

 
Research methods. Assessment of literature sources, implementation of research to gather and 
analyse data related to material and energy movements, along with other sustainability 
information, and the execution of a focus group method to obtain insights. 

2. Analysis of the urban circularity economy concept and its significance 

The prevailing economic model today is the linear economy, where resources are obtained, 
utilized to create products, consumed, and then discarded as waste. This approach leads to 
significant harm to the planet as valuable finite resources are wasted after a single use. A circular 
model aims to retrieve resources once consumers have finished using them, thereby preserving 
their value rather than letting them go to waste. One effective strategy to achieve this is by 
promoting the development of circular cities. A circular city operates as an integrated system to 
decouple resources, maintaining the value and quality of products, components, materials, and 
nutrients for as long as possible. The advantages of a circular city include closing the material 
loop, utilizing less hazardous resources, generating less waste, creating a safer environment for 
both humans and biodiversity, and reducing emissions [4]. 
 
A circular model is more than just reusing or recycling products and materials; it is also: 
• elimination of hazardous substances in manufactured products; 

• eco-design implementation in products (reuse, remanufacture, repair, and recycle); 

• raising environmental awareness and changing consumption patterns; 

• development of new business models (for example, leasing materials and products) [5]. 

To shift towards a circular economy, various strategies can be observed in the figure below 
(Fig. 1). Actions can be categorized into different levels (micro, meso, and macro) and involve 
varying degrees of participation from national, regional, and local authorities. The micro level 
focuses on consumers and individual businesses, while the meso level establishes connections 
within industrial ecosystems. At the macro level, more extensive changes can be implemented 
through policy modifications at the national, regional, and local levels [6]. 

 

Fig. 1. Conceptual framework for a circular economy approach to integrating local and national targets 
and policies [6] 
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For a city to effectively transition to a circular model, it is crucial to integrate and consider the 
social, economic, and environmental aspects. One approach that facilitates this connection across 
all dimensions is the “Living Lab” method. The “Living Lab” method addresses dynamic challenges 
by employing innovative strategies that engage various stakeholders, including residents, 
universities, businesses, and governmental entities. Unlike conventional approaches, the “Living 
Lab” utilizes end-users to test solutions within real-world contexts. The main features of a “Living 
Lab”[7]: 
• the end-user is at the centre of attention, and all solutions should cater to the needs of the end-

user; 

• Testing of the solutions in a real-time environment; 

• Contributions for solutions are usually from different sectors of expertise; 

Regular feedback from end-users, leading to ongoing enhancements of the solutions and 
improvements of the solutions [7].  

3. Research methodology 

The research examines 39 public organizations situated in the Jonava municipality. The 
evaluation of the material inputs and outputs of these public organizations was based on a survey 
conducted in 2023. An additional survey assessed the current state, including the circularity 
methods currently in use and the barriers encountered. The findings from these surveys were 
analysed, leading to the identification of key problem areas. Recommendations were provided 
regarding research paper analysis, end-user requirements, and national policies for the areas that 
contribute the most harm. Additional research was done using the program STAN to understand 
the waste flows in Jonava municipality. 
The survey examines seven different sectors within the municipality: public governance, 
education, culture, social services, health, sports, and municipal services (Table 1). The education 
sector is the largest, comprising 20 out of the 39 public organizations surveyed. The survey 
identifies six procurement categories: food, electronics, furniture, household items, vehicles, and 
repair services. The survey questions focus on material and energy flows, as well as aspects such 
as the organization's area, employee and vehicle count, and the number of computers, among 
other details. This data aids in understanding the correlation between the size of an organization 
and its consumption patterns. 
Organisation distribution by sectors (Table 1). 

Table 1. Public organisations by sectors 

Sector Public organisation 
No. of public 

organisations 

Public governance 
Municipality administration 1 
Municipality control and audit office 1 
Education support service 1 

Education 

School 10 
School-multifunctional centre 3 
Art school 1 
Kindergarten 6 

Culture 
Library 1 
Culture centre 1 

Social 

Social services centre 1 
Activity centre for people with disabilities 1 
Temporary care housing 2 
Public health office 1 

Health Primary healthcare centre 1 
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Sector Public organisation 
No. of public 

organisations 
Hospital 1 

Sport 
Sport centre 1 
Swimming pool 1 

Municipal service 

Water supply 1 
Fire service 1 
Public transport 1 
Heating 1 
Cleaning and maintenance 1 

4. Results 

It has been observed from the public organisations' collected data that the “Education” sector 
accounts for 50.86% of the total budget allocated for purchasing new items and for repairs. This 
indicates that while the “Education” sector is utilizing more funds than other sectors, it is also 
focusing more on repairing items instead of acquiring new ones.  
The top 15 categories across all the sectors were observed, which contributed the most to the 
quantity of items bought and the “Food and Beverage” sector recorded the highest volume at 
267,205 kg purchased in 2023 (Fig. 2). The predominant portion is attributed to fruits and 
vegetables, accounting for 25% of the entire category, followed by dairy products at 16%, and 
animal products at 14%. The second category, “Printing and Publishing,” totalled 150,266 kg of 
materials. The largest quantities in this category were attributed to books, publications, and 
printing paper. The significance of the “Printing and Publishing” category stems largely from the 
Education sector, which utilizes a substantial amount of printed materials. 

 

Fig. 2. Number of items bought in kilograms 

 

The Jonava municipality has a waste management system that is part of the Kaunas region waste 
management center (Fig. 3). As reported by the Environmental Protection Agency, Jonava 
municipality produced a total of 12,091 tons of waste in 2023, with most of it being collected as 
mixed municipal waste [8]. Of this amount, 4,652 tons were incinerated to generate energy, 
resulting in the production of 3.35 GWh of electricity and 8.19 GWh of heat, based on the statistics 
of the burned waste to energy ratio [9]. Regarding biological waste, food waste comprised 1,078 
tons, making up 8.92% of the total waste generated in the municipality [10]. Overall, biological 
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waste amounted to 4,671 tons, which was converted into technical compost and used at the 
landfill. If technical compost is regarded as having a purpose and is not considered landfilled 
waste, then only 187.08 tons of waste were being landfilled, which represents 1.55% of the total 
waste. However, if technical compost is included in waste calculations, then 38.8% is subject to 
landfilling. Additionally, the landfill produces biogas, and 208.71 tons of waste were used to 
generate biogas, resulting in 271.3 kWh of electricity and 1043.6 kWh of heat [11]. 

 

Fig. 3. Jonava municipality waste management system, 2023 

 

Based on the focus group method conducted with 50 management employees from public 
organisations, the primary reasons for the incomplete implementation of circular activities in 
Jonava municipality public organisations include: 
• insufficient funding for circular initiatives; 

• limited awareness regarding circularity; 

• challenges in altering established habits (for instance, using paper and digital copies); 

• over-regulation (such as catering larger food portions than necessary). 

 

From the overall results, it is seen that major areas of concern are “Food and beverages” category, 
which could be solved by removing regulatory barriers and implementing a self-catering system 
where it is appropriate (schools, social homes, etc.). Another area worth of focus is “Printing and 
publishing”, which can be solved by using green procurement principles, using electronic 
signatures, and saving material in electronic form rather than paper. Lastly, the social dimension 
needs to be considered, where environmental awareness is raised in the community. Social 
initiatives could be implemented, for example, the sharing of items between organisations, events 
for the community regarding environmental issues that are important in the area, with giving 
knowledge on what each person could implement in their daily life.   
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5. Conclusions 

1. Categories with the highest amounts of materials are “Food and Beverages” – 267,205 kg, 
“Printing and Publishing” – 150,266 kg, and “Automotive and Transportation” – 97,655 kg. 

2. In 2023, Jonava municipality generated 12 090 tons of waste, from which 10 079 tons were 
from mixed municipal waste and only 2 011 were from sorting containers and stations. 

3. The primary challenges for executing circular initiatives are a lack of awareness, insufficient 
finances, over-regulation, and absence of a systematic approach. 

4. It is recommended that the municipality organises environmental awareness events, 
implements food saving initiatives (self-catering system), implements green public 
procurement in their working environment, and eliminates using paper when possible.  
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Abstract 

Environmental pressure on the Baltic Sea is intensifying due to increased nutrient pollution and 
micro-pollutants resulting from growing human activity. Small Wastewater Treatment Plants 
(WWTPS) are vital in mitigating these impacts, but their efficiency varies based on size or 
Population Equivalent (PE). Facilities serving fewer than 2,000 PE are often less effective, partly 
due to the absence of standardized regulations. Despite their small scale, these plants are 
frequently located in tourist-heavy areas that contribute significantly to nutrient loads, making 
their environmental impact difficult to assess. This study uses Life Cycle Assessment (LCA) to 
evaluate and compare the performance of small-scale wastewater treatment technologies 
through a selected case study in the Baltic Sea region. The findings show that upgrading small 
WWTPS with tertiary nutrient removal technologies significantly improves the elimination of 
suspended solids, nitrogen, and phosphorus. However, this improvement comes with increased 
energy consumption, emphasizing the need to explore alternative energy sources such as 
renewable energy. 
 
Keywords: Small WWTPS, Life Cycle Assessment (LCA), Nutrient Reduction, Environmental 
Impacts, EU UWWTD, Suspended Solids (SS), Nitrogen (N), Phosphorus (P). 

1. Introduction 

Water is life, and wastewater treatment is critical in the protection of environmental and public 
health. Wastewater treatment before it is discharged into receiving waters saves aquatic life by 
preventing detrimental pollutants from entering water bodies [1]. Wastewater contains excess 
nutrients like phosphorus, nitrogen, and suspended solids that cause eutrophication, algal 
growth, and loss of oxygen. [2]. Wastewater plants can also generate energy. Methane is obtained 
during the anaerobic process in the wastewater sludge. This Methane is captured and converted 
to heat and electricity [3]. In the sludge produced during this process, the water is filtered, and 
the solid sludge can be used as a useful fertilizer for agricultural activities [4]. Eutrophication is a 
significant issue in the Baltic Sea region. Eutrophication occurs when excess nutrients, 
particularly phosphorus and nitrogen, accumulate in the water, leading to the overgrowth of algae 
and other undesirable aquatic plants. This nutrient pollution has resulted in severe consequences, 
including oxygen depletion, harmful algal blooms, and a loss of biodiversity.  
  

mailto:varkem@ktu.lt
mailto:jolanta.dvarioniene@ktu.lt


Proceedings of 12th International Young Researchers Conference  

INDUSTRIAL ENGINEERING 2025  

 

249 
 

2. Water Policy and Wastewater Treatment  
 
Effective management of wastewater must be ensured in order to uphold levels of sustainability 
within the EU and globally. There are several important directives and strategies which play an 
important role in water resources management in the EU: 

• Urban Wastewater Treatment Directive (UWWTD): The Urban Wastewater Treatment 
Directive (UWWTD) 91/271/EEC, launched by the EU in 1991, regulates the collection, 
treatment, and discharge of urban wastewater to prevent water pollution. It mandates EU 
member states to implement primary practices to manage wastewater, especially in 
developed regions, focusing on municipal sewage treatment [6]. 

• Nitrates Directive: The Nitrate Directive (91/676/EEC), established by the EU in 1991, is 
intended to protect water quality through addressing nitrate pollution from agriculture. It 
is primarily a water protection legislation, complementing other directives like the Water 
Framework Directive and the Urban Wastewater Treatment Directive [7]. 

• HELCOM Baltic Sea Action Plan: The HELCOM Baltic Sea Action Plan (BSAP) 2007 and 
updated in 2021 is one of the primary instruments to restore ecological balance in the 
Baltic Sea. It addresses concerns such as eutrophication, pollution, biodiversity loss, and 
climate change. The BSAP 2021 contains targets to be achieved by 2030 [8]. 

Small wastewater treatment plants (WWTPS) (Fig. 1) play a crucial role in managing wastewater 
in rural areas around the Baltic region [5].  
 

 
Fig. 1. Compact WWTPS [9] 

 

Small-scale wastewater treatment plants (WWTPS) are prone to numerous issues that impact 
efficiency and performance and have potential implications for the environment and public 
health. Some of the significant issues include ageing systems, high operational costs (energy, 
labour, chemicals), and staying up to date with evolving regulatory standards. The systems also 
struggle with peak flows, effective sludge disposal, and lack of skilled labour – issues that 
influence maximum utilization and compliance [10]. 
 
3. Methodology 
 
Life Cycle Assessment (LCA) is used to compare the environmental effects of wastewater 
treatment plants (WWTPS) across categories to maximize design, operation, and resource 
utilization. LCA addresses effects from raw material production to disposal, such as energy usage 
and emissions. LCA reveals latent disadvantages, including increased energy and GHG emissions 
as a result of high-level nutrient removal. LCA also promotes energy efficiency, chemical 
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evaluation, and resource recovery. ISO 14040:2006 and ISO 14044:2006 formulate the basis and 
guidelines for the application of LCA in WWTPS (Fig. 2). 

 
Fig. 2. Major phases of LCA using ISO 14040 [11] 

 

The Assessment was done considering only the operation stage considering the energy 

consumption, usage of chemicals, discharge and emissions, generation of waste, maintenance of 

the treatment plant, and monitoring. 

 
4. Results and Discussions 
 
The results of the environmental impact assessment using LCA approach for the small wastewater 
treatment plant in the selected case study – Scenario 1 (S1) and Scenario 2 (S2) – are presented 
in Figure 3. The results are expressed as a single environmental impact score, measured in 
environmental points (Pt) per 1 m³ of treated wastewater, and include energy consumption. 
 

 
Fig. 3. Environmental impact comparison for the small wastewater treatment plant in selected case 

study in Baltic Sea region. 
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The results present the environmental impact assessment of treating 1 m³ of wastewater in a 
selected small wastewater treatment plant (WWTP) in the Baltic Sea region, including the energy 
consumption. The analysis reveals that energy use is a significant contributor to the 
environmental impact in both scenarios. Scenario 1 (S1) results in 27 mPt of environmental 
burdens, whereas Scenario 2 (S2) leads to 44 mPt. In S1, the primary impact category is Global 
warming (Human health), contributing 14 mPt (over 52%). This is followed by Fine particulate 
matter formation at 10 mPt (more than 37%). Additional contributions include Human 
Carcinogenic toxicity at 0.68 mPt, Human non-carcinogenic toxicity at 0.35 mPt, and other 
categories with smaller shares. Similarly, S2 shows the highest contribution to Global warming 
(Human health) with 23 mPt (over 55%), followed by Fine particulate matter formation with 17 
mPt (more than 40%). Other impacts include Human carcinogenic toxicity at 0.71 mPt, Human 
non-carcinogenic toxicity at 0.45 mPt, and minor contributions from other categories. Electricity 
consumption is clearly the dominant factor driving CO₂ emissions in both treatment scenarios. 
According to the life cycle assessment (LCA), the main contributor to environmental damage in 
the wastewater treatment processes at selected small WWTP (S1 and S2) is electricity usage. The 
adoption of renewable energy sources in the future could significantly reduce these 
environmental burdens. 

5. Conclusion 

Small wastewater treatment plants (WWTPS) in the Baltic Sea region play a significant role in 
managing nutrient pollution, especially in tourist-heavy areas. Upgrading these facilities with 
tertiary nutrient removal technologies significantly enhances the removal of suspended solids, 
nitrogen, and phosphorus, meeting the requirements set by EU directives and HELCOM targets. 
Life Cycle Assessment (LCA) indicates that electricity consumption is a major contributor to the 
environmental impact of these systems, highlighting the potential benefits of integrating 
renewable energy sources. To protect the Baltic Sea ecosystem, coordinated policy efforts, 
investment in infrastructure upgrades, and the adoption of cleaner energy technologies are 
essential. 

Acknowledgement: This work was supported by the NURSECOAST-II project “Model Nutrients 
Reduction Solutions in Near-Coast Touristic Areas” (Nr #C015) co-funded by the European Union 
by the INTERREG Baltic Sea Region Program 2021–2027. 
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Abstract 

This paper addresses the risks associated with uncalibrated aircraft angle-of-attack (AoA) 
sensors. The problems often arise due to improper maintenance or documentation failure. The 
study presents the different types of stall warning systems and AoA sensors and their working 
principle, as well as two viable solutions to the problem. The first solution involves the use of 
unique verification codes embedded in the sensor itself to track fault and maintenance history, as 
well as the aircraft’s ability to recognize when the sensor was changed. The second solution is 
based on Built-In-Test-Equipment and proposes the use of an additional rotor inside the paddle 
chamber of the sensor. The paper also discusses the optimization process of the second solution 
by using principles from simpler stall warning systems and the integration of a reference map to 
compare the output with experimental data. The research was successful, but further prototyping 
and research are needed to check the validity of the solutions provided.    
 

Keywords: AoA sensors, aviation safety, calibration, fail-safe, self-diagnosis 

1. Introduction 

AoA sensors play a vital role in aviation by ensuring the aerodynamic safety of aircraft. These 
sensors measure the angle between the wing of the chord line of the wing and the direction of the 
airflow. Exceeding the critical AoA leads to a wing stall, which can potentially lead to a catastrophe 
[1]. Despite their importance, AoA sensors are prone to failure, especially after maintenance or 
replacement. This was tragically demonstrated in the 2019 Boeing 737 MAX crash, where a newly 
installed, uncalibrated AoA sensor misled the MCAS (Maneuvering Characteristics Augmentation 
System), contributing to the incident [2]. This research aims to provide two plausible solutions to 
the problem of improper AoA sensor calibration. 

2. Methods and Sensor Analysis 

The methodology of this paper can be split into two major parts: technical literature analysis and 
conceptual engineering design. Firstly, a thorough review of existing literature on AoA systems 
was conducted. Sources included academic publications, books and aviation safety reports. This 
provided a detailed understanding of the intricacies of both stall warning systems and AoA 
sensors. Secondly, a problem-focused analysis was performed to identify common causes of 
calibration-related errors, particularly those introduced during sensor replacement. Real-world 
aviation accidents were examined to inform the analysis.  

Simple stall warning systems use mechanisms such as vibrating reeds or mechanical flaps located 
on the leading edge of the wing, where low-pressure airflow shifts when the critical AoA is 
reached [3]. The figure shows how the location of the flapper switch changes when the AoA is 
changed (Fig. 1). These components either produce an audible sound due to the air being sucked 
out or close a circuit with a buzzer. 
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Fig. 28. Flapper Switch Stall Warning System's Working Principle [4] 

 

On the other hand, more advanced AoA sensors, such as vane-type or slotted probe-type, use 
potentiometers to convert analogue signals to electrical ones. When the angle of attack is 
changing, the airflow moving around the vane also changes. Therefore, the angle at which the vane 
is pointing to the airflow is changing, and the potentiometer changes the resistance of the 
circuit[5]. The slotted probe calculates the difference between the upper and the lower holes. This 
is done by having an internal paddle which is moved by the difference in pressure from the holes 
in the probe [3]. The figure displays the insides of a slotted probe- type AoA sensor (Fig. 2). These 
paddles are mechanically connected to a potentiometer. As the paddles shift to compensate for 
the pressure difference, the potentiometer adjusts the circuit resistance, allowing for accurate 
calculation of the AoA. They require periodic calibration and recalibration after replacement. 
Following maintenance, if a sensor is not correctly tested or its change is not recorded, critical 
failures may occur. Autopilot systems, which rely heavily on AoA data, lack the contextual 
awareness to question faulty readings. 

 

Fig. 29. Slotted Probe Type AOA Sensor [3] 
 

Then, based on the findings, two design solutions were conceptualized. The first being an 
electronic identification system, and the second being a built-in test feature. These solutions were 
conceptualized by analyzing the mechanical and electrical capabilities of current AoA sensors, 
along with stall warning systems, to find components that could be repurposed. Throughout the 
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process, the fail-safe principle served as the foundation for all of the proposed solutions. Fail-safe 
is a concept where, in the event of a malfunction, the failure of one component does not cause 
harm to other systems or to the system itself [6]. The fail-safe principle can be implemented 
through redundant systems, physical laws, or other methods. For example, if a system relies on N 
sensors providing matching data, then N+1 sensors should be installed to create a tolerance for 
failure [7].  A good example is the airbag system in vehicles during a crash. The airbags must 
always be deployed during a crash. No failure is acceptable, it would prevent deployment. 
Therefore, more than one sensor is used, and the system is designed to activate the airbags only 
if all sensors, or all except one, indicate deployment is needed [8]. If even one sensor fails or 
provides inconsistent data, the processor detects the discrepancy and ignores the faulty sensor’s 
input and signals the need for its replacement.  

3. Proposed Fail-Safe Solutions 

3.1. Unique Identification System 

Since the aircraft's AoA sensor is an electronic device whose measurements are based on changes 
in electrical voltage within a circuit, it is possible to implement a unique identification code into 
the system. This code would allow the aircraft to detect when the sensor has been replaced. 
Furthermore, the unique identifier could store information about the sensor’s maintenance 
history, including any past failures or repairs. When a new sensor is connected to the aircraft 
system, it should not be trusted blindly. Instead, a warning message and an audible signal about 
the need for calibration should appear on the aircraft's control panel. This message could only be 
cleared by an authorized technician logging into the system and entering a security code. While 
this solution would not fully eliminate the issue of improper documentation, it would create an 
additional layer of accountability. Technicians would no longer be able to simply neglect proper 
procedures without detection. Moreover, if the procedures were skipped entirely, the pilot would 
be made aware of the problem through the visible warning, potentially preventing a dangerous 
situation. This concept is like how unique VIN codes are used in the automobile industry or how 
Apple implements part-specific identifiers in their mobile devices. VIN codes allow access to 
databases that store vehicle mileage, accident history, usage in ride-sharing services, and much 
more [9]. Apple’s security system prevents certain device functionalities unless each internal 
component’s unique code is verified by a certified technician. For example, if a component like 
the camera is replaced with a non-genuine part or without proper authorization, the phone will 
disable related functions until an Apple-certified technician confirms the repair [10]. These 
measures help prevent unauthorized modifications and spying attempts [11]. Applying similar 
technology to aviation would likely require significant investment, because the production of 
these systems would need to be changed a lot. Even then, the problem would not be completely 
solved. 

3.2. Self-Test Rotor Mechanism 

Since AoA sensors that measure the AoA have rotating parts, it would be plausible to use an 
electrical rotor. If calibration is needed due to the malfunction of the potentiometer, then we can 
measure its resistance and determine whether they are correct for a given angle-of-attack. 
Installing a rotor inside the paddle chamber parallel to the main shaft can give us an opportunity 
to rotate the shaft to the wanted position with the help of a belt system. For example, the rotor 
could rotate the shaft to the predefined maximum, minimum and neutral positions. Then, using a 
voltmeter we could measure the voltage and, therefore, resistance of the potentiometer and 
compare it with known values. If the values do not match, then a signal would be sent straight to 
the cockpit to inform the pilots of a malfunction. This accurate rotation of the rotor needs us to 
know the voltage needed to rotate it the correct amount. Therefore, a system would need 
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additional periodic calibration. These kinds of systems are already used in other fields and other 
parts of the aircraft, and they are called BITE (Built-In Test Equipment). These systems are based 
on passive fault detection and self-diagnosis principles [12]. While implementing such a system 
would involve increased costs due to added components and calibration requirements, it could 
significantly enhance safety. If a simpler and more cost-effective version of this system could be 
developed, it could be successfully optimized and implemented in real-world aviation 
applications. 
 

4.  System Enhancement and Integration 

One of the ways to make the system more reliable could be to install additional electrical circuits 
inside of the mechanical stops in the AoA sensor. This way, it would be possible to rotate the rotor 
to the predetermined positions manually from inside the cockpit. The paddle would close the 
circuit, and a light would flash on the panel. Therefore, the pilot would be able to check whether 
the sensor accurately displays the minimum, maximum and neutral positions and decide whether 
it is safe to operate the aircraft. A similar principle is used in basic stall warning systems, where a 
flapper switch detects high AoA conditions. However, in this case, the concept is repurposed as a 
diagnostic tool that does not require a second person to perform the test, as the electric rotor 
replaces the manual input of a technician. Another way to optimize this system could be to 
calculate the theoretical AoA. By using other onboard sensors’ data, such as speed, climb rate and 
others, the processor could use theoretical formulas to calculate the AoA and determine whether 
the sensor is working properly. If not, then the output of the sensor would be ignored, and a signal 
would be sent to the cockpit to inform the flight crew of the malfunction. To reduce the 
computational load on the computer it is plausible to use a value reference map. In the aircraft’s 
development stage, experiments would be done to establish correlations between flight 
conditions and the AoA. Then, a reference value map would be created and installed on the main 
computer, allowing for quick comparison during flight. This kind of system is already used in fuel-
injection systems on motorcycles [13]. The computer takes data from temperature, velocity, 
altitude and other sensors on the motorcycle and searches for the closest match on the reference 
map and injects the most optimal amount of fuel. 

5. Conclusions 

1. AoA sensors play a vital role in aviation, but to this day, they are susceptible to calibration-
related errors.  

2. The first solution is a unique identification system embedded in the AoA sensor, enabling 
aircraft systems to detect when the sensor is changed and track fault history. This would 
enforce calibration and improve accountability among the technicians. However, its 
integration would involve significant manufacturing changes. 

3. The second solution involves a built-in rotor mechanism, capable of rotating the sensor shaft 
to a predetermined reference position. By measuring the potentiometer values and comparing 
them to expected outputs, the system could self-diagnose, but it would require additional 
periodic calibration. 

4. The second solution can be made more reliable and the cost could be lowered by 
implementing reference maps and/or repurposing the stall warning system’s working 
principles.  

5. These findings suggest a shift toward self-monitoring equipment. However, further research 
and prototyping are needed to fully test reliability, viability and cost-effectiveness in real-
world aviation applications. 
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Abstract 

High-aspect ratio wings are flexible and particularly prone to aeroelastic phenomena such as 
flutter. This issue is even more significant for modern unmanned aerial vehicles operating at low 
Reynolds numbers, where maintaining structural integrity while minimising weight is a constant 
challenge. Experimental research of high-aspect ratio wing flutter at low Reynolds numbers is 
essential for developing lighter aircraft designs while maintaining safety. 
This article focusses on investigating flutter phenomena in high-aspect ratio wings at low 
Reynolds numbers. A slender composite wing is equipped with an accelerometer and a gyroscopic 
sensor and is placed inside a wind tunnel. A laser vibrometer placed outside the wind tunnel is 
also used, enabling a comparison of different measurement methods. While one method provides 
useful data on vibrations and orientation, the other offers higher precision and more detailed 
insight into multiple vibration modes. 
 

Keywords: flutter, inertial sensors, optical methods. 

1. Introduction 

A flutter phenomenon in high-aspect ratio wings presents a complex aeroelastic challenge which 
remains not so widely researched due to limitations in both modelling and experimental 
techniques [1]. This evaluation of aeroelastic phenomena is important and relevant to lightweight 
and thin-wing structures used in super-light, high-performance unmanned aerial vehicles. In 
these types of aircraft, the wings are prone to oscillations and high deformations, particularly at 
high speeds, where varying aerodynamic forces can excite multiple vibration modes. These 
oscillations can grow in amplitude under certain conditions, potentially leading to aeroelastic 
instabilities. 
As the aviation industry evolves, it not only raises a need to experimentally investigate and apply 
improvements to already existing research techniques, but also creates possibilities to combine 
measurement methods by integrating and applying new ways of thinking. Classical aeroelastic 
research may rely on various complicated sensor systems or modal analysis in idealised 
environments [2], in contrast, new studies are shifting to applying minimal equipment needs or 
even non-contact methods to the research area [3, 4]: inertial sensors and optical methods are 
introduced to study aeroelasticity. 
Although optical methods and inertial sensors have been used in aeroelasticity research for some 
time, the potential of their combined application is still growing. This integrated approach enables 
the collection of high-resolution, real-time, and non-intrusive data, extensively enhancing the 
ability to analyse complex aeroelastic phenomena. Optical techniques offer precise deformation 
measurements, while inertial sensors accurately capture vibration frequencies across multiple 
axes, providing a more detailed understanding of aeroelastic phenomena. 
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The experimental methodology that involves inertial sensors and optical methods is increasingly 
seen as the future of research in aeroelasticity and related fields, as these methods are especially 
well suited for use with laboratory-scale models, where detailed monitoring of dynamic processes 
is essential. By combining inertial sensors with optical methods, researchers can gain deeper 
insights into aeroelastic phenomena, enabling safety predictions for aviation vehicles and 
systems. In general, the integration of new methods represents a significant step forward in the 
experimental research on the aeroelasticity topic. 

2. Experimental setup 

To conduct the research, a highly flexible wing model is required. The model should be thin, with 
a short chord and a large span to achieve a high aspect ratio. Additionally, it must fit within the 
available wind tunnel chamber and enable the observation of aeroelastic phenomena at 
reasonable flow velocities. 
 
A wing was designed and manufactured using aramid fabric (see Fig. 1), featuring a chord length 
of 32.7 ∙10-3 m and a total spanwise length of 0.33 m. The structure consists of three layers 
arranged in a symmetrical and balanced composite layup, with the aramid fabric impregnated 
with epoxy resin, resulting in a final thickness of 0.877 ∙10-3 m. 
 
Although the full manufactured half-wingspans are 0.33 m, only 0.27 m is exposed to the airflow 
during experiments, as the remaining length is used to secure the wing model during the 
experiments. This results in an aspect ratio of approximately 16.5 for the full-span wing. 
 

 
Fig. 1 Research wing model 

 

Inside the wing, between the layers of composite material, four wires without an insulating 
material are laid. Wires are used to connect the inertial measurement sensor to the 
microcontroller, as incorporating a battery and wireless sensor at this scale would significantly 
alter the wings' dynamic behaviour. 
The experimental part of the high-aspect ratio wing flutter research consists of two parts: using 
an accelerometer and a gyroscope sensor placed on the end of the wing, and a laser vibrometer 
for non-contact measurements. The experimental equipment (see Fig. 2) was used to take both 
measurements simultaneously, enabling a direct comparison of the data. 
 

 

Fig. 2 View of experimental equipment 
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The experimental setup view includes a manufactured wing positioned in the AEROLAB wind 
tunnel as a cantilever wing, with one side fully fixed to the wind tunnel wall and the other exposed 
to the freestream. An MPU6050 sensor is mounted at the wingtip, while a laser vibrometer is 
positioned at a fixed location. 

2.1. Research conducted with accelerometers and gyroscope sensor 

The flutter research is conducted with accelerometers and gyroscope sensor MPU6050 that uses 
a standard Arduino UNO R3 microcontroller and a computer for data collection. The MPU6050, 
which is used to analyse vibrations from the wingtip, is a versatile sensor with wide applications 
in various fields. 
One of the main advantages of this sensor is its high reliability, precision, and compact size at a 
low cost. The MPU6050 integrates two main sensors: an accelerometer, which measures 
acceleration forces, and a gyroscope, which measures rotations. Both the accelerometer and the 
gyroscope are capable of measuring linear acceleration and angular velocity over a wide dynamic 
range along three axes [5]. 
The programme used to record the measurements was configured to set the accelerometer range 
to ±4g and the gyroscope range to ±500°/s. These settings were chosen to prioritise the detection 
of the initial onset of flutter and the determination of critical speed, rather than to capture peak 
amplitudes. Selecting such a range improves sensitivity to small vibrations and subtle oscillations, 
enabling a more accurate analysis of the early stages of aerodynamic phenomena. 
The sensor is designed to be mounted on the wingtip. In this configuration, the sensor is 
assembled (see Fig. 3), the accelerometer measurements capture bending oscillations, while the 
gyroscope measurements capture torsional rotations. 

 

 

Fig. 3 Placement of the MPU6050 sensor at the wingtip 
 

The wing model with the sensor is fixed in the test chamber of a wind tunnel. The setup is 
arranged so that the desired wingspan lies within the airflow. Once the wing is mounted, it must 
be allowed to come to a complete rest to eliminate any residual vibrations or disturbances that 
could interfere with the accuracy of aeroelastic measurements. The experiment begins by 
gradually increasing the airflow in the wind tunnel up until the critical point is reached and 
continues even after the flutter phenomenon is observed. 
The results are presented in a graphical form, including both standard plots and a spectrogram to 
illustrate the frequency and amplitude content of the measured vibrations. 
By looking at the plot of accelerometer and gyroscope (see Fig. 4), it can be identified that flutter 
phenomenon is observed when the airflow velocity reaches 20 m/s mark. The flutter can be 
identified by observation of the growing amplitudes in all the measurements. 
The accelerometer data show that the wingtip experiences only low vibration amplitudes until 
the airflow reaches 18 m/s. Beyond this point, the wingtip begins to bend, with vibrations 
gradually increasing up until the critical point at 20 m/s is reached, where the amplitudes of the 
wingtip vibrations increase rapidly, signalling the observance of flutter. 
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A similar trend can be identified by looking at the gyroscope data (see Fig. 4), which tracks the 
rotation of the wingtip. Up to 19 m/s, there is minimal rotation of the wingtip, but once the critical 
velocity of 20 m/s is passed, the torsion motion increases, further confirming the presence not 
only of the flutter phenomenon, but also the possible observation of divergence. 
 

 

Fig. 4 Inertial measurements of wingtip bending and torsional motion, obtained from a mounted sensor 
 

From the data gathered by the accelerometer, the FFT analysis is performed and plotted on a 
spectrogram (see Fig. 5), providing additional insights into the experiment. A plot of frequency 
versus airflow velocity is used to track changes in the wingtip dynamic response, revealing how 
the bending and torsional modes shift with increasing flow speed. The spectrogram reveals that 
the main frequency of the observed phenomenon is equal to around 35 Hz. 
 

 

Fig. 5 Wingtip bending vibration frequency response to increasing airflow velocity, obtained from a 
mounted sensor 

 

As the frequency remains constant despite increasing airflow, it indicates that the system has 
reached a resonant frequency where the aerodynamic forces and structural vibrations are in sync, 
reinforcing the onset of aeroelastic instability, further confirming the presence of flutter. 
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2.2. Research conducted with laser vibrometer 

For the extension and validation of the research, flutter analysis is conducted in parallel using the 
laser vibrometer OMETRON. This advanced measurement tool is designed for non-contact 
measurement of vibrations and operates using the principle of a laser Doppler vibrometer, where 
a laser beam is directed at the vibrating surface of the object being studied [6]. 
While the MPU6050 accelerometer and gyroscope sensor capture multiaxis motion and provide 
real-time feedback on the dynamic behaviour of the wingtip, the OMETRON laser vibrometer 
enables more precise measurement of vibration frequencies and mode shapes without physical 
contact. 
An FFT analysis is performed on the measurements obtained from the laser vibrometer and 
plotted on a frequency versus time spectrogram to visualise the frequency content (see Fig.6). 
The data from the laser vibrometer confirms similar findings, with the frequency of the observed 
phenomenon levelling around 35 Hz. However, as the data are more refined, a more 
comprehensive understanding of the phenomenon can be done by comparing it with inertial 
sensor results. It can be said that as time progresses and airflow velocity increases, the flutter 
frequency of the wing decreases. This suggests that airflow exerts a damping effect on the 
frequency of flutter while simultaneously increasing the amplitude. 
 

 

Fig. 6. Wingtip bending vibration frequency response to increasing airflow velocity, based on sequential 
measurements using a laser vibrometer 

 
Additionally, the laser vibrometer data reveal repetitive patterns at higher frequencies, 
suggesting the presence of different modes of the same vibration. This indicates that multiple 
vibrational modes are interacting, which further supports the onset of aeroelastic instability. 
The consistency of the primary frequency, along with the appearance of higher frequency modes, 
demonstrates that the system has reached a resonant state where aerodynamic forces and 
structural vibrations are coupled. 

3. Results and discussion 

The use of inertial sensors, such as accelerometers and gyroscopes sensor, and non-contact 
measurement techniques, such as laser vibrometers, enabled tracking of wingtip vibrations, 
which resulted in the possibility to analyse the flutter and its prediction. The accelerometer and 
gyroscope data can provide critical insights into the onset of not only the flutter phenomenon but 
also divergence. On the other hand, the laser vibrometer not only offers flutter prediction 
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capability but also gives a more detailed view of the vibration modes and their interactions. The 
complementary nature of these methods enhances the understanding of aeroelastic instability, 
revealing both damping effects and the coupling of aerodynamic forces with structural vibrations.  
Experimental research on the flutter phenomenon shows that the wing exhibits vibrational 
modes, with the onset of instability occurring at a specific airflow velocity, leading to aeroelastic 
instability. Using the accelerometer-gyroscope sensor and the laser vibrometer, the research 
successfully identified the critical airflow velocity at which flutter instability occurs, it equals 
around 20 m/s, as the wing experiences a significant increase in vibration amplitudes and 
torsional motion after this critical point is reached. 
The spectrogram analysis showed a broader view of the flutter phenomenon and revealed its 
frequency of 35 Hz, this value was confirmed by application of both methods. The findings of this 
research may contribute to the development of safer and more stable experimental research 
designs, particularly for applications involving a high-aspect ratio structure. 

4. Conclusions 

1. Experimental measurement methods were performed by applying inertial sensors and non-
contact techniques used to investigate the flutter phenomenon in the designed wing model. 
The accelerometer and gyroscope sensor data indicate divergence at 19 m/s, with flutter 
occurring at 20 m/s, marked by increasing vibration amplitudes and torsional motion. The 
laser vibrometer confirms these findings, showing levelled frequencies around 35 Hz, with 
additional insights into the interaction of higher-frequency modes. Both methods provide 
consistent results, with the laser vibrometer offering a detailed view of vibrational modes and 
the inertial sensors capturing dynamic responses related to the onset of flutter. 

2. The experimental results demonstrate that divergence occurs at lower velocities, while flutter 
can be observed at a higher critical velocity. Comparing the methods emphasises the 
advantage of using advanced tools like the laser vibrometer, which provides a more detailed 
detection of different vibration modes and the onset of flutter. The method choice depends on 
the level of accuracy needed and the equipment available, with a laser vibrometer offering a 
clearer understanding of how the structure behaves and flutter begins, but an inertial sensor 
being more affordable with easier availability. 
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