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Abstract: Batychron is a flexible underwater bell patented by the Gdynia Maritime University as a
device used in hydro-technics engineering for underwater transport and diving while maintaining
the safety of human life. This study aims to present the methods and results of strength tests and
the conducted analysis of the selection of the most appropriate method of joining thermoplastic
polyurethane film (TPU) and polypropylene belts for underwater use to obtain a device with a spe-
cific buoyancy force. A universal testing machine with a hydraulic drive was used for the tests.
Various methods of joining polypropylene belts were tested to select the most favourable in terms
of strength properties. For this purpose, two types of materials were selected: the TE324 polyester
belt and the TS501_50 style belt. Various connection methods have been used: without seams; zig-
zag stitch, straight cross; cross stitch, straight longitudinal; cross stitch, straight transverse, in order
to select a joint with the highest strength parameters. In addition, the tensile strength of individual
types of belts was tested. The methods of joining the TPU film were verified. The obtained results
allowed us to determine that the strongest bond of TE324 material is a straight, longitudinal cross
stitch. This is related to the load distribution in the belts tested in laboratory conditions, but also
reflected in their practical application. Thanks to the results obtained, it was possible to select the
optimal methods of joining (connection) and the construction of Batychron.

Keywords: Batychron; flexible diving bell; thermoplastic polyurethane; underwater transport;
hydro-technical device; tensile test; joining materials method

1. Introduction

Batychron is a flexible underwater bell patented by the Gdynia Maritime University
as a device applicable in hydro-technics for underwater transport and diving while main-
taining the safety of human life [1]. Diving bells are known for centuries [2,3], and there
are several solutions for diving bells in hydro-engineering [4]. However, the disadvantage
of the known solutions is the uniform mass construction of the bell and weight. These
bells are always very heavy and need to be moved together with the vessel, requiring
several people to be serviced. Under the assumption, Batychron should be light, handy,
and portable. The construction of the canopy requires materials that are transparent, flex-
ible, unbreakable when folded, and at the same time resistant to stretching, seawater, and
UV rays.

The prototype of the device was made of Polyvinyl chloride (PVC) film, thermo-
plastic polyolefin (TPO) film and stylon-6 belts (TS501_50), which after several years of
use in the marine environment under the influence of the sun and seawater have changed
their colour to yellow, become dull and thus become less transparent and less durable.
Materials showed high stiffness (especially at low water temperatures) and a relatively
low safety factor against breaking and/or stretching of the Batychron’s structural ele-
ments. The research team from the Gdynia Maritime University decided to design and
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build a new upgraded version of the device named Batychron (Figure 1) with the highest
quality materials available on the market these days. The project has been accepted in a
grant program called “Innovation Incubator 4.0” implemented as part of the non-compet-
itive project entitled “Support for the management of scientific research and commercial-
isation of R&D results in research units and enterprises” under the Intelligent Develop-
ment Operational Program 2014-2020 (Measure 4.4). Pre-implementation work of UMG-
03 (RWK/I14.0) [5].

|

Figure 1. Project of Batychron —a flexible underwater bell: 1. Displacement module (dome); 2. Straps
with a retaining net; 3. Measurement and control module with accessories; 4. Supporting module;
5. Flexible hose; 6. Breathing container; 7. The system that cleans the mixture of respiratory gases; 8.
Breathing mix reservoir; 9. Breathing mix drain; 10. Diver; 11. “U” connector with a screw plug; 12.
Liaison module with load, bearing belts; 13. Diving platform; 14. Anchor module. Source: Own re-
search (2021).

One of the goals of the above-mentioned project was to build a new device called the
Batychron in a modular form. After research and material testing, the prototype was cre-
ated. The utility model for this device was submitted to the Polish patent office (No.
W.130766) on 5 May 2022. As a result of the research, it was proved that the device called
Batychron can be used to secure and make all kinds of training, internship, tourist, recre-
ational and sports dives more attractive. The installation of the Batychron, in particular,
can be used to move sunken objects and carry out (in a controlled manner) the decom-
pression of divers underwater, and save the lives of divers in emergencies —underwater
base or the so-called underwater house for divers. Such a device could help to conduct
underwater research [6] or rescue operations [7,8]. The pictures from underwater strength
tests at Lake Radunskie has been shown in Figure 2.
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Figure 2. Strength water tests at Lake Radunskie. Source: Photos from own photos research (2022).

From the research carried out, the width of the construction materials should be at
least 100-120 cm and their thickness depend on the tensile strength of the materials (min-
imum unit load of 0.025 kg/cm? for VI and VIII informative versions). Herein, during ma-
terial market research, component materials for flexible underwater bell construction
were selected thermoplastic polyurethane (TPU) film and TE324 polyester belts [5]. In un-
derwater applications, thermoplastic polyurethane elastomers (TPU) are often used[9]
Thermoplastic polyurethane elastomer (TPU) is used, e.g., as a housing in underwater
sonar devices[10,11].

Thermoplastic polyurethane (TPU) is widely used in various fields, demonstrating
excellent mechanical performance, corrosion resistance, ease of processability, and chem-
ical stability [12-14]. The research in [15] verified the absorption and diffusion of TPU.
The influence of aging on thermal, mechanical, and tribological properties was analysed.
Aging had a direct effect on mechanical properties. The modulus of elasticity and the
stress at 200% strain of the tested TPU decreased after sufficient exposure to moisture. On
the other hand, the mechanical properties of the material surface were equally tested with
the wear test. A decrease in wear resistance of aged TPU was found. This study also as-
sessed the reversibility of mechanical and physical properties upon exposure to moisture.
It has been found that the degradation of the polymer is an irreversible phenomenon. In
the article [16] the influence of the artificial atmospheric environment on the characteris-
tics of thermoplastic polyurethane (TPU) material was analysed. The appearance and
thermal and mechanical properties of the material subjected to the aging process were
verified. Changes in the appearance and morphology of TPU material after exposure to
UV radiation were revealed with the use of optical microscopy and scanning electron mi-
croscopy (SEM) [17,18].

Identifying that the selected materials will be suitable as components for the con-
struction of the underwater bell structure with a specific displacement, these materials
need to be subjected to a series of strength and fatigue tests in various configurations of
joining them together. There are many methods of joining materials, from standard meth-
ods, such as joining by needle stitching, to modern methods, such as ultrasonic meth-
ods[19].

Therefore, the objective of the herein study is to present the methods and results of
strength and fatigue tests as well as the systematically investigated analysis for the selec-
tion of the most suitable way to combine TPU film and polypropylene belts to be used
underwater for a device at a specific buoyancy force.

The remaining sections of the study are as follows. The materials and methods em-
ployed in answering the research questions mentioned in the current work are presented
in Section 2. Section 3 presents the results and discussions. Conclusions, research gaps,
and recommendations from the current study are highlighted in Section 4.
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2. Materials and Methods

The assumption is that the method of joining the material should ensure tightness
and adequate tensile strength in the displacement dome of the Batychron device. In this
section, the authors presented materials for the construction of an underwater diving bell,
various methods of joining individual components as well as strength and fatigue tests of
these joints.

The thermoplastic polyurethane as a construction material for a flexible underwater
bell was verified based on the mechanical properties of this material presented in Table 1.
The idea of the method [20] was to verify material strength, elasticity, and elongation at
the break by the static tensile test on various ways of combining this material. The tests
were carried out on the Zwick Roell universal testing machine and the TestExpert II soft-
ware. Figure 3 shows a stand for mechanical tests.

Table 1. The mechanical properties of pure TPU.

Tensile Strength Rm  Elongation at Break  Elastic Modulus
[MPa] [%] [MPa]
TPU 176 313 8.43

Figure 3. The stand for mechanical tests: (A) TPU Tensile strength test; (B) overall of the Zwick Roell
universal testing machine for mechanical tests; (C) TE324 polyester belts strength test Source: Own
research (2021).

Strength tests were performed with TPU samples about 15 cm wide and 30 cm long,
with a material bonding length of about 30 cm. Such samples were cut into narrow strips
2 to 3 cm wide and tested under various conditions. The strength test was obtained with
5 series of each joining method. In the case of joining, the glue with overlaps and the High-
frequency welding method was used. High-frequency welding (often abbreviated as HF
welding or RF welding) is a process in which plastics are joined together by means of an
electromagnetic field. The obtained connection can be very strong—often close to the orig-
inal strength of the joined materials. In some scenarios, the seam might be even stronger
than the original materials [21,22]. The following joining methods have been used for tests:

e TPU film bonded with glue (overlap at 5 cm);
e  TPU film bonded with glue + hardener (overlap at 5 cm);
e  TPU film joined by HF Welding (microwave—>5 cm overlap, 5 s, 3 bars).

The second component of the Batychron device is polyester belts —designed to con-
nect the entire structure, and their connection. This is of importance in terms of ensuring
the safety of the entire structure. Hence, two types of belts were verified and analysed:
polyester belts and stylon belts (TE324 and TS501_50). Figure 4 presents the TE324
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polyester belts and the types of joints. Since stylon-6 belts (TS501_50) were used in the
earlier construction, it was decided to verify their properties and compare them. Figure 5
presents the stylon belts without joining and with a cross stitch.

(A)

(B)

Figure 4. TE324 polyester belts: (A) without seams; (B) zigzag stitch, straight transverse; (C) straight,
longitudinal cross stitch; (D) cross stitch, straight cross stitch; Source: Own research (2021).

Figure 5. TS501_50 stylon belts: (A) without seams; (B) straight, longitudinal cross stitch; Source:
Own research (2021).

The strength of the belts and the tape fastening the openwork structure of the Baty-
chron installation was tested. Ten samples of different belts, joined by different sewing
methods, were subjected to strength tests, each sample having a length of 15 cm with an
overlay of connected materials of 5 cm. The various methods of joining (stitching) belts
were tested:

Without seams;

Zig-zag stitch, straight cross;
Cross stitch, straight longitudinal;
Cross stitch, straight transverse.

e o o o
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3. Results and Discussion

The strength test of TPU film was obtained with five series of each joining method.
Due to the lack of the possessed instrumentation, the tests ended with an elongation of
approx. 250%, during the test on each, mentioned joining methods. This material showed
great flexibility, as after removing the given load, it returned to its original shape. As a
result of the tests, it was decided that the new design of the Batychron will be made of
TPU film with a wall thickness of 1 mm (TPU 1000 um Clear type) with a strength of about
200 kg/cm?2, which will be joined by HF Welding (microwave 5 cm overlap, 5 s, 3 bar).

The results of the belt’s static tensile test were obtained. It was noticed that most of
the belts broke with a load of about 15,000 N, although they had strength certificates from
the manufacturer for a strength of over 2 tons. The following parameters were obtained:
tensile strength, Young’s modulus, and elongation. Table 2 presents a summary of the
obtained results (average of five trials).

Table 2. Summary of the obtained results from the static tensile test; Source: Own research (2021).

Type of Material Mark F,N o0,MPa ¢ % E,MPa
TE324 without seams TEO 13397 164 72 32
TE324 zigzag stitch, straight cross TE1 17467 117 48 39
TE324 cross stitch, straight longitudinal TE2 16929 121 49 56
TE324 cross stitch, straight transverse TE3 13470 90 90 26
TS501_50 without seams S0 9676 113 61 20
TS501_50 zigzag stitch, straight transverse S1 10291 73 84 12
TS501_50 cross stitch, straight longitudinal S2 9289 66 72 8
TS501_50 cross stitch, straight cross stitch 53 7387 47 50 22

F—maximum force, N; o —tensile strength, MPa; ¢ —strain, %; E—modulus of longitudinal elastic-
ity (Young’s modulus), MPa.

Based on the results presented in Table 2 and the diagrams in Figure 6, it can be ob-
served which types of joining are characterised by higher values of force, stress, defor-
mation, and also the modulus of longitudinal elasticity.

I 20000 I
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14000 >
/ 12000 /
/ : 10000
8000
L~ =
6000 —
/ 4000
P
2000
0
20 40 60 80 0 10 20 30 40 50
& % g%
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TE2 | / TE3 /
4 12000 -
4 /|
- 10000 /
A N :. 8000 7
) 1 6000 <
B / 4000 /
A 2000
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Figure 6. F (¢) diagrams of sample TE324 samples subjected to a static tensile test; Source: Own
researches (2021).
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The TE324 (TEQ) material is characterised by a small value of the maximum force
concerning the joined materials, although it exhibits the highest value of tensile strength
and a relatively high value of deformation. In the case of the zigzag stitch (TE1), the high-
est values of force were obtained; however, in the case of tension, the values are approx.
30% lower —which could be expected. The deformation is also lower by approx. 33% com-
pared to the non-connected belt. In this case, an increase in the longitudinal modulus by
approx. 21% is favourable. For the cross stitch (TE2), favourable values of the maximum
force were obtained, compared to the material without seams higher by approx. 26%. In
the case of the tensile strength (0, MPa), the obtained values were much higher than other
types of joining (TE1, TE3). The deformation was comparable to the zigzag stitch, while
the modulus of longitudinal elasticity is significantly higher than the others, about 75%
higher than the belts without joining, and also about 43% higher than the zigzag stitch
(TE1). In the case of joining the TE3 type belts, the lowest values were obtained in terms
of maximum force, tension, and Young’s modulus, while the deformation was obtained
at the level of approx. 90%, which is a much higher value compared to other materials.
When it comes to the use of joining in the Batychron of TE324 material, the most preferred
is a cross-stitch, straight longitudinal (TE2). It is characterised by the highest value of
stress and Young’s modulus, the value of the maximum force is slightly smaller than the
zigzag stitch, as is the deformation.

The TS501_50 material, unlike the TE324 material, is characterised by a much lower
maximum force when tensile. In the case of samples without joining, the maximum forces
were obtained at the level of 9676 N, which is a value 28% lower than in the case of TO
samples (TE324 without joining), this material is weaker. By using a combination with
certain types of stitching, much higher values are obtained. When using a zigzag stitch
with straight transverse (S1), the maximum force is approx. 6% higher, but this is not re-
flected in the tensile strength, taking into account the sample dimensions, where it de-
creases by approx. 36%. The same goes for Young’s modulus. The use of a zigzag stitch
with straight longitudinal (S2) and a cross stitch with straight transverse (S3) does not
improve the strength properties. The only advantage of analysing the strength parameters
of the TS501_50 material is its high deformability (¢, %) concerning the TE324 material.
Figure 7 shows the F (¢) graphs of TS501_50 samples subjected to the static tensile test and
ajoining of the main components (transparent dome made of TPU material and openwork
mesh made of polyester belts) has been shown in Figure 8.
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Figure 7. F (¢) diagrams of sample TS501_50 samples subjected to a static tensile test; Source: Own
research (2021).

Figure 8. Batychron joining of main components: (A) transparent dome made of TPU material; (B)
openwork mesh made of polyester belts; (C) Flexible diving bell —Batychron; Source: Own photos
(2022).

4. Conclusions

The TPU film with a wall thickness of 1 mm (TPU 1000 um Clear type) with a strength
of about 200 kg/cm? has been selected as the most appropriate material to construct the
dome of the Batychron. For the TPU film joining method has been selected the High-Fre-
quency Welding (microwave 5 cm overlap, 5 s, 3 bar) is the most appropriate for such a
device. The first device has been made of Polyvinyl chloride (PVC) and thermoplastic pol-
yolefin (TPO) films. These materials were weaker and less flexible than TPU. Moreover,
the materials after several years of use in the marine environment under the influence of
the sun and seawater become dull and thus become less transparent and less durable.

Based on the analysis of the obtained results, it was possible to select the appropriate
connection of the belts, which are very important for the entire structure of the Batychron.
After carrying out the strength tests of two materials TE324 and TS501_50, the obtained
results were verified in detail in terms of the type of joining, which were used in the con-
struction. From among the tested materials, the TE324 material was selected, characterised
by significantly higher strength parameters than the TS501_50 material. In the case of
splicing, various types of stitching were tested, such as the zigzag stitch with the straight
cross stitch, the cross stitch with the straight cross stitch, and the cross stitch with the
straight length, and compared with the fabrics without the joint. The obtained results al-
lowed us to determine that the strongest bond of TE324 material is a straight, longitudinal
cross stitch. This is related to the load distribution in the belts tested in laboratory condi-
tions, but also reflected in their practical application.

In the first version of the Batychron, the joining of materials was made by sewing.
The entire canopy consisting of PVC and TPO film and TS501_50 stylon stripes was made
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as one element. Such a structure was less flexible, it contained more interference with both
materials, which made it less resistant to high displacement loads under the water.

In the new version two key components, i.e., an openwork mesh made of polyester
belts and a transparent dome made of TPU material, are connected by velcro. The velcro
was glued to the TPU film in the places where the material was welded together and sewn
to the load-bearing mesh made of belts. Under the water, the Batychron dome press
against the openwork mesh under the influence of the buoyancy force generated inside
the underwater diving bell. This method prevents the need to sew these two components,
which was an undesirable effect of the first version of the flexible underwater bell. More-
over, the modular method of new designed Batychron allows the replacement of any dam-
aged part without the need to repair the entire device.

Summing up, it can be stated that the Batychron dome, made according to the above
guidelines, meets the safety standards, which was also confirmed by sea tests carried out
in lakes and the sea area of the Gulf of Gdansk. Strength tests and sea tests carried out in
various water reservoirs (sea basins and lakes) and at various depths (from 5 to 35 m deep)
also confirmed the high resistance of the construction materials used to the influence of
changing hydrometeorological conditions in a given reservoir. The authors plan to con-
tinue this research. In the near future, samples of materials that are currently lying at the
bottom of various research basins will be subjected to repeated strength tests. We plan to
publish the results of future research in the same journal.

Author Contributions: P.K.—Methodology; validation; formal analysis; investigation; data cura-
tion; pictures, figures, writing—original draft, visualisation. G.R. —methodology; investigation; pic-
tures, figures, writing—review and editing; supervision. K.P.—conceptualisation; formal analysis;
pictures, data curation; writing—original draft; visualisation. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded from the statutory activities of Gdynia Maritime University,
grant numbers: RWK/II 4.0/7/01/2021, WN/2022/PZ/07, WN/2022/PZ/12 and WM/2022/PZ/04.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable
Data Availability Statement: Not applicable

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Rutkowski, G.; Korta, H. Batychron Patent No: PL.192265 B1; Int. C1 B63C 7/12; B63C 11/44, 206AD. Available online: https://api-
ewyszukiwarka.pue.uprp.gov.pl/api/collection/0f04b1055ae3ea83a8200be2b712f8bc#search=%22PL%20192265%20B1%20%22
(accessed on 20 September 2022).

Eliav, J. Guglielmo’s Secret: The Enigma of the First Diving Bell Used in Underwater Archaeology. Int. J. Hist. Eng. Technol. 2015,
85, 60-69. https://doi.org/10.1179/1758120614z.00000000060.

Delbourgo, J. Underwater-works: Voyages and visions of the submarine. Endeavour 2007, 31, 115-120.
https://doi.org/10.1016/j.endeavour.2007.07.005.

Marx, R.F. The History of Underwater Exploration; Dover Publications, Inc.: New York, NY, USA, 1990.

Kosiek, J.; Nasur, J.; Rutkowski, G. Analysis of The Batychron Research Project. Sci. . Gdynia Marit. Univ. 2022, 121/22, 20-27.
https://doi.org/10.26408/121.02.

Cha, Y.; Kim, H.; Porfiri, M. Energy harvesting from underwater base excitation of a piezoelectric composite beam. Smart Mater.
Struct. 2013, 22, 115026. https://doi.org/10.1088/0964-1726/22/11/115026.

Ong, T.F.; Musa, G. Examining the influences of experience, personality and attitude on SCUBA divers' underwater behaviour:
A structural equation model. Tour. Manag. 2012, 33, 1521-1534. https://doi.org/10.1016/j.tourman.2012.02.007.

Van Waart, H.; Harris, R.J.; Gant, N.; Vrijdag, X.; Challen, C.J.; Lawthaweesawat, C.; Mitchell, S.J. Deep anaesthesia: The Thai-
land cave rescue and its implications for management of the unconscious diver underwater. Diving Hyperb. Med. ]. 2020, 50,
121-129. https://doi.org/10.28920/dhm50.2.121-129.

Im, H.; Roh, S.C.; Kim, C.K. Fabrication of Novel Polyurethane Elastomer Composites Containing Hollow Glass Microspheres
and Their Underwater Applications. Ind. Eng. Chem. Res. 2011, 50, 7305-7312, d0i:10.1021/ie102600q.

Choi, E.Y.; Shin, J.-C; Lee, J.Y.; Kim, M.H.; Kim, C.K. Accelerated Life Testing of Thermoplastic Polyurethane Encapsulants
Used in Underwater Acoustic Sensor. Macromol. Res. 2020, 28, 510-516, d0i:10.1007/s13233-020-8066-4.



Materials 2022, 15, 7768 10 of 10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Im, H.G.; Ka, K.R; Kim, C.K. Characteristics of Polyurethane Elastomer Blends with Poly(Acrylonitrile- Co -Butadiene) Rubber
as an Encapsulant for Underwater Sonar Devices. Ind. Eng. Chem. Res. 2010, 49, 7336-7342, doi:10.1021/ie100975n.

Lu, Q.-W.; Macosko, C.W. Comparing the compatibility of various functionalized polypropylenes with thermoplastic polyure-
thane (TPU). Polymer 2004, 45, 1981-1991. https://doi.org/10.1016/j.polymer.2003.12.077.

Alves, P.; Coelho, J.F.J.; Haack, J.; Rota, A.; Bruinink, A.; Gil, M.H. Surface modification and characterization of thermoplastic
polyurethane. Eur. Polym. ]. 2009, 45, 1412-1419. https://doi.org/10.1016/j.eurpolym;.2009.02.011.

Kojio, K.; Furukawa, M.; Nonaka, Y.; Nakamura, S. Control of Mechanical Properties of Thermoplastic Polyurethane Elastomers
by Restriction of Crystallization of Soft Segment. Materials 2010, 3, 5097-5110. https://doi.org/10.3390/ma3125097.

Boubakri, A.; Elleuch, K.; Guermazi, N.; Ayedi, H. Investigations on hygrothermal aging of thermoplastic polyurethane material.
Mater. Des. 2009, 30, 3958-3965. https://doi.org/10.1016/j.matdes.2009.05.038.

Boubakri, A.; Guermazi, N.; Elleuch, K.; Ayedi, H.F. Study of UV-aging of thermoplastic polyurethane material. Mater. Sci. Eng.
A 2010, 527, 1649-1654. https://doi.org/10.1016/j.msea.2010.01.014.

Yu, R;; Zhu, X,; Zhang, M.; Fang, C. Investigation on the Short-Term Aging-Resistance of Thermoplastic Polyurethane-Modified
Asphalt Binders. Polymers 2018, 10, 1189. https://doi.org/10.3390/polym10111189.

Loh, T.W.; Tran, P.; Das, R.; Ladani, R.B.; Orifici, A.C. Thermoplastic polyurethane-cellulose nanocomposite for transparent
armour:  Characterisation = of adhesion and thermal aging. Compos. Commun. 2020, 22, 100465
https://doi.org/10.1016/j.coco.2020.100465.

Boles, K. Examination of Alternative Fabric Joining Techniques Compared to Traditional Sewing. McNair Sch. Res. |. 2012, 5, 3.
Available online: https://commons.emich.edu/mcnair/vol5/iss1/3 (accessed on 20 September 2022).

Fang, C.; Yang, R.; Zhang, Z.; Zhou, X.; Lei, W.; Cheng, Y.; Zhang, W.; Wang, D. Effect of multi-walled carbon nanotubes on the
physical properties and crystallisation of recycled PET/TPU composites. RSC Adv. 2018, 8, 8920-8928.
https://doi.org/10.1039/c7ra13634;j.

Egger, C,; Liichinger, M.; Schreiner, M.; Tillmann, W. Numerical Simulation of Tube Manufacturing Consisting of Roll Forming
and High-Frequency Induction Welding. Materials 2022, 15, 1270. https://10.3390/ma15031270.

Gomes, D.F.; Galvao, I; Loja, M.A.R. Overview on the Evolution of Laser Welding of Vascular and Nervous Tissues. Appl. Sci.
2019, 9, 2157. https://10.3390/app9102157.



