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Abstract

This study investigates the development of advanced protective gloves by applying novel
3D-printed PET-G mesh overlay structures onto three textile substrates—polyamide (PA),
polyester (PES), and cotton—using ultrasonic welding and contact welding. The focus
was on assessing weld quality, thickness uniformity, and functional durability. Weld
morphology and bonding integrity were evaluated using X-ray microtomography (micro-
CT), while bending fatigue tests assessed mechanical performance under cyclic loading.
The results show that ultrasonic welding produces more uniform welds, enhancing fatigue
resistance, particularly on cotton and polyamide substrates. Non-uniform welds with
thicker or uneven areas, typical of contact welding, correlated with reduced mechanical
durability. These findings highlight the potential of additively manufactured overlay
structures for hybrid protective gloves, demonstrating that weld thickness uniformity and
substrate compatibility are key factors in optimizing mechanical performance. This work
extends our previous research by introducing new 3D-printed overlay architectures and
provides valuable insights into the practical implementation of additively manufactured
polymeric structures in PPE development.

Keywords: 3D printed mesh overlay; protective materials; PPE; protective gloves; contact
welding; ultrasonic welding; cyclic loading; micro-CT

1. Introduction

The design and structural configuration of protective materials are fundamental to
ensuring the efficiency of personal protective equipment (PPE). Depending on the specific
working environment and the nature of potential hazards, materials must fulfill diverse
performance requirements. Structural parameters strongly influence both the functional
properties and overall effectiveness of PPE [1-3]. Wearer comfort is also an important factor
in PPE design, as highlighted in [4] regarding underwear for foundry workers and in the
detailed comparative thermal insulation analyses in [5].

The durability of, for instance, protective gloves, depends on mechanical parameters
like tensile strength, tear resistance, and puncture resistance, which are especially critical
for gloves used with sharp tools [6-8]. Protective gloves must also allow for dexterity for
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safe and effective manual work. Therefore, in the design process, special attention should
be paid to the thickness of the material package and its structure, including the number
of layers, since these parameters have a direct influence on manual dexterity and wearer
comfort [9].

According to [10], the fit of PPE has a statistically significant impact on performance,
reaction time, and freedom of movement. This also applies to technologies used in the
production of protective gloves, such as thread and seam techniques for joining compo-
nents, which can hinder work. Therefore, ergonomics is a crucial aspect of PPE design. It is
reasonable to develop alternative methods to minimize or eliminate these limitations. Such
solutions include stitch-free assembly using contact welding (hot plate) or ultrasonic weld-
ing, which can successfully replace traditional sewing [11-16]. These methods eliminate
seam-related weaknesses, including reduced flexibility, increased thickness, and impaired
air permeability. They are particularly promising for integrating 3D-printed PET-G over-
lays into glove structures, enabling multi-layered composites that maintain both protective
performance and wearer comfort.

In the present study, we also focus on wearer-experience testing of protective gloves.
This testing plays a crucial role in ensuring the effectiveness and comfort of wearers
across various work environments. Protective gloves are essential equipment in indus-
tries such as manufacturing, construction, and medicine, where contact with hazardous
substances, tools, or microorganisms is common. The proper selection of materials, con-
struction, and production technologies directly affects glove functionality, durability, and
wearing comfort.

A key aspect of evaluating glove quality is resistance to material fatigue, which can
lead to micro-cracks, loss of protective properties, or reduced comfort. Bending fatigue tests
assess glove material durability under conditions simulating real-world mechanical stress.
Such tests are essential for predicting lifespan and protective efficacy [17]. For example,
ref. [17] developed a method to characterize glove stiffness through multidirectional mate-
rial deformations, providing a better understanding of mechanical behavior under fatigue.
Another study [18] investigated the effect of wearing protective clothing and fatigue on
firefighters’ functional balance during simulated operations. The results show a significant
impact on balance, highlighting the importance of ergonomics and comfort in protective
apparel design.

The integration of modern technologies, such as 3D printing, into protective glove
production opens up new possibilities for customization, functionality, and wearer comfort.
Most of the research related to 3D printing in the field of PPE focuses on the creation
of novel head protection equipment, protective masks and ear protection devices [19].
However, information about preparing hand protection equipment using 3D printing
technology is still lacking. Moreover, due to the pandemic, recent studies concerning the
preparation of new 3D-printed PPE equipment have focused on protection against the
virus itself, which remains an important topic [20-22]. Nevertheless, the high number
of accidents involving upper limb injuries indicates that the design and manufacture of
innovative protective gloves against mechanical risks is also a relevant topic [23-25]. In this
context, Cichocka et al. [26] demonstrated that the mechanical performance of protective
materials can be significantly enhanced by using basalt-based composites modified with
0.1 wt% of reduced graphene oxide (rGO). Their study highlights that the addition of rGO
significantly increases cutting resistance. Furthermore, based on molecular simulations,
Cichocka et al. showed that such composites form thermodynamically stable configurations
and exhibit a unique crack-toughening effect due to the reformation of physical interactions
at the interfaces, which prevents catastrophic failure [26]. Such advancements should be
developed considering 3D printing technology application as well [7,11].
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In this work, we extend the scope of investigation by introducing 3D-printed PET-
G mesh overlay structures applied to PA, PES, and cotton substrates, complemented by
fatigue bending evaluation. We decided to use low-cost knitted fabrics made of fibers
with low mechanical resistance, such as polyamide (PA), polyester (PES) and cotton yarn.
These can be enhanced using inexpensive thermoplastic overlay structures, making them
competitive with high-performance textiles popular in PPE. This study continues our
research on functional 3D-printed composites for protective gloves presented in [11]. Of the
thermoplastic polymers tested in our previous research [11], including polylactide (PLA),
poly(ethylene terephthalate)-glycol (PET-G), and acrylonitrile-butadiene-styrene (ABS),
PET-G was selected to create new 3D-printed overlays integrated into protective textiles in
the current study due to its lower stiffness. The chosen fused deposition modeling (FDM)
method is a satisfactory 3D-printing technique used to obtain prototypes of economical
tailor-made reinforcement dedicated to PPE, including protective gloves. Most papers
related to FDM and knitted fabrics focus on printing thermoplastics directly onto textile
carriers and only analyzing adhesion forces [27-29]. Furthermore, information is still
scarce as regards the correlation between the quality of welds obtained in polymer-textile
materials and their functional properties, including fatigue performance, as presented in
the current article.

2. Materials and Methods

In this study, three different knitted fabrics were used: polyamide (PA), polyester
(PES), and cotton (S.I. Zgoda, Konstantynéw L6dzki, Poland). The samples tested are
summarized in Table 1. Mesh plates as 3D-printed overlay structures were fabricated using
fused deposition modeling (FDM) technology, with support from SMK3D Jakub Saramak
(Chechlo Pierwsze, Poland).

Table 1. Knit fabric parameters (S.I. Zgoda, Konstantynéw Lédzki, Poland).

Knit Fabric Description Knit Fabric Weight [g/mz] Weave
Jersey (resultant yarn count: 50.01 tex
PA 231.9 (3 ends of 75 den/2))
Jersey (resultant yarn count: 50.01 tex
PES 2221 (3 ends of 75 den/2))
Jersey (resultant yarn count: 50.01 tex
Cotton 201.8 (3 ends of 75 den/2))

The 3D printing parameters were a print temperature of 245 °C and a print speed of
60 mm /s for commercially available poly(ethylene terephthalate)-glycol (PET-G) filament
under the tradename Fiberlogy EASY PET-G (p = 1.27 g/ cm?, Tg =80°C, VST =78 °C),
purchased from Fiberlab S.A. (Brzezie, Poland). The PET-G 3D-printed structures were ob-
tained using fused deposition modeling (FDM). These structures consisted of two polymer
layers, each 0.25 mm thick, produced using a 0.4 mm nozzle. The width of the lines in the
mesh structure was 1.2 mm. The mesh overlay shape (Figure 1) was designed to match the
glove palm with spread fingers, as illustrated in Figure 2 for PES knit fabric welded using
both contact (A) and ultrasonic (B) methods.
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Figure 1. The PET-G 3D-printed structure design intended for application on protective gloves using
contact welding and ultrasonic welding.

(A) Contact welds with PET-G (B) Ultrasonic welds with PET-G

es on PES 3D-printed overlay structures on PES
e

Figure 2. PET-G 3D-printed overlay structures applied on PES using (A) contact welding and
(B) ultrasonic welding.

2.1. Welding Methods

Optimizing ultrasonic and contact welding parameters requires considering
multiple factors:

e  Material type and thickness;

e  Vibration frequency and amplitude;
e  Welding time and pressure.

2.1.1. Contact Welding Method

Contact welding (hot-plate method) was performed using a multifunctional digital
heat transfer press (TLM13135, VEVOR, Yiwu, China) with a PTFE-covered platen. The
procedure included:

" Placing the knitted fabric (PA, PES, or cotton) on a stationary table.

s Positioning the PET-G overlay structure on the fabric.

s Covering the assembly with baking paper to prevent contamination.

= Applying the heated platen and pressing with a clamp for 35 s.

= Adjusting the temperature by substrate: 160 °C for cotton, PA and PES.

2.1.2. Ultrasonic Welding Method

Ultrasonic welding was applied to thermoplastic substrates (PA and PES) and ex-
tended to cotton. Previous studies [12] explored embedding optical fibers in cotton fabrics
via ultrasonic welding, analyzing heating and bonding mechanisms and the effects of weld
pressure, time, and vibration amplitude. The results showed that ultrasonic welding can
integrate fibers while maintaining joint strength and signal stability.
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Attention was given to bonding the 3D mesh overlay to cotton knit fabric. Despite the
absence of inherent thermoplastic behavior, stable and reproducible joints were achieved
by adjusting vibration frequency and amplitude. Parameter optimization followed an
iterative experimental approach, allowing the identification of a processing window where
frictional heating and mechanical interlocking produced reliable interfaces. However, the
final parameters were as follows: 1.7-2.5 m/min of advance speed and 0.2-1 bar of pressure
for a 5 mm weld width.

2.2. X-Ray Microtomography (Micro-CT)

High-resolution X-ray computed tomography (micro-CT) (Bruker, Kontich, Belgium)
was used to assess the contact area between mesh overlay structures made of PET-G and
selected knitted fabrics, including polyester (PES), polyamide (PA) and cotton (CO). Scans
were performed according to [11] using a SkyScan 1272 system (Bruker, Kontich, Belgium)
at 50 kV and 200 pA, with a pixel size of 5.5 um, over a 180° rotation with a 0.2° step, with
no filter. The quantitative analysis was carried out using CTAn (v. 1.14.4).

2.3. Bending Fatigue Test

To validate the conclusions based on micro-CT data, we decided to confront them with
performance tests used in protective materials evaluation. For this purpose, we conducted
fatigue bending tests on the finished gloves. This approach was methodologically justified,
as laboratory results must be validated under conditions that simulate real-world use.

The bending fatigue tests were conducted using a De Mattia apparatus, adapting the
procedure from the PN-EN-ISO 7854:2002 standard [30]. The adaptation was necessary
since there are no existing standards that fully address the specific nature of the tested
samples—substrates (knitted fabrics) with attached perforated plates—as opposed to fully
coated gloves, to which the norm applies. However, the adjusted procedure of the bending
fatigue test was as follows: First, each narrow strip of fabric reinforced with mesh overlay
structures was folded twice (with the edges together) to form a small rectangular package.
This folded sample was then clamped between two flat grips on a flexing machine. One
of the grips moved up and down at a frequency of about 5 Hz, repeatedly bending the
sample outwards. The test was carried out for 100 cycles. Then, the sample was observed,
after which the test continued until visible damage was first detected without a microscope.
Nevertheless, when the crack was visible to the naked eye, then photos of the cracked
sample were taken using a SUNSHINE digital microscope (Guangzhou Sunshine Electronic
Technology Co., Ltd., Guangzhou, China) with 7x magnification.

The fatigue tests were designed to make a first approach to examine whether the
measured contact surface area, as well as the development surface, determined by micro-
CT, translates into increased resistance to cracking and delamination under cyclical stress.

The evaluation for cracking on the surface of the plate was performed every 100 cycles
using a simplified scale: 0 meaning no visible changes and 1 meaning cracks present.
To determine the characteristics of crack depth with evaluation, the following indicators
were used:

e  (0—mno cracks;

e  A—cracks on the surface or in the top layer, without delamination from the substrate.
These tests are a key element of the evaluation, as they allow for a holistic verification

of mesh overlay joint quality, combining morphological data with actual mechanical perfor-

mance. The conclusion, based on the full spectrum of tests, will allow for a precise selection

of the optimal joining technology depending on the specific product requirements.
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3. Results
3.1. Ultrasonic and Contact Welding on X-Ray Microtomography (Micro-CT)

In our study, we evaluate the quality of welded joints obtained in textiles, in materials
using micro-CT, like the research in [31,32].

3.1.1. Analysis of Surface Contact Area and Surface Development of Welds

Table 2 presents the comparison and contact and surface development parameters of
the tested samples. The largest contact area was obtained in the PA_C system (48.72 mm?),
which indicates a very good bond between the overlay and the PA substrate. The smallest
values for the contact area were recorded for CO_U (10.95 mm?). PES showed intermediate
values (20-27 mm?), with clearly better contact parameters achieved using the contact
welding method. The highest surface development was observed for PA_C (903%), indicat-
ing the greatest degree of mechanical anchoring of the coating in the knit structure. The
lowest development was recorded for PES_U (428%), while higher surface development
was observed for both cotton and polyester knits.

Table 2. Comparison of contact surface area and surface development of the tested samples from
micro-CT.

Substrates_Welds
[C—Contact]
[U—Ultrasonic]

Contact Surface Area of

Welds Substrates [mm2] Surface Development [%]

PA_C 48.72 903
PA_U 36.87 662
CO_U 10.95 627
CO_C 27.54 696
PES_C 26.90 539
PES_U 20.27 428

Figure S1 presents a combined bar and line chart showing two key parameters of
weld quality: contact area (bars) and surface development (line). The six tested variants
are based on three types of knitted fabric substrates (PA, CO, and PES) and two welding
methods (C—contact welding; U—ultrasonic welding).

Overall, the values obtained with the ultrasonic method were lower, but their variation
was significant.

Notably, ultrasonic welding on polyamide (PA_U) yielded considerably better re-
sults (contact area ~37 mm? and surface development ~660%) compared to other knits
(CO_U, PES_U).

3.1.2. Analysis of Weld Thickness Distributions

The welds obtained using two joining methods, contact (C) and ultrasonic (U) welding,
were analyzed taking into account weld thickness distribution and applying the micro-
tomographic (micro-CT) method. The results received are presented in Table S1. The
following analysis focuses on the average thickness and uniformity of the welds (standard
deviation—SD), which are presented in Figure 3.
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Figure 3. The average thickness and uniformity of the welds (standard deviation—SD) for six variants
of tested samples.

Each row in Table S1 corresponds to a weld morphology oriented to a thickness range
in micrometers (um), e.g., 5-15 pm, 15-25 pm, etc. That “Midpoint” is the average value
for a given interval, used for creating distribution charts. Each column for a weld (cotton,
PA, PES, etc.) shows the percentage of the surface area that falls within a specific thickness
range. For example, for the PA_U welds, 5.6083% of the total analyzed area is within the
15-25 um range.

The proposed analysis shows the uniformity of the applied layer and how that is
important but also how much the thickness varies in different places. Additionally, it is
possible to identify defects or thinner/thicker areas of the welds, especially since if the
welds are too thin in certain areas, it can affect mechanical strength, chemical resistance, or
barrier properties. For example, the CO_U welds have a mean thickness of 118 pm and
a standard deviation of 61 um (relatively uniform), while the PES_C has 194 um and a
standard deviation of 91 um (more uneven).

Figure 4 presents the line graph on the volumetric thickness distributions of welds
for six variants obtained by contact (C) and ultrasonic welding (U). Each line represents a
unique thickness profile for a given material system. The lines for the ultrasonic method
(red—PA_U, blue—CO_U, and green—PES_U) are characterized by narrower, more con-
centrated peaks. This indicates that most of the weld material is found within a relatively
narrow thickness range, which translates to greater uniformity. The most uniform pro-
file was observed for PA_U, whose line shows the highest and sharpest peak compared
to the other ultrasonic methods. The contact method (C) creates welds that are thicker
but less uniform because the lines for the contact method (black—PA_C, yellow—PES_C,
gray—CO_C) are wider and more spread out. In addition to distinct peaks, these lines also
have “tails” that extend deeper into the graph toward higher thicknesses (above 300 pum).
This indicates a greater spread in thickness and the presence of areas with accumulated
weld materials.

When comparing the methods, the thickness distributions are unique for each variant.
For example, although both ultrasonic methods on the substrates polyamide (PA_U) and
cotton (CO_U) create uniform welds, the thickness profile for PA_U is more compact.
For that reason, the influence of the knit fabric (substrate) type on the weld thickness
distribution is crucial.
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https://doi.org/10.3390/ma19040700

Materials 2026, 19, 700 8of12
9 —PAC —PAU —COU PES C CO_C —PES_U
8
7
6
< 5
%
£ 4
1S
o 3
g2
=
o
0 1
0
0 50 100 150 200 250 300 350 400
Thickness of welds, pm
Figure 4. Volumetric thickness distributions of coatings for six variants of tested samples.
3.2. Bending Fatigue Test
Bending fatigue tests were conducted on substrates with 3D-printed overlays using the
De Mattia method, adapting the procedure from the PN-EN-ISO 7854:2002 standard. The
aim was to determine whether the contact surface area and surface development measured
by micro-CT correlate with resistance to cracking and delamination under cyclic loading.
Cracks were evaluated every 100 cycles using a simplified 0-1 scale.
The bending fatigue test (Table 3) shows that the cotton substrate with ultrasonic
welding (CO_U) exhibited the highest resistance to cracking, with 800 cycles without cracks.
The polyamide substrates performed moderately with PA_U for 400 cycles and PA_C for
300 cycles. The polyester substrates showed the lowest fatigue resistance with PES_C for
200 cycles and PES_U for 300 cycles. In general, ultrasonic welding improved fatigue
performance compared to contact welding, and the substrate type strongly influenced the
number of cycles without cracks.
Table 3. Evaluation of bending fatigue test via Digital Microscope SUNSHINE 7 x magnification.
3D-Printed Overlay 3D-Printed Overlay
Sample of Knit Fabric Structures Welds on Knit  Structures Welds on Knit Number of Cycles with
P Fabric Before Bending Fabric After Bending No Cracks
Fatigue Test Fatigue Test
PA_C 300
| SR e Y
PA_U i 2 400
TERIRERE
Co_U o5 800
_ :ﬁ'é}ﬁgﬁ h; 3’!’.\5

S
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Table 3. Cont.

3D-Printed Overlay 3D-Printed Overlay
Sample of Knit Fabric Structures Welds on Knit  Structures Welds on Knit Number of Cycles with
P Fabric Before Bending Fabric After Bending No Cracks
Fatigue Test Fatigue Test

CO_C i i 600
r ]

PES_C 200
_—

PES_U 29 300

4. Discussion

Our research on the uniformity of weld thickness, measured by X-ray microtomogra-
phy (micro-CT), proves that this is a key factor influencing bending fatigue resistance. We
observed that ultrasonic welding improves fatigue performance compared to the contact
method, which is due to the creation of more uniform welds. Ultrasonic welds are charac-
terized by narrower, more concentrated thickness peaks, while contact welding leads to the
formation of thicker, less uniform welds with broader peaks and extended tails.

This difference is reflected in the results of the fatigue tests, where ultrasonic welds on
PA and CO substrates (PA_U: 400 cycles, CO_U: 800 cycles) outperformed contact welds
(PA_C: 300, CO_C: 600 cycles).

The type of substrate plays a crucial role in weld quality and durability. Cotton (CO)
provides the most favorable weld characteristics and the highest fatigue resistance, espe-
cially with the use of ultrasonic welding, which correlates with a uniform thickness profile.
In contrast, polyamide (PA) shows a moderate improvement with ultrasonic welding, and
polyester (PES) shows the lowest resistance, presumably due to a less favorable thickness
distribution and weld irregularities. Compared to synthetic fibers, cotton generally exhibits
weaker bonding with thermoplastic polymers such as PET-G. This is mainly due to the
relatively smooth surface morphology of cotton fibers and their chemical affinity towards
most thermoplastics [33,34]. While a better chemical affinity between a thermoplastic
polymer and a textile fabric (for instance, PET-G and polyester knit fabric) may improve
adhesion, it may also negatively affect functional properties such as fatigue performance
due to limited movement. If the thermoplastic layer is bonded too strongly to the knitted
substrate, it may lead to premature cohesive failure of the polymer, as stress relaxation
mechanisms at the interface are suppressed [35].

There is also a clear correlation between the uniformity of weld thickness and fatigue
resistance. Narrow, concentrated thickness peaks in ultrasonic welds increase durability,
while wider and more uneven welds from the contact method lower fatigue performance,
supposedly due to localized stress concentration. Samples with uniform thickness profiles
(ultrasonic welds) can withstand more bending cycles without cracking.

A quantitative analysis of the micro-CT data in relation to the bending fatigue tests
reveals an inverse correlation between the contact surface area and fatigue life. For instance,
the PA_C samples exhibited the highest contact surface area (48.72 mm?) and surface de-
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velopment (903%), indicating a very strong adhesive bond. However, this resulted in only
300 fatigue cycles without cracking. In contrast, the CO_U samples, which showed the
lowest contact surface area (10.95 mm?), demonstrated the highest fatigue resistance, with-
standing up to 800 cycles. This suggests that an excessively large contact area creates a stiff
interface that prevents micro-movements between the overlay and the substrate, leading
to stress concentration and premature failure. The ultrasonic welding method on cotton
(CO_U) produces a specific connection where the bonding is sufficient to hold the structure
but “loose” enough (lower contact area) to allow for stress dissipation during cyclic bend-
ing. Furthermore, the PES_C samples, characterized by a high standard deviation in weld
thickness (91 pm) and a broad thickness distribution profile, failed the fastest (200 cycles),
confirming that lack of uniformity directly accelerates crack initiation.

Although weld uniformity is important when comparing the same material prepared
via different welding methods, the type of substrate plays a more decisive role, as can be
seen in the results of the fatigue tests. When implementing PET-G reinforcement on knitted
fabric to prevent premature cracking a weaker interaction between the thermoplastic and
textile carrier is required. Therefore, a cotton textile carrier is the most suitable to obtain
more a fatigue-resistant hybrid material dedicated to protective gloves.

5. Conclusions

The results obtained, although representing initial trials in this field, and additionally
complemented by bending fatigue tests, prove that ultrasonic welding technology can be
successfully adapted to multi-material assemblies of protective gloves, including those
with substrates lacking intrinsic thermoplastic properties. The potential of this method
extends beyond conventional polymer textiles, enabling the creation of hybrid systems with
natural fibers. Through parameter optimization, this technology opens up new possibilities
in the design of protective gloves reinforced with 3D-printed overlays. High-resolution
X-ray computed tomography (micro-CT) can be used to assess the contact area between
novel 3D-printed thermoplastic structures and textiles, particularly the uniformity of weld
thickness carriers, as this affects fatigue resistance. The micro-CT analysis method is
helpful during comparisons of the same type of material prepared using various welding
methods and conditions. However, the type of substrate, including the textile carrier, is
more relevant, as chemical affinity plays an important role in functional properties, which
is also noticeable in fatigue test results. Our findings suggest that further research and
a systematic evaluation of process parameters can solidify this approach and confirm its
relevance to broader industrial applications.
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