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Abstract
Purpose – This paper aims to examine the influence of 3D knitted fabrics and multilayer nonwovens on the 
functionality of a two-layer laminate produced by dry lamination. The laminates produced are intended for use 
as car seat covers. 
Design/methodology/approach – In the methodological part, the research focuses on mechanical 
properties, permeability properties and thermal conductivity. 
Findings – It was found that 3D textiles significantly increase the bending rigidity, permeability to water 
vapour and air and thermal conductivity of the two-layer laminate. Conversely, 3D textiles improve strength 
under compressive load and reduce the delamination force. 
Originality/value – Important findings of the research are that fibres and their orientation, the density of the 
yarns of the fabric and thus the number of contact points between the layers, as well as the distribution of the 
binder between the two layers, have a significant influence on the functionality of two-layer laminates. 

Keywords 3D knitted fabric, Multilayer nonwoven, Two-layer laminate, Delamination force, 
Breaking stress under compressive ball load, Permeability properties

Paper type Research paper

1. Introduction
Laminates often consist of multilayered textiles (nonwovens) and 3D textiles. Such 
laminates are easier to delaminate at the end of their useful life and cut with cutting rollers for 
further recycling. They are usually thermoplastic laminates, i.e. they can be regenerated into 
a new product (granules, binders, fibres, flat or 3D textiles) (Gruyter et al., 2023; Reis et al., 
2022; Chang and Chang, 2021; Joshi and Butola, 2013; Lin et al., 2020).

When the two layers consist of multilayer nonwovens and 3D knitted fabrics, the laminate 
combines the unique advantages of both materials and creates a versatile and functional 
product (Sinmazçelik et al., 2011). On the other hand, multilayer nonwovens consist of 
several layers and are usually mechanically, chemically and thermally bonded. The 
mechanical process is the most sustainable. Multilayer nonwovens have better mechanical 
properties and a larger specific surface area. In addition to optimal mechanical properties, 
optimal permeability properties, insulation and absorbency can also be achieved (Russel 
et al., 2022).
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Recently, 3D knitted fabrics have been increasingly used in laminates for engineering 
purposes (Renkens and Kyosev, 2022; Dabiryan and Jeddi, 2011; Turki et al., 2018; Li et al., 
2015; Çinçik and Aslan, 2024).

Many researchers are focusing on multilayer nonwoven laminates and exploring ways to 
improve their functionalisation. An important finding is that the structure and arrangement of 
the layers, together with the type of adhesive used, play a crucial role in improving the 
overall performance of the laminate (Wang and Tang, 2023; Xiong et al., 2018; Shi et al., 
2023; El-Ghoubary et al., 2023; Zhang et al., 2023; Chen et al., 2023).

Extensive research has been carried out on 3D mesh and 3D woven laminates, focusing 
on their mechanical properties and permeability. These studies aim to optimise factors such 
as tensile and compressive strength as well as air and liquid permeability, making 3D mesh 
laminates well suited for applications in areas such as sports equipment, medical devices and 
industrial filtration systems. Their ability to combine strength with breathability has made 
them a valuable material in these industries (Korkmaz et al., 2024; Li et al., 2022; Sinchuk 
et al., 2021; Krauledaitė et al., 2022; Sankauskaitė et al., 2020; Ravandi et al., 2022; Ionesi 
et al., 2021; Yu et al., 2023).

The researchers are investigating ways to improve the separation process to facilitate the 
recovery of high-quality fibres for reuse. They are also developing innovative techniques to 
ensure that recycled laminates retain sufficient mechanical properties, such as strength and 
durability, for various applications (Barnett and Ghossein, 2021; Arya et al., 2024).

Our research focuses on the comparison of 3D knitted fabrics (three-dimensional knitted 
fabrics) and multilayer nonwovens (nonwovens produced by applying multiple layers in a 
single layer). The technological process for producing 3D knitted fabrics is more expensive 
and more energy-intensive and requires a longer production time than for multilayer 
nonwovens.

The research focuses on the influence of individual layers of two-layer laminates for car 
seats, such as 3D knitted fabrics and multilayer nonwovens, on their functional properties. 
Important findings of the research are that fibres and their orientation, the density of the yarns 
of the fabric and thus the number of contact points between the layers, as well as the 
distribution of the binder between the two layers, have a significant influence on the 
functionality of two-layer laminates.

2. Materials and methods
2.1 Materials
Four different two-layer laminates were produced as part of the study. The first sample 
consists of a 3D knitted fabric (vertical density of 20 rows per cm and horizontal density of 
10 columns per cm) and a multilayer needled nonwoven with randomly orientated fibres 
(sample 1).

The second sample (sample 2) consists of the same 3D knitted fabric as the first sample 
and a woven fabric (warp density 32 threads/cm and weft density 10 threads/cm).

The third and fourth samples are a combination of a multilayer nonwoven made of 
polyester with isotropically orientated fibres and a cotton woven fabric (warp density 32 
threads/cm and weft density 10 threads/cm). Sample 3 consists of a multilayer nonwoven and 
a woven fabric (warp density 32 threads/cm and weft density 10 threads/cm). Sample 4 
consists of a multilayer nonwoven and a woven fabric (warp density 32 threads/cm and weft 
density 10 threads/cm). The density of polyester fibres is 1.40 g/cm3 (3D knitted fabrics and 
multilayer nonwoven of samples 1 and 2), while the density of cotton fibres is 1.52 g/cm3 

(cotton fabrics of samples 2, 3 and 4).
The two-layer laminates are used in the automotive industry to reinforce car seat covers.
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The lamination was carried out on a laboratory dry laminating machine (electromechanic 
Rugelj, Slovenia) with two square laminating plates with a working area of 50 cm x 50 cm 
using a dry process. The thermoplastic polyamide powder was used as a binder for dry 
lamination.

The lamination process was carried out at 145°C for 15 s under a pressure of 3 bars. To 
determine the significance of the influence of the selected layer in the laminate, i.e. 3D 
knitted fabrics (samples 1 and 2) and multilayer nonwovens (samples 3 and 4), a statistical 
ANOVA analysis was performed using IBM SPSS Statistics software. All measurements 
described in Section 2.2 were carried out under standard conditions (T = 20°C, H = 65%). In 
addition to identifying the samples for the study, Table 1 shows the composition of the raw 
material and the mass and thickness of the individual layers and laminates produced for the 
purposes of the study.

Table 1. Presentation of lamination samples, their material composition and mechanical properties

Sample 
label

Composition of two-layers laminate Mass of layers and 
laminate M (g/m2)

Thickness of layers 
and laminate (mm)Layer 1 Layer 2

1 Polyester 3D knitted fabric Polyester multilayered nonwoven 
(randomly oriented fibres)

Layer 1: 309.87 Layer 1:2.50
Layer 2: 154.84 Layer 2:1.32
Laminate: 462.96 Laminate: 3.75

2 Polyester 3D knitted fabric Cotton woven fabric (white) Layer 1: 309.87 Layer 1:2.50
Layer 2: 103.17 Layer 2:0.52
Laminate: 413.04 Laminate: 2.94

3 Polyester multilayered nonwoven 
(randomly oriented fibres)

Cotton woven fabric (white) Layer 1: 154.84 Layer 1:1.32
Layer 2: 103.17 Layer 2:0.52
Laminate: 258.01 Laminate: 1.72

4 Polyester multilayered nonwoven 
(randomly oriented fibres)

Cotton woven fabric (black) Layer 1:86.53 Layer 1:0.93
Layer 2:87.53 Layer 2:0.427
Laminate: 184.06 Laminate: 1.24

Figure 1 shows the samples at 17× magnification in the scanning electron microscope 
(SEM) JSM 6060 LV (JEOL, Japan).

2.2 Methods
2.2.1 Delamination force. The delamination force was determined according to the DIN 
54310 standard.

2.2.2 Bending rigidity. The bending rigidity was determined in accordance with ISO 
9073-7.

2.2.3 Water vapour permeability. The water vapour permeability was determined in 
accordance with ASTM E96:E96M.

2.2.4 Air permeability. Air permeability was measured in accordance with ISO 9237 
using the AirTronic B device (Mesdan, Raffa, Italy). The air permeability was measured with 
an opening area of 20 cm2.

2.2.5 Thermal conductivity. The thermal conductivity was measured using a device 
developed at the Faculty of Natural Sciences and Engineering; Department of Textiles, 
Graphic Arts and Design at the University of Ljubljana in accordance with DIN 52612. A 
reference woollen fabric with known thermal conductivity is used to calibrate the device. 
The device consists of three copper plates that are connected to an Almemo sensor (Ahlborn, 
Holzkirchen, Germany) for temperature measurement (Figure 2). The solid frame of the 
device has an insulating plate on the underside, on which a heating block 1 with a 
temperature of 60°C is placed. A thicker copper plate with a temperature of T4 is placed on 
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this block. This is followed by a 4 mm thick glass reference plate, then a thinner copper plate 
with a temperature of T3, followed by a sample, again a thicker copper plate with a 
temperature of T2 and finally a cold block 2 with a temperature of 20°C. Two samples were 
prepared for each laminate to measure the thermal conductivity. The individual samples were 
placed between two copper plates and the temperature values were read after ten, 15 and 
twenty minutes. The thermal conductivity coefficient (λ) was calculated according to 
equation (1):

Figure 1. Examination of the samples (SEM micrographs) at 17× magnification 
Note(s): 1 – Layer 1; 2 – Layer 2 
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Figure 2. Principle of determining thermal conductivity on the device 

λ = λn �
d
dn
�
T4 � T3
T3 � T2

; (1) 

where: λn = Thermal conductivity of the reference glass plate (1.0319 W/mK); d = sample 
thickness in mm; dn = thickness of the reference glass plate (4 mm); T2 = temperature of the 
cooler thick measuring copper plate (°C); T3 = temperature of the medium thin measuring 
copper plate (°C); T4 = temperature of the warmer thick measuring copper plate (°C).

2.2.6 Breaking stress under compressive ball load. The breaking stress under 
compressive load with a ball was carried out on the basis of the ASTM D3787 standard.

2.2.7 Abrasion resistance. The test was performed using a Martindale M235 device 
(SDL International, London, UK) in which small round samples (approximately 38 mm in 
diameter) were placed in a sample holder with a standard foam behind it. The sample was 
abraded on a circular surface (with a diameter of approximately 100 mm) under load against 
a standard woollen fabric (ISO 12947-1) with a standard felt on the back. The abrasion 
movement followed a specific pattern, a Lissajous figure. The test samples were tested to the 
endpoint, i.e. until the laminate broke at a load of 12 kPa. During the analysis, we also 
monitored the mass loss until breakage on the front side of the laminate. The result is given 
as the number of cycles until the end point is reached.

2.2.8 Statistical analysis. The research focuses on the influence of 3D textiles and 
multilayer nonwovens on the functionality of a two-layer laminate produced with dry 
lamination. The influence of the type of layer on the mechanical, thermal and absorption 
properties of the investigated samples was analysed using a one-way statistical analysis 
(ANOVA) (Taylor and Cihon, 2004).

3. Results and discussion
3.1 Delamination force
The results of the delamination force (Table 2) show that sample 3 exhibited the strongest 
bond in the longitudinal direction, as the highest force was required for its delamination. In 
the transverse direction, however, it exhibited the lowest delamination force. This is due 
to the uneven distribution of the binder, the orientation of the fibres and the adhesion between 
the layers in each direction. Sample 3 consists of a multilayer nonwoven fabric made of 
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polyester and cotton fabric and has a higher total mass per unit area than sample 4. This is the 
reason for a better distribution of the binder between the layers of sample 3 and consequently 
for a higher delamination force in the longitudinal direction. The second layer of sample 3 
(cotton fabric) does not ensure an optimal distribution of the binder and thus an optimal 
number of contact points between the layers during lamination. The greater differences in the 
delamination force in both directions of sample 3 are due to the anisotropic arrangement of 
the fibres. A lower proportion of fibres in the first layer and a lower yarn density in the 
transverse direction significantly influence the decrease in the delamination force of 
laminates made of multilayer nonwoven and woven fabrics. In contrast, the multilayer 
nonwoven of sample 4 has more isotropically aligned fibres, which means that the binder is 
more evenly distributed between the fibres, resulting in a very small difference in the 
delamination force in the two directions (Table 2).

Table 2. Results of the delamination force

Measurement
Delimination force (N)

Sample 1 Sample 2 Sample 3 Sample 4

Machine direction
1 5.513 3.364 57.534 19.929
2 5.686 3.722 61.677 26.207
3 5.524 3.714 71.003 22.497
Average, x 5.574 3.600 63.405 22.878
Coeff. of var., CV (%) 1.738 5.678 10.880 13.796

Crossmachine direction
1 5.217 5.517 0.966 27.156
2 4.630 4.987 1.065 26.561
3 5.087 5.732 0.643 23.902
Average, x 4.978 5.412 0.891 25.873
Coeff. of var., CV (%) 6.193 7.085 24.759 6.697

Sample 1, which consists of a 3D knitted fabric and a multilayer nonwoven fabric, provides 
more contact points between the fibres of the multilayer nonwoven fabric, the powdery binder 
and the 3D knitted fabric and consequently requires a higher force for delamination in the 
longitudinal direction than sample 2, which consists of a 3D knitted fabric and a cotton fabric. 
Due to the voids between the binding threads, the cotton fabric of sample 2 provides fewer 
contact points between the 3D knitted fabric and the cotton fabric, i.e. between the two layers in 
the laminate, which affects the lower force for delamination in the longitudinal direction. In 
sample 2, the voids of the fabric were filled with binder during lamination, as the binder softens 
during lamination, resulting in the delamination force of sample 2 being higher in the transverse 
direction, where the surface is more open in the weft direction due to the lower density, than 
sample 1, which has a multilayer nonwoven fabric instead of a woven fabric, where there are 
more connection points but fewer voids between the fibres.

3.2 Bending rigidity
The results show that the bending rigidity of all samples (Table 3) is higher in the 
longitudinal than in the transverse direction.

The bending rigidity of samples 1 and 2 is slightly higher than that of samples 3 and 
4. Laminates consisting of 3D knitted fabrics have a higher mass, which is reflected in a 
higher bending rigidity. If the 3D knitted fabric is replaced by a multilayered nonwoven, the 
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mass of the laminate decreases, which in turn means a lower bending rigidity, but the 
differences in bending rigidity between the tested samples are not statistically significant. 
Larger differences in bending rigidity can be observed in the transverse direction. In the 
transverse direction, there is generally a fibre content in multilayer nonwovens and a lower 
density of 3D knitted and woven fabrics, which in turn leads to a lower bending rigidity.

Table 3. The results of the bending rigidity

Measurement
Bending rigidity (μN·m)

Sample 1 Sample 2 Sample 3 Sample 4

Machine direction
1 0.957 0.502 0.437 1.113
2 1.109 0.445 0.448 1.074
3 1.191 0.532 0.473 0.980
4 1.558 1.694 1.396 1.236
5 1.492 1.533 1.273 1.436
6 1.247 1.866 1.527 1.344
Average, x 1.259 1.095 0.926 1.197
Coeff. of var., CV (%) 18.196 61.048 56.665 14.456

Crossmachine direction
1 0.676 0.311 0.159 0.290
2 0.585 0.270 0.147 0.259
3 0.657 0.290 0.142 0.245
4 0.602 0.701 0.126 0.360
5 0.863 0.758 0.159 0.307
6 0.819 0.738 0.147 0.351
Average, x 0.701 0.512 0.147 0.302
Coeff. of var., CV (%) 16.408 47.469 8.418 15.518

The results of the delamination force, at which individual layers must be delaminated, are 
influenced by the distribution of the binder, the number of voids between the binding threads 
in the fabric and the number of contact points between individual layers, in addition to the 
anisotropy of the samples. The results of the delamination force of the samples are not 
closely related to the results of the bending rigidity, where anisotropy is the only indicator of 
differences between the values of the samples in the two directions.

3.3 Water vapour permeability
Samples 1 and 2 have the highest water vapour permeability (Figure 3). Sample 1 consists of 
a 3D knitted fabric and a multilayer nonwoven fabric, which have a more closed structure. 
For this reason, sample 1 has lower values than sample 2, which consists of a woven fabric.

Samples 3 and 4 consist of multilayer nonwoven fabric and a woven fabric. This is the 
reason for the significantly lower water vapour permeability compared to samples 1 and 2, 
which consist of 3D knitted fabrics.

The differences between the water vapour permeability values of the samples are greater 
between the group of 3D knitted fabrics (samples 1 and 2) and the group of multilayer 
nonwovens (samples 3 and 4), whereby the structure of the second layer in the laminate 
(woven or nonwoven) has no significant influence on the water vapour permeability. The 
reason for this is the free passage of water vapour, which in the case of laminates passes 
through the individual layer of the laminate and the binder layer. In the case of a laminate 
made of 3D knitted fabrics, which are more open or of multilayer nonwovens, which are 
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more closed, there are no major differences in water vapour permeability between the 
samples. In the laminates, a single layer does not contribute significantly to the increase in 
water vapour permeability, although each layer has an open surface. The binder layer created 
during lamination has a greater influence. Therefore, the differences between the samples are 
not so great, although they are significant.
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Figure 3. Results of the water vapour permeability 

3.4 Air permeability
Sample 2, which consists of a 3D knitted fabric and a woven fabric, has the highest air 
permeability (Figure 4). Both layers of the sample have a very open structure compared to 
sample 1. Sample 1 consists of a 3D knitted fabric and a multilayer nonwoven fabric, which 
have a closer structure.

The multilayer nonwoven fabric causes a reduction in the openness of the surface, which leads 
to a significant reduction in the air permeability of sample 3 compared to samples 1 and 2, which 
consist of 3D knitted fabrics. Interesting air permeability results were obtained for sample 4, which 
consists of a multilayer nonwoven and a woven fabric and has a similar air permeability to sample 
1. The reason for this is probably the lower mass of sample 4 compared to sample 1. Given the 
higher air permeability values of sample 4, which consists of a multilayer nonwoven and a woven 
fabric, the optimal combination of the individual layers of the laminate will be a major challenge 
for future research, as the combination in sample 4 can bring us closer to the air permeability 
values of 3D knitted fabrics, which is an important contribution in this field.

3.5 Thermal conductivity
From the results of the thermal conductivity (Figure 5), it can be concluded that all samples 
have good insulating properties. Sample 1, which consists of a 3D knitted fabric and 
multilayer nonwoven fabric, has the highest thermal conductivity. This is followed by 
sample 2, which also consists of a 3D knitted fabric, with the second layer being a woven 
fabric. Samples 1 and 2 have the highest thermal conductivity due to their open structure, 
which has good permeability properties.

Samples 3 and 4, which are made of a multilayer nonwoven fabric, have a smaller surface 
area and thickness than samples 1 and 2, which consist of a 3D knitted fabric with a more 

RJTA       

Downloaded from http://ftp.nowpublishers.com/rjta/article-pdf/doi/10.1108/RJTA-07-2025-0145/10966087/rjta-07-2025-0145en.pdf by guest on 30 July 2026



open surface. However, samples 3 and 4 have a lower thermal conductivity than samples 1 
and 2, as there are many empty spaces (micropores) between the fibres of the multilayer 
nonwoven fabric, in which air is trapped, which acts as a thermal insulator. This is also the 
reason for the lower thermal conductivity of samples 3 and 4 compared to samples 1 and 2.
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Figure 4. Results of air permeability 
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Figure 5. The results of the thermal conductivity 

The fact that multilayer nonwovens and laminates insulate well is very important from the 
point of view of sustainability, as less energy is needed to heat a car.

3.6 Breaking stress and deformation under compression load
As expected, a laminate consisting of a 3D knitted fabric and a multilayer nonwoven fabric 
(sample 1) exhibits the highest breaking stress under compressive load (Figure 6). This is 
followed by sample 2, which consists of 3D knitted fabric and woven fabric, but is about 
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30% lower. It has been shown that the 3D knitted fabric in the laminate significantly extends 
the service life of such a laminate compared to laminates consisting of multilayer nonwoven 
and woven fabric (samples 3 and 4), where the values are half to five times lower. Samples 3 
and 4 also have a much lower mass and thickness.

Figure 6. Breaking stress and deformation under compression load 

The results of deformation at break under spherical compression show that samples 1, 2 
and 3 can achieve spherical compression stresses of more than 20 mm, with sample 4 
performing the worst with the lowest value. Sample 4 consists of multilayer nonwoven and 
woven fabric but has the lowest thickness and mass compared to the other samples, which 
affects the lower value of deformation as well as the lowest value of breaking stress under 
spherical compression. A contribution in this area is the combination of the two layers of 
sample 3, which has the highest value of deformation under compression load. However, 
challenges remain, as 3D knitted fabrics exhibit higher compressive stress than multilayer 
nonwovens, except for sample 3, which most closely approaches these values.

3.7 Abrasion resistance
Samples 1 and 2, which consist of 3D knitted fabrics, are the most durable, as no breakage 
occurred after 100,000 cycles (Table 4). The mass loss after 100,000 cycles is also lower for 
samples 1 and 2 than for samples 3 and 4, which consist of multilayer nonwoven and woven 
fabrics. Sample 2, which consists of 3D knitted fabric and woven fabric, shows a higher mass 
loss (0.026 g) than sample 1 (0.009 g). The reason for this could be the influence of the 
second layer, which consists of a woven fabric that, due to its lower density, has a slightly 
higher mass loss than multilayer nonwoven fabrics (sample 1).

A similar value of mass loss was also measured for samples 3 and 4. In both cases, the 
front side of the sample is a multilayer nonwoven fabric, while the back side is a lower- 
density woven fabric, resulting in a higher mass loss, as in this case the front side of the 
sample is more exposed to the load, resulting in a greater mass loss.

Samples 3 and 4 also break earlier than samples 1 and 2, with samples 3 and 4 breaking at 
60,000 cycles, while samples 1 and 2 withstand up to 100,000 cycles.

The results show that the laminate consisting of 3D knitted fabrics and multilayer 
nonwoven fabrics has a significantly better durability than the other laminates tested.
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Table 4. The results of the abrasion resistance

Number of cycles
Sample 1 Sample 2 Sample 3 Sample 4

Mass (g)

0 0.540 0.441 0.301 0.225
10,000 0.538 0.431 0.291 0.214
30,000 0.538 0.428 0.288 0.188
50,000 0.538 0.423 0.280 0.147
60,000 0.533 0.422 Sample break Sample break
70,000 0.531 0.421 – –
100,000 0.531 0.415 – –
The difference in mass (g) 0.009 0.026 0.021 0.078

The electron micrographs of the cross-section of samples 3 and 4 (Figure 1) show 
protruding fibres on the surface of the multilayer nonwoven fabric, compared to the cross- 
section of samples 1 and 2, where a stable 3D knitted structure is visible. During the rubbing 
process, the fibres are pulled out faster from the surface of the multilayer nonwoven and 
consequently samples 3 and 4 break faster (at 60,000 cycles) compared to samples 1 and 2, 
where no breakage occurs even at 100,000 cycles.

3.8 Statistical analysis
The results of the one-way ANOVA presented in Table 5 show that the type of layer has a 
statistically significant influence on the delamination force, water vapour and air 
permeability, thermal conductivity, breaking force under compressive load and abrasion 
resistance (p-value ≤ 0.05). In contrast, the type of layer has no significant influence on 
bending rigidity (p-value ≥ 0.05). In addition to the p-value, Table 5 also shows the number 
of measurements (count), the sum of all measurements (sum), the average value of the 
measurements (average) and the variance (variance). The fact that 3D knitted textiles or 
multilayer nonwovens have a statistically significant influence on almost all functional 
properties discussed in this paper represents a contribution to this topic. At the same time, it 
is a great challenge to improve the functional properties of multilayer nonwovens in two- 
layer laminates, which are more environmentally friendly than 3D knitted fabrics. In the 
future, the recycling of laminates, both 3D knitted textiles and multilayer textiles, will also 
play an important role.

4. Conclusions
The research focuses on the influence of 3D knitted fabrics and multilayer nonwovens on the 
functionality of a two-layer laminate produced with dry lamination and intended for seat 
covers in the automotive industry. The results of the present study show that 3D knitted 
fabrics in combination with multilayer nonwovens and woven fabrics in two-layer laminates 
increase the bending rigidity, thermal conductivity, compression strength under load with a 
ball and abrasion resistance.

The presence of 3D knitted fabrics in the laminate significantly reduces the delamination 
force, which is mainly due to the smooth 3D knitted fabrics made of multifilament yarn. This 
affects the poorer contact between the two layers during lamination.

An important contribution to science is the realisation that the anisotropy of the individual 
layers, which is related to the fibre orientation of multilayer nonwovens and the thread 
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Table 5. The results of one-way ANOVA

Variation Sum of squares Degrees of freedom Mean squares F-ratio p-value F-critical

Delamination force
Between groups 6928.7 3 2309.6 160.4 1.7 · 10–7 4.07
Within groups 115.2 8 14.4 - - -

Groups Count Sum Average Variance
Sample 1 3 16.72 5.57 0.01
Sample 2 3 10.80 3.60 0.04
Sample 3 3 190.21 63.40 47.59
Sample 4 3 68.63 22.88 9.96

Bending rigidity
Between groups 0.40 3 0.13 0.66 0.59 3.10
Within groups 4.00 20 0.20 - - -

Groups Count Sum Average Variance
Sample 1 6 7.55 1.26 0.05
Sample 2 6 6.57 1.10 0.45
Sample 3 6 5.52 0.92 0.27
Sample 4 6 7.18 1.20 0.03

WVT
Between groups 805.1 3 268.4 27.2 1.2 · 10–5 3.5
Within groups 118.3 12 9.9 - - -

Groups Count Sum Average Variance
Sample 1 4 333.60 83.40 16.33
Sample 2 4 352.20 88.05 2.43
Sample 3 4 287.20 71.80 12.00
Sample 4 4 288.20 72.05 8.67

Air permeability
Between groups 3775.98 3 1258.7 345.2 2.18 · 10–17 3.10
Within groups 72.92 20 3.6 - - -

Groups Count Sum Average Variance
Sample 1 6 317.82 52.97 5.14
Sample 2 6 438.45 73.08 8.27
Sample 3 6 226.68 37.78 1.15
Sample 4 6 338.46 56.41 0.02

Thermal conductivity
Between groups 0.0002 3.00 0.0001 36.82 0.0023 6.6
Within groups 0.0000 4.00 0.0000 - - -

Groups Count Sum Average Variance
Sample 1 2 0.06 0.03 2 · 10–8

Sample 2 2 0.05 0.03 6 · 10–6

Sample 3 2 0.04 0.02 2 · 10–8

Sample 4 2 0.03 0.02 2 · 10–7

Breaking force under compressive load
Between groups 27,735,311.4 3 9,245,103.8 3225.3 5.1 · 10–27 3.09
Within groups 57,328.7 20 2866.4 - - -

(continued)
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density of cotton fabrics, significantly influences the distribution of the binder between the 
fibres during lamination and thus the functional properties of the laminates.

Table 5. Continued 

Groups Count Sum Average Variance

Sample 1 6 20549.0 3424.8 2115.4
Sample 2 6 13975.2 2329.2 132.8
Sample 3 6 11055.1 1842.5 7760.6
Sample 4 6 2590.5 431.7 1456.7

Abrasion resistance
Between groups 0.0112 3.0000 0.0037 11,172.0 0.00007 3.4903
Within groups 0.0000 12.0000 0.0000 - - -

Groups Count Sum Average Variance
Sample 1 4 0.034 0.0085 3.3 · 10–7

Sample 2 4 0.102 0.0255 3.3 · 10–7

Sample 3 4 0.082 0.0205 3.3 · 10–7

Sample 4 4 0.31 0.0775 3.3 · 10–7

The research has shown that multilayer nonwovens can replace 3D knitted fabrics in two- 
layer laminates and improve delamination strength, bending rigidity and insulation. In some 
cases, such as air permeability and water vapour permeability, these do not change drastically 
when 3D knitted fabrics are replaced by multilayer nonwovens in the laminate.

Multilayer nonwovens in laminates intended for car seat covers can be made also from 
recycled fibres from cut textile waste, are easier to recycle than 3D knitted fabrics and their 
production process is faster and therefore cheaper. The research results confirm that 
multilayer nonwovens can replace 3D knitted fabrics in two-layer laminates without 
significantly changing their functionality and are of crucial importance for the automotive 
industry as a user of such materials and represent an important source of information for 
research into the factors influencing the microstructure at the fibre level in multilayer 
nonwovens and understanding the structure of the individual layers of the laminate with the 
aim of improving its functional properties. 
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