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ABSTRACT 

Hydroentanglement is a mechanical bonding process designed to produce nonwoven fabrics with 

appearances and textures that resemble woven and knitted fabrics. Eleven samples of hydroentangled 

nonwoven fabrics with different compositions and weights were subjected to a series of uniaxial stress-

strain tests. Models, ranging from the simple Kelvin to the more complicated Kelvin–Vangheluwe, were 

fitted to the experimental data to find a generalized and universal model. In this model, a nonwoven fabric 

was considered a nonlinear viscoelastic material. The combination of Kelvin and Vangheluwe models 

resulted in an excellent fit to the uniaxial stress-strain curves. The model-predicted results almost 

overlapped with the experimental data, an indication of its excellent accuracy in predicting the mechanical 

behavior of nonwoven fabrics. 
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I. INTRODUCTION  

In recent years, the world has witnessed multiple 
innovations and developments in textile engineering [1, 2]. 
Nonwoven fabrics are considered one of the most advanced 
and innovative textile products [3-5]. The non-woven field is 
undergoing important growth, representing approximately one-
third of the textile market. Nonwoven fabrics can be used for 
many purposes, from the manufacture of disposable products 
[6-8] to technical applications [9-11]. During COVID-19, there 
was an increased demand for personal protective nonwoven 
products [12].  

The hydroentanglement process is the fastest-growing 
production process of nonwoven fabric, with an annual growth 
rate of 20% [13-15]. This process achieves excellent fabric 
performance with aesthetics like woven and knitted fabrics [14, 
15]. Softness, drape, conformability, and high strength are the 
main characteristics that make hydroentanglement-processed 
fabrics unique among nonwoven products [16]. In 
hydroentanglement, water jets impact the fiber webs, causing 
them to entangle and be held together by friction forces. The 
mechanical properties of hydroentangled nonwoven fabrics are 
related to the degree of fiber entanglement, which depends on 
the water jet's settings and speed during manufacturing, the 
fiber characteristics, and the fiber web forming surface. Most 
of the research on hydroentanglement has focused on 
experimental studies [13, 17, 18], and few have examined the 
simulation of hydroentanglement properties using mechanical 
models. 

In [16], hydroentanglement intensity was defined, showing 
that it depends on applied energy, fiber dimension and 
properties, and fiber deformation during the process. 
Experiments showed that fabric strength is linearly correlated 
with hydroentanglement intensity. In [19], a computational 
fluid dynamic model was developed for the hydroentanglement 
process, which was applied to investigate the effect of fiber 
web thickness on the degree of fiber entanglement. In [20], a 
formula was established to calculate the tensile strength of the 
hydroentanglement nonwoven fabric based on its pull-out 
behavior. In [21], some stress-strain models developed for 
nonwoven fabrics were applied to hydroentangled nonwoven 
fabrics. In addition, experimental stress-strain behaviors in 
uniaxially loaded hydroentangled nonwoven fabrics were 
compared and analyzed. 

Several viscoelastic models have been developed to 
characterize the mechanical behavior of textile materials such 
as fiber, yarn, and fabric [22-28]. In [29], it was concluded that 
Burger's model is suitable for describing the creep behavior of 
thermally bonded nonwoven fabrics. The studies in [30, 31] 
proposed rheological models to describe the compression of 
both geo-nonwoven fabrics and needle-punched nonwoven 
fabrics. No rheological model has been proposed to describe 
the behavior of hydroentangled nonwoven fabrics. The 
behaviors of hydroentangled fabrics, namely thermal-bonded 
fabrics and needle-punched nonwoven fabrics, differ under 
tensile strain. Hydroentangled fabrics rely only on interfiber 
friction like needle-punched structures, but they are more 

compact due to the difference between needle and water jet 
effects. Thermal-bonded nonwoven fabrics have limited 
movement when strained due to the bonding points fused 
during the bonding process. 

This study establishes four viscoelastic models to study the 
stress-strain response of hydroentangled nonwoven fabrics. To 
find the best configuration, several tensile test experiments 
were performed using 11 different nonwoven fabrics. The 
Origin software was used to examine the fit of data to the 
theoretical models. The best model fit was obtained by 
comparing the experimental stress-strain curves with the fitted 
ones. 

II. MATERIALS AND METHODS 

To study the mechanical behavior of hydroentangled 
nonwoven fabrics, tensile tests were carried out using a Lloyd 
LR5K dynamometer according to the standard ISO 9073-
3:1989, which involved applying tension at a constant speed of 
100 mm/min to a rectangular fabric sample (25×5cm²). From 
the software of the dynamometer, it was possible to extract the 
force-elongation curves that were compared against several 
rheological models. Table I shows the characteristics of the 
nonwoven fabrics tested. 

TABLE I.  CHARACTERISTICS OF THE TESTED 
NONWOVEN SAMPLES 

Nonwoven composition Designation Thickness [mm] Weight [g/m²] 

70%Viscose+30%PES HN1 0.51 50 
70%Viscose+30%PES HN2 0.5 60 
70%Viscose+30%PES HN3 0.68 77 
60%Viscose+40%PES HN4 0.42 40 
60%Viscose+40%PES HN5 0.55 50 
50%Viscose+50%PES HN6 0.58 45 
50%Viscose+50%PES HN7 0.5 50 
50%Viscose+50%PES HN8 0.76 55 
50%Viscose+50%PES HN9 0.73 65 
40%Viscose+60%PES HN10 0.4 40 
40%Viscose+60%PES HN11 0.5 45 

 
The tested fabrics represent the most used hydroentangled 

nonwoven fabrics in the textile industry (with different 
compositions and weights). Stress (σ [Pa]) and strain (ε) were 
defined as follows [20]: 

� = �����/(
��ℎ × ℎ�������)  (1) 

� = ∆�/� = (�������� )/(������ ����ℎ) (2) 

Relaxation tests were carried out with deformation values 
of 5, 10, 20, 30, 40, 50, 60, and 70% of the breaking 
elongation. The time of the relaxation tests was 300 s. The tests 
were carried out in a conditioned atmosphere at a temperature 
of 20 ± 2°C and a relative humidity of 65± 2%. 

III. RESULTS AND DISCUSSION 

A. Characteristics Tests 

When nonwoven fabrics are mechanically deformed, 
distortions at the macroscopic level produce the destruction of 
fiber interactions (i.e., the fibers become stressed). In general, 
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linear viscoelastic behavior occurs within small deformations 
when the microstructure is not modified [22]. At large 
deformations, the viscous behavior becomes more dominant, 
and nonlinear viscoelastic models are required for close 
prediction. The degree of nonlinearity and viscosity/elasticity 
strongly depends on the material compositions that may largely 
vary as shown in Table I. 

1) Tensile Test 

Figure 1 presents the tensile curve of the nonwoven fabric 
with different square weights. For most of the studied fabrics, 
the stress-strain curve, shown in Figure 2, consists of three 
zones:  

 The first zone of low strength/weak extension corresponds 
to the applied pre-tension. In this part, the fiber elements 
are initially rearranged, straightened, and slipped in 
response to the increasing load. These events result in 
reducing the specific stress of the structure achieved 
experimentally. 

 The second linear zone shows a complete recovery. 

 The third nonlinear zone has an exponential form that starts 
with a defined constraint threshold. The final part of this 
zone has the highest slope, at which point the final breakage 
takes place. 

 

 
Fig. 1.  Hydroentanglement tensile strength for different square weights: (a) 70% Viscose + 30% PES, (b) 60% Viscose + 40% PES, (c) 50% Viscose + 50% 
PES, and (d) 40% Viscose + 60% PES. 

 
Fig. 2.  Tensile curve of hydroentangled nonwoven HN9. 

2) Relaxation Test 

Figure 3 shows the relaxation test curves standardized by 
the parameter σmax, which corresponds to the tenacity reached 
at the end of loading for the different nonwoven fabrics tested. 
Figure 4 also shows that the relaxation curves of the 
standardized tenacities are presented in the form of a curved 
beam. Thus, it can be stipulated that the relaxation of the 
tenacities depends on the imposed deformation level. Thus, it is 
confirmed that the nonwoven fabric exhibits viscoelastic 
behavior. However, according to Figure 4, the tenacity 
standardized at the relaxation time (t = 300 s) also depends on 
the imposed deformation level. It is weak-willed during the 
deformation level (in the first zone of the tensile curve). This 
parameter becomes more significant in the second zone. Then, 
it decreases to a minimum (starting from the beginning of the 
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third zone of deformation level during the tensile test). In 
addition, with regard to the tangent modulus, this parameter 
follows the same trend as the normalized stress curve. As a 
result, it can be concluded that nonwoven fabrics present 
nonlinear viscoelastic behavior [24]. The model describing the 
mechanical behavior of hydroentangled nonwoven fabric must 
include a nonlinear component. 

 

 
Fig. 3.  Relaxation curve of hydro-entanglement nonwoven HN7. 

 
Fig. 4.  Evolution of the tenacity standardized at time t =300 s according to 
the imposed deformation of the hydroentanglement nonwoven HN7 

B. Rheological Model 

With different combinations of Kelvin, Maxwell, and 
Vangheluwe elements, several viscoelastic mechanical models 
were obtained to describe the tensile behavior of nonwoven 
fabrics [26]. Several viscoelastic properties of nonwoven 
fabrics during uniaxial loading are presented through the 
Kelvin model with nonlinear spring, the one-term generalized 
Vangheluwe model, the two-term generalized Vangheluwe 
model, and a combination of Vangheluwe and Kelvin elements. 
The nonlinear spring is assumed to follow the power rule 
throughout. To investigate the performance of each model, the 
experimental data were fitted with the derived equations 
mentioned in Figure 6. The Origin software was used to 

determine the rheological parameters. The main purpose is to 
acquire a suitable model for describing the uniaxial behavior of 
nonwoven fabric. Equations (3) and (4) describe the strain (σ1 
and σ2) of the Kelvin and the Vangheluwe model [Figure 5 (a, 
b)] during uniaxial tests, respectively. 

�� =  � ∗ �" + µ ∗ έ    (3) 

�" = µ& ∗ έ (1 − ��) ((*+,µ, ) ∗ (-
έ)))  + �& ∗ �² (4) 

To obtain a new model that better fits the experimental 
data, a combination of the Vangheluwe and Kelvin models was 
used, as shown in Figure 5 (d). Thus, these equations were 
expressed as follows: 

�/ =  µ&� ∗ έ 01 − ��) 12*+,3µ,3 4 ∗ 2-
έ456 +  �&� ∗ �"  

    + µ&" ∗ έ (1 − ��) ((*+,7µ,7 ) ∗ (-
έ))) +  �&" ∗ �² (5) 

�8 =  � ∗ �" +  µ&� ∗ έ 01 − ��) 12*+,3µ,3 4 ∗ 2-
έ456 +  

    �&� ∗ �" +  µ&" ∗ έ 01 − ��) 12*+9"
µ9" 4 ∗ 2-

έ456 +   
    �&" ∗ �" + µ ∗ έ    (6) 

 

 

Fig. 5.  Experimental and theoretical curves of the tensile test for 
hydroentangled nonwoven HN1: (a) Kelvin model with nonlinear spring 
fitting, (b) one-term generalized Vangheluwe model fitting, (c) two-term 
generalized Vangheluwe model fitting, and (d) combination of Kelvin and 
Vangheluwe model fitting. 

IV. MODEL FITTING 

Rheological modeling, based on several mechanistic 
models for fitting the experimental data of the tensile tests, was 
investigated to confirm the nonlinear viscoelastic properties of 
hydroentanglement nonwoven fabrics. The fitting accuracy can 
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be assessed by comparing the coefficient estimation R². The 
closer this coefficient is to 1, the better the fit is. Figure 6 
shows an example of results obtained for hydroentangled 
nonwoven HN1. Table II details the rheological parameter 
values and the determination coefficient for different models 
tested with the hydroentangled nonwoven fabric. The R² value 
of 0.999 shows that the combination of Kelvin and 
Vanghelwue elements presents an excellent fit for 
hydroentanglement nonwoven behavior. Figure 6 shows the 

simulation results of the tensile test. It can be concluded that 
the Vangheluwe model with seven elements fits reasonably 
well with the experimental results. After calculating the 
different coefficients of the different rheological models 
studied (Table II), it can be observed that the combination of 
Kelvin and Vangheluwe elements simulates the tensile 
behavior of hydroentangled nonwoven fabrics well and is 
better than the other models, with an R² value of nearly 1. 

TABLE II.  DETERMINATION OF THE COEFFICIENT PARAMETERS OF THE RHEOLOGICAL MODELS FOR HN1. 

Rheological parameters Ck µk Cv Ev µv R² 

Kelvin model with nonlinear spring 0.0048 0.00611 - - - 0.91 
One-term generalized Vangheluwe model    0.00066 0.12513 0.65879 0.87 
Two-term generalized Vangheluwe model   0.00049 0.05781 0.0409 0.00049 

Combination of Kelvin and Vangheluwe model fitting 0.00184 0.00066 0.00184 0.47997 0.1421 0.01184 

 

 
Fig. 6.  Experimental and theoretical curves of the tensile test for hydroentanglement nonwoven fabrics. 

The experimental values of the tensile curves were 
simulated to validate the proposed model, describing the tensile 
behavior of the different hydroentanglement nonwoven fabrics 
with varied parameters. Figure 6 presents the simulation 
results. As can be observed, the proposed model goes hand in 

hand with the experimental data of the tensile tests of 
hydroentanglement nonwoven fabrics for different 
compositions and square weights. Therefore, it is confirmed 
that the model can describe the viscoelastic behavior of 
hydroentangled nonwoven. Table III indicates the model 
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parameters obtained and the determination coefficient R2 of 
different hydroentangled nonwoven fabrics. Figure 6 and Table 
III show that the experimental curves of the tensile test 
overlapped with the theoretical curves. The determination 
coefficient R2 values are equal to 0.999 for most fabrics. The 

combination of Kelvin and Vangheluwe elements adjusts well 
to the experimental tensile data for the hydroentangled 
nonwoven fabrics. Consequently, the model can be exploited to 
describe the nonlinear viscoelastic behavior of hydroentangled 
nonwoven fabrics. 

TABLE III.  DETERMINATION COEFFICIENT FOR THE TENSILE TEST OF DIFFERENT HYDROENTANGLED NONWOVEN FABRICS. 

Rheological parameters 

Nonwoven 

composition  
Ck µk Cv1 Ev1 µv1 Cv2 Ev2 µv2 R² 

HN1 0.00184 0.00066 0.00184 0.47997 0.1421 0.01184 0.55731 0.6455 0.999 
HN2 1.00091 0.00007 1.5054 0.08372 9.6131 0.5018 0.0995 8.787 0.999 
HN3 0.7975 0.00924 0.05189 0.33208 1.34332 0.11763 1.125 0.00025 0.999 
HN4 1.0734 0.0004 1.127 1.4145 1.0983 0.073 1.373 0.986 0.999 
HN5 0.4948 0.0001 1.484 0.4239 0.10627 1.0003 0.358 0.1663 0.999 
HN6 0.0642 0.0005 0.0899 0.1207 0.04253 0.02998 0.1167 7.3494 0.999 
HN7 1.00012 0.00132 1.5007 0.5278 2.6102 0.50025 0.6521 7.09946 0.999 
HN8 0.358 0.0006 0.5023 1.4706 0.8534 0.16744 1.4494 0.9996 0.999 
HN9 0.0014 0.001 0.0014 0.07538 1.0455 0.0014 0.07952 0.02351 0.999 
HN10 0.72766 0.0012 0.9155 0.67285 4.033 0.1948 0.6779 0.5574 0.998 
HN11 1.0457 0.0005 1.0445 0.1153 0.4684 0.0012 0.17344 0.1.27814 0.999 

 

V. CONCLUSIONS 

There is a lack of accurate rheological models to describe 
the complex mechanical behavior of hydroentangled nonwoven 
fabrics under uniaxial loading. To address this knowledge gap, 
this study investigated four different rheological models, 
including a novel configuration consisting of a nonlinear spring 
parallel to a Maxwell element. This study involved deriving 
mathematical expressions for the proposed model, obtaining 
the rheological parameters of the nonwoven structure, and 
calculating the rheological coefficients of the individual 
structural elements. These values were used to predict the 
mechanical performance of other nonwoven structures. The 
results showed that the proposed model accurately predicted 
the nonlinear viscoelastic behavior of hydroentangled 
nonwoven fabrics, outperforming existing models. The fitting 
results of the experimental data with the theoretical equations 
demonstrated high accuracy in estimating the mechanical trend 
of the hydroentangled nonwoven structures under uniaxial 
loading. The significance of this work lies in the development 
of a more precise rheological model for hydroentangled 
nonwoven fabrics. This novel approach provides a better 
understanding of the complex mechanical properties of these 
materials, which is crucial for their design and application in 
various industries. This study contributes to current knowledge 
by offering a generalized model that can be applied to other 
hydroentangled nonwoven fabrics with specific materials, 
potentially advancing the field of nonwoven fabric engineering 
and expanding possibilities for their use in diverse applications. 

NOTATIONS 

ε: Deformation. 

έ: Extension rate. 

σ: Constraint. 

Ev, Ev1, Ev2: Elasticity modulus of Vangheluwe elements. 

µv, µv1, µv2: Viscosity modulus of Vangheluwe elements. 

µk: Viscosity modulus of Kelvin elements. 

Cv, Cv1, Cv2: Coefficient of nonlinear spring of Vangheluwe 
elements. 

Ck: Coefficient of nonlinear spring of Kelvin elements. 
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