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Abstract. The mechanical and functional performance of nonwoven fabric critically

depends on the fibre architecture. The fibre laydown process plays a key role in

controlling this architecture. The fibre dynamic behaviour during laydown is studied

through a finite element model which describes the role of the parameters in defining

the area covered by a single fibre when deposited on the conveyor belt. The path taken

by a fibre is described in terms of the radius of gyration, which characterises the area

covered by the fibre in the textile, and the spectrum of curvature, which describes the

degree of fibre looping as a function of the arc length. Starting from deterministic and

idealised fibre curvature spectra, stochastic Monte Carlo simulations are undertaken

to generate full nonwoven web samples and reproduce the uniformity of fibre density.

A novel image analysis technique that allows measurement of the uniformity of real

spunbonded nonwoven samples from images of textiles is used to confirm the validity

of the model. It is shown that the main parameter that governs the fibre density

uniformity is the ratio of the fibre spinning velocity to the velocity of conveyor belt,

while fibre oscillations prior to deposition play a secondary role.
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1. Introduction

Understanding the fibre architecture generated by the laydown of continuous slender

fibres on a moving collecting surface is of great interest in the nonwoven fabric industry,

and in particular in the production of spunbonded nonwoven fabrics. The spunbonding

process [1, 2] is a widespread method for the production of low-density nonwovens in

which thousands of fibres are firstly spun by an accelerated air flow and progressively

solidified, then randomly oscillated by a turbulent air flow in a diffuser, and finally

deposited as a web on to a porous moving belt, as shown in Figure 1a. The geometry
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assumed by the fibres during the laydown process influences critical aspects of the

material such as, at the micro-scale, the fibre-bond properties and, at the macro-scale,

the homogeneity of the web and the material anisotropy. For instance, the motion of the

belt establishes a preferential fibre direction along the machine direction (MD) [3, 4],

and a lower fibre orientation distribution along the cross direction (CD), which results

in an anisotropy of the mechanical properties [5]. At present, despite the crucial role of

the fibre geometry in the nonwoven web, the number of studies of fibre laydown in the

literature is very limited.

In their series of papers, Hearle and co-workers carried out pioneering work to investigate

the form assumed by threads laid onto a moving belt [6, 7, 8]. They showed that, for

a stationary conveyor belt, the thread forms concentric circular coils that superimpose

over each other, with a diameter that depends on the feeding height and on the material

properties such as density and bending stiffness. In particular, it was found that the

feeding height influences the buckling regime: from compression-induced buckling for

low heights, to self-weight induced buckling for large heights. For the case of a moving

conveyor belt the geometry of the thread can be represented by a modified cycloid for

feed-to-belt speed ratios greater than 2, while for lower values, i.e. with increasing belt

velocity, the looping progressively disappears and the thread assumes a wavy profile.

Simplified geometric models have been introduced to simulate the fibre trajectory on

the conveyor belt in the spunbonding process [19, 20, 21]. They were developed as

an alternative to a more detailed model of fibre behaviour in spunbonding process

[22, 23], due to the excessively high computational time required by the simulations.

In this class of models the physics of fibre laydown is neglected, and the fibre profile is

described as a parametric curve in which looping around a reference point is imposed

at the level of curvature, and the effect of turbulence is modelled as a random Wenier

process [19, 24, 21]. The main limitation of non-physically based stochastic models is

that model parameters cannot be measured and are difficult to calibrate, which limit

applications to the real industrial process.

The physics of laydown of a thread has been studied also through numerical models,

although most of these works refer to a viscous thread deposited either on a stationary

[9, 10], or a moving surface [11, 12]. Since the periodic coiling pattern that a viscous

thread generates on a moving substrate resembles the stitches of a sewing machine, the

system has come to be known as the fluid-mechanical sewing machine (FMSM). Later

on the analysis has been extended to an elastic thread, and the term elastic sewing

machine (ESM) was adopted, as the pattern of the thread in the two systems was

strikingly similar [13].

The first numerical study of an elastic rope which is deployed on a stationary surface

is from Mahadevan [14], in terms of the Kirchhoff-Love equations for the motion of an

elastic rod capable of large bending and twisting deformations [15]. It was shown that

when the coiling is dominated either by inertia or gravity, the stiffness of the rope is

relatively unimportant for the geometry assumed during the laydown. The radius of

coiling decreases with the weight of the rope, and increases with the feed velocity in the



Modelling fibre laydown and web uniformity in nonwoven fabric 3

inertial regime. Although this was the first numerical solution of a flexible rod on a static

substrate, it was biased by a sign error in the inertial terms which was eliminated in

[16]. On the other hand, for a moving substrate, the ESM referred typically to a system

in which an elastic thread of polymeric material of diameter of the order of 1 mm is

deployed with feed velocity 1-30 cm/s onto a surface which is moving at comparable

velocity [13, 17]. The behaviour of the thread is governed by the relative contribution

of the elastic forces which generated in the deformed thread, and is divided into three

regimes: (i) elastic, when gravity and inertia are negligible relative to the elastic forces,

(ii) gravity, in which the elastic forces are balanced by gravity, and (ii) inertial, when

elastic forces are balanced by inertia. In the gravity regime, which takes place at lower

belt speeds, the thread produces regular coils. If the belt speed is increased above

a critical value, an inertial regime is established with a semi-random pattern being

produced. [13].

In nonwoven production, fibre laydown has a higher degree of complexity since (i) the

fibre diameter is 5-20 µm, (ii) the fibre is oscillating before deposition as a result of

turbulence, and (iii) a vertical drag force exists that drives the fibre towards the belt.

Under this conditions, the authors of this paper have recently described how a fibre with

diameter 50 µm in the diffuser behaves effectively as a string in which the work done

by the air drag force accounts for more than 90 percent of the total work done on the

fibre, while the work done by the bending forces is three orders of magnitude lower and

therefore can be neglected [25, 18].

In the present work we extend the study to the fundamentals of fibre laydown on to

a moving belt, and we simulate full scale nonwoven webs. This paper is divided into

two parts. In the first part, the dynamics of the laydown of a single fibre onto a

moving plane is solved in detail through a physically-based finite element model. In

the second part of the paper, starting from a deterministic spectrum of curvature of

a simulated fibre profile, artificial fibre webs are generated through stochastic Monte

Carlo simulations. Randomness in the fibre behaviour is introduced in the spectrum

of curvature, to simulate the effect of turbulence. The modelled uniformity of artificial

webs is then compared to that of real spunbonded webs through a new image analysis

technique.
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Figure 1: (a) Schematic of the laydown process in spunbonding, and (b) description of

the fibre laydown model.

2. Single fibre laydown model

In this section a model is described to simulate the way in which a single fibre lays down

onto a moving conveyor belt. The effect of critical model parameters on the form of the

resulting fibre geometry is quantified and discussed.
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2.1. Description of model

A finite element model of a fibre laying onto a rigid moving surface was developed in

Abaqus [27], as illustrated in Figure 1a. A single fibre with length L = 1 metre was

modelled by 1000 three-dimensional first-order Timoshenko beam elements (Abaqus

element type B31). Such a fine mesh is necessary to describe accurately the smallest

radii of curvature of the loops that the fibre can form during the irregular laydown, and

to prevent geometrical stiffness in bending [28]. Material properties used for the fibre

were the same as in our previous study with values chosen to represent the industrial

process [18]: elastic modulus E = 2 GPa, mass density ρ = 950 kg/m3, Poisson’s ratio

ν = 0.3. The dynamics of the fibre was solved using the non-linear dynamic explicit

solver, to account for the fact that a very slender beam may undergo large bending

deformations when subject to moderate loads [29]. The explicit solver is also required

to cope with the intermittent contact between the fibre and the collecting surface [27].

The description of the model is presented below, including the air drag load formulation,

the boundary conditions, and the contact between the fibre and the rigid plane.

Referring to Figure 1, the simulation starts with the fibre aligned vertically, an initial

vertical velocity vfibre at all the nodes, and a gravity acceleration g = 9.81 m/s2 directed

downwards. The top node is constrained to move with constant vertical velocity vfibre,

to respect the fibre continuity within the diffuser, and a laydown zone is defined for

0 ≤ z ≤ z0, in which a vertical air flow with velocity Vair produces a drag force on the

fibre elements. The formulation of the air drag force on the fibre is the same as used in

[18], in which the drag load is decomposed into two components tangential and normal

to the fibre orientation. The tangential drag force per unit length is [30] :

ft =
1

2
π dρaCt V

2
t (1)

where Vt is the tangential component of the fibre velocity relative to the air flow, d is

the fibre diameter, ρa the density of air, and Ct is a skin friction coefficient which is a

function of the local Reynolds number Ret = Vtd/ν given by

Ct = βRe−0.61t (2)

where β is a constant that depends on the experimental conditions [31]. The normal

force per unit length is [32]:

fn =
1

2
dρaCn V

2
n (3)

where Vn is the tangential component of the fibre velocity relative to the air flow, and

Cn is the normal drag coefficient

Cn = ARe−bn

(
d

d0

)c
(4)

where, for d = 13 − 390 µm and according to [32], the fitted parameters are A = 6.96,

b = 0.440, c = 0.404 and d0=78 µm, with the normal Reynolds number defined by

Ren = Vnd/ν, with the viscosity of air ν = 1.51 · 10−5 m2/s. The air drag force was
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Figure 2: Definition of the air drag load implemented with the user subroutine

VDLOAD.

implemented in a VDLOAD Abaqus subroutine, which allows definition of a non-

uniformly distributed load along the fibre elements. For each fibre element in the

laydown zone, the air-fibre relative velocity is decomposed into the tangential, first-

normal and second-normal directions of the local fibre element frame (t,n1,n2), as

shown in Figure 2. The component of the load in the tangential direction was calculated

using Equations 1 and 2, while the components in the first and second normal directions

were found using Equations 3 and 4.

The fibre-air flow interaction in a spunbonding diffuser produces fibre oscillations

whose amplitude and frequency depend on the turbulent flow parameters, as described

in detail in [25, 18]. To simulate this behaviour, an oscillatory transverse displacement

u(t) = u0 sin(ωt) with ω = 2πf and frequency of oscillation f , was assigned to fibre

nodes above the laydown zone, i.e. with coordinates z > z0, as shown in Figure 1b.

The numerical details of how this displacement was imposed are described in the next

section. The collecting belt was modelled as a rigid master surface (element R3D4 in

Abaqus) moving in the y direction with velocity vbelt. A rough contact with Coulomb

friction coefficient µ was included to simulate the tangential forces acting on the fibre

from the belt, which arise from the normal air drag force in the laydown zone when the

fibre is laying on the belt. It should be noted that in the model the interaction between

the air flow and the surface is not included, and the effect of the air suction on the fibre

deposition is neglected.

The shape of a fibre laid on to the plane consists typically of an irregular bundle made

of coils with different radii of curvature and covering a variable area. In order to

represent the results of the simulation, it is helpful to define parameters characterising

this shape. As the configuration resembles a long-disordered polymeric chain, this
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suggests characterising the spatial distribution of the fibre by means of the root-mean-

square distance of the fibre nodes from the centre of mass of the fibre, which in polymer

physics is known as the radius of gyration S [26]

S2 =
1

N

N∑
i=1

(ri − rO)2 (5)

where ri is the position of the i-th fibre node and rO is the centre of mass of the fibre.

The radius of gyration, which defines the coverage area of a fibre on the belt, is not

sufficient to describe the smaller scale loops that a slender fibre forms during laydown.

If θ is the orientation of the tangent vector and s the arc-length coordinate along the

fibre profile, the curvature κ = dθ/ds can be used to describe the fibre geometry at

a lower level. The fibre curvature is a crucial parameter in the mechanical behaviour

of nonwoven webs, as it can determine the fibre curl between successive bonds, which

in turns affects the micro-mechanics of the material. A representative value of the

fibre curvature can be defined considering the bending energy stored by the fibre in the

deformed configuration:

Vb =

∫ L

0

1

2
EIκ2ds (6)

which in a non-dimensional form can be expressed as e = VbL/EI, where L is the length

of the fibre.

2.2. Details of numerical implementation

The previous section has given a description of the model, with the relevant governing

equations. In this section numerical implementation details are described. Since the fibre

starts straight and vertical, the finite element dynamic simulation of fibre laydown needs

to model accurately the initial fibre buckling as the fibre move towards the collecting

surface. In general, the dynamic analysis of a beam in buckling includes two steps:

a static buckling analysis followed by a dynamic post-buckling analysis. Geometric

imperfections are generally introduced, based on the results of a modal analysis, to

activate the unstable response [27]. However, such a buckling analysis can suffer from

numerical instabilities which are computationally expensive to prevent, and which can

make the convergence of the solution difficult to achieve.

In reality, for the current laydown problem, initial perturbations to the straight profile

arise in the diffuser due to the turbulent air flow, rather than being the result of a

buckling instability, as it was previously shown in [25, 18]. This effect was simulated in

the laydown model by introducing random imperfections in the fibre profile, namely

geometric perturbations of the initial fibre node coordinates, along the x and y

directions, with a magnitude of perturbation normally distributed and with a standard

deviation of 1 µm. This solution proved to be effective in seeding the unstable dynamic

response of fibre nodes in the laydown zone, i.e. at 0 ≤ z ≤ z0, while eliminating the
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numerical instabilities of a buckling analysis, with a consequent dramatic reduction in

the computational cost of the simulations. Using different random independent sets of

imperfections allowed collection of a statistical set of fibre geometries.

As outlined in the previous section, oscillations in the fibre in the diffuser were

modelled by imposing displacements to the fibre nodes above the laydown zone.

These boundary conditions were implemented not by imposing the nodal displacements

directly, but indirectly via a damped oscillator network as shown in Figure 3a. Dummy

nodes associated with the oscillator system were prescribed movement u(t) using the

subroutine VDLOAD. These dummy node displacements were then transmitted to the

fibre nodes through a parallel spring and damper connection. This pragmatic method

was found to be the most effective way of assigning nodal displacements which are not

bound to the mesh as the fibre moves across the two different zones, one dominated by

the fibre oscillation and the other dominated by the air drag. To analyse the indirect

implementation of these boundary conditions, consider a one degree of freedom oscillator

shown in Figure 3b, in which the displacement u(t) is transferred to the mass through

a spring with stiffness k and a damper with constant c, which results in a force:

f(t) = −k (x(t)− u(t))− c
(

dx

dt
− du

dt

)
(7)

Assigned oscillatory displacement of dummy nodes u(t) can be effectively rigidly

transferred to fibre nodes x(t) for sufficiently high values of k and c. For a given nodal

mass m, optimum k and c values are found by trial and error solving the equation of

motion of the one degree of freedom oscillator

d2x

dt2
=

1

m
f(t) (8)

with initial conditions x(0) = ẋ(0) = 0, as in the finite element (FE) fibre model.

The best values of k and c were chosen such that the prescribed displacement u(t)

corresponded to the displacement x(t) of the 1-DOF oscillator.

Abaqus simulations were run in double precision as a significant improvement of the

smoothness of the final fibre profile was observed compared to the single precision

analyses. Nevertheless, this increased the computational time and caused numerical

instability for a fibre velocity greater than 5 m/s. Although in the spunbonding process

the velocity of the fibre is 30-50 m/s, the results of simulations undertaken with a smaller

velocity of deposition still provide insightful information for nonwovens fibre behaviour.

Since the behaviour is dominated by air drag terms [18], the effect of fibre velocity on

the general fibre behaviour during laydown is not expected to be great, as discussed in

the next section.

Fibre nodal positions at the end of the simulation were saved as a Abaqus results binary

file (.f il), and node coordinates were accessed through a dedicated post-processing

subroutine ABQMAIN that converted the binary format into Cartesian coordinates.

A mass proportional Rayleigh damping αR = 0.01 s−1 was also included to improve the

convergence of the solution [27]. Figure 4a shows the profile of the fibre after 0.1 s of

simulation for the parameters listed in Table 1. It can be observed that the fibre profile
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Figure 3: Definition of forced harmonic displacement; (a) in the fibre finite element

model (b) and for a generic single degree of freedom model.

above the laydown zone is perfectly straight, and that the fibre oscillation above the

laydown zone matches the imposed input displacement, confirming the effectiveness of

the damped oscillator scheme used to impose fibre movement (Figure 4b). This result

was obtained using a stiffness k = 1.0 N/m and a damping constant c = 0.001 Ns/m in

the forcing harmonic load in Equation 7.

Table 1: Base parameters used for the simulations.

vf (m/s) µ d (µm) vbelt (m/s) Vair (m/s) u0 (mm) ω (rad/s)

5.0 1.0 50 0.2 10 10 62.8

2.3. Results of single fibre laydown analysis

In this section the results of the single fibre laydown model are presented and discussed.

All the simulations that follow were undertaken using a fixed feeding height z0 = 50

mm, which is consistent with a typical diffuser-conveyor belt gap in the spunbonding
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Figure 4: Fibre laydown numerical simulations; (a) fibre profile after 0.1 s, and (b)

comparison between the oscillatory input displacement for z > z0 and the resulting

fibre node displacement evaluated at node A.

process, and a fibre velocity vf = 5 m/s. The analyses were terminated when the top

fibre node reached the limit of the laydown zone at z0, which corresponded to a total

period for each simulation of 0.19 s, and a length of deposited fibre of approximately

950 mm. Random perturbations in the initial fibre profile, combined transversal oscilla-

tions and vertical air flow, lead to a random-transient dynamic behaviour. To simulate

more realistically the industrial process we have deliberately chosen not to include a

relaxation step at the end of the analysis. This increased the complexity of the analysis,

and as a result in about 10 percent of the simulations we have observed that portions
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of fibre were out of plane as a result of impacts with the normal surface. A simulation

was considered valid only when the normal drag force fully prevented bouncing of fibre

nodes from the deposition plane, which suggests that the drag term plays a dominant

role during fibre deposition.

The effect of friction coefficient, fibre diameter, belt velocity, airflow velocity, and fibre

motion, were studied by varying individually the parameters listed in Table 1, with

those parameters not varied taking the baseline values given in this Table. For each

combination of parameters, ten valid simulations were analysed using a different set of

node imperfections to obtain satisfactory statistics of the fibre geometry. The influence

of the individual parameters on the fibre radius of gyration S and bending energy e

are shown in Figures 5 and 6. The error bars represent the standard deviation over

ten simulations, while the dashed lines indicate values obtained after subtraction of the

contribution of the belt motion from the fibre nodes coordinates. The insets in Figure 5

show an example of fibre profile on the belt surface for the smallest value of the param-

eter investigated, at the top left, and the largest value of the parameter, at the top right.

Effect of friction coefficient

The effect of the friction coefficient at the fibre-belt contact on the radius of gyration

S and bending energy e is shown in Figures 5a and 6a. Friction forces arise from the

normal air drag load which push the fibre towards the horizontal surface. When the

contact is smooth the fibre is free to slide over the surface and minimize its bending

energy, which leads to large radii of curvature in the fibre profile. By increasing the fric-

tion coefficient µ, the instantaneous point of contact is progressively fixed on the plane,

and the fibre starts to loop back until, for µ > 2, the fibre profile is ”frozen” as soon as

it touches the surface. As a result, by increasing friction coefficient, S decreases while

the bending energy increases, due to the formation of a larger number of small radius

loops. In the spunbonding process, fibre sliding is prevented by air suction through a

porous belt, see Figure 1a, and the contact forces are significantly different than in this

simplified scenario. Nevertheless, it can be assumed that a representative contact for-

mulation in the model is obtained when the fibre stops sliding on the surface. With this

in mind, the analysis of the remaining parameters was carried out using as a friction co-

efficient µ = 1.0, which represents the transition between the sliding and sticking regime.

Effect of fibre diameter

The effect of fibre diameter on the radius of gyration S and bending energy e is given in

Figures 5b and 6b. The tendency of a fibre to form loops during laydown is determined

mainly by the diameter of the fibre through the bending moment Mb = EIκ, where

I = πd4/64 is the second moment of area for a circular cross-section. This results in low

S and small radius loops for small fibre diameters, and large S and large radius loops at

large fibre diameters. It should be noted that the fibre diameter has the largest effect

in determining the fibre looping compared to the other simulation parameters.
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Effect of air velocity and belt velocity

The effect of air velocity on the radius of gyration S and bending energy e is given in

Figures 5c and 6c. In the spunbonding process the sliding of fibres during laydown

has a negative effect as it leads to formation of non-uniformity in the areal density. As

has been shown, fibre sliding can be prevented by a combination of a rough fibre-belt

contact and a normal drag given from the vertical air flow passing through the porous

belt. However, the plot of S in Figure 5c shows that, since during laydown the fibre

is bent, the horizontal component of the air drag load becomes larger, and the fibre is

progressively blown away radially, which results in an increase of S with increasing air

velocity.

In his pioneering experiments Hearle showed that the motion of the belt modifies the

geometry of a thread from a perfect circular coil to a modified cycloid, and eventu-

ally to a straight line when the velocity of the thread equals the velocity of the belt.

The results in Figures 5d and 6d confirm that varying the velocity of the belt modifies

the geometry of the fibre along the direction of motion of the plane, i.e. the y direc-

tion, while the pattern in the cross direction is unmodified, in agreement with Hearle.

This is demonstrated by the fact that, after subtraction of the belt displacement, the

radius of gyration and the overall fibre curvature are nearly independent of belt velocity.

Effect of fibre oscillations associated with turbulence

In [18] the authors studied how the turbulent air flow in the spunbonding diffuser can

influence the amplitude and frequency of oscillation of a single fibre at the exit of the

diffuser. The effect of fibre oscillation before laydown on the resulting fibre laydown

geometry is shown for the amplitude of oscillation in Figures 5e and 6e, and for the

frequency of oscillation in Figures 5f and 6f. The amplitude of oscillations u0 influences

progressively the fibre geometry for u0 > 10 mm. In particular, at the highest values of

amplitude the fibre pattern no longer consists of irregular coils, but follows the imposed

external displacement. The frequency of oscillation, which determines the transverse

fibre velocity before laydown, has a marginal effect for a fibre diameter of 50 µm due to

the resistance of the fibre to bending. However, for a smaller fibre diameter, d = 20 µm,

the fibre is free to follow the imposed displacement, and increasing the frequency of

oscillation prevents the formation of small radius loops, as shown by the decrease of e

in Figure 6f.
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Figure 5: Radius of gyration S of the laid fibre profile as a function of: (a) friction

coefficient, (b) fibre diameter, (c) air flow velocity, (d) conveyor belt velocity, (e-f)

amplitude and frequency of fibre oscillation. Insets show the fibre geometry for the

lowest and largest values of the relevant parameter (belt direction from bottom to top).

Error bars indicate the standard deviation of S over 10 simulations undertaken with

different sets of random node imperfections. Dashed lines plot value of S obtained after

subtraction of the belt motion contribution.
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Figure 6: Non-dimensional bending energy e of the laid fibre profile as a function of: (a)

friction coefficient, (b) fibre diameter, (c) air flow velocity, (d) conveyor belt velocity,

(e-f) amplitude and frequency of fibre oscillation. Error bars indicate the standard

deviation of e across 10 simulations undertaken with different sets of random node

imperfections. Dashed lines plot the value of e calculated after subtraction of the belt

motion contribution.
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3. Stochastic modelling of fibre webs

The results of the previous section have identified the key factors in the dynamics of the

single fibre laydown process and the role of these parameters in determining the shape

assumed by a fibre on the conveyor belt. A comprehensive study of fibre web formation

requires extension of this analysis to a web of many fibres. Simulating the laydown

profile of thousands of long fibres through finite element modelling is not feasible as the

analysis would be too computationally expensive for practical applications. This section

adopts an alternative computationally-inexpensive approach to modelling a full web of

fibres. First the finite element model is used to derive a parametric characterisation

of the geometry of the fibre profile on the belt. Then a web is generated by super-

imposing many randomly different realisations of this fibre geometry. The procedure

we follow to simulate an artificial web of fibres from stochastically generated fibre cur-

vatures is analogous to the methods used in [37, 33] for modelling of stochastic processes.

3.1. Random fibre generation using a parametric characterisation of geometry

This section describes a method for generating the geometry of a single fibre from

a parametric spectral characterisation of its geometric properties. Here the fibre

geometry is modelled as a planar curve lying on the belt. This curve is described

mathematically as a function of the arc length s as r(s) = (x(s), y(s)), with local

orientation τ (s) = dr/ds = (cos θ, sin θ) and curvature κ(s) = 1/ρ(s) = dθ/ds, where

ρ is the radius of curvature, as shown in Figure 7. By this definition it is possible to

reconstruct the geometry of a single fibre r(s) on the plane if the curvature κ(s) is

known.

If sm is the discretized arc length of the fibre profile on the conveyor belt

sm = m∆s, m = 0, 1, . . . , N − 1 (9)

where N − 1 is the number of intervals with spacing ∆s, the discrete Fourier transform

of the fibre curvature κm = κ(sm) is

Kr =
1

N

N−1∑
m=0

κm exp
(
−2πi

rm

N

)
, r = 0, 1, . . . , N − 1 (10)

which defines the energy spectrum of curvature Sr = |Kr|2 in the frequency domain,

ωr = 2πr/L. By definition Kr is periodic with period N , and must respect K−r = K∗r ,

or |Kr| = |K−r|, where K∗ denotes the complex conjugate of K. For the same energy

spectrum, independent random realisations of κ(s) can be generated if the phase of Kr

is modified by a random angle θr, with uniform probability distribution in the interval

[0, 2π]

K ′r = |Kr|eiθr (11)
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Figure 7: Fibre geometry r(s) described as a planar curve with arc length s, tangent

orientation θ(s) and local radius of curvature ρ(s).

with requirements θ−r = −θr and θ0 = θn/2 = 0 [33]. A randomly simulated fibre

curvature is returned by the inverse DFT of K ′r

κ′m =
N−1∑
r=0

K ′r exp
(

2πi
rm

N

)
, m = 0, 1, . . . , N − 1 (12)

and a new fibre geometry with the appropriate geometric characteristics can be

artificially generated by integrating κ′ twice using the trapezoidal rule:

θm+1 = θm +
κm + κm+1

2
∆s

rm+1 = rm +
τm + τm+1

2
∆s

(13)

where τm = (cos θm, sin θm). It has been shown in the previous section that, by

increasing the belt velocity, the fibre profile is progressively elongated in the direction

of the belt motion. If the velocity of the belt is directed along x, this effect can be

included by defining, similarly to [19]

dx

ds
= cos θm + c (14)

where c represents the contribution of the belt motion, which is calculated from the belt

velocity vb as

c =
dxb
ds

=
dxb
dt

dt

ds
=
vb
vf

(15)

where vf is the velocity of deposition of the fibre on the belt.
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3.2. Web generation using parametric fibre representation

This section describes how a random web architecture can be simulated using the

parametric representation of the fibre geometry described in the preceding section.

Random fibre profiles with the same mesh size and length as for the fibres simulated

in the finite element model, were generated from curvature spectra Kr of FE simulated

fibres by applying Equations 10 to 15. Fibres of arbitrary length were obtained by

joining nl randomly simulated fibres, and a web of nf fibres was simulated by assigning

as initial positions the coordinates of nf nozzles in a notional spunbonding spinneret

regular grid [1]. In this way the fibre geometric parameters derived from the FE analysis

are used to build up a series of representative webs without the computational expense

of analysing many fibres within the FE environment.

Figure 8 shows the resulting artificially generated webs for fibre diameter d = 20 µm

and two different amplitudes of oscillation: u0 = 1 mm in Figure 8a, and u0 = 50 mm in

Figure 8b. In each figure an example of a single fibre profile is highlighted in bold black.

It is seen that at the smaller amplitude of oscillation the fibre forms loops with a small

radius of curvature, which is consistent with the results shown in Figure 6e. However,

fibre motion along the cross direction (CD) appears to be similar for the two cases, which

is not consistent with the results in Figure 5e. This is due to the fact that, by applying

Equation 11, the phase of the fibre curvature FFT is lost, which represents a limitation

of the current model formulation. Still, Figure 8a suggests a stronger tendency for the

fibre to form clusters at small amplitudes of oscillation, which is likely to be a source of

web non-uniformity. This phenomenon will be investigated in detail in the next section.

3.3. Study of web uniformity

The uniformity of web areal density is a crucial parameter in nonwoven materials, which

influences their mechanical behaviour as well as other properties such as filtration,

permeability and appearance. It is known empirically that fibre oscillatory motion

during deposition is necessary to increase fibre orientation in the cross direction, and to

improve isotropy of material properties. However, if the level of turbulence is too high,

or if the air suction in the laydown zone is not adequate, fibre motion becomes intensely

irregular and web uniformity is compromised. In this section the web simulation

methodology described above is used to study theoretically the effect of various process

conditions on web uniformity. Predictions are compared with the measured uniformity

of real spunbonded nonwoven webs.

The simulated webs are generated using a set of fibres which start out being spaced

apart by a regular distance ∆w = 2.5 mm along the CD and which then propagate

along the MD, as shown in Figure 9. The total length of each fibre is nLL, where L is

the length of the original fibre, while the width of the starting grid is 2W = nW∆w. The

areal density and the uniformity of a web realisation are evaluated in a square grid with

mesh ∆h = 1 mm and side H. A discrete mass ∆m = Aρ∆s is assigned to each fibre
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Figure 8: Stochastic web simulation for fibre diameter d = 20 µm and two different

amplitudes of oscillation: (a) u0 = 1 mm and (b) u0 = 50 mm.

point, with ∆s the characteristic fibre element size and A the cross-section of the fibre.

The total mass of fibre material within the k-th grid element mk is given by summing

the individual elements ∆m within that grid square. The overall web areal density ρav
is calculated as:

ρav =
∑
k

mk/H
2 (16)

summing over all the grid elements in the web of side length H. A similar expression is

used for the local areal density for an individual element of the grid. The uniformity of

the web is evaluated in terms of the coefficient of variation CV of the local areal density,

defined as the ratio of the standard deviation to the mean of the local areal density,

evaluated over all the elements within the mesh grid. The number of fibres, nW and nL,

in a simulated web must be large enough to cover thoroughly a grid of size H × H to

achieve representative values of web density and uniformity. The corresponding required

values of nW and nL were estimated in a convergence study for two different amplitudes

of oscillation, u01 = 1 mm and u02 = 50 mm, and a grid size 500×500 mm. The results

reported in Tables 2 and 3 show that convergence in web areal density and coefficient

of variance are reached for nl > 80 and nw > 1500. It is also found that the effect of

fibre clustering, which takes place predominantly at small amplitude of oscillation (see

Figure 8), on web coefficient of variance is minimal, namely CV ' 0.38 at u0 = 1 mm

and CV ' 0.36 at u0 = 50 mm.

To further investigate this aspect, fibre webs were simulated using the idealised square

wave spectrum approach described in Appendix A.1 to characterise the fibre geometric
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Figure 9: Schematic of the stochastic web generation model.

Table 2: Convergence study at nw = 1500: effect of nl on the areal density and uniformity

of simulated webs for two different values of amplitude of fibre oscillations and grid size

500×500 mm. Each number represents the average over 10 simulations with standard

deviation between parentheses.

nl
ρav (g/m2) CV

u0 = 1 mm u0 = 50 mm u0 = 1 mm u0 = 50 mm

10 0.56(0.04) 0.57(0.05) 1.113(0.039) 0.957(0.049)

20 1.83(0.07) 1.63(0.09) 0.529(0.018) 0.508(0.023)

30 2.48(0.09) 2.24(0.10) 0.404(0.010) 0.408(0.009)

40 2.69(0.16) 2.52(0.12) 0.386(0.011) 0.381(0.012)

60 2.83(0.12) 2.75(0.11) 0.375(0.010) 0.364(0.009)

80 2.77(0.16) 2.76(0.11) 0.382(0.013) 0.359(0.006)

100 2.87(0.07) 2.74(0.18) 0.372(0.007) 0.362(0.011)

characteristics. Three very different values of bending energy e and cut-off frequency

number nc were used, as illustrated by the resulting representative fibre profiles of

Figures 10a - 10c. One can observe that, by increasing the bending energy, the radii of

loops are decreased, which in turn increases significantly fibre clustering from Spectrum

1 to Spectrum 3. This time the belt-to-fibre velocity ratio vb/vf was also varied via

Equation 14.

The effect of belt-to-fibre velocity ratio vb/vf and spectrum on the web overall density
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Table 3: Convergence study at nl = 100: effect of nw on the areal density and uniformity

of simulated webs for two different values of amplitude of fibre oscillations and grid size

500×500 mm. Each number represents the average over 10 simulations with standard

deviation between parentheses.

nw
ρav (g/m2) CV

u0 = 1 mm u0 = 50 mm u0 = 1 mm u0 = 50 mm

250 1.60(0.16) 1.20(0.10) 0.514(0.022) 0.561(0.025)

500 2.38(0.06) 2.11(0.06) 0.417(0.012) 0.416(0.010)

1000 2.82(0.09) 2.64(0.11) 0.380(0.009) 0.368(0.009)

1500 2.81(0.08) 2.78(0.12) 0.377(0.007) 0.361(0.009)

2000 2.84(0.13) 2.84(0.18) 0.379(0.009) 0.362(0.011)

2500 2.84(0.13) 2.87(0.19) 0.376(0.016) 0.356(0.012)

and uniformity is given in Figure 10d and 10e. Results show that increasing vb/vf
decreases both the density and uniformity for the three fibre spectra. As expected, the

web density is independent of the curvature of the single fibres forming the web, whereas

the web uniformity decreases from Spectrum 1 to Spectrum 2, and is very similar for

Spectra 2 and 3. This result is in agreement with the outcomes of the convergence study

above, and suggests that in a web formed of uniformly and independently generated

fibres, the uniformity of the web is not determined by the geometry of the individual

fibres once a sufficiently large radius of curvature for the loops is exceeded.
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Figure 10: Example of fibre profiles obtained from square wave spectra; (a) Spectrum1:

e = 2.5 × 103, nc = 20, (b) Spectrum 2: e = 2.5 × 104, nc = 50, and (c) Spectrum

3: e = 2.5 × 105, nc = 100. (d) Simulated web density and (e) web uniformity as a

function of the belt-to-fibre velocity ratio for the three different spectra. Each data

point represents the value averaged over 10 simulations.

3.4. Measurement of uniformity in real point bonded nonwovens

This section presents a digital image analysis method which prevents CV biasing due

to the influence of the bond pattern in point bonded nonwovens. Grey scale images of

polypropylene nonwoven fabrics produced at a spunbonding pilot line using 4 different

belt velocities were acquired using an Epson Exp10000XL scanner. Eight web samples

of A4 paper size and image resolution 871×617 pixels were used for each belt velocity.

The fibre velocity during laydown vf was estimated using the polymer mass rate ṁ and

the measured cross-section of the fibre Af through the formula

vf =
ṁ

ρAfNf

(17)
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Table 4: Experimental web data: belt-to-fibre velocity ratio vb/vf , fibre diameter, areal

density, coefficient of variation of the raw CV and filtered CVcorr images, as an average

over 8 measurements, for 4 different thermally bonded nonwovens.

vb/vf d (µm) density (g/m2) CV (%) CVcorr (%)

0.020 16.3 40 20.2 11.0

0.028 16.2 30 19.6 13.6

0.050 16.2 17 20.4 17.9

0.070 16.2 12 21.5 19.9
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Figure 11: Uniformity of thermally bonded nonwovens as a function of the belt-to-fibre

velocity ratio in raw images, and after removing the bond pattern through digital image

filtering.

where Nf is the total number of fibres, i.e. the number of nozzles in the spinneret.

A simple and reliable method to assess the uniformity of nonwovens is to calculate the

coefficient of variance of the grey scale level of pixels intensity in a web image [34, 35].

Although this method is suitable for a loose web, it cannot be applied to point bonded

nonwovens due to the regular bond pattern that biases the grey scale uniformity of the

image. This issue can be readily noted looking at the data in Table 4 and Figure 11.

Decreasing the belt-fibre velocity ratio vb/vf increases the areal density of the web and,

as a consequence, a decrease of CV would be expected. However, CV calculated from

the grey level of raw images shows a different trend. The influence of the bond pattern

is even more severe for high web areal densities, since here the contrast with a dense

web can be so intense that the grey level distribution of the image is dominated by the

bond pattern, and not by the fibre web.

The problem was solved by eliminating the bond pattern from the raw images before

calculating the coefficient of variation of the grey level pixels intensity, through a

frequency domain filtering technique. Periodical features of an image are reflected in

sharp energy bursts in the two-dimensional energy spectrum of the image [36]. This is
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shown for the raw nonwoven image, Figure 12a, and the corresponding energy spectrum,

Figure 12c. The diffuse peak at the centre of the spectrum contains information about

the random fibre web, while the sharp peaks are related to the periodic bond pattern. As

a consequence, the bonds can be safely eliminated from the original image without losing

information on the fibre web if the peaks are deleted from the energy spectrum. This

was done routinely in all the web images in a Matlab script that searched and deleted

the peaks in the spectrum with a circular notch Gaussian filter, as shown in Figure 12d.

A significant improvement for the accuracy of this technique was obtained by fitting

and subtracting the broad central peak from the image spectrum before applying the

peak-search algorithm. The image of the web without bonds shown in Figure 12b is

obtained by inverse Fourier transform of the processed spectrum. The spatial features

of the images are fully recovered from the image processing technique, although it was

observed that, especially in areas with the highest fibre density and at the boundary

of the image, the bond pattern might still be partially present after the processing

technique. This method can be potentially improved in the future by varying the

shape and the dimensions of the notch filter. The coefficient of variation calculated

after eliminating the bond pattern, shown in Table 4 and Figure 11, confirms that the

uniformity of the fibre web decreases with an increase in the velocity of the conveyor

belt.

3.5. Nonwoven uniformity measurements vs. simulations

Finally simulations are compared with web uniformity measurement described above.

The simulations used a fibre diameter of 20 µm and amplitude of oscillation of 10 mm.

Such an amplitude of fibre oscillation was observed for a single fibre in a spunbonding

diffuser as reported in [25]. The fibre diameter in the real spunbonded webs was in the

interval 15 - 18 µm, which is slightly lower than in the simulated fibres. However, the

results in Figure 6b together with the effect of the bending energy e on web uniformity

shown in Figure 10, confirms that the analysis is valid. Figures 13a and 13b show the

comparison between density and coefficient of variation of simulated and real nonwoven

webs as a function of the belt-fibre velocity ratio. It is observed that the density

predicted by the model matches the trend of the real nonwoven webs well. The trend

of varying web uniformity with velocity ratio agrees well between the measurements

and predictions, with the measurements around 13% higher than in the simulations.

This difference could be due to two reasons. The first is associated with the effect of

bond pattern on estimating non-uniformity. The image analysis technique described

in Section 3.4 attempts to eliminate the bond pattern from the web images but this

may not be entirely effective, increasing the measured non-uniformity. The second is

that the laydown model assumes that all the fibres are deposited individually, with no

interaction between each other. In reality, fibre interaction in the diffuser can take place

due to the fibre oscillations, which would result in increased non-uniformity in the fibre

laydown. Nevertheless, the agreement is good, both quantitatively and qualitatively.
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Figure 12: Web sample obtained with belt-fibre velocity ratio 0.02, (a) raw image,

(b) digitally processed image, (c) raw energy spectrum, and (d) energy spectrum with

energy peaks associated with the bonds removed.
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Figure 13: Comparison between simulated and real spunbonded webs of(a) web density

and (b) coefficient of variation.
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4. Concluding discussion

The irregular fibre looping path which is drawn by a single fibre during laydown in

the spunbonding process can be considered at two different scales. At the large scale

the radius of gyration defines the area covered by a single fibre on the web. At the

small scale the radius of individual fibre loops governs the tendency of the fibre to form

clusters of different areal density and, in point-bonded nonwovens, the free fibre length

between successive bonds.

The formation of a regular fibre web requires the tangential forces in the fibre-belt

contact to be large enough to prevent slippage of the fibre once it first touches the belt.

This condition is achieved through the correct combination of a normal air stream that

passes through the porous belt and a rough contact between fibre and belt. If one can

assume that fibre slippage is prevented, then the fibre profile is regulated mainly by three

parameters: the amplitude of fibre oscillations, which defines the radius of gyration, the

fibre diameter, which govern the radius of fibre looping, and the conveyor belt velocity,

which elongates the fibre profile along the machine direction.

Despite the fact that a small amplitude of oscillations and a small fibre diameter increase

significantly the tendency to fibre clustering, stochastic fibre web simulations have shown

that this has a small effect on web uniformity under the fundamental assumption that

the fibres are laid down independently from each other. On the other hand, the belt-

to-fibre velocity ratio is shown to be the main parameter which defines the density

and uniformity of the web. This conclusion has been supported by measurements

of web uniformity through a digital analysis technique that allows elimination of the

bond pattern from web images to avoid biasing of the coefficient of variation. The

simulations showed a good agreement with the measurements of web density and CV ,

albeit underestimating the later by about 13 %. This relatively minor difference may

be due to errors in estimating non-uniformity arising from the bond pattern or due

to fibre interaction in the real process. Further work on the fibre dynamics modelling

is required to address the effect of inter-fibre collisions on the web formation. Still,

the agreement between measurements and the predictions from the current model

formulation is satisfactory and the model provides valuable qualitative and quantitative

results to understand the phenomena that govern fibre web formation in the nonwoven

fabric production.
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Appendix A. Appendix

Appendix A.1. Random fibre generation from idealised spectral densities

The random fibre generation method described in Section 3.1 can be generalised if an

idealised spectral density function of the fibre curvature S(ω) = |K(ω)|2 is assumed,

instead of using a known fibre profile as a template. For simplicity a square wave

function of the form

S(ω) =

{
S0 if |ω| ≤ ωc
0 if |ω| > ωc

(A.1)

can be used [33], such that the fibre geometry is fully described by the two parameters

S0 and ωc. It is known that the energy of a signal in the spatial domain is related

to the energy in the frequency domain through Parseval’s theorem, which for the fibre

curvature reads:∫ +∞

−∞
|κ(s)|2ds =

∫ +∞

−∞
|K(f)|2df (A.2)

As a consequence, the non-dimensional bending energy of the fibre

e =
L

2

∫ L

0

κ(s)2ds (A.3)

is related to the spectral density function through the equality

e =
L

2

∫ +∞

−∞
S(f)df =

L

4π

∫ +∞

−∞
S(ω)dω (A.4)

The integral on the right hand side corresponds to the area 2S0ωc below the square

wave function, and gives the relation between the bending energy of a fibre and the

parameters that defines S(ω):

e =
S0ωcL

2π
(A.5)

where S0 and ωc are respectively the energy density and the cut-off frequency in the

square wave spectral density function, and L is the length of the fibre. By increasing e

the fibre forms a large number of loops with small radii of curvature, while, for e constant,

increasing ωc leads to a more irregular profile. The latter can be better understood by

considering the autocorrelation function of a signal whose spectral density is defined by

Equation A.1 [37]:

Rκ(ς) = 2S0
sinωcς

ς
(A.6)

where here ς represents the lag on the arc length along the fibre. As ωc increases

the curvature becomes progressively uncorrelated for smaller values of ς, and the fibre

configuration changes from concentric circular loops to uncorrelated irregular loops.

This is shown in Figure A1 where four different fibres are generated by varying the

bending energy and the cut-off frequency of the energy spectrum. The discrete cut-off

frequency is expressed as ωc = nc∆ω with ∆ω = 2π/L. It can be observed also that, for

the same value of bending energy, the fibre geometry is similar to that obtained with

the FEM model shown in Figure 5b.
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Figure A1: Fibre profiles randomly generated with a square wave-like spectral density

function, Equation A.1, with different values of e and ωc.
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