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Many consumer and industrial products are produced 
from paper, plastic film, and nonwoven webs with 

widths that greatly exceed their thicknesses and lengths 
that greatly exceed their widths. Webs are stored in 
the form of rolls that may be unwound, processed and 
rewound many times before the web is converted to a final 
product. Though the winding is necessary, it is frequently 
responsible for losses in product quality and therefore, 
profits, so it must be done carefully. 

Many references are found in the literature where winding 
of webs is investigated. The result of these investigations was 
often winding models that relate winder operating parame-
ters and web and core material parameters to output param-
eters such as internal pressure and web stresses. If roll defects 
could be quantified in terms of these outputs, then they could 
be avoided by seeking winder operating parameters that 
would limit the pressure or stress that was responsible for the 
defect.  Theoretical investigations of winding and wound roll 
models can broadly be classified into the following categories 
based on the solution approach:

• Closed form solutions based on linear elastic theory.
• �Numerical solutions based on linear elastic, viscoelastic, 

thermoelastic, large deformation continuum, or energy 
formulations.

• �Numerical solutions based on accretive axisymmetric 
finite element (FE) formulations.

• �Numerical solutions with the use of commercial FE 
codes.

Many of the analytical and numerical models classified 

above have been reviewed by Good and Roisum [1].  Only a 
few authors have focused on the analysis of wound rolls using 
FE methods. These investigations focused on the impact of 
web thickness and length variation on wound roll shape and 
stresses [2,3]. Commercial FE codes have primarily been used 
to study the effect of roll weight, gravity, etc., on the wound 
roll structure. Some of the examples include the coil collapse 
FE simulations of Smolinski et al. [4] and Li and Cao [5]. Arola 
and von Hertzen [6] analyzed the development of sheet ten-
sion under a rolling nip on a paper stack using explicit FE 
methods. Recently, in another study [7], Arola and von Hert-
zen used an elastoplastic continuum model in an explicit for-
mulation to study the slippage within the wound roll. The 
same model was extended to study the effect of clamping 
forces on the deformation of the wound rolls. Be it a classical 
or a numerical approach, all the authors have assumed that 
the wound roll is a set of concentric hoops and that the bend-
ing strains and stresses associated with making the flat web 
conform to a wound roll are negligible. 

At the beginning of a winding operation, the web will be 
attached to the winding core and the winder is started. For 
many webs, it is noted that there is a visible presence of a ra-
dial disturbance at the outside of the winding roll at the same 
circumferential location where the web was adhered to the 
core. Some webs have high radial compressibility, and this 
disturbance may be visible only while the first layers are 
added to the core. Other webs with low radial compressibil-
ity may still exhibit this radial disturbance after winding has 
been completed and thousands of web layers have been 
wound onto the core. When unwound, the web may have a 
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	 Application: This research shows how explicit finite element modeling can be used to wind rolls of web materi-
als. It also shows how this type of modeling can be used to solve winding problems that cannot be solved by other 
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permanent crease in the web across the web width in the 
cross direction (CD) that may or may not be acceptable and 
may repeat for every revolution of the unwinding roll.  

Many webs are wound with a roller impinged at the outer 
radius of the winding roll that may be driven or undriven. The 
impinged roller may serve to limit the amount of air that is 
wound into the winding roll, but it also serves to modify the 
tension in the outer layer(s) by locally inducing slippage be-
tween web layers in the zone of contact between the im-
pinged and winding rolls. This slippage cannot be directly 
modeled using the previously developed winding models. The 
slippage would result in relative circumferential motion be-
tween layers that is not defined for these models.  

For the problems described previously, the spiral geometry 
of the wound roll is an important detail that must be modeled. 
Except for viscoelastic material effects, the winding models 
that assume the wound roll can be modeled as concentric 
hoops of material are decoupled from time.  We will model 
the process of winding a flat web into a spiral geometry on a 
core using an explicit time dependent finite element formula-
tion to explore the problems described.

WOUND ROLL FINITE ELEMENT MODEL
During the startup sequence of a winder, the incoming pre-
tensioned layer is fastened to the core.  The winder is started 
and layers are wound in a spiral fashion upon the core. In the 
models presented, it is assumed that the torque required to 
wind the rolls will be provided at the core (e.g., a center 
winder). 

Model setup
The model is set up such that it resembles the real winding 
process closely. Consider an initial configuration in which the 
incoming web layer is tied to the rigid core, as Fig. 1a shows. 
The core and the nip roller (in the case of center winding with 
an undriven nip roller) are modeled as rigid cylindrical bod-
ies. The web is modeled as an elastic layer of constant thick-

ness. Winding is then accomplished in different steps that are 
a function of time in ABAQUS/Explicit (a commercial FE pro-
gram from Dassault Systems Simulia; Providence, RI, USA).

In the first time step, the web tension (the distributed load 
Tw) is prescribed at the left end of the sheet. A constant web 
tension will be simulated in the incoming sheet, as Fig. 1b 
shows. In this time step, the center of rotation of the core is 
fixed in all degrees of freedom, and the nip roller is pinned. 

In the second time step, the nip roller contacts the incom-
ing web under a prescribed nip load (N). In this time step, the 
boundary conditions are modified such that the center of ro-
tation of the nip roller is fixed only in the horizontal degree 
of freedom and is free to move vertically as well as rotate about 
its axis, as Fig. 1c shows. This facilitates the application of nip 
load vertically. In the third step, winding of the roll is accom-
plished by prescribing an angular velocity to the rigid core 
after release of the rotational constraint, as Fig. 1d shows.

For the case of center winding without a nip roller, the nip 
roller shown in Fig. 1 is not included in the model. At the start 
of these simulations, the web tension is applied in the first 
time step. In the second time step, the angular velocity of the 
core is brought to a set value.  

Table I  summarizes the model properties. The web thick-
ness was intentionally set high to emphasize the ability of this 
modeling method to capture what will be shown to be sig-
nificant bending strains and stresses in the web as part of the 
total stresses. 

Element behavior and material 	
constitutive laws

For the examples that will be shown, the winding problem is 
analyzed in plane stress conditions. Depending on the width 

1. Schematic representation of the finite element (FE) model 
setup.

Property Value

Web length 509.5 cm

Web thickness (Caliper) 0.254 cm

Rigid core diameter 8.89 cm

Rigid nip roller diameter 10.16 cm

Final wound roll diameter 15.61 cm*

Angular velocity (ωc) 0.5 rad/sec

Coefficient of friction  
(μNw, μww, μcw)

0.2, 0.2, 0.2

Web tension (Tw) 2.6,  4.4, 6.1 N/cm

Nip load (N) 8.8, 17.5, 26.3, 35 N/cm

Web Young’s modulus (E), 
Poisson’s ratio (ν)

69 MPa, 0.3

Web density (ρ) 1.25 g/cm3

*This value is approximate and will vary depending on 
winding conditions.

I. Winding model properties.
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of the winding roll, the conditions can approach plane strain, 
but later the results will be compared to a published winding 
model that was derived for plane stress conditions. The core 
and the nip roller were modeled as rigid analytical surfaces in 
these examples. The web was modeled using elastic solid four-
noded isoparametric quadrilateral elements in a reduced in-
tegration mode instead of full integration mode due to com-
putational advantages [8]. A single four-node quadrilateral 
element is insufficient for modeling the bending of a web 
through its thickness; thus, multiple elements are required 
through the thickness of the web. After studying various num-
bers of elements through the web thickness, it was concluded 
that four layers of elements were sufficient to model the bend-
ing effects seen by the web in the analyses conducted. In total, 
the winding model consisted of 10036 nodes, which defined 
8026 elements and 20073 degrees of freedom. 

Most materials in web form are anisotropic due to the di-
rectional orientation imparted during the forming processes. 
In addition, the radial modulus property, which is measured 
as the modulus of a web stack, is a nonlinear parameter and 
varies with pressure. To reduce computational time, the web 
is modeled as a linear isotropic material, and the stresses and 
strains are assumed to follow the constitutive relationship in 
plane stress as expressed in Eq. (1). 

	 	￼ 	 (1)

It should be noted that the commercial FE codes are capable 
of modeling materials with state dependent properties, but 
the computational expense is quite high, as the properties are 
evaluated in user written subroutines that may be addressed 
several times in a solution time step.

Surface interaction behavior
As winding begins, the bottom surface of the incoming web 
layer contacts the rigid core. After one revolution of the core, 
the bottom surface of the incoming web layer contacts the 
top surface of the winding roll. In the case of winding with 
an undriven/driven nip roller, the top surface of the incoming 
web layer contacts the rigid nip surface. One of the challeng-
es in modeling a winding process using an explicit FE method 
is to accurately model these surface interactions. This is ac-
complished by modeling the contact pairs using a kinematic 
predictor-corrector contact algorithm [9] to strictly enforce 
the contact constraints that allow no nodal penetrations. The 
friction between all contacting surfaces is modeled using the 
Coulomb’s friction law with a constant coefficient of friction. 
The Coulomb friction model relates the maximum allowable 
frictional (shear) stress across an interface to the contact pres-
sure between the contacting bodies. In the basic form of the 
Coulomb friction model, two contacting surfaces can react 

shear stresses up to a certain magnitude across their interface 
prior to slipping relative to one another in a state that is known 
as stick. This is schematically represented in Fig. 2 .

The Coulomb friction model defines this critical shear 
stress (τcrit) as the stress at which sliding of the surfaces starts 
as a fraction of the contact pressure (p(x)) between the sur-
faces, as given in Eq. (2). The stick/slip calculations determine 
when a point in a contact region moves from stick to slip or 
from slip to stick. 

￼ 	 	 	 	 	 	 (2)

The coefficient of friction (μ) in this expression can vary de-
pending on where slippage is occurring. There can be slip-
page between the web and core (μcw), between web layers 
(μww), and between the outer layer and the nip roller (μnw).

Loading rates and damping
For accuracy and efficiency, explicit analysis requires the ap-
plication of loading that is as smooth as possible to ensure that 
the accelerations are low. If the acceleration is smooth, it fol-
lows that the changes in velocity and displacement are also 
smooth. In order to reduce the oscillatory behavior of these 
parameters, the amplitudes (A(t)) of velocity and load bound-
ary conditions are ramped from their initial (As) values at time 
ts to final values (Af) at time tf smoothly and are calculated 
using Eq. (3) [10]. Figure 3  shows the different boundary 
conditions in the model as a function of time. It should be 
noted that these functions are very similar to the S curves that 

2. Schematic representation of a Coulomb friction model.

3. Behavior of web tension, nip load, and core surface velocities 
as a function of individual step times.



FINISHING

28  TAPPI JOURNAL | JUNE 2011

control engineers use to make smooth transfers from one vari-
able state to another in web lines where the intent is also to 
reduce or prevent oscillatory behavior.

￼ 	 	 (3)

Each input parameter may induce numerical oscillation, 
but combinations of these inputs are even more apt to pro-
duce oscillation. Thus, each input is ramped to a final value 
sequentially, as Fig. 3 shows. At 1 s into the simulation, the 
web tension has stabilized and nip load is just beginning to 
increase. At 2 s into the simulation, the nip load has stabilized 
and velocity is just beginning to increase. At 3 s into the simu-
lation, all input parameters have stabilized and all input condi-
tions are steady state thereafter until the completion of the 
winding.  

Internal damping will also limit oscillatory behavior. 
Damping is used for two reasons in dynamic analyses. The 
first reason is to limit the numerical oscillations in the solution 
of the systems of equations, and the second reason is to intro-
duce physical damping when it is present and hence must be 
modeled. Recommended default values for damping in 
ABAQUS/Explicit were used in these analyses. These factors 
were then increased and decreased by factors of 10, and neg-
ligible impact on the results was witnessed. We concluded 
that the recommended default levels for damping factors were 
sufficient for the problem modeled.

Solution accuracy and time
The explicit procedure produces the dynamic response of the 
model through time in small time increments. The time incre-
ment is only conditionally stable. The stability limit is the larg-
est time increment that can be used without generating large, 
rapidly growing errors in the response. An approximation to 
the stability limit is written as the smallest transit time of a 
dilatational wave across any of the elements in the mesh, as 
given in Eq. (4). Thus, the time increment in an explicit dy-
namic analysis can be very short if the mesh contains small 
elements (of length Lmin), or if the stress wave speed (Cd) in 
the material is very high. Also, because the explicit central 
difference method is used to solve the equations of motion 
through time, the discrete mass matrix used in the equilibri-
um equations plays a crucial role in both computational effi-
ciency and accuracy [11]. Mass scaling is the procedure of 
artificially increasing the mass of the entire or partial struc-
ture such that the smallest stable time increment can be in-
creased to reduce the overall computational time. Per Eq. (4), 
the stable time increment is directly proportional to the 
square root of mass density (ρ). When a mass scaling factor of 
‘f’ is used, the stable time increment increases by √f.  When 
used appropriately, mass scaling can often improve the com-
putational efficiency, while retaining the necessary degree of 
accuracy required for a particular problem [12]. It should be 

ensured that the changes in the mass and consequent increas-
es in the inertial forces do not alter the solution significantly. 

￼ 	 	 	 (4)

In the winding FE model developed, the element length, width, 
mass scaling factor, and Young’s modulus for the web were 
carefully chosen and set at 0.254 cm, 0.0635 cm, 50, and 69 
MPa, respectively. A typical wound roll is made up of many 
layers (often thousands). However, winding an entire roll in an 
explicit FE code is computationally expensive. In order to 
study the winding problem and get a basic understanding of 
the development of wound roll stresses, the wound roll model 
was run until 13 layers were wound onto a rigid core. The 
analysis required an average of 60 h to complete. Desktop com-
puters with average processing capabilities equivalent to that 
of an Intel Pentium IV 3.0 GHz processor with 1 MB of RAM 
were used for model simulations. Similar simulations on cur-
rent multi-core processors will require substantially less time. 

RESULTS
Wound roll stresses

Figure 4  shows the radial pressure in the wound roll as a 
function of wound roll length at the end of the winding pro-
cess in the last time step. The radial pressure shown in the 
figure is calculated as the average of the centroidal stresses 
through the depth of each layer in the wound roll. The radial 
pressure in a given lap oscillates about a mean value, and the 
magnitude of these oscillations reduces in the laps away from 
the core. The radial pressure is highest at the core and zero at 
the outer layer as expected. The large spikes in radial pressure 
are produced by the upper surface of the starting edge of the 
web coming into contact with the lower surface of web layers 
in successive revolutions of the winding roll. The spikes dis-
sipate when the wound roll builds as the bending stiffness of 
the web layers above the edge mutes the stress concentration 
of the sharp starting edge. The stress concentration of the 
starting edge will be discussed again later.

The tangential stress in any layer within the wound roll is 
comprised of both the membrane stress and the bending 

4. Radial pressure inside the wound roll.
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stress. Figure 5 shows the top and the bottom surface tan-
gential stresses in the wound roll as a function of wound roll 
length. The bending stresses are obviously significant in this 
case due to the web thickness and core diameter selected. The 
membrane portion of the tangential stress in a given layer can 
be calculated as the average of the top and bottom surface 
stresses and is shown in Fig. 6 . The tangential stress behavior 
is noisier near the core and the magnitude of the oscillations 
decreases with increase in wound roll length. At the outer 
diameter, the tangential stress is equivalent to the stress due 
to web tension in the free span. Later, when winding with a 
nip roller, we will note the tangential stress in the outer lap is 
greater than that due to web tension in the free span.

Comparison with existing wound roll models
The model results for radial pressure and tangential stresses 
are compared to the results obtained using Hakiel’s model [13] 
in Fig. 7  and Fig. 8 , respectively. Observe that the FE model 
results represent the average of the radial pressure and the 
tangential stress values in each lap taken from the data shown 
in Figs. 4 and 6, respectively. The radial pressure and tangen-
tial stress values from the FE model compare well with the 
Hakiel’s model results, except near the core.

At the start of the winding process, as a new lap is laid on 
top of the layer adjacent to the core, the new lap encounters 
a radial discontinuity in the form of the web layer that is tied 

to the core, as Fig. 9  shows. This discontinuity (bump) cre-
ates a severe stress concentration and causes high stresses 
near the core. This is the reason for the disagreement between 
Hakiel’s model and the FE model. Note that Hakiel’s model 
incorporates an assumption that each lap in a wound roll is 
modeled as a concentric hoop and no discontinuities occur 
within the wound roll. Also, Hakiel’s model is a one dimen-
sional solution that provides the radial and tangential stresses 
as a function only of wound roll radius. As such, discontinui-

5. Total stresses in the top and bottom surface of each layer in 
the wound roll.

7. Comparison of radial pressure between the FE model and 
Hakiel’s model.

6. Tangential stresses in each lap in the wound roll. 8. Comparison of tangential stresses between the FE model and 
Hakiel’s model.

9. Stress discontinuity near the core due to web thickness.
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ties in a circumferential direction cannot be explored with 
one dimensional models like Hakiel’s, even though these dis-
continuities exist in reality. As the roll grows, the stress con-
centration decreases, the wound roll becomes more cylindri-
cal, and, hence, the radial pressure values compare well 
between the FE model and Hakiel’s model. Models such as 
Hakiel’s one dimensional winding model were never intended 
to account for web bending stresses. The web modeled is 
comparatively thick and the bending stresses are 10 to 20 
times greater than the uniform winding stress in the web of 
102 KPa, as Fig. 5 shows. Thus, under these circumstances, 
comparison of the FE results with the previous winding model 
results are quite good.

Effects of nip load on wound-in-tension
Figure 10  shows the effect of nip load on wound roll pres-
sures and tangential stresses in a center wound roll with an 
undriven nip roller at a constant web tension of 2.63 N/cm. 
Although the results are not shown here, increasing the web 
tension increases the wound roll stresses and results in a sim-
ilar qualitative behavior as shown in Fig. 10. Similar observa-
tions have been made by Good and Fikes [14]. The web ten-
sion and the nip load control the tangential stresses in the 
outermost layer, which in turn controls the stresses inside the 
wound roll. The tension in the outermost layer of a winding 
roll is commonly referred to as the wound-in-tension (WIT). 

The portion of the WIT due to nip load is known as the 
nip-induced-tension (NIT). The existence of NIT was docu-
mented in tests conducted by Pfeiffer [15,16] and by Rand and 
Ericsson [17]. The source of the NIT involves the contact me-
chanics of the outer layers of the winding roll with the nip. 
Jorkama [18] modeled the behavior with computations. There 
is a finite width of contact between the surface of the wound 
roll and the nip due to the elasticity of the surfaces and the 
nip load level. As the outer layer passes through this contact 
zone, the normal pressure increases from zero to a maximum 
level and then returns to near zero pressure. Slippage will 
occur at some levels on the outer and inner surfaces of the 
outer layer, depending on web and nip elastic and friction 
properties. The forces of slippage combined with the web 
tension sum to produce the WIT.

The explicit finite element method computes the pressures 
of contact and the slippage forces in the nip contact zone. It 
also will maintain the outer layer in equilibrium, and, hence, 
the web tension and the forces of slippage must be balanced 
by the WIT. In these analyses, the WIT is expressed in terms 
of force per unit width of web with units of N/cm. It is calcu-
lated by multiplying the average tangential stress in the outer-
most layer and the thickness of the layer.

Figure 11  shows the effect of web tension and nip load 
on the WIT. In this case, observe that the WIT varies linearly 
with both the web tension and the nip load. As the web ten-
sion increases, the WIT values at different nip loads are lin-
early displaced by the amount of increase in web tension. The 
NIT is the component of the WIT that is caused due to the nip 
load and is calculated by subtracting the value of web tension 
from the WIT in a center winding process with an undriven 
nip. The figure indicates that the NIT is independent of web 
tension in a center winding process with an undriven nip 
roller. When the slope of the NIT curve is calculated, a value 
of 0.2 is obtained, and this value is equivalent to the coefficient 
of friction between the web layers that is given as an input to 
the model. This is similar to the observations of Good et al. 
[19]. They also observed that the WIT reduces from the max-
imum possible value of ‘μN’ at high values of nip load. This 
behavior is not seen in the model and is attributed to the as-
sumptions of linear isotropic material properties for the web 
material.

CONCLUSIONS
The results show that modeling complex winding behaviors 
is possible using the explicit FE method. Now that methods 
exist for analysis, we can study various strategies for adhering 
webs to cores and core stiffness selections that will help mit-
igate the stress concentration associated with the start of the 
web on the core. We also saw the potential for large bending 
stresses and strains in the wound roll that, when combined 
with the viscoelasticity of webs, could result in machine di-
rection curl defects. The method was also shown capable of 
modeling nip induced slippage and tension effects. In short, 
we have shown the potential for exploring many types of de-

10. Effect of nip load on wound roll stresses. 11. Effect of web tension and nip load on the wound-in-tension 
(WIT) and nip-induced-tension (NIT).
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fects in wound rolls that were previously not possible, and the 
potential possibilities are exciting. TJ
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ABOUT THE AUTHORS
Web losses associated with winding are very high, 
and winding research has been a major focus at the 
Web Handling Research Center at Oklahoma State 
University since 1988. Many winding models have 
been developed in the past that have helped prevent 
several types of winding defects. Often, assumptions 
are made in the development of models that can pre-
vent them from diagnosing all the defects we witness 
in the production environment. The research present-
ed here stands out from previous work in that, for the 
first time, the nip-induced-tension problem was mod-
eled in its entirety, the bending stresses that result 
from winding webs into rolls were modeled, and the 
impact of the web start at the core on local roll stress-
es was shown.

In this research effort, we show how explicit finite 
element (FE) modeling can be used to model the 
winding of rolls while enforcing no limiting assump-
tions. We show results where the effect of a web start 
at the core locally influences wound roll stresses and 
where bending stresses become part of the winding 
stresses. We show how nip contact influences the 
winding tension stress in the outer layer of the roll.  
These stresses can be used to diagnose contact de-
fects due to the web start and due to nip contact, curl 
defects due to bending, and bursts due to nip induced 
slippage.

The most difficult aspect of the 
explicit FE modeling used in this 
research involved the solution of 
very large sets of equations of 
motion, which can require many 
days of computation to solve. We 
addressed this aspect by carefully 
choosing the elements and mesh 
density for the problems 
modeled.

	 Mills can benefit from 
this information by knowing that 
there are new modeling methods 
available to help them explore a 
greater range of roll defects, and 
that these models can be used to 
determine winder operating con-
ditions that prevent defects. Our 
future research will include the 
study of other wound roll defects 
using this method, as well as to 
encourage use of this modeling 
method for winding rolls and ex-
ploring ways to improve roll quality.
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