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Predicting internal stresses in center-
wound rolls with an undriven nip roller

James K. Good and Mark W.R. Fikes

Research using FSRS bas led to a new boundary condition which allows
previous internal stress models developed for center-wound rolls to include
cases where an undriven nip roll is in contact with the peripbery of the

wound roll

The Force Sensing Resistor (FSR®) is a device which
changes resistance in a predictable manner with the
application of force on its surface (7). The FSR has been
used in a variety of applications since its invention in 1986,
including position sensing, traffic counting, pressure
sensing in wind tunnels, and sensing in numerous security
devices. This article presents the results of a study in which
the FSR was implemented as a tool for measuring the
radial interlayer pressures in wound rolls.

The FSR exists in two primary forms: the shunt mode
FSR and the through-conduction mode FSR. This study
concentrated entirely upon the shunt mode form of the
device; therefore, the term “FSR” will refer to this form
throughout the article.

The FSR consists of two polyester sheets sandwiched
together. One sheet contains a screen-printed pattern of
discontinuous conductive fingers. The other sheet contains
a sensing film consisting of a number of organic and
inorganie ingredients suspended in a polymer matrix. The
sensing film acts as a shunt resistance to the printed
conductor on the opposing polyester sheet. The shunt
resistance of the sensing film decreases proportionately
with the applied normal force by means of microscopic
contact mechanisms in the sensing film. Very small
conductors and semiconductors, ranging from fractions of
microns to microns in size, are present in the sensing film.
The intimate contact of these particles with other particles
and with the conductive fingers on the opposite sheet
produces a relatively uniform resistance that changes as
a function of pressure. The mechanical form of the FSR
is illustrated in Fig. 1. Since the FSR is manufactured
by a sereen printing process, any size or shape of FSR
can be manufactured. The FSR used for all of the work
in this study is shown in Fig. 2. This pattern can be used
not only to measure interlayer pressures at various radii
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in the wound roll, but it can also be used to measure the
pressure variations across the width of the web in the cross-
machine direction.

This article will first present a technique by which the
FSR can be calibrated for experimental studies of the
radial pressure profile in wound rolls. The results of wound
roll studies which have led to the discovery of a new
boundary condition for wound roll stress models are also
presented. The development of this boundary condition
allows models previously constrained to center-winding to
be applied to center-winding with an undriven nip roll
pressed against the wound roll.

Discussion

Historically there have been many different types of
measurement of roll structure (2). If the discussion of these
measurements is confined to those roll structure measure-
ments which are primary measurements of radial
pressure, the number of measurement schemes is reduced.
One type of measurement is provided by the Smith Roll
Tightness Tester. This device measures the force required
to penetrate a needle to a depth of approximately 0.5 in.
into the face of a rewound roll. The force measured is the
sum of the force required to overcome the frictional force
between the web and the needle plus the force required
to separate the web layers, which may induce a local
increase in radial pressure above the pressure due to
winding. The values of the measured force are given in
arbitrary units, as the coefficient of friction may vary
significantly from one type of web to the next. Since the
device is used upon the roll face, profiles of the radial
pressure as a function of roll radius or circumferential
position can be generated for both roll faces.

The core torque test is a measurement of the torque
required to cause the core to slip within the wound roll
(3). The torque required for slippage to occur is related
proportionately to the average radial pressure applied to
the core and thus yields a single point averaged radial
pressure at the core radius. The pull tab test involves
winding thin steel or plastic strips into the wound roll at

June 1991 Tappi Journal 101



1. A shunt-mode style force sensing resistor

3. Hysteresis of FSR resistance values produced by loading sequence
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various radial locations (4, 5). After winding has been
completed, the force required to cause the tabs to slip
within the wound roll can be measured with a suitable
force gauge. With a known or measured value of the
coefficient of friction, the radial pressure upon the tab can
be calculated. Inserting the pull tab into a parent material
prior to winding provides more consistent results, since
the coefficient of friction between a steel tab and an
envelope of shim brass, for instance, will be more uniform
across the width of the transducer than that between a
steel tab and the web material.

Another measurement which is similar to the pull tab
and the Smith Roll Tester, since it relies upon a coefficient
of friction, is the axial press test (6). This test involves
placing a male die concentrically upon one face of the
wound roll and placing a female die concentrically upon
the opposite face. With one die restrained, an increasing
load is applied to the die on the opposite face until
telescoping of the roll occurs. With this maximum
measured load, dies of known diameter, and a known
coefficient of friction between web layers, the radial
pressure can be calculated. Thin capacitance gauges have
been used for studying the radial pressures in wound rolls
as well (7).

All of the measurement techniques discussed are either
a measurement of radial stress at the roll faces or are an
average measurement of radial stress across the width of
the roll. The FSR is the first viable transducer for studying
radial stresses across the width of the wound roll at any
radial location. '

Experimental procedure
Loading sequence

The loading sequence applied to the FSR has a very

significant effect upon its value of resistance. Two possible

loading sequences are “uploading” and “downloading.” An

“uploading” sequence is defined as a load succession in

which the load continually increases and never decreases.

A “downloading” sequence is defined as a load succession
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4. Effect of loading sequence upon FSR resistance values

5. Typical dynamic response of an FSR to a step input pressure
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6. Dynamic response to an FSR to step input pressures

7. Effect of pressure upon the dynamic response of the FSR
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in which the load is allowed to decrease at some point in Figure 3 illustrates that the FSR experiences a

the sequence.

The effect of the loading sequence is shown in Fig. 3.
When applying loads to the FSR, uploading yields
different resistance values than does downloading. The
uploading sequence was begun by applying a minimum
load and incrementally applying additional loads until the
maximum load was reached. The downloading sequence
then began by removing the loads incrementally until the
minimum load was reached. Resistance measurements
were taken at each incremental load. The data shown in
Fig. 3 are presented again upon log-log scales in Fig. 4.
The resistance of the FSR varies linearly with the applied
normal load when plotted upon log-log scales. This is
helpful during the calibration process, as the number of
calibration points necessary to formulate a valid calibra-
tion curve can be reduced.

hysteresis effect due to the loading sequence. Due to this
hysteresis effect, it is necessary to evaluate the loading
sequence encountered by the FSR for a particular
application and use that type of loading sequence to
calibrate the FSR. For the case of constant tension center-
winding, the roll will experience an upload sequence
because the radial pressure is initially zero and progres-
sively increases as the winding process continues.
However, for polymeric materials such as polypropylene
or polyethylene, the wound roll will experience relaxations
due to the viscoelastic properties of the material. Thus,
a download condition is introduced to the roll in the form
of decreasing radial pressure. If the resistance measure-
ments are made immediately after the roll has been
wound, the relaxations of the roll will be small and can
be neglected. For these reasons, constant tension center-
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8. Effect of measurement technique upon the dynamic response of
the FSR

9. Calibration apparatus for dead weight load application
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10. FSR repeatability test no. 1

11. FSR repeatability test no. 2
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winding will be considered an uploading sequence. The
same arguments can be made for the case of center-
winding with the addition of the nip roller.

Dynamic response
The dynamic response of the FSR to a step input pressure
104 June 1991 Tappi Journal

has been observed to be rather peculiar. A typical dynamic
response of an FSR under upload conditions is shown in
Fig. 5. Note that the resistance value of the FSR decays
from some initial value in a nonlinear fashion. However,
from the tests performed, the response of the FSR does
not appear to reach a steady state of resistance. The



12. Unwind/rewind facility

13. Effect of nip diameter upon the radial interlayer pressure in
centerwound rolls, nip pressure = 1.0 pli
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14. Effect of nip diameter upon the radial interlayer pressure in
centerwound rolls, nip pressure = 2.0 pli

15. Effect of nip diameter upon the radial interlayer pressure in
centerwound rolls, nip pressure = 4.0 pli
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maximum time interval used for these tests was 3 h. At
the end of the 8-h interval, the resistance value of the FSR
was still observed to be decreasing.

Another point of interest concerning the dynamic
response of the FSR is that a linear plot of resistance versus
time is obtained when the values are plotted on log-log

scales as shown in Fig. 6. It is interesting to note that the
slopes of the plots at the lower pressures are much greater
than the slopes of the plots at the higher pressures. This
illuminates the fact that the FSR behaves in a nonlinear
fashion with respect to pressure. The different slopes of
the plots also indicate that the overall change in resistance
June 1991 Tappi Journal 105
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16. Effect of nip pressure upon the radial interlayer pressure in
centerwound rolls, nip diameter = 3.0 in.
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19. Comparison of experimental results with Hakiel's model, LWC
paper, nip pressure = 1.0 pli

Nip pressure = 1.0 pli
Nip pressure = 2.0 pli
Nip pressure = 4.0 pli
Hakiel's model, Tw = 450 psl

(]

8

Y
=]

RADIAL INTERLAYER PRESSURE, psl
8

..

0 i I N A i i

1.0 12 14 16 18 20 22
NORMALIZED RADIUS, R/Rcore

—=« Haklel's model, T = Tw = 450 psi

Modified Hakiel's model:
T = Tw + NIT = 600 psl|

i —=&— Experimental resuits

RADIAL INTERLAYER PRESSURE, psi

A 5

0 i N I i L

10 12 14 16 18 20 22
NORMALIZED RADIUS, R/Rcore

at the lower pressures is much greater than the change
in resistance at the higher pressures. This is shown more
clearly in Fig. 7.

The dynamic response resistance data were obtained by
direct measurement from a digital multimeter and by
measurement of the voltage across the FSR in a ballast
circuit. Comparisons were then made between the results
of the two measurement techniques. The results of this
comparison are shown in Fig. 8. Note that the resistance
values from both measurement techniques converge on the
same value but take different paths in doing so. For this
reason, the same measurement technique that is used
during the calibration process should be used during the
actual experimental winding process.

Because the resistance of the FSR does not seem to reach
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a steady-state value, the same amount of time between
loading and resistance measurement should be taken for
both the calibration and experimental measurements. This
ensures that the reading was taken at the same point along
the time response curve of the transducer. The dynamic
response of the FSR limits its use to measuring static
pressures.

Calibration apparatus

A critical element in calibrating the FSR is to obtain a
good calibration apparatus. The primary purpose of the
apparatus is to apply a known uniform normal pressure
to the transducer so resistance values can be obtained to
construct a valid calibration curve. Because the FSR
functions from microscopic contact mechanisms and the
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pressure is virtually constant at a given radius of the roll,
creating a uniform pressure over the surface of the FSR
is vital if an accurate and repeatable calibration of the
device is to be performed. The device can be loaded by
the use of dead weights or by the use of a materials testing
system which is convenient when calibrating the FSRs for
use with plastic film webs where the radial pressures can
approach 700-800 psi.

It was observed that the calibration apparatus worked
better when the mating surfaces were “padded.” The
padding consisted of approximately 0.125 in. of the
material that was used during the winding experiments
and was located on either side of the FSR. The usage of
padding is consistent with experiments performed by
Interlink Electronics, Inc. The padding used for their

experiments consisted of a 0.0625-in. thick No. 50
durometer silicon rubber pad (7). The padding tends to
make the pressure distribution over the surface more
uniform and makes the calibration similar to the
environment in which the FSR is to be used.

A drawing of the apparatus used for calibrating the
FSRs is shown in Fig. 9. The apparatus uses dead weights
as the loading device. Results from repeatability tests are
shown in Figs. 10 and 11. Results from this calibration
apparatus were repeatable within 1%, which falls within
the 1% repeatability range of the FSR.

Calibration procedure

Due to numerous potential problems associated with
calibrating the FSR, a standard procedure is needed to
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Coefficient of traction 0.30° 022"
Core ID, in, 3.035 3.035
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2poisson’s ratio as a stack property was assumed to be near zero as
assumed by Hakiel (6).
Kinetic values of the coefficient of friction.
or is the radial pressure (psi).

ensure that valid results are obtained. As discussed earlier,

" the primary problems associated with the FSR calibration

are the dynamic response of the FSR and the application
of the load. For winding applications, the following
calibration procedure or a similar procedure should be
used:

1. Eliminate possible hysteresis effects by using an
“uploading” sequence. Always start the calibration with
the smallest load and progressively increase the load
until the maximum load is reached.

2. Take the resistance measurements at the same time
interval after loading that will be used during the
winding experimentation. If this time interval is very
large, time dependent data can be extrapolated on log-
log scale to determine the corresponding resistance
value.

3. Take four to five data points bo establish the calibration
curve. The curve should be linear when plotted on log-
log scales.

4. Use the average resistance value of the FSR strip
resistors to establish the calibration curve if the cross-
web radial pressure profile is not desired.

5. Use the least-squares curve fitting technique to
determine the calibration equation of the line that “best
fits” the calibration data on the log-log scales.

The use of this procedure should produce repeatable
results consistently. However, the calibration of the FSR
should be checked periodically. It has been observed that
major changes in such factors as temperature and
humidity ean produce changes in the ealibration. For this
reason, before each use of an FSR, test data points should
be measured and compared to the calibration curve to
ensure accurate calibration.
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Constant-tension center winding
with an updriven nip roll

Experimental procedure and results

The winding experiments were performed upon an
unwind/rewind facility in the Web Handling Research
Center (WHRC) Mechanics Laboratory. A drawing of this
machine is shown in Fig. 12. The web tension is controlled
by a magnetic hysteresis brake on the unwind roll and
is measured by cantilevered roller load cells. The winder
is equipped with an undriven nip roller which can be
impinged upon the winding roll at various pressures.

The initial winding experiments for this empirical study
were performed with a lightweight coated paper. Each
experiment was conducted at a winding tension of 0.45
pli. Nip loads of 1.0, 2.0, and 4.0 pli were applied with
nip rollers of 3, 4, and 5 in. in diameter.

The effect of the nip diameter is shown in Figs. 13-15.
Each data point in these figures represents the average
of the results of three different experiments. In view of
the uncertainties associated with each data point in these
plots, it was concluded that lightweight coated paper web
material used for this study does not exhibit any notable
sensitivity to the diameter of the nip roller.

The effect of nip load is shown in Figs. 16-18. These
figures illustrate that increases in the nip pressure result
in increases in the magnitude of the radial pressures
within the roll. The nip appears to produce the same effect
as increasing the winding tension in constant tension
center-wound rolls.

When winding with an undriven nip roll, the maximum
wound-on-tension can never exceed the web line tension,
Tw, plus the tension difference across the undriven nip roll.
The maximum tension difference which can exist across
the undriven nip roll is the nip load multiplied by the
coefficient of friction between the wound-on-layer and the
layer beneath. This tension difference exists due to the nip,
and the mechanism by which the nip induces tension has
been reported by this author (8). Thus the maximum



wound-on-tension, T, for this winding configuration is:
T=T,+NIT=Tw+ uN/h 1)

where NIT is the nip induced tension, u is the coefficient
of friction, N is the nip pressure in units of load per unit
width, and h is the web caliper which yields units of stress
for the tension.

Extension of center-winding models to account
for the nip

Some winding models included an assumption that the
elastic modulus in the radial direction of the roll was
constant. The work of Pfeiffer (9) took into account that
the radial elastic modulus behaved in a nonlinear fashion.
Hakiel (6) then developed a finite difference procedure that
was capable of obtaining numerical solutions to various
center-winding cases based upon the nonlinear radial
modulus. The numerical solutions for the cases presented
herein were obtained from a computer code that imple-
mented Hakiel’s finite difference procedure. Hakiel’s
model for center-winding involves the solution of a second-
order differential equation in radial pressure. One of two
boundary conditions required for the solution of this
equation is that the web-line tensile stress is assumed equal
to the circumferential stress in the wound-on layer. To
extend Hakiel’s center-winding model to account for the
undriven nip roll, the maximum wound-on tension,
calculated from Eq. 1, is assumed equal to the circum-
ferential stress in the wound-on layer.

Results from the extended model

Shown in Figs. 19-21 are results from the extended model,
the center-winding model (assuming no NIT), and
experimental data obtained from winding experiments
using F'SRs. Since the radial pressure profiles were shown
to be more dependent upon nip pressure than nip diameter,
all the radial pressure data for all nip diameters at a given
nip pressure were averaged, and standard deviations were
caleulated. Thus each experimental data point in Figs. 19-
21 represents the average of nine tests, and the standard
deviation is shown overlaid as an error bar. The extended
model works quite well for the lightweight coated paper.

For a polypropylene material, similar results are shown
in Figs. 22-24. Again the extended model predicted the
wound roll stresses quite well. Thus the extended model
seems to be accurate for a range of materials.

The web and stack property data are presented in Table
I for both the lightweight coated paper and for the
polypropylene materials which were wound.

Conclusions
Calibration of FSRs

The calibration of the FSR is one of the most critical
aspects pertaining to the use of the FSR as a pressure
transducer. The response of an F'SR under applied normal
pressures has the following distinguishing characteristics:
a nonlinear resistance-versus-pressure profile, sensitivity
to loading sequence, and a slow dynamic response. The
nonlinear response of the FSR places great emphasis upon
correct calibration because slight errors in calibration are
magnified and can result in large errors in experimental
values obtained from the transducer. In order to obtain

good results, great care must be taken to calibrate the FSR.
The two principal factors affecting the calibration of the
FSR are the response of the FSR to applied normal
pressures and the equipment used to perform the
calibration. The apparatus should be designed and
manufactured with the following two goals in mind:

e The F'SR should be placed between two “padded” mating
surfaces.

e The load should be centered directly over the F'SR being
calibrated.

If these two goals are met, then the apparatus will yield
repeatable results.

The extended winding model

The empirical study proved that for center-winding with
an undriven nip roll, the diameter of the nip roll has a
lesser effect upon the radial stress profile in the wound
roll than the magnitude of the nip pressure. If a new
boundary condition is implemented which equates the
wound-on-tension in Eq. 1 to the circumference stress in
the wound-on-layer, an extended version of Hakiel’s model
provides results which are accurate for center-winding
with an undriven nip roll.(]
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