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ABSTMCE Fabric of lower thickness has reduced the costper 
squdre meter of nonwoven rollgooA whik increaing the chalhge to 
minuin fabric qwlity a d p d o m n c e .  On-line basis weight 
memrement ytm must meet special requiremen B j r  hoUing 
products andprocesses within tighter tohances. This paper desm’bes 
the specialized technology needed to m k e  on-line bmh weight 
memrements prmticaljr the prodwon of lightweight nonwoven 
fdbrics. 
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ment, sensors, transmittws 

n-line basis weight measurement 0 systems, driven primarily by the 
paper and plastics industries, have 
evolved dramatically over the last 40 
years. Using beta, gamma, X-ray, in- 
frared, visible, capacitance, and micro- 
wave technologies, suppliers have 
continuously improved measurement 
accuracy and system reliability for a 
variety of applications. Broad accep- 
tance and the use of such scanning on- 
line measurements has occurred 
throughout the nonwovens industry 
from felt and fiberglass mats through 
airlaid, chemibond, spunbond, 
meltblown, and spunlace fabric struc- 
tures. 

Special requirements, however, ex- 
ist for the practical application of on- 
line ba@ weight measurements for 
lightweight nonwoven fabricsandlightr 

weight sheets such as tissue paper and 
ultrathin plastic h. In these instances, 
difficult technical challenges have lim- 
ited the number of suppliers providing 
successful sensor designs. 

For instance a typital tolerance for 
a 500 g/mz sheet is only f 0.2 %. The 
same error with a 50 g/mz sheet is 
+_ 2.0%. For practical on-line basis 
weight measurement and control, the 
measurement accuracy tolerance must 
be small compared to the product’s 
quality tolerance. 

Therefore the error budget for de- 
signing and applyingbasisweightmea- 
surements must be continuously 
reduced for fabrics in the 5-50 g/mz 
range. Atarget errorbudget off 0.25% 
(orf 0.05g/mz,whicheverisgreater)is 
needed to provide meaningful quality 
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and control performance results. 

S e l e b g  &e Itpest semdsr 

nonwoven a3ria 

Sensor technology selection focuses 
on two key issues: repeatability and 
sensitivity for low basis weights. Sen- 
sor design in terms of transmission 
versus reflection configurations has a 
major impact on measurement repeat- 
abilityforany givensource type. Source 
type selection has a major impact on 
basis weight sensitivity and composi- 
tion insensitivity for any given sensor 
configuration. 

Source type selection also affects 
the practical matter of costly develop- 
ments for specific applications. Sensor 
re&ements for on-line measurement 
of lightweight products such as 
nonwovens benefit from parallel de- 
velopments for lightweight tissue and 
plastic Nm applications. 

T ~ ~ i o r a  vs. r d e d o n  in 
sensor & s i p  
The sensor technologies mentioned 
above have been developed in both 
transmission and reflection configura- 
tions. When deciding which technol- 
ogy is best for lightweight nonwoven 
fabrics, the repeatability advantages 
of thesetwo sensor configurationsmust 
be considered. 

In transmission sensor designs, a 
source of radiation is located on one 
side of the fabric and a detector is 
located on the opposite side of the fab- 

:A 



1. Common source types and uses 
~~ ~~ ~~ 

Source type Radiation type Bass sheet Mosf Basis weight sensitivity 
interaction common use 

Beta rays 

Hard X rays 
(over lOkeV, and 
gamma rays) 

Soft X rays 
(below 10 keV and 
above 2.5 keV) 

Very soft X rays 
(below 2.5 keV) 

Infrared radiation 

Visible light 
radiation 

Capacitance 
and microwave 

Energetic electrons 

Energetic photons 

Energetic photons 

Energetic photons 

Photons 

Photons 

Electromagnetic 
fieM 

Atomic 
absorption 
and scattering 

Atomic 
absorption 
and scattering 

Atomic 
absorption 
andscattering 

Atomic 
absorption 
and scattering 

Molecular 
absorption by 
chemical bonds at 
specific wavelengths 

Optical density 

Bulk dielectric 
properties 

Paper sheet 
and tissue 
Plastic sheet 
and film 

Aluminum 
sheet and foil 

Ash in paper 
Metallic oxide 
coatings 
Glass fiber 

Not common 

Moisture 
Polymer concentra- 
tions 

Opacity, color 

Moisture in 
presence of 
carbon black 

Very good 
Low dependence on 
atomic number 
(composition) 

High dependence 
on atomic number 
Poor for organic 
materials 
Very good for metals, 
inorganics 

Very good 
Subject to variability 
of organic vs. inorganic 
composition 
High dependence on 
atomic number 

Highly absorbed by air 

Good for water 
Good for pure polymers 
Some optical effects 
cause ambiguous 
readings 

Optical effects 
may be ambiguous 
with basis weight 
effects 

Poor for basis weight 
of lightweight sheet 
Very sensitive to sheet 
structure, temperature, 
and humidity 

ric. As the radiation interacts with the 
sheet, the detectedradiationisreduced 
by absorption and scattering mecha- 
nisms. As basis weight decreases, the 
transmitted radiation increases. 

In reflection sensor designs, the de- 
tector is located on the same side of the 
sheet as the source of radiation. As the 
radiation interacts with the sheet, a 
small portion of it is scattered back- 
ward toward the detector to carry in- 
formation about the sheet. The majority 
of the radiation is either absorbed or 
scattered forward. As basis weight de- 
creases, the reflected radiation de- 

creases. 
Comparisons between same source 

types such as high flux X-ray tubes or 
infrared lamps show that the basis 
weight repeatability of transmission 
sensors is much greater than the basis 
weight repeatability of reflection sen- 
sors. This effect corresponds to the 
relative ratio of transmitted to reflected 
radiation. The difference is even more 
pronounced for sensors using radioac- 
tive sources, since they have corre- 
spondingly lower flux levels. 

Considering the need to meet an 
extremely tight error budget, the trans- 

mission sensor configuration is favored. 
The only loss in signal is from back 
scattering, and theamount ofbackscat- 
tering decreases as basis weight de- 
creases. 

Source type vs. sheet interaction 
The issue of selecting the best source 
type for a nonwoven sheet depends on 
accurately separating the sheet from 
its environmental surroundings. Thus 
some property of the sheet must be 
selected for detection. This property 
must differ significantly from the other 
ambient conditions, and it must vary 
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according to the sheet's basis weight. 
Table I lists the commonly available 
choices and their typical uses. should be considered. zero-offset corrections. 

By reviewing the source types and 
their basic sheet interactions, the num- rates random variability from nonran- I~~~~~~~~~~ in 
ber ofviablealternatives can be consid- dom variability. A strict definition for repeatability 
erably reduced. random variabiIity restricts its mean- 

types for lightweight nonwoven sheets always average to zero. Therefore, non- repeatability should be no greater than 
must emphasize the ability to ad- random errors are those deviations f0*05 €dm2 (2 for 5-50 idm2 
eqmtely separate the product from its which may not average to zero unless sheets. This range limits the closed 
surroundings. This test eliminates hard special corrections and compensations loop performance for basis 
X rays, very soft X rays, visible light are applied. weight variations within a roll. 
radiation and capacitancdmicrowave The consequence of this division of A sing1e average basis weight 
methods. The shortened list is then the error budget is that the accuracy of comprisedof averylmgepopu- 
comprised of betarays, soft Xrays, and the basisweightmeasurementbecomes lation Of and thus 
infrared radiation. two specifications: repeatability and may not be affected by a tight tolerance 

Both softX rays and infrared radia- dynamic verification accuracy. for repeatability. Instead, the repeat- 
tion have beenusedsuccessfullyincer- The next partition of the error bud- ability range describes the limiting 
tain paper and plastic applications. get separates the nonrandom variabil- uncertainty Of each new reading used 
Where these techniques are success- ity into two categories: systematic and for machine adjustments andmeasure- 
ful, the sheet composition does not in- environmental. Systematic errors stay merit calibrations. 
clude additives, inorganic fillers, or the same even as the environment The primary source of sensor re- 
other confoundingconstituents. Indeed changes. Environmental errors arise peatability is the 
soft X ray and infrared radiation are from dynamic environmental condi- nature Of the radioactive decay which 
more frequently used to identify the tions. produces the beta rays. While no de- 
concentrations of additives and fillers. The strategies used to minimize the si@er can change this physical phe- 
Thus optimal designs using these tech- error budgets can now be better fo- nomenon, efficient beam path 
nologiesmustbecloselymatchedto the cused on the specific nature of each can improve the fundamental 
application, and the costs of developing variability and error source. Random repeatability* 
optimal designs cannot be spread over variabilities should be minimized and Thevariabilityof the flu emanating 
sigmficant numbers of users. nonrandom variabilities need to be cor- from a Krypton 85 or Promethium 147 

Fortunately, beta rays are not as rected or compensated to ensure that nuclear source is known to be propor- 
composition-sensitive to additives and they average to zero. tional to one divided by the square root 
fillers. They are more sensitive to basis Random variability has a strong of the source activity. Thus a four-fold 
weight as afunction of the total popula- impact on the ability to reduce accu- increase in the disinte@ations per 
tion of atoms they encounter rather rately or eliminate nonrandom errors. ond (activity) will be required to reduce 
than to the mixture of atom types in the Even though they will eventually aver- the 'ux variability to half. 
composition. Furthermore, this source age to zero, the repeatability perfor- Once the is Optimized 
type has enjoyed a broadly supported mance must be excellent to implement for activity tradeoffs, the most fruitful 
development history. This has spread steps to minimize the nonrandom er- pathforrepeatabilityimprovements is 
the costs of developing an optimal de- rors. optimizing the efficiency of the detec- 
sign over a very large number of thin Systematic variabilities such as X-Y tionsystem~Successivedesi~im~rove- 
film and tissue producers for suppliers head alignment and product structure/ Over the last 2o years have 
specializing in these applications. composition are and pre- continuously improved this efficiency. 

dictable. Therefore, thesecan be forced First, the Source capsu1e has been 
to average by using tech- reduced in size which requires source 

enrichment for Krypton 85 gas. This Optimizing the beta sensor error 
niques. For example, the offsets can be bu+ for lighfweight "ovens modeled and corrections applied designreduces theareaofthecapsule's 

metallic window which is also made as 
thin as possible while meeting strength 

The advantage of transmission beta though special Sensor Support Soft- 
sensor technology over the other sen- ware- 

Environmental are the requirements. Another benefit is the sortechnologies shifts the focus to mini- 
reduction of the total air mass between &g and managingthe error budget major Source of concern for light basis 
the source and receiver which can ab- for light basis weight measurements. weight r"rements.  Dynamic Off- 

To optimize the design and applica- sets are caused by unpredictable sorb the beam. In addition, the smaller 

tions, the types and sources of errors 
shown in the upper portion of Table I1 

The first division of error types sepa- 

mulation. Such factors can be mea- 
sured separately to make accurate, 

The selection criteria for source ing to only those deviations which will The variability for 

changes in temperatures and di&accu- Of 
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I I .  Typical categories of error types and optimization results targeted at the requirements of lightweight nonwovens 

Random variability 
Always average to zero 

Repeatability specification 

Random variability 

Radioactive decay 

Sheet pass line effect (flutter) 

Optimized beam 
path design 
Size reductions 

Always average to zero but within 
tighter band 

Nonrandom variability 
May average to nonzero values 
Dynamic accuracy specification 

Systematic variability Environmental variability 

Typical categories of error types 

Calibration for sheet structure and 
composition effects 

X-Y sensor heads 
Alignment for upscanl downscan traverses 

Air temperature (air mass) changes in the 
beam path 

2 axis (vertical separation of the sensor 
heads) changes air volume (air mass) in 
the beam path 

Dirt accumulation in the beam path 

Optimization results targeted at the 
requirements of lightweight nonwovens 

Enhanced higher order polynomial 
calibration models basis weight 
dependence of absorption coefficient 

Simplified KCM method for product 
calibrations 

Computer generated X-Y upscan and 
downscan profile correction 

Real time air temperature 
measurements and basis weight 
corrections 

Real time Z axis measurements and basis 
weight corrections plus scanner thermal 
equalization technique 

Real time, basis weight driven dirt 
corrections based on three point standard- 
ization technique 

Nonzero offsets minimized by additional systematic and environmental correctors 
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Nonwovens Meaurment 

1. A single parameter, KCM, calibrates the 
basis weight sensor for unique nonwovens 
structure and composition over a wide weight 
mae 

KCM = 1 for polyester 
film standards 

0 1 

DETECTOR SIGNAL 

the sensor’s protective plastic film win- 
dows. The result of these measures is a 
much “brighter” source to “shine” onto 
the sheet. 

Next, the source body design has 
been made extremely compact so that 
the beta source can be located much 
closer to the sheet. The protectivewin- 
dows for both source and detector 
heads have also been made as thin as 
possible, and the source and receiver 
headers have been brought to within a 
10-mm separation. 

The detector design places an ion 
chamber as close as possible to the 
sheet with a minimum thickness win- 
dow. Furthermore, the ion chamber 
diameter is several multiples of the 
source capsule diameter which ensures 
high detection efficiency. 

The sheet pass line effect derives 
from the scattering of beta rays as they 
interact with the sheet. Proprietary 
beam path compensators have evolved 
to minimize this effect. As a result, 
sensors designed for lightweight 
nonwovens can restrict the pass line 
effect to magnitudes less than the sen- 
sor repeatability tolerance. The ran- 
dom position of the sheet within the 
sensor’s gap indicates that no errors 
will persist. 

2. Differential thermal expansion changes the dimensions of the scanner 

AZ axis 
heads 
separation 

Baseline: cold 
startup conditions While running: with changing 

urocess, DrOdUCt. and I 

1 machine ioom temperatures + /  / 

Minimizing systematic errors for 
sheet structure and composition 
Beer’s Law approximates the absorp- 
tion and scattering of the beta rays as 
they interact with a sheet as shown in 
Eq 1: 

where 

R = detector signal 

I sample = signalintensityfor the sample 

I air = signal intensity for no sample 

P = mass absorption coefficient of 

BW = basis weight of the sample. 

The above resolves to Eq. 2: 

the sample 

1 
BW = (-Ln R) (2) 

For practical sensor designs, the rela- 
tionship is actually more complex. The 
absorption coefficient, p, is not con- 
stant butvarieswith basis weight. This 
additional aspect can be modeled by 
switchingto ahigher order polynomial 
equation, f(R), and introducing an al- 
ternate scaling factor, KCM, which 
does not depend on basis weight re- 

sults as shown in Eq. 3: 

BW = KCM x f(R), (3)  

where 

KCM = a constant related to the sensor 
design and standard calibration 
material. 

Thisimprovedequation yields asmaller 
error budget and leads to a single pa- 
rameter calibration for individual prod- 
uct structures and compositions. 

For lightweight nonwovens, the 
complexities modeled by this improved 
equation are important. The low basis 
weight region has the tightest toler- 
ances for maintaining a small error 
budget, so even minor errors play a 
significant role. 

The sensor is first calibrated using 
highly uniform polyester film to elimi- 
nate the effects of sheet structure and 
composition. This calibration can be 
viewed as setting the KCM for polyes- 
ter film to a value of 1 as shown in Fig. 
1. 

The unique aspects of a nonwoven 
fabric’s sheet structure and composi- 
tion result in a change to KCM but not 
the fundamental sensor equation. Thus 
a single KCM models any given 
nonwoven’s structure and composition 
over a very wide weight range. 
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This parameter is initially set by 
presenting a product sample to the 
sensor. It is subsequently refined by 
analyzingrollweight,width, andlength 
checks to ensure adequately large 
sample populations from both the sen- 
sor and the product. Thus this system- 
atic error is driven toward zero by 
routine verification programs on the 
line. 

Minimizing systematic errors 
for X-Y head alignment 
Measurement errors are caused by 
minor X-Y (machine and cross direc- 
tion) misalignments between the 
sensor’s upper and lower heads as they 
traverse. These typically small devia- 
tions derive from the scanner drive 
belt tensions and small anomalies in 
the alignment of the scanner’s upper 
support beamwith respect to the lower 
support beam. Although such errors 
are small, they persist. These mea- 
surement offsets can be eliminated. 

Since these errors axe repeatable, 
they can be corrected. The correction 
technique needed must operate con- 
tinuously while scanning on-line. The 
errors it corrects, however, must be 
characterized when the line is down. 
The objective of this correction is to 
ensure that every measurement slice 
produces exactly the same reading 
during both upscans and downscans 
when a sample is fixed to the sensor. 

To achieve this result, two correc- 
tion arrays are established in the sen- 
sor support software. Each array has 
as many elements as there are mea- 
surement slices. The first array is used 
to correct upscans while the second 
corrects downscans. The arrays are 
automatically filled by scanning the 
sensor while the production line is 
down. Either an internal standard or a 
separate sampleisinsertedin the beam 
path. The software program accumu- 
lates the readings and automatically 
derives the correction factors for each 
array element. 

Again the X-Y head alignment er- 
ror approaches zero, and the required 
tolerances for a tight error budget are 
supported. 

Dirt correction deDends on the actual mnnsiired basis wnioht 

Internal 
standard 

(flag) 

50 

--_ 

0 

Calibration curve: clean 

Correct calibration curve: 
based on actual dirt present 

0 I I 1  1 
! 

Calibration curve: clean 

Correct calibration curve: 
based on actual dirt present 

0 I I 1  1 
! 

R at standardize 

DETECTOR SIGNAL 

Minimizing environment errors 
due to air column variations 
The air column through which the sen- 
sor beam passes is the equivalent of 
30-50 g/mz of basis weight depending 
on sensor design details. Lightweight 
nonwovens in the 5-50 g/m2 range are 
indeed the needle in this air column 
haystack. Fortunately, proper compen- 
sation techniques can readily separate 
the nonwoven product from air column 
effects. 

Two sources contribute to dynamic 
errors through changes in the air mass 
in the sensor’s beam path. Air tem- 
perature changes affect the air den- 
sity, and the vertical or Z axis separation 
of the source from the detector affects 
the volume of the air column. These 
variables function according to the 
Perfect Gas Law shown in Eq. 4: 

where 

P =pressure 

V = volume, proportional to Z 

M = mass of air 

r = density of air 

k = a unit conversion factor 

R = the perfect gas constant 

T = absolute temperature. 

Eq. 5 derives from this: 

AZ AT ( 5 )  AM =-M Z --M T 

This relationship indicates that the beta 
sensor acts as both a thermometer and 
a Z axis distance transducer! There are 
simple instruments, however, which 
make these measurements more accu- 
rately. These must be used to compen- 
sate the basis weight measurement to 
meet the tightest possible error bud- 
get. 

The sensor air column is comprised 
of four parts: source to source window, 
source window to sheet, sheet to detec- 
tor window, and detector window to 
detector. Thermistors are located to 
measure accurately the temperatures 
of each of these sections. 

The compensations are based on 
comparing the four temperature read- 
ings made continuouslywhile scanning 
to the four temperatures read during 
off sheet standardization (AT). This 
minimizes the magnitude of the correc- 
tions needed. 

Thermistor temperature response 
is increased by the addition of tuned 
predictive circuits to overcome the ther- 
mal lag of the thermistor’s thermal 
capacitance. 

Finally air wipes are installed to 
breakup the airflow nearthe sheetand 
vigorously mix the air in the sensor’s 
gap. This ensures that the measure- 
ments accurately represent the tem- 
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perature of the air in the sensor's air 
column under all conditions. 

Thus changes in air mass (AM) due 
to temperature changes (AT) can be 
precisely corrected for the basis weight 
readings. 

The Z axis effect (A21 derives from 
other temperature variation conse- 
quences. The local ambient tempera- 
ture changes dynamically as the 
production line changes from cold 
startup to steady-state running condi- 
tions. Similarly, temperature tran- 
sients occur as the plant buildings 
experience ventilation and weather 
changes. In addition, radiant heat 
transfers from the sheet to the scanner 
shift as run rates and operating condi- 
tions are adjusted. 

Figure 2 indicates that thermal 
equalization of the structure and the 
real-time Z-axis measurements or both 
of these, as well as basis weight correc- 
tions, are critical for lightweight prod- 
ucts. 

When placed in this dynamic ther- 
mal environment, most scanner struc- 
tureswill undergo thermal expansions 
and contractions. These nonuniform 
stresses alter the distance between the 
supporting beams. 

For any given air temperature, a 1- 
mm air column height change (AZ) is 
equivalent to 1.2 g/m2 (AM). Typical 
dynamic Z-axis shifts vary according 
to scanner length, scanner construc- 
tion, and the ambient conditions. For 
lightweight nonwovens, even a0.l-mm 
shift would produce a O.12-dm2 error 
which cannot meet the tight error bud- 
get. 

Two patented solutions are avail- 
' able which can be used individually or 

together. In the first, the actual AZ can 
be directly measured by a magnetic 
reluctance proximity sensor. By con- 
tinuously comparing the proximity 
readings to the reading made during 
the last standardization, every mea- 
surement can be coi-rected for the ac- 
tual Z-axis changes while scanning. 
Thus changes in air mass (AM) due to 
source-todetector separation changes 
(AZ) can be precisely corrected for 
basis weight readings. 

In the second solution, a thermal 
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equalization system continuously re- 
circulates a heat transfer fluid in a loop 
consisting of two horizontal support- 
ing beams. With the temperatures in 
equilibrium differential, thermal ex- 
pansions of the scanner frame cannot 
contribute to dynamic Z-axis errors. 

Minimizing environmental errors 
due to dirt accumulation 
Dirt may accumulate in the beam path 
as the basis weight measurement sys- 
tem performs its duties around the 
clock. Lightweight nonwovens some- 
times include binders, surfactants, and 
miscellaneous short fibers that fall out 
from the sheet. These and other debris 
cause shifts to the sensor's calibration. 

Figure 3 shows two calibration 
curves for the same sensor. The first 
(clean) was established in the way de- 
scribed earlier. In the second (simu- 
lated dirt) curve, a separate sheet of 
polyester was introduced to simulate 
an arbitrary level of dirt, and the sen- 
sor was calibrated again. 

The basis weight correction for a 
given level of dirt is not constant. In- 
stead, it is shown to depend upon the 
actual basis weight being measured. 
Of course, the actual dirt present in the 
sensor varies over time. 

For lightweight nonwovens, even a 
0.05-0.10 g/m2 error in dirt correction 
hurts the sensor's ability to meet a 
tight error budget. Fortunately, a 
proven method exists to overcome this 
problem. 

A patented technique called three 
point standardization adds a third (flag) 
reading to the normal shutter open 
and shutter closed off sheet standard- 
ization points. A scalable dirt correc- 
tion function is automatically generated 
by the computer based on the two cali- 
brations: clean and simulated dirt. 

The dirt correction is resealed by 
the latest reading on the flag. Then the 
actual dirt correction is a direct result 
of the uncorrected basis weight read- 
ings while scanning and the properly 
scaled dirt correction. Thus the basis 
weight measurement errors caused by 
dirt accumulation can be precisely cor- 
rected. 

Recapping the error budget 
Recall that the target error budget 
was f 0.25% or f 0.05 g/m2, whichever 
is greater. This tolerance was estab- 
lishedwithout detailingany disciplined 
methods for quantitatively determin- 
ing the actual size of any errors. In- 
stead, this target was used as a 
reference point to better understand 
the size of random variabilities and 
nonrandom errors. 

By optimizing sensor performance 
as summarized in the bottom portion 
of Table 11, specialized technology has 
been applied which makes on-line ba- 
sis weight measurements practical for 
lightweight nonwoven sheets. These 
techniques allow the on-line measure- 
ments to exceed the accuracy of off- 
line testing. Through closed loop basis 
weight control, the techniques ensure 
that the product stayswithin the tighter 
tolerances needed to maintain sheet 
quality and performance for less thick 
fabric weights. 
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