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ABSTRACT

A specific set of materials and methods are used to create
uniform fluorescent calibration standards over an extremely
wide range of fluorescence intensities. These standards can be
formulated for a specific optical brightness (OB) level and can
be formulated using a variety of optical brighteners and
fluorescent materials. These materials are used to create cali-
bration standards suitable for multiple instrument types for
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standard brightness measurements of films or plastic sheets.
Such standards can be custom made to any optical brightness
suited to the unique measurement characteristics of the wide
variety of fluorescent measuring instruments or meters. The
fluorophore or brightening agent is prepared using a series of
concentrations to bracket the desired film or plastic brightness
level(s). Once bracketed, the appropriate fluorophore or
brightener concentration is added to the base material in the
correct concentrations resulting in a precise level of optical
brightness for each calibration standard comprising a linear
set of reference standards.

Key Words: Fluorescent calibration standards; Optical
brightener (OB); Polyolefin

INTRODUCTION

Unlike paper measurements, which demand the use of a fluorophore
that ‘exactly’ duplicates the excitation and emission spectrum of the optical
brightener in paper, the calibration of a series of instruments for measure-
ment of optical brightness in polyolefin films and plastic sheets can be
accomplished by use of a number of standards that meet the following
criteria:

1. Stability of artifact standards over a long period of time under
ambient storage conditions;

2. Ability to establish linearity of the sensor by use of a calibrated and
gradient series of artifacts that cover a range of brightness that
cover the expected range of the products to be measured.

3. Use of these artifact standards as transfer standards to establish
linearity of similar instruments.

MATERIALS AND METHODS

A fine powdered optical brightener or fluorophore is thoroughly mixed
into a PTFE fine powder having a particle size diameter within 0.1 to 5 times
the fluorophore. The materials are thoroughly mixed; the mixing time is
predetermined by testing the final standard reproducibility between test tiles
made from a specific batch of material. The deviation cannot exceed more
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than 2 percent relative OB reading from batch to batch for a pre-specified
fluorophore or brightener concentration when using a pre-specified
fluorescent meter. The PTFE is sintered to produce a final OB or fluorescent
standard tile block and is tested for optical quality and values using any OB
or fluorescent surface measurement detector. These measurements are
compared to measurements made of polyolefin films or plastic sheets con-
taining an optical brightener and the levels of brightness of the films are
recorded. The optical brightness (OB) standards so produced are compared
to previous measurements made using a pre-specified detector system and
are assigned OB values based upon new or pre-established measurement
scales. These scales can be arbitrary or absolute.

The standard practice for providing materials for optical brightener
standards has been to mix fluorophores or optical brighteners with highly
viscous plastic resins and allow these resins to cure for the production of
reference brightness tiles. The procedure is time consuming and results in
microinhomogeneity of the standards making them non-reproducible from
batch to batch. Fluorophores and optical brightener compounds have
extremely high extinction coefficients, absorptivities, designated as € in the
ultraviolet region for these compounds are typically greater than
50,000—100,000 L*mol~' cm™'. The high photon efficiency of these mate-
rials requires that standards be completely homogeneous in composition
even at the micro-level. Thus the traditional methods fail to produce a series
of consistently reproducible optical brightness standards.

The practical requirement of such standards in industry is to be able to
produce multiple sets of calibration standards at three linear concentration
levels which can be used with any instrument developed for measuring
brightness or fluorescence. Typical brightness measurement instruments
may consist of difference angles between illumination and detection such as:
90-degress (typical fluorescence measurements), 45-degress (typical fluores-
cence solid measurements), normal angle incidence and detection (low-cost
instruments), diffuse or specular reflectance (research-grade spectro-
photometers), and others. Each instrument will give different values for
brightness and will demonstrate differences in their respective instrument
responses versus the fluorophore or optical brightener content of a set of
measurement standards. Such measuring instruments will also have variable
response to microhomogeneity of the fluorescing compound contained
within the standard material substrate. Thus a set of calibration standards
of exacting homogeneity and precise brightness is required for this mea-
surement application. Note: Each specific instrument type and each specific
application requires a unique set of calibration standards to ensure accurate
an linear brightness measurement of films and plastic sheets.
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RESULTS

The raw data and test protocol from a round-robin test of the stan-
dards is given in Tables la through 1d. Statistical methods used for these
data are given in detail in references 1—7. Four sets of three tiles each (12 tiles
total) comprising three levels of optical brightener were collected into sets,
the high-level tiles were composed following the procedures described within
the preceding Materials and Methods section. The zero and mid-level tiles
were purchased as standard items from Avian Technologies of NH and
Ohio (Part Nos. AT-FS09-KCC-CSTM, no OB; and AT-FS10-KCC-
CSTM, mid-level OB). The three nominal optical brightener levels were
none (0.00), mid-level (approximately 40 OB units), and high-level
(approximately 73 OB units). Three different operators measured the four
sets of three tiles, each using a separate instrument (each calibrated twice,
with two replicate measurements per calibration). Analysis of the mea-
surement data provided statistics as shown in Tables 2—5. The mean value
for each row of data comprised of three instruments/operators, two cali-
bration sets of two replicate measurements each (n= 12 measurements per
tile). Thus the mean value (column 3, Table 2) indicates the average value
for each tile for the 12 measurements per tile. The Grand Mean (column 4,
Table 2) indicates the average of three instrument/operators, 4 measure-
ments each, for each of the combined 3 OB level tile sets (i.e., the Grand
Mean of 48 measurements per OB level). The precision (Prec.®, column 5,
Table 2) indicates the standard deviation of the 12 measurements for each
tile. The pooled precision (P-Prec.**, column 6, Table 2) represents the
standard deviation of the 48 measurements per OB level).

The results of the accuracy statistics are shown in Table 2. The
accuracy (Acc.+, column 7, Table 2) indicates the standard deviation of
each set of 4 measurements for each tile from the original Certified (OC) OB
values for each tile. This statistic indicates the 1 sigma deviation expected for
each individual tile measurement from the original Certified OB level for
each tile. Thus this is a measure of the overall deviation for each individual

Table 1a. Data Collection Protocol from Round-Robin Test of the Standards

Testing should be performed in the following manner for each Instrument/Operator:

1. Calibrate detector using tile A to a value of 74.

2. Test sequentially all 12 tiles A-L (Round 1). Then repeat this step testing A-L
(Round 2).

3. Turn the adjustment screw until value for tile A is less than 60 or greater than 88.

4. Repeat steps 1 and 2 resulting in 4 total measurements per tile.
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Table 1b. Instrument I/Operator I Raw Data from Round-Robin Test of the OB
Standards

Tile Round 1 Round 2 Recalibrate Round 1 Round 2 Mean

A 74 74 74 74 74

B 0 0 0 0 0

C 0 0 0 0 0

D 41 40 40 40 40.25
E 41 41 41 41 41

F 74 73 73 72 73

G 73 73 72 72 72.5
H 0 0 0 0 0

1 41 40 40 40 40.25
J 74 74 73 74 73.75
K 0 0 0 0 0

L 40 40 40 40 40

Table Ic. Instrument II/Operator IT Raw Data from Round-Robin Test of the OB
Standards

Tile Round 1 Round 2 Recalibrate Round 1 Round 2 Average

A 74 74 74 74 74
B 0 0 0 0 0
C 0 0 0 0 0
D 36 36 36 36 36
E 37 37 37 37 37
F 73 73 73 73 73
G 73 73 73 73 73
H 0 0 0 0 0
I 37 37 37 37 37
J 74 74 74 74 74
K 0 0 0 0 0
L 37 36 36 36 36.25

tile for each original certified OB level. The smaller this number, the closer is
the tile in comparison to its specified OB value. The pooled accuracy (P-
Acc.++, column 8, Table 2) indicates the pooled standard deviation of all
48 measurements for each OB level based on the original Certified OB values
of each tile. This deviation indicates the comparative accuracy of mea-
surements made with each tile set. The smaller this number, the more similar
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Table 1d. Instrument I11/Operator III Raw Data from Round-Robin Test of the
OB Standards

Tile Round 1 Round 2 Recalibrate Round 1 Round 2 Average

A 74 74 74 74 74
B 0 0 0 0 0
C 0 0 0 0 0
D 37 36 37 36 37
E 38 38 38 37 38
F 73 74 73 73 73
G 74 74 73 74 74
H 0 0 0 0 0
I 39 39 38 38 39
J 75 75 74 74 75
K 0 0 0 0 0
L 38 38 38 38 38

Table 2. Measurement Statistics Using Original Certified Values

Sample Original Certified” Mean Grand Mean Prec.* P-Prec.** Acc.+ P-Acc.++

B 0.00 0.00 — 0.00 — 0.00 —
C 0.00 0.00 — 0.00 — 0.00 —
H 0.00 0.00 — 0.00 — 0.00 —
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D 39.0 37.58 — 0.44 — 2.77 —
E 40.0 38.58 — 0.29 — 2.60 —
I 40.0 38.58 — 0.44 — 2.29 —
L 39.0 38.08 38.21 0.29 0.37 2.08 2.45
A 74.0 74.0 — 0.00 — 0.00 —
F 72.0 73.08 — 0.55 — 1.37 —
G 72.0 73.08 — 0.44 — 1.45 —
J 74.0 74.08 73.56 0.44 0.42 0.58 1.04

‘Original Certified Tile OB levels.

Mean values for 3 instruments and operators, 2 calibrations, 2 replicates each
calibration (n=12).

Grand Mean for 4 tiles at each nominal OB level, 3 instruments, 2 calibrations, 2
replicates per calibration (n =48).

Prec.*/ Precision each tile (n=12).

P-Prec.**/ Pooled Precision (each OB level) (n =48).

Acc.+/ Accuracy each tile vs. OC (n=12).

P-Acc.++/ Pooled Accuracy (each OB level) vs. OC (n=48).
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Table 3. Measurement Statistics Using Adjusted New Certified Values

Sample Original Certified’ New Certified” Acc.+ P-Acc.++
B 0.00 0.00 0.00 —
C 0.00 0.00 0.00 —
H 0.00 0.00 0.00 —
K 0.00 0.00 0.00 0.00
D 39.0 38.0 2.29 —
E 40.0 39.0 2.08 —
| 40.0 39.0 1.67 —
L 39.0 38.0 1.80 1.97
A 74.0 74.0 0.00 —
F 72.0 73.0 1.37 —
G 72.0 73.0 1.45 —
J 74.0 74.0 0.58 1.04

‘Original Certified Tile OB levels.

“New Certified Tile OB levels.

Acc.+/ Accuracy each tile vs. NC (n=12).

P-Acc.++/ Pooled Accuracy (each OB level) vs. NC (n =48).

Table 4a. Systematic Error Testing for Instrument I/Operator I (Each Tile)

New t-Test for  t-Critical
Sample  Certified”  Measured* Bias for Bias  Difference  Bias
B 0.00 0.00 0 3.182 0 NO
C 0.00 0.00 0 3.182 0 NO
H 0.00 0.00 0 3.182 0 NO
K 0.00 0.00 0 3.182 0 NO
D 38.0 40.25 9.0 3.182 +2.25 YES
E 39.0 41.0 801 3.182 +2.00 YES
| 39.0 40.25 5.0 3.182 +1.25 YES
L 38.0 40.0 800 3.182 +2.00 YES
A 74.0 74.0 0 3.182 0 NO
F 73.0 73.0 0 3.182 0 NO
G 73.0 72.5 1.73 3.182 —0.50 NO
J 74.0 73.75 1 3.182 —0.25 NO

*/ Average of Instrument I/Operator I; 2 calibrations, 2 replicates each calibration
(n=4).
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Table 4b. Systematic Error Testing for Instrument IT/Operator II (Each Tile)

New t-Test t-Critical
Sample  Certified”  Measured®*  for Bias for Bias Difference Bias
B 0.00 0.00 0 3.182 0 NO
C 0.00 0.00 0 3.182 0 NO
H 0.00 0.00 0 3.182 0 NO
K 0.00 0.00 0 3.182 0 NO
D 38.0 36.0 799 3.182 -2.0 YES
E 39.0 37.0 799 3.182 -2.0 YES
I 39.0 37.0 799 3.182 -2.0 YES
L 38.0 36.25 7.00 3.182 —-1.75 YES
A 74.0 74.0 0 3.182 0 NO
F 73.0 73.0 0 3.182 0 NO
G 73.0 73.0 0 3.182 0 NO
J 74.0 74.0 0 3.182 0 NO

*/ Average of Instrument II/Operator II; 2 calibrations, 2 replicates each calibration
(n=4).

Table 4c. Systematic Error Testing for Instrument III/Operator III (Each Tile)

New t-Test t-Critical
Sample  Certified”  Measured*  for Bias for Bias Difference Bias
B 0.00 0.00 0 3.182 0 NO
C 0.00 0.00 0 3.182 0 NO
H 0.00 0.00 0 3.182 0 NO
K 0.00 0.00 0 3.182 0 NO
D 38.0 36.5 5.196 3.182 -1.5 YES
E 39.0 37.75 5.00 3.182 —1.25 YES
I 39.0 38.5 1.73 3.182 —0.50 NO
L 38.0 38.0 0 3.182 0 NO
A 74.0 74.0 0 3.182 0 NO
F 73.0 73.25 1.00 3.182 +0.25 NO
G 73.0 73.75 3 3.182 +0.75 NO
J 74.0 74.5 1.73 3.182 +0.50 NO

*/ Average of Instrument III/Operator III; 2 calibrations, 2 replicates each
calibration (n=4).
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Table 4d. Combined Systematic Error Testing for Instruments/Operators I—III
(All Tile Measurements)

New t-Test t-Critical
Sample Certified” Measured* for Bias for Bias Difference Bias
B 0.00 0.00 0 2.201 0 NO
C 0.00 0.00 0 2.201 0 NO
H 0.00 0.00 0 2.201 0 NO
K 0.00 0.00 0 2.201 0 NO
D 38.0 37.58 0.714 2.201 —-0.42 NO
E 39.0 38.58 0.787 2.201 —-0.42 NO
1 39.0 38.58 1.00 2.201 —0.42 NO
L 38.0 38.08 0.178 2.201 +0.08 NO
A 74.0 74.0 0 2.201 0 NO
F 73.0 73.08 0.56 2.201 +0.08 NO
G 73.0 73.08 0.432 2.201 +0.08 NO
J 74.0 74.08 0.56 2.201 +0.08 NO

*/ Average of Combined Instrument/Operator I-I1I; 2 calibrations, 2 replicates each
calibration (n=12).

Table 5. Linearity Statistics for Calibration Test Samples (Certified Values vs.
Average Measured Values)

Data n Range Slope* Intercept*® RSD** R2***
Original certified 36 0-74 0.992 0.541 3.4/1.27 0.998
New certified 36 0-74 0.998 0.142 2.7/0.995 0.999

(n) represents 4 tiles of 3 OB levels each, for 3 instruments (average values for 2
calibrations, 2 replicates used).

*/ Certified (x) vs. measured (y).

** / Relative Standard Deviation (percent error)/Residual Standard Deviation (in OB
units).

**% [ Coefficient of Determination (full range).

are the comparative OB levels within a tile set, and the more uniform and
precise are the OB level measurements.

Following statistical assessment the original Certified OB values for
each tile (column 2, Table 3) were corrected to new Certified (NC) OB values
(column 3, Table 3). These corrected values were adjusted to the nearest
integer number for each tile based on the mean or average (column 3,
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Table 2) of the 12 initial measurements for each tile. Accuracy based on the
new Certified OB values for each tile is shown as the standard deviation of
each set of 12 measurements as Acc.+, column 4, Table 3. The pooled
accuracy for all 48 measurements for each OB level based upon the new
Certified calibration values is given as P-Acc.++ column 5, Table 3. The
similarity in these accuracy statistics as compared to those calculated by
using the Grand Mean indicate that the new Certified values are more
accurate based on the measurement data in Table 1, particularly for the mid-
level tiles.

The following Egs. (1) and (2) are used for calculations of the standard
deviations for precision and accuracy (o), and pooled precision and accu-
racy (op) parameters, respectively for each set of calculations given by the
different columns in Tables 2 and 3",

-

2 2, 243
6P{01+62+ +Gn} 2)

1

nLDXi—Yi)z}E M)

n

All measurements of the 0.00 OB level tiles indicated precisely zero
level OB unit measurements for all tiles and all measurements. The results
for the approximately 40 OB level tiles indicates that an expected | sigma
accuracy of 1.97 OB units irrespective of calibration tile, instrument num-
ber, or calibration. The results for the approximately 73 OB level tiles
indicates an expected 1 sigma accuracy of 1.04 OB units irrespective of
calibration tile, instrument number, or calibration. These results are excel-
lent for the high-level and zero-level tiles and marginally acceptable for the
mid-level tiles, noting that the adjustment of the detector systems employed
is limited to incremental settings of £1.0 OB units.

A t-test statistic was used for determining the presence of systematic
errors’, and indicates that for individual instruments there is significant
systematic error (bias) for the measurements of the mid-level tiles near 40
OB, Tables 4a through 4c. For the high-level tiles, near 73 OB, there is no
systematic error (bias). There is absolutely no error in the zero tiles (0.0 OB),
as they all yielded measurements of 0.00 OB units. Note: There is no sys-
tematic error (bias) indicated when all instrument data are combined as
shown in Table 4d. These data indicate the greater variability apparent in
the commercial mid-level tiles near 40 OB as compared to the new design
tiles at 73 OB.
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Linearity of the averages of four measurements for each tile, for three
instruments/operators, at three different OB levels (n = 36 measurements) is
shown in Table 5. These data are compared as the regressed numbers for
Certified (x) OB values versus measured (y) OB values for both the original
and new Certified OB values. The linearity statistics are improved by using
the new Certified values resulting in an intercept closer to zero (0.142 vs.
0.541) and a coefficient of determination of 0.999 versus 0.998 indicating
excellent linearity over the entire range.

CONCLUSIONS

The combination of a new method to manufacture accurate fluores-
cence standard OB tiles combined with appropriate statistical analysis of the
measured data yields precise certified values for comparison of brightness
levels. With this new process of manufacturing and certifying OB standards,
accurate, precise, and customizable OB measurements are possible even
when an arbitrary standard measurement system is employed.

The final results for the tiles indicates that 1 sigma accuracy for the
three levels of OB tiles are 0.0 OB units (for the zero-level OB tiles), 1.97 OB
units (for the mid-level OB tiles), and 1.04 OB units (for the high-level OB
tiles). These results are irrespective of calibration tile, instrument number, or
calibration. Note that the adjustment of the detector systems used in this
application is limited to incremental settings of 41.0 OB units. The sta-
tistics for the new Certified values resulted in an intercept near zero (0.142)
and a coefficient of determination of 0.99997, indicating excellent linearity
over the entire range. There is no systematic error (bias) indicated when all
instrument data are combined as shown in Table 4d. The greater variability
apparent in the commercial tiles near 40 OB as compared to the new design
tiles at 73 OB, indicates that the new design tiles are more precise and
accurate even when at high significantly higher relative OB levels.
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