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ABSTRACT

Caliper measurement and control is a vital part of papermaking. But this measurement can be a challenge. Over the
years, various mechanical and optical sensors have been invented to achieve the best combination of accuracy, no
sheet damage and reliable operation.

Some caliper sensors utilize laser triangulation. There are several inherent accuracy problems in this method. One
particular problem is due to light interaction with semi-translucent cellulose fibers or coatings of the paper being
measured. This can allow the light to penetrate the paper body instead of being reflected from the true paper surface.
Consequently, the distance to the actual paper surface cannot be determined accurately. Grade-dependent and
process-dependent calibrations or other compensations may be required when utilizing a laser caliper sensor.

In this paper, we present a new, optical on-line measurement that measures caliper without laser triangulation, thus
vastly reducing errors and provide a more reliable measurement. This new method can also detect very small scale
variability of the sheet. Findings on production paper machines will be discussed.

Summary

Our new Optical Caliper Sensor is based on a confocal displacement technique and thus avoids many of the
drawbacks of laser-based caliper sensors. The sensor is ideal for applications where the sliding skis of traditional
caliper sensors gives rise to problems. We describe the principle of the new sensor and its inherent advantages over
current offerings. Field measurements that not only provide a previously unobtainable view of small paper detail but
also surpass current sensor performance are also described.

Introduction

Accurate caliper measurement and control are critical for defining paper quality. Traditionally, this has been
achieved through the use of dual-sided, contacting caliper sensors. Some applications pose tremendous challenges
for the contacting caliper skis. We pioneered non-contacting sensors with airbearings in the late 1960s.These offered
simplicity but had marginal accuracy and resolution performance on high speed machines.

QCS suppliers have, in the last few years, been focusing on optical caliper sensors. Most commonly, these sensors
utilize a laser triangulation technique. This method, however, has its own problems in obtaining a consistent and
accurate measurement

We have chosen quite a different optical approach which dispenses with lasers and which provides greatly improved
measurement accuracy and stability. This new sensor, the latest in our 50-year history of pioneering on-line paper
quality measurements, finally provides papermakers with the precision tool to measure and control caliper even for
some quite demanding paper grades.



Current laser triangulation technology limitations

Considerable effort has been invested over the past decade to develop a single- or dual-sided non-contacting caliper
sensor applicable to the paper industry. To date, much of this effort concentrated on laser triangulation displacement
sensors. This method has found acceptance in other industries such as metals, rubber and plastics, in measuring
thickness, non-destructive testing and surface profiles.

The method compares a physical gap and a laser triangulation distance measurement to the free sheet surface. The
triangulation works by focusing a laser beam onto the surface being measured and detecting the reflected light via an
imaging sensor located at an oblique angle to the laser (see Figure 1). The distance from the sheet surface can then
be determined from analyzing where the image is formed on the imaging PSD or CCD detector.

This method works extremely well for surfaces that have no penetration issues such as metals. However, if the light
penetrates into the bulk material, as is the case with paper, then the method will have difficulties determining the
true surface location and hence give a false distance measurement.

Figure 1. Laser triangulation paper measurement.

Indeed, this was observed when we built and tested their first laser triangulation caliper sensors in the 1990s. One of
the key observations made was the need to calibrate the sensor according to paper type. Since the sheet properties
will vary to some degree while in-grade, this implies a risk of unstable measurement or profile errors in a paper
production run.

The light penetration can be easily demonstrated by measuring paper samples with both contacting and laser sensors
in tandem on a dynamic paper test machine measuring a combination sheet of five different paper grade sheets taped
together into one endless loop. Figure 2 shows just such a comparison of dual sided contacting vs. dual sided laser
triangulation caliper sensors. The loop consists of three different fine writing products, one bag Kraft product and a
card stock product. We observed some degree of agreement between contacting and laser on the three fine writing
sheets, although with errors up to 10 microns, but there is a major discrepancy between the laser and the contacting
sensor level on the card stock and brown Kraft sheet. It is noted that the laser reads quite thin caliper on both of
these samples, about 40 microns too low for the Kraft sheet. This test was also repeated using different sheets from
the same grades of paper. The measurement results on the second test are almost identical to the first test.

The light scattering and penetration issue has been verified by other researchers ['],[*],[*]. It has been difficult to
achieve a common calibration for different paper grades and surface conditions on laser caliper sensors. The sensor



errors between different sheet conditions can be significant. For some cases on thin paper grades, the corresponding
laser sensor caliper errors can approach 50% of the sheet thickness.

Because of these problems, laser sensor applications may not achieve sufficient accuracy for reliable process
control. The sensor may require special grade to grade calibration and periodic re-tuning, or different corrections
across the profile. This is because the light penetration depends on process conditions that may change. This
includes for instance, fiber type, fiber length, fillers and coating amount and constituents, calendering line pressure
profile, and more. As result, some laser sensors may also need to operate in tandem with a periodically engaged
contacting caliper sensor to refresh the laser sensor for both absolute and profile shape calibration.
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Figure 2. Performance of laser triangulation vs. contacting caliper on
different grades.

Next generation of Optical Caliper Technology

We have taken steps to develop a sensor that solves the abovementioned accuracy problems. The project started by
numeric optical modelling of light interacting with cellulose fibers at different geometries [*],[’]. We gained model
confidence and practical experience by lab testing. We studied very different optical technologies and results
achieved in other industries. It soon became clear that laser triangulation was not the best tool for precision paper
measurement.

The optics approach for our Optical Caliper Sensor is, therefore, not based on laser triangulation. It is based on a
confocal displacement method (see Figure 3). The term “confocal” implies that one very small spot of the surface is
in sharp focus for both source and detector by a shared lens and fiber optics delivery. The measurement system
analyzes the reflected light and the maximum detection peak is due to the light from the top surface, while all other
reflections are out of focus and not detected. This technology has made recent advances for applications in
microscopy, thin-film research and semiconductor manufacturing. It has also been demonstrated in research
facilities for study of sub-um paper surface topography.

The symmetrical illumination and common optics path for source and detector ensures that surface features do not
adversely affect the measurement due to the shadowing effect experienced by laser triangulation.



As a result, this Optical Caliper Sensor senses the true paper surface, thereby vastly reducing the light penetration
errors typical of laser-based caliper sensors (see Figure 3).
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Figure 3. A confocal sensor vastly reduces error from light penetration
that may occur with laser triangulation.

Figure 4 shows a topographical image of paper taken by the confocal displacement technology. It is apparent that
individual fibers are always detected clearly and in sharp focus. The fiber translucency and related light penetration
is not a problem for this technology.
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Figure 4. Image of a paper surface using confocal displacement
technology employed in the Confocal Optical Caliper Sensor



Optical Principle

The confocal method [°] works by sending broadband light from a high power white LED source via fiber optics
through a lens system to project a small spot (12 pm) on the sheet surface. The lens system is designed to provide a
high level of chromatic aberration. This focuses each spectral component of the light at different distances from the
lens. The reflected light from the sheet returns on the same path through the lens and the optical fiber. The shared
optical path for send and receive makes this a more accurate method than laser triangulation. A fiber optics splitter
at the end of the cable feeds the received light into a spectrometer. The first prominent peak in the color spectra
pinpoints the first surface of the paper sheet. Paper colour and brightness may change intensity of reflected light but
only the wavelength is of importance, and this is only related to distance. A dedicated DSP signal processor
evaluates the received spectra at 4,000 measurements per second. (See Figure 5)
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Figure 5. Confocal Optical Caliper Sensor principle.

A special spectral shape analysis algorithm further improves agreement between sensor and laboratory, even for
sheets with pronounced surface topography.

Figure 6 illustrates the sensor’s response for a variety of paper grades and Mylar samples with the same calibration
setting applied for each sample. The samples cover tissue, SC-A, coated and uncoated, liner board, newsprint, card
stock as well as glossy grades. This graph shows a remarkable linearity over a wide range of samples implying that
the measurement does not require any grade-dependent calibration. The thin tissue grade had fibers that were read



high because of unbounded individual fibres that were physically extending outside the sheet. This test was
performed in a lab environment on sheet samples and may not include all possible disturbances that may occur in a
production environment, but it certainly illustrates the basic performance of this new technology.
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Figure 6. Confocal sensor reading for a variety of sample types and
thickness levels, with the same calibration.

Gap measurement and sheet stabilization

In order to measure the sheet caliper, an accurate measurement of the sensor gap is as important as the optical
measurement. In Figure 7, a cross-section through the two sensor heads is illustrated in principle. The reference
distance between the top and bottom heads is sensed by a specially-designed magnetic inductance technology which
is exceptionally accurate and stable. The difference between this primary magnetic gap measurement and the optical
distance measurement determines the caliper measurement. Furthermore, there is a secondary magnetic sensor for 3-
axis head alignment diagnostics and compensation. This feature makes the mechanical setup user-friendly and
robust, and enhances profile accuracy by multi-axis residual error correction.

A well-controlled sheet position is essential for any optical caliper measurement. The sheet in this sensor is
positioned accurately and kept very flat by means of a sheet stabilizer in one sensor head. The stabilizer contains a
ferrite target for the primary magnetic gap measurement and an optical target where the optics is focused [*].The
sheet control is achieved by means of dual concentric rings with a very light vacuum. This will gently stretch the
sheet and remove any wrinkles in the optical measurement zone without marking the sheet or allowing build-up of
coating or contaminants. As a result, the Optical Caliper sensor is applicable to demanding grades such as newsprint,
coated, super calendered, and fully-recycled grades. (See Figure 7)

Super-smooth ceramic coatings and hard materials are used in the sheet stabilizer plate to prevent build-up and
sheet marking, and to provide excellent wear resistance. The large vacuum zones are designed to prevent
accumulation of fillers and coating and reduce or eliminate the need for maintenance cleaning.
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Figure 7. Simplified sensor cross-section

Signal Processing

An optical signal analyser is connected via fiber optics to the active head. It includes the optics source and detector,
and is equipped with a DSP and microcontrollers that performs all front-end, high-speed signal processing for
optical, magnetic and diagnostic signals. The analyzer is connected via a dedicated Ethernet link to the Network
Platform measurement processing center. The Network Platform is connected to the host QCS system via Ethernet
QCS-LAN. The maximum measurement speed attainable with this arrangement is up to 4000 readings / second.



Measurement Results

The Optical Caliper Sensor was first tested on a large, dual-side coated LWC machine. We obtained exceptional
agreement with the contacting caliper sensor. Figure 8 displays a high resolution CD profile comparison between the
optical caliper (OC) and the contacting caliper sensor (GT). This profile was taken from inspection data during the
test production period.

This machine produces a nearly 10 meter wide sheet running at more than 1600 m/min, with inline multi station
coating, as well as a large inline gloss calendering section. Despite the high speed, a thin sheet and considerable
vibration, the optical caliper measurement agreement with the contacting sensor was excellent.
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Figure 8,

It can be seen that the profile deviation between the two sensors is typically better than 0.5 microns on this LWC
process. We can also see that the optical sensor detects small scale variability more clearly than the contacting
sensor. One of the main concerns with this customer was potential sheet marking by the sheet stabilizer. The process
was monitored daily for sheet marking. No marking was observed, due to the stabilizer’s light sheet contact.

The second, permanent, installation is on a large, 100% recycled furnish newsprint machine. Figure 9 shows the
sensor performance compared to contacting. The machine produces a 9.3 meter wide sheet running at 1,800 m/min.
This process can pose problems for contacting sensors such as occasional build-up on the contacting sensors or other
mechanical factors that may cause degradation in measurement or creating sheet handling problems.

The profile deviation between contacting and optical measurement is better than 0.5 microns.

The optical caliper was installed in December 2008 and has been used in production on this machine since early
January 2009. After one month of sensor evaluation, the optical caliper sensor began to be used for CD caliper
control. The sensor has been used for CD control since mid-February, 2009. Since then, the paper maker reports
improved reel building and profile variation is reduced compared to the results from the contacting sensor.
Furthermore, the sensor has proven nearly maintenance-free on this process and does not require any special
cleaning or periodic adjustments. Sensor profile agreement with the customer’s laboratory has also been improved,
with agreement better than 1 micron and very good long term sensor stability..



)

[F}]

N
o

)

-
-

e s -
R

—]

——gmaEEE

=
(]

1
(]

Profile average deviation (Jim)

20
-3.0 T T T T
0 2000 4000 6000 8000 10000
CD position (mm)
Figure 9. On-line performance on fully-recycled newsprint grade.
Conclusions

The new confocal principle Optical Caliper Sensor has been shown to provide a robust, reliable and very accurate
caliper measurement on two different and demanding process applications. As the sensor avoids some of the
inherent measurement issues of laser triangulation, it provides papermakers with an improved instrument to measure
caliper in processes where dual-contacting ski devices experience difficulty. This sensor opens up a new era of
caliper measurement technology.
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