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INSTITUTE OF PAPER SCIENCE AND TECHNOLOGY 
PURPOSE AND MISSIONS 

. 

The Institute of Paper Science and Technology is an independent graduate school, research organization, and information 
center for science and technology mainly concerned with manufacture and uses of pulp, paper, paperboard, and other forest 
products and byproducts. Established in 1929, the Institute provides research and information services to the wood, fiber, and 
allied industries in a unique partnership between education and business. The Institute is supported by 52 North American 
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. top lrovide a multidisciplinary education to students 
into leadership positions within the industry; 

who advance the science and technology of the industry and who rise 

l to conduct and foster research that creates knowledge to satisfy the technological needs of the industry; 

l to serve as a key global resource for the acquisition, assessment, and dissemination 
critically important information to decision-makers at all levels of the industry; and 

of industry information, providing 

l to aggressively seek out technological 
collaboration with industry partners. 

oPPo rtunities and facilitate the transfe r and implementation of those technologies in 
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ABSTRACT 

Monitoring the mechanical behavior of paper during papermaking has long been sought after for one main reason: it 
would enable real-time control of the papermaking process. Implications of this achievement are substantial: 
optimized use of raw materials, reduction of operating costs, energy savings, and performance optimization of paper 
products. We report in this paper a research program aimed at providing the missing measurement and data 
interpretation tools to support the future development of real-time process control strategies during papermaking. 
The program has two major objectives: 1) develop and field test the necessary hardware to gather on-machine 
information on the mechanical behavior of paper; 2) use this information along with already existing information 
such as grammage and moisture content to begin an investigation of the inverse problem of predicting papermaking 
process conditions from measurements. The rationale for real-time monitoring of paper stiffness is first introduced. 
Then, the concept of simultaneous detection of stiffness orientation distribution (SOD) and fiber orientation 
distribution (FOD) to extract the contribution of built-in stresses to the overall sheet stiffness is presented. An 
overview of the research program is next reported. Finally, the demonstration of stiffness measurements on moving 
paper at production speeds using a noncontact laser ultrasonics method is briefly reviewed. 

INTRODUCTION 

Several studies have shown the dependency of elastic stiffness properties upon paper machine process variables [l- 
61. Table I illustrates the effect of process changes on these properties. Increasing the refining and/or wet pressing 
levels increases longitudinal stiffnesses [C 11, Czz, and C&J and shear stiffnesses [C,, C55, and C66] (see Ref. 7 for a 
description of paper elastic stiffness constants). Cl1 and C22 are sensitive to an increase in fiber orientation (MD- 
CD anisotropy), but (233 is not. As another example, increasing the wet straining level along machine direction 
increases CI1, but decreases C22 and C 33. These findings support the idea first proposed by Baum in 1987 [3] that 
the measurement of paper elastic stiffness properties could serve as the basis for real-time control of the 
papermaking process and, hence, could be used to optimize the end-use performance of paper products. 

Table I. Effect of process variables on elastic stiffness properties. 
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While the effects of process conditions on stiffnesses are relatively well established from a qualitative stand-point, 
grade-specific measurements are lacking and the inverse problem of predicting process changes from measurements 
has received very little attention [8]. The desire to move ahead with the complex task of investigating the inverse 
problem and, hence, provide the necessary background information to support the development of real-time control 
strategies, triggered an important research program at the Institute of Paper Science and Technology. 

One must reemphasize here that the motivation for monitoring paper stiffnesses is to use these parameters for 
process control. Whether or not these properties correlate to tensile strength, short-span compression or any other 
parameter regularly obtained in the mill laboratory for long-term quality control is not a relevant issue. On-machine 
stiffness measurements must stand by themselves, and the challenge is to determine how they can best be used to 
control a paper machine and optimize the end-use performance of paper products. For example, one could envision 
optimizing strength properties of board materials through stiffness optimization of the moving web, which means 
that the grammage could be allowed to fluctuate and/or less furnish would be needed to meet strength objectives. 

ON-MACHINE MONITORING OF PAPER MECHANICAL BEHAVIOR 

Limitations of Stiffness Measurements 

As appealing as the idea put forward by Baum can be, on-machine monitoring of stiffness properties may be 
insufficient because different process changes (e.g., increase in refining, fiber orientation, wet pressing, or wet 
straining) can have similar effects on a single property. This is certainly the case for Cl1 (see Table I). Also, a 
single process change can affect in a similar manner different stiffnesses as verified by an increase in refining, which 
contributes to an increase of all stiffnesses. In other words, it does not appear possible to have a sufficient number 
of independent stiffnesses to match the number of process variables. This prescribes the need for additional 
information. This information may certainly include fiber morphology parameters such as fiber length and fiber curl 
and other variables commonly monitored on a paper machine such as grammage, thickness, and moisture content. 
However, this may still be insufficient. As introduced in the next section, it is hypothesized that the measurement of 
built-in stresses may significantly enhance the level of required information. 

Determination of Built-in Stresses 

Assuming that the “geometrical” fiber orientation distribution (FOD) and stiffness orientation distribution (SOD) in 
the plane of paper can be measured in a simultaneous manner using appropriate test methods (see below), additional 
information about the contribution of built-in stresses to the overall sheet stiffness can be determined. The FOD 
must not be confused with the fiber orientation angle, which corresponds to the degree of fiber misalignment with 
respect to machine direction [9]. Similarly, the SOD is different from the stiffness orientation angle, which refers to 
the angle of maximum stiffness with respect to MD [9]. Providing that the FOD and SOD are determined, fiber and 
stiffness orientation angles are de facto available. 

The concept of decoupling FOD and SOD for the purpose of extracting the contribution of built-in stresses was 
explored by Haynes [lo]. Results from a study by Ishisaki [6] about a comparative analysis of FOD and SOD can 
be used to explain how the simultaneous detection of these distributions can be useful. In this work, several constant 
gramrnage sheets (80 g/m2) were prepared under different process conditions using a laboratory dynamic sheet 
former. A small percentage of dyed fibers was added to the bleached kraft furnish to determine the fiber orientation 
distribution using an automated image analysis technique [9]. Also, all sheets were tested using an ultrasonic 
contact method to probe the stiffness orientation distribution [ 111. Figure 1 displays a series of fiber orientation 
distributions for sheets subjected to different process conditions: with and without wet straining and with full (MD- 
CD) or MD restrained drying. Respective stiffness orientation distributions for these sheets are shown in Figure 2. 
The MD/CD stiffness ratio and simulated fiber orientation (misalignment) angle with respect to machine direction 
for the control sheet (no straining, MD-CD restrained drying) are 2.1 and 15 degrees, respectively. It is observed 
that wet straining and/or MD restrained drying do not significantly affect the FOD. However, the situation is very 
different for the SOD: as expected, wet straining increases stiffness along machine direction (elongation effect) and 
MD restrained drying diminishes stiffness along cross-machine direction (shrinkage effect). These effects are 
consequences of the development of built-in stresses during restrained drying. Ishisaki’s results support the 
hypothesis that FOD is not significantly sensitive to built-in stresses, thus providing a basis to extract the 



contribution of built-in stresses to the overall stiffness. The lower right distribution in Figure 2 (wet straining + MD 
restrained drying) illustrates the complexity of using stiffnesses to evaluate process conditions. 

Control 
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No Change 27 
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Figure 1. Fiber Orientation Distribution (FOD) for paper samples prepared under different wet straining and 
restrained drying conditions using a laboratory dynamic sheet former. The control sample (MD/CD 
ultrasonic stiffness ratio of 2.1 and simulated fiber misalignment of 15 degrees) is in the upper left corner. 
Wet straining and MD restrained drying conditions do not appreciably affect the FOD. 
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Figure 2, Stiffness Orientation Distribution (SOD) obtained for paper samples prepared under different wet 
straining and restrained drying conditions. To facilitate comparison, results shown in this figure were 
obtained using the same sheets as Figure 1. Wet straining and MD restrained drying affect SOD. 



RESEARCH PROGRAM 

The development of on-machine instrumentation to monitor paper stiffness has been an on-going activity for several 
years. Most research efforts have focused on implementing ultrasonic contact methods to test board grades [ 12-151. 
More recently, research work was undertaken to investigate noncontact laser ultrasonics principles to probe stiffness 
properties [ 161. Providing that the use of lasers to excite and detect ultrasonic waves does not damage the moving 
web, merits of laser ultrasonics are important: unique potential to test a wide range of grades, including tissues, 
paper grades, board grades, and coated grades; rich information content (simultaneous detection of in-plane and out- 
of-plane stiffnesses); simultaneous detection of SOD and FOD; potential for 100% web inspection implementation. 
Exploratory measurements obtained on non moving paper samples have shown a strong correlation between contact 
and laser-based measurements for different grades from newsprint to 69-lb linerboard [ 161. 

Success in the initial laser ultrasonics exploratory study led to the granting of funding in 1997 to demonstrate the 
feasibility of applying the laser ultrasonics technology to a moving web, first in the laboratory using a moving web 
simulator, and then, in a mill setting using a prototype on-machine instrument [ 171. Considering the unique 
attributes of a paper web (to name a few: rough and poorly reflective surface, fluttering, moving speeds in the 50- 
100 km/h range) and harsh testing conditions in a mill environment, the challenge is tremendous. In order to ensure 
success, a multi-disciplinary research team composed of researchers from the Institute of Paper Science and 
Technology, Idaho National Engineering and Environment Laboratory, and Georgia Institute of Technology was 
assembled. From the early days, it was determined preferable to first implement a single-point detection system 
mounted on a scanning platform rather than embracing the more appealing concept of 100% web inspection using an 
array of static sensors mounted across the web. The reasoning behind this strategy was to begin mill trials as 
quickly as possible for the purpose of generating grade-specific databases on process changes vs. measurements. 
Then, more advanced technology suitable for 100% web inspection would follow. Up-front specifications for the 
prototype on-machine instrument include the detection of symmetric and asymmetric modes of Lamb waves (see 
below) along machine and cross-machine directions to gather as many in-plane and out-of-plane stiffness properties 
as possible, the measurement of SOD using either symmetric or asymmetric waves propagating in several directions 
with respect to machine direction, and the determination of FOD using an integrated light scattering method. 

A summary account of the demonstration of laser ultrasonics measurements on moving paper is presented in the 
next section. The determination of FOD is now briefly described. The use of light scattering to probe the fiber 
orientation (misalignment) angle is not new [ 181. The more difficult task of using scattered light to infer FOD 
indirectly has been investigated on non moving paper only [6, 191. Hence, it was deemed necessary to revisit the 
measurement approach to determine FOD on a moving web and verify that the distribution is insensitive to built-in 
stresses [ 151. An experimental light scattering apparatus was devised [6, X7]. Also, an automated image analysis 
system was developed to obtain direct (reference) FOD measurements on laboratory oriented sheets containing a 
small percentage of dyed fibers, and calibrate light scattering measurements [ 171. 

Finally, a directed paper physics research effort was initiated in parallel to hardware development. It consists of 
four subtasks: development of analytical tools to extract stiffness properties from Lamb wave measurements [20, 
2 11, investigation of moisture and temperature effects on stiffnesses using a special laser ultrasonics setup and a 
moisture/temperature controlled cabinet [ 171, development of a method to decouple FOD and SOD, and 
development of a semi-empirical predictive model of process changes. In the latter case, it was decided to orient 
the research work on copy paper because laser ultrasonics offers unique measurement capabilities for this particular 
grade, including the measurement of bending stiffness. The experimental methodology involves the analysis of a 
comprehensive set of laboratory oriented sheets prepared under different process conditions and tested using readily 
available laboratory equipment. The goal is to develop a preliminary version of the predictive model in time to be 
tested in conjunction with the prototype instrument during mill trials. It should be stressed that the development of a 
reliable and useful predictive model is a long-term goal exceeding the scope of the research program. 

The mill demonstration of the prototype on-machine instrument and the availab ility of a preliminary version of the 
predictive model relating measurements to process changes constitute the main deliverables of the research program. 



LASER ULTRASONICS MEASUREMENTS ON MOVING PAPER 

The experimental demonstration of noncontact laser ultrasonics measurements on moving paper is summarized [22]. 
Two types of Lamb waves can be generated using a laser beam focused on the surface of paper: symmetric or S 
waves and asymmetric (bending) or A waves. Figure 3 displays the general shape of the fundamental So and A0 
modes for symmetric and asymmetric Lamb waves, respectively. Lamb waves are dispersive, which means that the 
phase velocity is frequency dependent. Typical dispersion curves for Lamb waves propagating in the machine 
direction are shown in Figure 4 for copy paper. One can see that the So mode is sensitive to three stiffnesses, of 
which Cii (MD longitudinal stiffness) and C33 (ZD longitudinal stiffness) are of particular interest (see Table I). 
Similarly, the & mode is sensitive to Cii and C55 (MD-ZD shear stiffness). 

SO Mode Lamb Wave 

A, Mode Lamb Wave 

Figure 3. Fundamental SO and A0 modes for Lamb waves. 

1000 A o= f(Cv, Cs) 
\ 

Frequency (MHz) 
Figure 4. Dispersion curves for Lamb waves propagating in the machine direction for copy paper. 

Five different laser ultrasonics detection techniques received initial consideration in the quest to determine a likely 
successful method for an on-machine implementation. One of them, the so-called Photoinduced-EMF detection 
method was capable of detecting Lamb waves at record-breaking web speeds [23]. Measurements were performed 
using a specially designed variable-speed/fluttering web simulator capable of speeds exceeding modern paper 
machine production speeds [24]. Figure 5 illustrates a schematic diagram of the Photoinduced-EMF detection 
scheme. On the left side of this figure, one can see the position of the web simulator. A photograph of the 
experimental setup is shown in Figure 6. A Nd:YAG pulsed laser operating at 1064 nm was used to generate Lamb 
waves in a near thermoelastic regime. A CW Ar:ion laser was used for detection. Typical measurements are 



reported in Figure 7 for copy paper and 42-lb linerboard. These results are very promising and demonstrate that 
laser ultrasonics principles can be successfully applied to moving paper. An analysis of copy paper results, 
including a comparison with contact ultrasonics measurements, can be found in Ref. 22. 
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Figure 5. Schematic diagram of the laser ultrasonics system for excitation and detection of ultrasonic waves in 
paper. A pulsed Nd:YAG laser operating at 1064 nm was used for wave excitation. A CW Ar:ion laser and a 
Photoinduced EMFdetection system were used for wave detection. 

Figure 6. Photograph of the experimental setup for the demonstration of the laser ultrasonics technology on 
moving paper. 
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Figure 7. Typical Lamb wave signals obtained on (a) copy paper at 2 m/s and 18 ms/s (production speed) and 
(b) 42-lb linerboard at 2 m/s and 12 m/s (production speed). The SO mode can be seen on copy paper at 2 m/s. 
One should note that these measurements were obtained under as realistic as possible test conditions, which 
means very little signal averaging. Also, they are by no means the best that one could obtain because the 
experimental setup was far from being optimized for paper testing. 

CONCLUSIONS 

The rationale for the monitoring of elastic stiffness properties during papermaking was presented. However, as 
essential as these properties are to evaluate the real-time mechanical behavior of paper, additional information must 
be considered to develop a comprehensive model of the inverse problem of predicting process changes from 
measurements. The concept of simultaneous detection of FOD and SOD was shown to be of particular interest to 
determine the degree of built-in stresses in dry paper. An overview of the research program aimed at developing 
appropriate on-machine instrumentation for elastic stiffness, SOD and FOD determination, and developing a 
predictive model of process changes revealed the complexity of the endeavor. Demonstration measurements on 
simulated moving paper at production speeds using noncontact laser ultrasonics technology were shown to be very 
promising. 
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