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ABSTRACT  
 
This thesis reports investigations into the paper wetting process and its effects on the 
surface roughness and the out-of-plane (ZD) stiffness of paper. An effort was made to 
develop two new methods relying on ultrasound transmission and reflection techniques to 
quantify liquid sorption induced surface roughening and ZD stiffness alteration of machine 
made papers. Moreover, optical transmission and reflection methods were developed to 
monitor liquid transport by spontaneous imbibition into paper structure. 

Paper requirements continuously change. The current trend in paper manufacturing is to 
maintain paper thickness and improve performance using less raw materials and chemicals 
(i.e. retention aids, coating). Professional buyers want numbers that can estimate the 
behaviour of a paper product that is exposed to liquids. Of particular interest is the surface 
roughness and the ZD stiffness of paper; both of which change during e.g. printing. The 
roughness affects ink transport into the paper whereas the paper stiffness affects its 
compressibility in the printing apparatus, e.g. in rotogravure roll. Paper compressibility 
governs the roll-paper ink transfer and, later the print quality. Unsuitable paper 
compression in the nip hinders ink transfer into the paper causing “missing dots”. Paper or 
carton is also used for packaging. For such use it is vital to know how the paper product 
changes mechanically due to water absorption into its wood fibres. Existing models and 
methods that quantify paper-liquid interaction are still inadequate (Alava and Niskanen 
2006). 

The aim of this work was to test the feasibility of employing air-borne ultrasound 
methods to determine surface roughness (by reflection) and ZD stiffness (by through 
transmission) of paper during penetration of distilled water, isopropanol and their mixtures. 
Air-borne ultrasound provides a non-contacting way to evaluate sample structure and 
mechanics during the liquid penetration event. Contrary to liquid immersion techniques, an 
air-borne measurement allows studying partial wetting of paper. 

Two optical methods were developed to reveal the liquid location in paper during 
wetting. The laser light through transmission method was developed to monitor the liquid 
location in partially wetted paper. The white light reflection method was primarily used to 
monitor the penetration of the liquid front in the thickness direction. In the latter experiment 
the paper was fully wetted. 

The samples were machine made papers consisting of wood fibres. Machine made paper 
may be characterized as a fibrous plate-like material in which the fibres are oriented 
strongly in the planar direction and weakly in the thickness direction. The hydrophobic 
nature of the samples was tuned by selection of the fibre content or by chemical treatment 
(i.e. internal sizing with hydrophobic wax). 

 3



 
The main results of the thesis were: 

• Liquid penetration induced surface roughening was quantified by monitoring the 
ultrasound reflection from the paper surface. 

• Liquid penetration induced stiffness alteration in the ZD of paper could be followed 
by measuring the change in the ultrasound ZD resonance in paper.  

• Through transmitted light revealed the liquid location in the partially wetted paper.  
• Liquid movement in the ZD of the paper could be observed by light reflection. 

 
The main implications of these results are: 

• The presented ultrasonic means can without contact measure the alteration of paper 
roughness and stiffness during liquid transport. These parameters, when measured 
in-line, allow real-time process control during paper manufacturing. This could 
allow producing paper featuring pre-set surface roughening and stiffness altering 
properties when wetted. Moreover, these methods can help avoiding over 
engineering the paper which reduces raw material and energy consumption in paper 
manufacturing.  

• The presented optical means can estimate paper specific wetting properties, such as 
liquid penetration speed, transport mechanisms and liquid location within the paper 
structure. In-line, these methods allow process tuning and production of paper with 
engineered liquid transport characteristics. With such knowledge the paper 
behaviour during printing can be predicted. This allows grading papers by their 
wetting characteristics in more detail. Grading adds value since it allows paper 
products to be sold for more specified applications with higher price than those of 
unsorted quality.  

• These findings provide new methods for paper printing, surface sizing, and paper 
coating research.  

 
 

Classification (INSPEC 2004): A43856, A0790, A4780, A4755M 
Keywords: Air-borne, ultrasound, laser, light, paper, wetting, roughness, stiffness, 
thickness, vertical, out-of-plane, z-direction, liquid, capillary, diffusion, transport, 
imbibition 
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1. INTRODUCTION 
 
Liquid transport is important in paper manufacturing, conversion and end-use. Water 
carries fibres when pulp is sprayed onto the paper machine wire, and hydrostatic forces 
between fibres create conditions in which fibre bonding is possible during paper formation. 
Furthermore, paper structure may be engineered by removing water in a controlled manner 
flushing fine material from the bulk onto the surfaces of the forming fibre web. This evens 
and smoothen the surfaces reducing the need for expensive chemicals during further 
processing. To reduce quality variation and production expense during surface sizing and 
coating, it is essential to know the liquid transport properties of paper. In use, the 
hydrophilic cellulose fibres swell and lose their stiffness due to interaction with water or 
water containing inks and coating materials. This alters the structure and mechanical 
strength of paper, weakens the paper ability to pass the paper machine rolls, and may result 
in web breaks. Despite this, paper-water interactions and liquid transport in paper are still 
insufficiently understood (Alava and Niskanen 2006). The need for measurement methods 
to characterize liquid movement in paper has recently been reported (Karlsson 2001). The 
purpose of our effort was to respond to these demands. 

Our primary aim was to quantify wetting induced changes in the surface structure of 
paper and to the stiffness of the paper bulk using ultrasound. We succeed in revealing liquid 
transport mechanisms in paper by observing light transmission and reflection. Additionally, 
the location of the liquid in the paper structure was tracked as a function of time. 

More precisely, liquid movement in the thickness direction (ZD) in paper was examined 
(IV). ZD liquid transport is important when a large paper area is wetted, e.g. during coating 
or surface sizing. During these processes the main liquid driving gradient is in ZD with 
respect to paper. However, major in-plane gradients may occur near the coating blade and 
size nip (Lindsey 1988). Moreover, structural unevenness, e.g. in the boundary region of 
the flock, may induce minor liquid driving forces in a planar direction. 

In I-III the samples were wetted by a mist that was applied as a temporally short, 60 ms, 
pulse. The purpose of this treatment was to mimic paper-liquid interaction in printing and 
coating processes in which the paper is partially wetted. After liquid was applied to the 
sample surface its transport continued freely, and the liquid partly replaced the air in the 
paper structure. Such a process is referred to as spontaneous imbibition (Alava and 
Niskanen 2006). However, purely spontaneous imbibition of liquids is rare in paper 
converting or end-use. In printing, surface sizing and coating, the liquid is initially pressure 
driven after which the transport proceeds spontaneously (Chen and Scriven 1990). The 
absorption of spilled juice into tissue paper may be regarded as purely spontaneous 
imbibition. Observing spontaneous transport can reveal, e.g. how fast water diffuses into 
fibres, which is important when characterizing paper during other types of liquid transport 
phenomena (e.g. transport driven by external pressure).  
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In this study, the wetting induced changes in paper were observed by means of airborne 
ultrasound and light. The study thus involves the following topics: 

• Heterogeneous paper structure 
• Spontaneous imbibition 
• Sound interaction with paper 
• Light interaction with paper. 

The out-of-plane paper structure is elucidated in Chapter 2. This description includes 
surface roughness, as well as the distribution and orientation of the solid matter and pores. 
Spontaneous imbibition of liquids into paper is presented in Chapter 3. Chapter 4 
summarizes open tasks, objectives and hypotheses. The phenomenology of sound and light 
interaction with paper is described in chapter 5. I also present references that strengthen the 
theoretical basis and serve as comparison points for papers I-IV. 
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2. STRUCTURAL CHARACTERISTICS OF MACHINE-
MADE PAPER  
 
The entire chain of paper manufacturing process contributes to the final physical properties 
of paper. Papermaking comprises the following steps (Rance 1961): 

• Selecting fibre source and method of pulping and fibre processing  
• Choosing the fibre web formation process that produces the paper structure  
• Engineering the paper structure that determines the physical properties  
• Adjusting the physical properties that define the paper behaviour during conversion 

and end-use. 
 

Consequently, I first explain fibre morphology and formation effects on the paper 
structure. Then, the link between the structure and the liquid transport properties is 
established. 

 

2.1. Morphology of wood fibres  
 
More than 90% of paper is manufactured from wood fibres (Paavilainen 2002). Wood 
species and their growing conditions mainly define the morphology (i.e. length, width and 
cell wall thickness), fine structure, and chemical composition of the fibres. Of these, the 
fibre morphology has the most profound effect on the structure and formation of paper 
(Dadswell and Watson 1961). 

In softwood, the average fibre length varies from 2-6 mm and the width is 20-60 μm 
(Ilvessalo-Pfäffli 1995). The cell wall thickness ranges from 2-10 μm (Paavilainen 2002).A 
minor portion of the pulp, called fines, consists of thin-walled cells,  20-200 μm long and 2-
50 μm wide (Paavilainen 2002). Papermaking hardwood fibres are, on the average, 0.7-1.7 
mm long, 14-40 μm wide, with 3-4 μm thick cell walls (Paavilainen 2002). 

 

2.2. Web formation and its effects on the paper structure 
 
The fibre network structure, resulting from the papermaking process, gives rise to the paper 
properties (Kallmes and Corte 1960; Rance 1961). The basic paper structure is created at 
the wet-end of the paper machine. A rather common way still to create a structure is the 
fourdrinier forming process, where a diluted fibre mix is sprayed onto a horizontal wire. 
After spraying dewatering commences, and the fibres start to bind together (Finger and 
Majewski 1954; Radvan et al. 1966; Dodson et al. 1993; Norman 2000) 
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Water and its removal play a crucial role in the forming and fibre bonding processes. 
During water removal fibres approach each other and the inter-fibre water films become 
thinner, which increases the inter-fibre space pressure (Campbell 1959). When fibres link 
together the structure starts to gain mechanical strength. During drying, the surface tension 
induced pressure between fibres can reach 10–20 MPa for a few nanometre fibre separation 
(Swanson 1961). Such conditions allow inter-fibre hydrogen bonds and van der Waal forces 
to bind the fibre network (Swanson 1961; Retulainen et al. 1998). 

Inter-fibre contacts emerge in the pulp when the sediment concentration is reached. In the 
terms of dry solids content this limit is 2-3 g/L for longish softwood fibres and 5-9 g/L for 
shorter groundwood fibres (Norman 2000). These limits are usually exceeded since the 
fibre content of the pulp is kept as high as possible in order to reduce energy consumption 
in the de-watering process. For instance, newsprint pulps reach 10 g/L of dry solids content 
(Norman 2000). Fibre flocs easily appear in such dense pulps (Niskanen et al. 1998; 
Norman 2000). Hydrodynamic effects (i.e. turbulence) in the forming process together with 
flocculation tendency of fibres generate an uneven sheet structure. As a result the mass 
density varies spatially. Contrary to making laboratory hand sheets from low fibre density 
pulps, a real web formation is not a completely random process (Dodson et al. 1993; Deng 
and Dodson 1994; Sampson 2001). Hence, there is normally a 10% basis weight variation 
in a machine made paper sheet (Dodson et al. 1993). This indicates that one should expect a 
certain amount of variation in the data between replicated measurements on two separate 
spots in the same paper sheet. 

As a consequence of the sheet forming process, the fibres lie predominantly parallel to 
the sheet plane (Radvan et al. 1966). A stacked layered structure is the main characteristic 
feature in the ZD (Radvan et al. 1966; Corte 1982b). This formation effect was predicted by 
Finger and Majewski (Finger and Majewski 1954). Radvan et al. confirmed this prediction 
by observing the disposition of small proportions of dyed fibres in a transparentized sheet 
(Radvan et al. 1966). 

Usually, the fibres are more oriented along the web translation direction, the machine 
direction (MD), than in the cross direction (CD). Fibres are also oriented to some extent in 
the ZD (Radvan et al. 1966; Naito 2002). Since fibre orientation is essentially different 
along the three principal directions the paper structure is described as “orthotropic” 
(Habeger et al. 1979; Habeger 2002). The impact of the type of former, including the 
fourdrinier former, on the fibre orientation in the ZD of the sheet is discussed in (Erkkilä et 
al. 1998). 

 

2.3. Description of the bulk structure 
 
Especially at higher basis weights, i.e. for papers thicker than a few tens of microns, the 
paper sheet can be visualized as comprising three layers. The surfaces are denser than the 
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middle layer (Fig. 1) (Naito 2002; Alava and Niskanen 2006). The top layer shows 10% 
planar density variation, which is characteristic of commercial paper (Dodson et al. 1993). 
The bottom layer is MD oriented and features low spatial density variation (Majewski 
1961; Dodson et al. 1993). The centre layer is nearly random, in terms of fibre location and 
orientation, and also features ZD orientated fibres (Dodson et al. 1993). A detailed analysis 
of the fibre orientation across a paper sheet is given in (Erkkilä et al. 1998; Xu et al. 1999). 
Chemical woodpulp and groundwood distribution throughout the structure of a newsprint 
sheet is discussed in (Forgacs and Atack 1961). This is of particular interest, since sample I 
tested in III and IV exhibited a similar fibre composition. 

The spatial fines distribution affects physical paper properties. Firstly the optical 
properties: light scattering from fines particles is different than scattering from fibres. 
Secondly, structural properties: the surface roughness is reduced if the fines content 
remains on the surface of the forming web, filling the open pits and pores of the surface. 
Moreover, the fines affect the ZD density distribution in the sheet (Szikla and Paulapuro 
1986). Thirdly, the effect on sheet strength: fines particles may act as support and load 
bearing elements and may form bonds with fibres. Finally, fines clogs may hinder liquid 
movement in the pore space. The fines content distribution in ZD is discussed in (Majewski 
1961; Han and Chang 1969; Szikla and Paulapuro 1986). The fines in mechanical pulps 
consist mainly of hydrophobic lignin, and thus have different surface chemical properties 
(e.g. solid-liquid contact angle) than cellulose fibres, and the fines interactions with water 
are also different from those of fibres (Kangas 2007). 

The pore network is inextricably involved with the fibrous paper structure (Niskanen et 
al. 1998). Therefore paper can be described as a two-phase material of pore filling phase 
and solids (Bristow 1986). Porosity is regarded as the most important single structural 
feature of paper (Corte 1982a). The 3D pore structure directly governs the density and 
optical properties of paper (Niskanen et al. 1998). Porosity, pore size distribution and pore 
tortuosity largely control the liquid transport in paper. Tortuosity accounts for pore shape 
and inter-pore connections (Clennell 1997). Chapter 3 describes liquid transport in paper 
pores and the effect on it of tortuosity. The influence of pores on the optical properties of 
paper is discussed in chapter 5. 
 

Fig. 1: Schematics of layered paper structure. The amount of ZD orientation of fibres in the 
middle layer is over-emphasized for clarity. 
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As the fibres, also the pores are unevenly distributed in the sheet. The void 
distribution in the sheet can be characterised as the complement of the solid material 
distribution. The porosity, ε, is the fractional void volume: 
 

paper

wallfibre

ρ
ρ

ε −= 1 , (1)

 
where ρ:s are the weight densities of fibre walls (~1550 kgm-3) and paper. The density of 

paper varies from 200 kgm-3 for common filter paper (ε = 0.87) to 1400 kgm-3 for glazed 
greaseproof paper (ε = 0.1) (Corte 1982a). The fractional void volume accounts for open 
and dead-end pores as well as for closed voids (Fig. 2). 

The porous structure is often described by a model of capillaries with a certain radius 
distribution. This distribution is obtained experimentally with the mercury intrusion 
porosimetry technique (Paavilainen 1994). Usually the pore size of a specific paper grade is 
given as the average pore diameter. These diameters for the samples in III and IV were 
(1.35±0.04), (3.34±0.13), and (3.87±0.16) μm. The mean of the pore-size distribution 
increases linearly with mean pore radius (Sampson 2001). This indicates that there are also 
small pores in papers with a large average pore size. In machine made papers, orthogonal 
pore orientation is reported (Lindsey 1993; Silvy et al. 1995). The vertical (MD-ZD) 
deviation from circular form for ellipsoidal pores ranged from 2.2-2.6. 

Recent X-ray microtomographic techniques have provided a way to non-destructively 
image the paper structure in three dimensions (Samuelsen et al. 1999; Ramaswamy et al. 
2001; Samuelsen et al. 2001; du Roscoat et al. 2005; Hyväluoma et al. 2006). So far 3D 
images with mainly a 1 μm3 voxel resolution have been used, which has been insufficient 
for characterizing detailed features of the microscopic structure of the pores and fibres. 
However, these images were successfully used to quantify geometrically fibre assemblies. 
Such structures can e.g. be used when simulating physical processes, such as liquid 
transport, which take place in paper (Hyväluoma et al. 2006). Knowledge of the structures 
also allows detailed modelling of the propagating sound field. This is essential for accurate 
determination of sound-matter interaction, the basis for sonic paper characterization. 
Microtomography reveals most of the sub-micron structural features at 50 nm resolution 
(Rau and Liu 2007). The technique is being constantly improved and has recently reached 
20 nm resolution 

 

  
Fig. 2: Different pore types: Closed pore (left), dead-end pore, and open pore (right). 
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2.4. Description of the surface structure 
 
Although the surface cannot be unambiguously defined or separated from the other parts of 
the paper, difficulties are encountered in distinguishing surface pits from internal pores 
(Kajanto et al. 1998). The surface structure is often characterized by its roughness. The 
most commonly used roughness parameter, Ra, is the average distance between the peak 
tops and valley bottoms of the surface (Rakels 1988). The root mean square (RMS) 
deviation of the surface height, Rq, is also a commonly used roughness measure (Rakels 
1988; Kajanto et al. 1998). Paper roughness is determined by fibre morphology, forming, 
and other paper making processes such as calendaring. The impact of these factors on the 
paper surface structure is described in (Kajanto et al. 1998). 

Paper roughness may be categorized into three length scales: “optical roughness” at 
length scales smaller than 1 μm, “micro-roughness” at 1-100 μm, and “macro-roughness” at 
100 μm-1 mm (Kajanto et al. 1998). Optical roughness relates to surface properties of 
individual pulp fibres (Kajanto et al. 1998). Here the surface properties include the 
“internal surface” of hollow fibres, as well as the surface and the internal cracks of other 
solid materials. Micro-roughness arises primarily from shapes and positions of fibres and 
fines in the network structure. Macro-roughness (e.g. fibre flocks) is the result of paper 
formation. Due to the size of the inspected area (a circle of 1.1 mm in diameter) and the 
probing ultrasound wave length (270 μm), the changes observed in I were mainly in micro-
roughness. 

Surface topography profiles may be obtained by mechanical or optical line scans 
(Robertson et al. 2002). White light interferometry (WLI) provides a complete 3D picture 
of the surface structure. However, WLI pictures are limited by the optical magnification 
provided by the lens employed and the horizontal resolution of the detector. Currently, 
these images are merely 1 mm2 which necessitates image stitching when characterizing 
larger areas (Olszak 2000). The 2D and 3D surface profiles allow calculation of several 
roughness parameters. 

A standardized industrial way to characterize paper roughness is to measure air flow 
between a polished reference piece and the paper surface (ISO 5627:1995, 8791-1:1986, 
8791-2:1990, 8791-3:2005, 8791-4:2007). Another way is by measuring the fractional 
optical contact area between the paper surface and an optically transparent reference 
material (Levlin 1999). Paper roughness has also been measured by optical non-contact 
systems that monitor scattered or reflected light from the paper surface (Richter et al. 1983; 
Lu et al. 2006). As the optical measurements, ultrasonic methods provide a non-contact 
way to examine the paper surface roughness by sound reflection (Stor-Pellinen and 
Luukkala 1995). Ultrasonic probing has the advantage over optical scattering systems that it 
can measure surface topography over a wide range of length scales, ranging from the sub-
μm region to a mm scale (Robertson et al. 2002). 
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3. SPONTANEOUS IMBIBITION 
 

Here I explain the processes that occur when paper interacts with water, isopropanol and 
mineral oil under normal conditions (i.e. atmospheric pressure, constant T and RH) during 
time intervals shorter than a minute. These liquids were chosen since their effects on paper 
and their transport mechanisms in paper are different. Water is a swelling liquid. It absorbs 
into cellulose when in contact with paper and swells the fibres. Contrary to this, 
isopropanol and mineral oil are non-swelling liquids. 

In this work, the wetting liquid was applied onto the paper’s lower surface either as a 
mist with an average droplet diameter of tens of micrometers or as a solitary mm-scale 
droplet. The liquids were water (tap quality in I and II and deionized in III and IV), pure 
isopropanol (HPLC-grade, Rathburn Chemicals Ltd., Scotland) and mixtures of the two. 
Deionized water was preferred, because its pH and ionic concentration do not vary making 
the tests repeatable. Mineral oil (S3, Cannon Instrument Company, USA) was also used. 
These liquids are considered as Newtonian liquids; hence their viscosity remains unaltered 
during the transport. We focussed on the spontaneous liquid transport, imbibition, in the ZD 
of paper. Pressurized liquid transport and in-plane transport are discussed elsewhere 
(Salminen 1988; Lyne 2002). 

The terminology is often poorly defined. The term ‘liquid transport’ is widely used for 
liquid movement in paper (Salminen 1988; Leskelä and Simula 1998; Ramaswamy et al. 
2001). Other commonly used terms are “sorption” (Lyne and Aspler 1982; Eklund and 
Salminen 1987), “penetration” (Pan et al. 1988b; Senden et al. 2000; Hyväluoma et al. 
2006), “transudation” (Hoyland 1976c, 1976a, 1976b, 1976d, 1977a) as well as “wetting”, 
also for transport of other liquids than water (de Gennes 1985; Law 2001). Sorption 
includes adsorption of liquid onto the surfaces of the solid paper content, the filling of 
paper pores by liquid and potential absorption of liquid into the fibres. The term “sorption” 
does not distinguish or describe the wetting mechanisms or where the liquid is located after 
equilibrium is reached. “Penetration”, rather than “sorption”, characterizes e.g. the liquid 
front propagation. The Oxford English dictionary (Simpson and Weiner 1989) includes 
descriptions of the action of imbibing (imbibition) as “soaking or saturation with liquid” or 
“combination of solid and liquid by this process”. In our experiments the imbibition event 
commenced spontaneously when the liquid was applied onto the sample surface. Further 
on, the process continued freely during which the liquid partly (I-III) or completely (IV) 
replaced the air in the paper structure. Such a free process is referred to as spontaneous 
imbibition (Alava and Niskanen 2006). Hoyland categorized water in paper according to its 
location; Water of constitution, remains in the fibres in zero relative vapour pressure, 
imbibed water remains in the fibre wall whereas free water remains in the pores (Hoyland 
1977b). It is difficult to separate the microscopic intra-fibre wall pore space and the 
macroscopic inter-fibre pore space. Therefore the entire liquid phase regardless of its 
location in the paper structure after the imbibition event is referred here as imbibed liquid. 
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3.1. Imbibition mechanisms 
 
Liquid imbibition into paper is governed by chemical properties (e.g. solid-liquid contact 
angle) of the fibre surfaces together with surface tension and viscosity of the imbibing 
liquid. The porosity and pore topology of the fibre web, including fibre micro-pores and 
cracks, play an important part in this transport phenomenon. Inert liquids (or non-swelling 
liquids), such as mineral oil and isopropanol, do not react with the cellulose in the fibres 
and hence do not significantly alter the paper structure. Water and aqueous solutions are 
different in this regard since cellulose is hydrophilic and swells when interacting with water 
(Hoyland 1976e). Swelling occurs because of intermolecular attraction between water and 
cellulose molecules. Wood fibres consist of amorphous and crystalline regions where large 
cellulose molecules are bonded together with hydrogen bonds (O-H···O, C-H···O) and van 
der Waals type interactions (O'Sullivan 1997). Water is able to break any such bond and to 
form new bonds with the cellulose molecule. However, cellulose fibres swell to a limited 
extent in water, since only the amorphous regions of fibres are penetrated by the water 
(Hoyland 1977b). In addition to swelling, water breaks inter-fibre bonds and expands the 
fibre network (Kajanto and Niskanen 1998). This hygroexpansion is induced by the 
intrinsic expansion of the fibres and the release of drying induced fibre deformations (e.g. 
curls, kinks and radial compressions). At room temperature if, RH is increased from 0-
100%, the fibres swell approximately by 1% in the longitudinal direction and by 20-30% in 
the lateral direction (Gallay 1973). Under such conditions machine made paper commonly 
expands by 3-5% in MD (Gallay 1973), 10-15% in CD (Gallay 1973) and 20-100% in ZD 
(Salmén et al. 1985; Forseth and Helle 1997). The magnitude of hygroexpansion varies 
spatially in the sheet, which causes crumples in the sheet (e.g. sheet deforms away from a 
planar form). This crumpling especially takes place when there are singular wetted spots in 
the sheet that expand, surrounded by dry areas that resist the expansion. 

Liquid imbibition into paper can be viewed as a sum of coexisting sub-processes (Eklund 
and Salminen 1987) 

• Filling of pores and roughness pits at the paper surface, 
• Liquid penetration through capillaries, pores and cavities in the sheet, 
• Migration along fibre surfaces, 
• Water absorption into fibres and transport within fibres by diffusion 
• Vapour phase diffusion in the pore space and Knudsen diffusion in less than 100Å 

pores (Gupta and Chatterjee 2003). 
These dynamic events are usually difficult to distinguish from each other (Neimo 1999). 

The liquid wets a surface or it spreads out across it when the work of adhesion between 
the liquid and the solid exceeds the cohesion in the liquid (Lyne 2002). For water it takes 
some time to spread on the surface before the penetration proceeds into the pores (Bristow 
1967; Hoyland 1976e; Eklund and Salminen 1987). By definition, imbibition takes place if 
the static contact angle (i.e. the contact angle between a stationary fluid and a solid) 
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between the liquid and solid phase is less than π/2 (Fig. 3). Figure 3 shows a capillary that 
represents an open pore partially filled by liquid. The liquid driving pressure in such a 
capillary is (Washburn 1921) 
 

( )θγ cos2
r

Pcapillary =  , (2)

 
where γ is the surface tension of the liquid, r the capillary radius, and θ the static contact 
angle between the solid and liquid phase (Decker et al. 1999). 

The Washburn-Lucas-Rideal (WLR) law predicts the penetration depth hcapillary into a 
capillary tube by a spontaneously imbibing (inert) liquid, 
 

thcapillary ~ , (3)
 
where t is the penetration time (Alava and Niskanen 2006). The assumption is that the 
contact angle remains constant, which is not true for sized papers (Alava and Niskanen 
2006). The diverse surface chemical and morphological conditions cause hysteresis in the 
contact angle values. The hysteresis is caused by spatially and temporally varying 
roughness and porosity, as well as by alternating hydrophilic and hydrophobic regions on 
the dry matter surfaces in paper.  The value of the static contact angle lies within the value 
of a receding contact angle (θr) (i.e. when gas expulses liquid) and the value of an 
advancing contact angle (θa) (i.e. when liquid expels gas) (Radvan et al. 1966). In addition, 
the WLR-law disregards the influence of a few molecules thick liquid films that precede the 
propagating liquid front (Hardy 1919; de Gennes 1985; Bico and Quere 2003). Nor does it 
consider the effect of surface texture on the hydrophobic nature of the solid paper surface 
(Bico et al. 2001). It is suggested that an exponent exceeding 0.5 indicates the existence of 
a precursor wetting layer (Bico and Quere 2003). The WRL-model also omits the fact that 
fibres and fibre networks change if the liquid swells the fibres (Hoyland 1976e; Eklund and 
Salminen 1987).  

 
Fig. 3: Side view of a capillary showing a contact angle θ with the liquid front. Re-drawn 
from (Lyne 2002). 
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The counter pressure of the expelled air reduces the total liquid driving pressure (i.e. 
capillary pressure + possible external driving pressure). This is not accounted for in the 
Lucas-Washburn model but its effect was discussed in (Salminen 1988). A high counter 
pressure induced by air transport in the capillary dominates the liquid transport making the 
relationship between the liquid penetration depth and penetration time more linear than 
what WLR predicts (Eklund and Salminen 1987).  

In addition to transport in capillaries the liquid may propagate inside fibre walls by 
diffusion. This way of transport may be characterized by Hoyland’s solution to Fick’s 
second law (Hoyland 1976e), 
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where m0, mt, and mSat are the amount of water absorbed at times 0, t, and during saturation, 
respectively. Here D is the diffusion coefficient and L the initial paper thickness. D values 
of 0.3 to 5·10-3 mm2s-1 for water in bleached softwood sheets were reported in (Hoyland 
1976e). Practical use of this solution requires determining the diffusion coefficient for each 
sample. However, an implication is that in diffusive transport travelled distance is 
proportional to the square root of transport time (Hoyland 1976e). This is important since 
fibre swelling is largely induced by diffusion of water molecules into the amorphous part of 
cellulose in the fibre wall (Hoyland 1976e). Structural disintegration is therefore expected 
to be proportional to the square root of transport time. 

 

3.2. Existing tests for liquid absorption 
 
Several methods have been developed to measure sorption properties of paper (Gess 1981; 
Levlin 1999; Neimo 1999). In the following, traditional test methods are summarised 
according to (Lyne 2002). The static or dynamic contact angle between a liquid and a solid 
phase (i.e. fibres) is used to asses the “wettability of paper” (TAPPI T 558 om-06). 
Primarily the contact angle tells whether the liquid penetrates the paper or not, and provides 
an estimate for the rate of liquid penetration into paper (Washburn 1921). 

Paper printability or repellency is studied by an equipment in which a metered layer of 
ink is applied by rolls onto the paper surface (Lyne 2002). The paper-ink interaction is then 
obtained qualitatively by visual inspection or quantitatively by automated image analysis 
(Levlin 1999; Suontausta 1999). 

Total liquid uptake is tested by immersing the paper sample in liquid (TAPPI T 491 om-
04). After soaking the surplus liquid is removed by blotting the sample. The absorbed 
amount of liquid is assessed by weighing. The variations of the total uptake test are 
described by (Jones and Clungeon 2001; Lyne 2002): 
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• Cobb test- The penetration is allowed from one side of the paper, only. 
• Flotation test- A paper sample is floated on an aqueous solution. The test is timed 

and reaches completion when the sample is completely saturated with the test 
solution. In a variant of this test the paper sample floats on boiling water.  

• Valley Size Test- A paper is connected at each end to an electrode. The sample is 
immersed into a water solution and the conductivity of the sample, after a 
predetermined period of time, is measured. 

• Currier sizing test- The time necessary for a paper sample, soaked into an aqueous 
solution, to become conductive enough to switch on an electrical circuit. 

• Edge wicking and Klemm tests- The edge of a paper sample is immersed into a 
liquid. This test measures the amount of liquid that is picked up by the paper over a 
defined period of time. In the Klemm test the uptake rate is defined by measuring 
the time it takes for the liquid to rise up the sample to a predetermined point. 

 
“Dynamic wetting” is studied with Bristow type equipment where a paper strip is moved 

over the liquid sourcing slit (or headbox). The volume of the absorbed liquid is measured 
(Bristow 1967). Salminen developed a pressurized headbox for the Bristow’s device 
(Salminen 1988). 

None of these methods distinguishes the liquid transport mechanisms. However, methods 
for more detailed inspection of liquid transport in paper are reported. I review some of the 
methods that provide information of the ZD liquid transport in paper and that also reveal 
the transport mechanisms in real time. These methods measure liquid induced physical 
changes in the paper sample (Hoyland 1976e). 

In-plane and out-of-plane liquid penetration have been studied by monitoring the change 
in electrical conductance of paper during liquid penetration (Hoyland et al. 1973). In this 
measurement the electrodes are placed on both sides of the paper and the conductance is 
measured as water penetrates through the paper out-of-plane or in-plane. There are many 
variants of this test (Stinchfield et al. 1958; Hoyland 1976e; Jones and Clungeon 2001). 
The measurements can be made with an alternating current or a direct current. The 
measurement procedure with this contacting technique is laborious, but the results provide 
quantitative liquid diffusion coefficients in paper. Such coefficients are usually difficult to 
measure (Hoyland et al. 1973). 

Price et al. reported simultaneous light reflection and transmission measurements of 
wetting paper (Price et al. 1953). They found two stages of penetration: an earlier stage 
whose duration was ca.100 seconds and a later stage that continued for several minutes 
after the first stage. In this test the sample is fully wetted during the measurement. Knight et 
al. assessed paper surface wettability with light reflection measurements (Knight 1950). A 
wetting blade swept across the sample surface without contact, to apply dyed liquid onto it. 
Then the spatial light reflection values were measured and substituted into a modified 
Kubelka-Munk equation  that provided estimates for quantities and depths of the penetrated 

 23



liquid (Kubelka and Munk 1931). It was concluded that these “surface absorption values” 
were important in predicting the performance of a paper sheet in e.g. coating and aqueous 
printing.  

Oliver et al. proposed a video recording setup to track absorbed volumes of microscopic 
droplets applied onto paper by an ink-jet nozzle (Oliver and Forsyth 1990). They were able 
to measure the in-plane spreading and penetration rate of the droplets, but the relative 
contributions of the in-plane and out-of-plane liquid transport on the total flow rate were 
not distinguished. Recently a commercial dynamic contact angle tester was introduced 
(Fibro Systems Ab, Sweden), which also measures penetration by tracking the volume 
change of droplets (Levlin 1999). Both methods detect the amount of liquid absorbed after 
a certain contact time. The latter method measures the volume of a droplet on a paper sheet 
during penetration. The relative droplet volume change during the measurement is usually 
about 5%, which results in poor resolution and makes the absorption rate determination 
inaccurate. Moreover, the penetration direction is not resolved with this device. 

Another commercial device that measures paper wetting both in the thickness and in-
plane direction is the Fotocomp Print (Fotocomp Oy, Finland) (Portner and Gros 2005). In 
this method the horizontal paper sample is illuminated from bottom and a liquid droplet is 
applied to the upper sample surface after which the through-transmitted light intensity is 
recorded during the penetration process. From this recorded intensity the mode of 
penetration and flow speed are successfully deduced by means of digital image analysis.  

Fabritius and Myllylä observed the wetting front in paper with optical coherence 
tomography (Fabritius and Myllylä 2006b). Their results are interesting as they were able to 
detect wetting induced changes in the optical properties of the paper pore structure. They 
also assessed the degree of paper swelling relying on sheet thickness values from optical A-
scans with 10 μm resolution taken from papers after 4 h of wetting with water and glycerol 
mixtures (Fabritius and Myllylä 2006a). The swelling of individual fibres was not observed. 
Paaso presented a near-infrared spectroscopic method and measurement system for on-line 
moisture depth profiling in a recent doctoral thesis (Paaso 2007). 

Takahashi et al. reported nuclear magnetic resonance (NMR) measurements on water 
imbibition into cellulose fibre assemblies (Takahashi et al. 1997). Their studies revealed 
advancing water boundary, water concentration distribution and degree of fibre network 
swelling. Pulsed gradient spin echo (PGSE) NMR successfully measured water diffusion in 
wood pulp sheets (Li et al. 1992) and in paper (Li et al. 1999). 

Ultrasound methods for paper wetting characterisation have been reported long ago. In-
plane liquid penetration distance in paper strips was measured with 7 kHz in-plane acoustic 
wave propagation by Chatterjee (Chatterjee 1971). High correlation (R2=0.976) between 
the wetting rate constant obtained from Klemm tests and sound velocity was reported. The 
weakness of the test was that no penetration mechanisms were identified. Taylor and Dill 
applied an 10 kHz in-plane acoustic wave propagation technique to measure water 
absorption of coating colours into base paper (Taylor and Dill 1967). The absorbed liquid 
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volume was assessed from the relative change in sound velocity but no penetration 
mechanisms were distinguished. 

Pan et al. studied liquid penetration with through transmitted 2 MHz ultrasound (Pan et 
al. 1985). They monitored the wetting process by the temporal amplitude change during 
liquid penetration. They were able to see the effect of paper sizing both in the wetting delay 
and in the liquid penetration speed. Moreover, the results indicated that two different 
wetting mechanisms took place in their experiments: capillary transport in pores and 
diffusion transport into fibres. Pan et al. further developed their device (Pan et al. 1988b) 
and made parallel measurements with ultrasonic and Bristow wheel methods (Pan et al. 
1988a). A commercial product based on their first device exists, where horizontal paper 
sample is soaked vertically in a liquid vessel (emcoDPM, Emco GmbH, Leipzig, Germany). 
We introduced a “vertical” setup of Pan’s device having the capability to measure with 
centre frequencies of 0.5–14 MHz (Stor-Pellinen et al. 2000a). The effect of high power 
ultrasound field on liquid penetration was studied with this device (Stor-Pellinen et al. 
2000b). Vuohelainen introduced an acoustic way of characterising thickness and basis 
weight (i.e. planar weight density) of papers (Vuohelainen 1998). This method was able to 
observe basis weight change caused by absorbed moisture. It could be used to measure 
swelling induced sheet thickness increase. 

Ultrasound has an advantage over other non-contact methods in that it can probe 
mechanical changes where other methods were unable to do so. The weakness of the 
existing immersion tests is that the amount of penetrated liquid is not comparable to that 
applied in coating or printing processes.  

 

4. SUMMARY OF OPEN TASKS, OBJECTIVES, AND 
HYPOTHESES 
 
The following water induced problems in paper provided the initial motivation for this 
work: 

• Water induced fibre swelling and its effect on the compressibility (i.e. ZD stiffness) 
of paper is poorly known. The in-plane direction has been studied, but reports on 
changes in the ZD are few. Cellulose-water interaction swells fibres as well as 
releases the drying induced intra-fibre and inter-fibre stresses. This causes stiffness 
loss and dimensional changes in paper, which are the main factors that cause web 
breaks in printing and paper coating processes. 

• Application of aqueous inks induces fibre swelling which causes paper surface 
roughening that reduces the gloss of unprinted areas after printing. This lowers the 
print quality. Similarly surface roughening takes place in the pigment coating of 
paper. Water migrates from the freshly spread coating to the base paper that 
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roughens under the coating layer producing local cracks and a rough coating surface 
that reduces the coating layer quality. There is lack of non-contacting methods that 
can quantify the dynamic surface roughening in industrial settings. 

• To understand the transfer of water into paper in offset lithography one must know 
where the water goes during this process. Earlier studies rely on mass balance 
measurements which tell the quantity of the transported liquid but little about 
location of the liquid or the transport mechanisms involved (Aspler 1993, 2006). 

 
Based on the aforementioned open tasks the objectives of this study were chosen to be: 

• Quantify the temporal surface roughness of partly wetted paper, the roughening 
mechanism and the time scales of the roughening event using airborne ultrasound. 

• Distinguish mechanisms, determine magnitude, and track temporal development of 
compressibility alteration in paper caused by fibre swelling using airborne 
ultrasound. 

• Locate water, isopropanol and mineral oil spatially and temporally in paper during 
the imbibition process by light transmission and reflection methods. 

• Reveal liquid transport mechanisms in paper.  
 

The hypotheses of this work were as follows. Water swells the fibres, which reduces 
fibre stiffness, alters the strength of the inter-fibre bonds, and increases the surface 
roughness of paper. These changes affect the propagation velocity and attenuation of 
ultrasound waves in paper, as well as the reflection of sound from its surface. The first 
hypothesis: Sound wave velocity, attenuation, and reflection are measurable parameters 
that allow monitoring of the wetting process and its effects on paper structure and strength. 

In addition, liquid transport alters local optical reflection and transmission coefficients in 
paper. The second hypothesis: By following the temporal development of light transmission 
through paper and the reflection from paper during wetting, it is possible to deduce the 
temporal location of liquid in the paper. Moreover, this knowledge allows the liquid 
transport mechanisms, such as capillary transport in the pore space and diffusion in fibres, 
to be distinguished. 
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5. CHARACTERIZATION OF WETTING PAPER 
 

5.1. Airborne ultrasound reflection from paper surface 
 

The measurement of surface alteration of paper relies on measuring sound reflected from 
the paper surface. This is feasible due to the large difference in the acoustic impedances (Z) 
of air (420 Rayl) and paper (0.06 MRayl < ZPaper < 2.6 MRayl). This difference causes 
airborne ultrasound to be nearly totally reflected from the surface. The acoustic impedance 
of paper varies with wetting (Stor-Pellinen et al. 2000a), but the change in the reflection 
coefficient due to such impedance change is indiscernible. The ultrasonic wave length 
defines the minimum size for detectable roughness features, and the beam diameter of 
reflected ultrasound determines the assessed area (Haines and Langston 1980). The sonic 
wave length at 1.24 MHz in air is 270 μm, which means that a surface roughness exceeding 
10 μm is detectable (Haines and Langston 1980). The initial roughness of the samples 
studied was less than 10 µm on the average, but markedly increased during wetting. 

The ultrasound pulse scatters and diffracts when reflecting from a rough surface and 
energy loss by scattering and diffraction can be observed as a reduction in the reflected 
pulse amplitude. An ultrasound reflection measurement integrates the scattering and 
diffraction effects within the characterized surface area (focal diameter (1.1±0.2) mm). The 
impact of surface roughness (Rq<< λ) on the amplitude of an acoustic wave reflected at 
normal incidence is given by (Blessing et al. 1993)  

( )tRk
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in which A0 is the amplitude of the incident wave, k the wave number and Rq (t) the time-
dependent surface roughness. Roughness changes as the wetting liquid swells the fibres. 
The temporal surface roughness is  
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where Adry is the amplitude reflected from a dry sample. 

 

5.1.1. Materials and methods 
 

A general overview of the materials and methods is given below. More details are presented 
in the original publication I. 
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Four kinds of samples were studied: copy paper (80 g/m2), newsprint paper (50 g/m2), 
unsized paper (131 g/m2) and heavily sized paper (131 g/m2). Tests with copy paper and 
newsprint were unsuccessful because of the strong crumpling of these papers due to fibre 
swelling. The reported measurements were conducted on unsized and heavily sized papers 
only. 

The heavily sized sample was prepared by mixing starch with the pulp at the wet-end 
stage of the paper machine. This treatment increases the solid-liquid contact angle which 
impedes liquid transport into the paper structure according to the mechanisms explained in 
chapter 3. The water-solid contact angle was 40 ° for the unsized paper and 110° for the 
heavily sized sample. Sizing should also reduce the wetting induced surface roughening. 

Ultrasonic reflection was measured with a custom built air-coupled 1.5 MHz transducer 
(Fig. 4 left) and a pulser. The transducer specifications were as follows: diameter 7.5 mm, 
focal length 14.6 mm and centre resonance frequency 1.24 MHz. The beam diameter at 
focus was (1.1 ± 0.2) mm (Stor-Pellinen and Luukkala 1995). Figure 4 (left) depicts the 
system and Fig. 4 (right) shows a typical signal recorded during the first two seconds of the 
measurement. A 50 x 50 mm2 sample was attached, felt side facing the ultrasound 
transducer (Fig. 4, left). 

The samples were wetted with tap water and 10, 20, 50, 80 %vol. aqueous isopropanol as 
well as with pure isopropanol. Wetting was done by atomizing 5 μl or 25 μl of liquid with a 
high-power ultrasonic actuator (600 W, 20 kHz, Fig. 4). The mist droplets had a 45 μm 
mean diameter (Berger 1998). A plastic film, with a circular orifice of 4 mm diameter, 
between the wetting actuator and the sample, reduced the wetted area to that of the orifice. 
The wetted area was reduced in order to avoid sample crumpling. The spraying lasted (61± 
4) ms (rise time of (12±1) ms). Volumes of 5 μl and 25 μl of sprayed water provided (32±2) 
and (212±14) g of mist per m2, respectively, whereas 25 μl of isopropanol provided 
(226±18) g per m2. Rapid evaporation (~10 s) hindered estimating the total volume of 
sprayed isopropanol on sample surface when 5 μl droplets were atomized. For comparison, 
roughness values were measured for dry and wet samples (cf. Fig. 6) with a stylus 
profilometer (12.5 μm stylus radius, Dektak II, Veeco Inc, USA). 

 

 
Fig. 4: The pulse-echo sensor head (left) and a typical signal that was recorded during the 
first two seconds of a measurement (right). 
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5.1.2. Main results and discussion 
 
Two sets of results with unsized paper samples are shown in Fig. 5 and Fig. 6. Both figures 
show that the increase in absolute roughness value and the final roughness value were 
lower for samples wetted with higher isopropanol concentrations. These reflection curves 
show the Rq value obtained from ultrasound reflection amplitudes using Eq. 6. The 
profilometer measurements give two points of reference, one for dry paper and one for 
paper wetted with pure water, Fig. 6. 

The investigation showed that it was possible to follow the change in the surface 
roughness of a paper sample during wetting with pure water, isopropanol and their 
mixtures. By interpreting the change in surface roughness as a consequence of wetting, one 
could identify the different stages and rates of wetting (I). In heavily sized papers the 
surface roughness change was slower than in paper with lesser size content (I). Although 
the estimates for difference of roughness for dry and wetted paper should start from zero in 
Figs 5 and 6; disturbance from the wetting actuator and the impinging mist pulse at the 
beginning of the measurement probably resulted in the bias of the initial values. 

Comparing surface roughness measured with the ultrasound method to that measured 
with a profilometer when the wetting liquid was pure water (212 g/m2) showed that the 
ultrasonic Rq value was twice that of the profilometer reading. The reason for this could be 
wetting-induced sample crumpling whereby sample surface moves out of the probing 
ultrasound focus. This is seen in Fig. A (Appendix), showing the reflected amplitude as a 
function of vertical position of the reflector. 

 
Fig. 5: Change in the roughness of unsized paper wetted with 32 g/m2 of water, 
isopropanol, and 10, 20, 50, 80% of aqueous isopropanol. The coefficients of variation of 
four individual measurements (nearest to the average) were 27.0, 41.4, 16.6, 27.9, 43.9, and 
41.4%, respectively. 
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Fig. 6: Change in the roughness of unsized paper wetted with (212±14) g/m2 of water and 
10, 20, 50, 80% of aqueous isopropanol, and (226±18) g/m2 of pure isopropanol. The 
coefficients of variation of four individual measurements (nearest to the average) were 
36.2, 29.5, 31.9, 22.7, 17.0, and 27.0%, respectively. 
 

Another source of errors in the roughness measurement is Eq. 5 which approximates the 
amplitude of a specularly reflected pulse from an infinite planar and rough surface (Rq<<λ) 
(Haines and Langston 1980; Blessing et al. 1993). However, an exact quantification of 
Kirchoff model accuracy is difficult (Ogilvy 1991). Qualitatively, the Rq accuracy suffers 
because the model excludes pulse diffraction losses (due to surface gradients) and losses 
induced by diffuse reflection, both of which are not dependent on the surface roughness 
alone but also on the surface geometry (Ogilvy 1991). The model accuracy can be 
quantitatively estimated from earlier empirical results (Haines and Langston 1980). Haines 
and Langston reported that the theoretical estimate exaggerate the reflected amplitude loss 
by 2dB (26% of the amplitude) compared to that of experimental value (the Rq was 0.14λ; 
our Rq was 0.02-0.06λ). This estimate is not applicable to our results as such, since we 
assessed the absolute change in surface roughness of the wetted sample. Moreover, the 
error induced by the Kirchoff model approximations is largely cancelled out since the 
amplitude reflected from dry sample was used as a reference. Still, there is error generated 
as the sample roughness increases. Diffusive reflection is more prominent for rough 
surfaces than for smooth surfaces. Consequently, Rq values contain relatively more error at 
late than at early stages of the measurement. Differences in the diffraction losses between 
each measurement (due to altering surface geometry) should be reduced as five 
measurements were done for both kinds of sample. This procedure that averages out the 
surface geometry effect on reflected wave is called “ensemble averaging” (Ogilvy 1988). 
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In conclusion, it was possible to follow the change in surface roughness during the 
wetting process. Different rates of change in the surface roughness were found for different 
kinds of liquids investigated. The method allowed temporal development of Rq during 
wetting to be characterized. 

 

5.2. Airborne ultrasound transmission through paper 
 
The static compression and tension induced forces in the ZD of paper are carried by fibres. 
However, for transient stresses closed pores may provide mechanical rigidity. In this 
respect, the compression strength of the sheet may primarily be characterized by 

• Fibre morphology (Bucher 1957; Emerton 1957; Frey-Wyssling 1957; Rånby 1957) 
• Fibre stiffness (Page et al. 1985) (Mark 2002) 
• Number of fibres per unit volume (i.e. sheet density) 
• Spatial arrangement of the fibres (Niskanen et al. 1998) 
• The quality and number of inter-fibre bonds per unit volume (Kallmes and Corte 

1960; Corte 1982b; Naito 2002)  

At strains exceeding approximately 0.2% paper starts to behave as a plastic material (i.e. 
the material deformations are not completely reversible) (Ebeling 1973). That is at least 
partially due to pre-rupture alteration of inter-fibre bonds during straining. The ZD strength 
of paper in compression has been reported to exceed that in extension (Stenberg et al. 
1999). Consequently, the stress-strain behaviour of paper is non-linear exhibiting hysteretic 
features. However, a sound field with less than 10 W/m2 intensity in the 0.1 to 1 MHz 
frequency range induces sub-micron strains in paper that consequently behaves as an elastic 
material and does not exhibit non-linear effects or hysteresis. An ultrasonic wave undergoes 
dispersion and attenuation during its propagation through paper. The attenuation is largely 
due to energy scattering from structural discontinuities, and to a lesser extent due to energy 
absorption by the material (Brodeur et al. 1993). This is especially true for dry paper. The 
dispersion induced phase velocity change for a 0.25-1.25 MHz sound propagating in the ZD 
of paper is less than 10% (Brodeur et al. 1993). In our case (II), the relative change in 
attenuation during wetting was compared to the attenuation in a dry sheet. 

When water wets paper its mechanical strength decreases as a consequence of altered 
fibre structure and breakage of inter-fibre bonds (see Chapter 3). Also, the drying induced 
stresses that stiffen the paper in the ZD are largely released due to these changes (Htun and 
de Ruvo 1977; Fellers and Bränge 1985). Sound attenuation is altered during wetting due to 
the following sub-mechanisms.  Firstly, the breakage of inter-fibre bonds increases the 
amount of mechanical discontinuities that scatter wave energy. Secondly, pores partially 
filled with liquid introduce more boundaries between the gas, liquid, and solid phases in 
paper, which increases scattering (II). Thirdly, a non-swelling liquid, i.e. mineral oil or pure 
isopropanol, entering the pores may serve as a mechanical contact agent between fibres 
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enhancing the acoustic inter-fibre coupling that reduces sound attenuation. Lastly, water 
induced fibre softening increases the mechanical loss modulus of the fibres. This increases 
the absorption of wave energy into fibres (Kim et al. 2003).  

The in-plane and ZD mechanical properties of paper can be measured non-destructively 
with ultrasound techniques (Habeger 2002). Assuming the paper to be an orthotropic 
homogeneous plate, the phase velocity of a longitudinal wave in the ZD is given by (Mann 
et al. 1980)  
 

 

ρ
33

zL
C

c =, ,  (7)

 
where ρ is the weight density of the paper and C33 is the component of the elastic stiffness 
matrix describing its stiffness in the ZD. A sound wave at normal incidence to paper can 
give rise there to a resonance with a frequency of 
 

zccf zLzLresonance 2// ,, == λ ,  (8)

 
where λ is the wavelength of the impinging sound and z the thickness of the paper 
(McIntyre et al. 2001). Water softens the fibres and thus lowers the elastic modulus of the 
paper (cf. Chapter 3) (Nissan 1977). This again lowers the propagation velocity of sound 
waves in wet paper as indicated by Eq. 7. Water absorption into fibres makes them swell, 
and increases the paper thickness (Salmén et al. 1985). Both these changes alter the 
resonance frequency of Eq. 8. By monitoring the transmission spectrum it is therefore 
possible to follow the wetting induced changes in paper during the sorption process. 

The classical absorption model for linear ultrasonic signal propagation in a homogeneous 
and isotropic medium is 
 

( ) ( )zt
0eAtA α−= ,  (9)

 
where A0 is the amplitude of the transmitted ultrasonic signal, A(t) is the amplitude of the 
received signal, α(t) is the apparent absorption coefficient of the sample at time t, and z is 
the sample thickness that was assumed to remain unchanged (II). Solving Eq. 9 for α(t) as a 
function of the amplitude of the received signal gives  
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Assuming that the scatterers are much smaller than the wavelength and that energy 

dissipation is mainly due to viscous losses, the frequency dependent absorption coefficient 
can be modelled as 
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where f is the frequency of the transmitted sound, α0 a medium specific attenuation 
coefficient and ñ characterizes the frequency dependence of attenuation as a function of 
time (Narayana et al. 1984; Álvarez-Arenaz et al. 2002). For dry paper we detected ñ 
values of 0.9±0.1 and 1.4±0.1 in the 0.5-0.75 MHz frequency band, which indicates a fairly 
linear increase in attenuation with increasing frequency. These values compare well with 
the ñ value 1.1±0.05 measured for aero-gel in the 0.4-1.2 MHz frequency range (Álvarez-
Arenaz et al. 2002). For water, a Newtonian liquid, ñ is 2 according to Stoke’s law 
(Narayana et al. 1984). Therefore, it is reasonable to expect that wetted paper will exhibit a 
larger ñ than dry paper. Taking the logarithm of Eq.11 gives 
 

( )( ) ( ) ( ) j..2,1,lnln~ln =+= itftnt i0ii αα .  (12)

 
From the graph of ln(α(ti)) as a function of ln f it is possible to determine both α0(ti) and 
ñ(ti) by linear regression. Finally, graphs of α0(ti) and ñ(ti) can be drawn. 

 

5.2.1. Materials and methods 
 
Paper II describes in detail the methods used in the three parts of this investigation. In the 
following the main features of the measurements and the characteristics of the samples are 
provided. 

In the first part of the study, ultrasonic resonance frequencies were measured in the ZD of 
dry office paper. The transmitted chirp (i.e. linearly swept frequency) signal frequencies 
were 0.5-0.9, 0.6-1.0, and 1.3-1.7 MHz. Transmission spectra through dry samples were 
recorded with a digital oscilloscope and normalized by the bandwidth of the ultrasonic 
system. A resonance was defined as the frequency of the highest peak in the normalized 
ultrasonic transmission spectrum. The results were used as a reference for the later steps. 

During the second part of the study a 0.5-0.75 MHz chirp signal, with a repetition rate of 
10 Hz was used. The temporal change in the transmission spectrum was measured when 
230 g/m2 (260 μm) offset paper (Kangas WF, wood free offset paper) samples were wetted 
with 100 μl of water. The thickest sample was chosen because the relative thickness 
variation caused by manufacturing variability is smaller in a thick than in a thin paper. Less 
variability in the thickness makes the resonance phenomenon stronger in a thick sample 
than in a thin sample since the energy is spread out over a narrower frequency band. 
Moreover, thick samples exhibited less crumpling when wetted than thin samples. Avoiding 
crumpling of the wetted sample was important to prevent signal distortion. 

The transmission spectrum through a dry sample was recorded. Then the spectrum of the 
signal received through a sample was stored one second and ten seconds after the impact of 
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the mist pulse. The change in ZD resonance during the wetting process was determined 
from the obtained spectra.  

The ultrasonic signal transmitted in the second part of the investigation was identical to 
that in the third part, in which 15 μl of water or isopropanol was applied onto a kraft paper 
sample (230 g/m

2
, 360 μm). This amount of liquid did not wet the sample through its full 

thickness. A low amount of wetting liquid was applied to ensure that no sample crumpling 
occurred. The amplitude transmitted at five frequencies, 518, 566, 613, 661 and 708 kHz, 
was analyzed digitally from the recorded chirp signal. Signal duration was 4.2 seconds, 
which meant that 42 points separated temporally by 0.1 seconds were collected for each of 
the five frequencies analyzed. 

 

5.2.2. Main results and discussion 
 
The main results of II are presented in the following order: first, the ZD resonances of the 
dry sample. Second, temporal change in the ZD resonance frequency during wetting. Third, 
temporal change in the apparent absorption coefficient during wetting. 

The ZD resonance frequencies for dry offset paper samples are presented in Fig. 7. Use 
of transducers operating at 1.3-1.7 MHz allowed the characterization of dry offset paper 
with lower basis weight than previously reported (McIntyre et al. 2001).  The resonance 
frequency appears to be inversely proportional to basis weight as predicted theoretically 
and suggested by earlier experiments (McIntyre et al. 2001). Figure 7 includes a new data 
point of an ultrasonic ZD resonance at (1450±20) kHz in a paper sample with 80 g/m

2
 basis 

weight. Figure 7 confirms that earlier results (McIntyre et al. 2001) could be reproduced 
and expanded with our device. This provided a way to monitor temporal changes in the ZD 
resonance frequency during wetting. 

 

 
Fig. 7: The measured resonance frequencies as a function of basis weight (g/m2) of the 
samples. 
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Changes in the ZD resonance during wetting are shown in Fig. 8 which displays a 
resonance at (732±5) kHz in the dry sample (black line). A second after the mist pulse 
impact, the resonance frequency is (715±5) kHz (dark grey line). Ten seconds after the 
wetting no visible resonance peak exists (light grey line). The maximum transmitted 
amplitude was now at (690±40) kHz. The broad resonance peaks are due to the thickness 
variation and uneven progress of wetting through the thickness of the sample (Takahashi et 
al. 1997). This result indicates that the setup successfully monitors the changes in the ZD 
resonance during paper wetting.  

 

Fig. 8: Temporal changes in the ZD resonance during wetting of a 230 g/m2 /260 μm offset 
paper sample when 100 μl of water was applied. The dry sample exhibited a resonance at 
(732 ± 5) kHz (black line).  
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Fig. 9: The relative change of apparent absorption coefficient, α0, as a function of time 
during wetting of 360 μm / 230 g/m2 kraft paper with 15 μl of water (grey dots) and 
isopropanol (black squares). 
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Figure 9 exhibits the temporal behaviour of the apparent absorption coefficient of paper 
when the wetting liquid is water and isopropanol. When water is the wetting liquid the fast 
capillary wetting process dominates during the first 0.7 s after the mist impact. Water in the 
pores enhances the acoustic inter-fibre coupling; hence the apparent attenuation coefficient 
is lower than that of dry paper. The apparent attenuation in paper during wetting exceeds 
that of the dry sample (2.0±0.1) s after the application of the mist pulse. At this instant, the 
attenuation increase, caused by the swelling of fibres and the alteration of the elastic 
modulus, exceeds the decrease in attenuation due to improved acoustic coupling by water. 

The rate of capillary wetting is reduced as the pore space fills since the pressure gradient 
that drives this process is reduced due to diminishing supply of dry pores. This leaves the 
slower diffusion wetting to prevail. Consequently the wetting processes can be 
distinguished even though they occur concurrently during the sorption (Price et al. 1953; 
Takahashi et al. 1997; Stor-Pellinen et al. 2000a). 

Penetration of isopropanol into the pore space initially enhances the acoustic coupling. At 
(1.0±0.1) s after the mist pulse application, the apparent attenuation coefficient exceeds that 
of the dry sample. The successive increase in attenuation is caused by isopropanol entering 
the pore space. As the wetting proceeds isopropanol occupies an increasing part of the pore 
space. The wetted volume contains dry fibres, partly air-filled pores and isopropanol 
saturated pores. In an unevenly wetted paper pores are partially filled with liquid which 
results in more boundaries between the gas, liquid, and solid phases. This increase in the 
number of boundaries increases scattering that attenuates the acoustic signal. Isopropanol 
penetration into the paper results from capillary wetting only, since no diffusion into the 
fibres takes place (cf. Chapter 3). 

 

5.3. Optical properties of paper during liquid penetration 
 

5.3.1. Light transmission 
 
In III, paper is regarded as piled up layers of cellulose and air according to the Scallan-
Borch approach (Scallan and Borch 1972). The total transmission of light was monitored by 
following the transmitted light intensity (TLI) through the paper. The TLI change was due 
to light scattering and absorption that both decrease as a consequence of liquid penetration. 
The two separate contributions, changes in light reflection from the paper structure and 
changes in light absorption by fibres, were not distinguished in the TLI alteration.  

During the sorption process the penetrating liquid fills pores and cavities of the paper by 
replacing the air therein. TLI changes because wetting turns air-fibre interfaces into liquid-
fibre interfaces. After the pores are filled, as described above, liquid diffusion into fibres 
reduce the amount of liquid in the pores turning fibre-liquid interfaces into fibre-air 
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interfaces again. This reduces the transmissivity of the paper. The refractive indices of the 
materials considered here are presented in Table 1. 

The optical intensity transmission coefficient, T, of the air-fibre interface for normal light 
incidence is 0.953. If water or isopropanol replaces the air, the corresponding transmission 
coefficients are 0.994 and 0.996, respectively. However, it is difficult to accurately 
calculate TLI values for different paper types. This may explain the lack of investigations 
on partially wetted paper with varying spatial distributions of dry and wetted structures. 
The path length of light through paper is approximately 10-100 times the paper thickness 
(Carlsson et al. 1995). This zigzag path features many reflection events. Because the 
reflecting surfaces are not pure reflectors but also scatterers, the light scatters strongly 
(Alava and Niskanen 2006). This renders an exact calculation of transmission- and 
reflection coefficients for light transmission through a paper sheet difficult.  

 

Table 1: Refractive indices and reflection coefficients for normal light incidence at fibre 
interface for materials considered in this study (Clark et al. 1969; Weast 1976 ). 

Medium  Air  Water Isopropanol Mineral oil  Starch Cellulose 

Refractive index 1.00 1.33 1.38 1.46 1.54 1.55 

Coefficient for 
normal reflection at 
fibre interface 

0.047 0.006 0.004 0.001 1•10-5 - 

 

 

5.3.2. Light reflection 
 
At an initial stage of the experiment IV, a single droplet was dispensed onto the lower 
surface of the paper sample. The droplet was considered to be an infinite source of fluid 
feeding the paper surface since its volume was more than 104 times larger than the pore 
volume in the region of interest (ROI, Point A in Fig. 12). During the sorption process, the 
penetrating liquid was assumed to fill the paper’s pores and cavities by replacing the air 
therein. Consequently, light reflection changes because wetting turns air–fibre interfaces 
into liquid–fibre interfaces (Price et al. 1953).  

The intensity reflection coefficient, R, for a plane wave normally incident onto the 
boundary between two materials is 
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where n1 and n2 are the refractive indices of the two media that form the boundary 
(Carlsson et al. 1995). The optical reflection coefficient at a fluid–cellulose interface for 
normal incidence is less than that of an air-cellulose interface (Table 1). Scattering, as well 
as the heterogeneous paper structure, render an exact calculation of reflection coefficients 
difficult (Norman 2000). This difficulty does not, however, prohibit observing liquid 
transport using the recorded light reflection. 
 

5.3.3. Samples 
 
The samples were three kinds of paper manufactured in a pilot paper machine (Oy KCL 
Ab, Finland). The details of these papers are given in Table 2. Some comments on their 
properties are provided in the following. Unsized sample I consisted of mechanically 
pulped groundwood and softwood (1:1). Due to the nature of mechanical pulping, most of 
the lignin was left in the groundwood pulp (Sundholm 1998). This lignin decreases the 
water uptake of fibres (Salmén et al. 1999). Groundwood fibres are also more porous than 
chemically pulped fibres because they are ripped out from the solid wood material during 
mechanical pulping, leaving their surfaces ruptured. The rough and porous groundwood 
fibres result in a paper formation where the average pore diameter of sample I is 
considerably smaller than those of the other two samples (cf. Table 2). The solid-liquid 
contact angle of sample I was (74±3)° for water and (21±3)° for isopropanol. 

Samples II and III were made of the same base paper and contained chemically pulped 
hardwood (70%) and softwood (30%). The surface of chemically processed fibres is 
smoother than that of mechanically processed ones. Softwood fibres are naturally less 
porous than hardwood fibres. Due to these two facts, samples II and III were less porous 
than I, although their average pore diameter exceeded that of I. Sample III was sized with a 
starch stabilized alkyl-ketene-dimer (AKD), whereas sample II was unaltered. The solid-
liquid contact angle of sample II was (25±6)° for water and (20±8)° for isopropanol. Sizing 
markedly affects the water-fibre contact angle increasing it to (103±3)° in sample III. The 
isopropanol-fibre contact angle was (19±6)°. The mineral oil contact angles could not be 
established due to the rapid oil absorption into the paper.  

 
Table 2: Sample specifications. 
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5.3.4. a) Light transmission measurement system 
 
In the light transmission setup a paper sample was wetted with a mist pulse generated by 
the high power ultrasonic device described in I-III. The mist pulse impinged evenly onto a 
circular area (25 mm diameter) of the sample surface. Distilled water or pure isopropanol 
were used as the wetting liquid. The total amount of liquid accumulated onto the sample 
surface was (12.6±1.2) g/m2. 

A diode laser emitting 670 nm wavelength monochromatic light was used as a light 
source (5 mW, ACMT Power Technology Inc.). The light beam was expanded onto a 22 x 
7 mm2 area with a cylindrical quartz lens to obtain an averaged response by illuminating a 
large volume. The transmitted light was guided to an optical power meter (Ando Electric 
Co., 60 ms response time) with four optical fibres placed in line 2 mm apart from each 
other (Fig. 10). The optical multi-mode fibres (Toray industries, Japan) were 35 mm away 
from the sample and had an aperture diameter of 40 mm (NA=0.5). Thus, in practice, all 
fibres detect the same wetted area. Four fibres were used in order to achieve an increased 
signal-to-noise ratio. The temporal intensity reading of the power meter was sampled with 
12 bit resolution at 100 Hz during 10 s and stored. The sampling and mist pulse generation 
commenced simultaneously. 

Five parallel measurements as a function of time were performed for each type of sample 
and for both wetting liquids. The average value of these non-filtered measurements was 
recorded and presented as a function of time. The repeatability of the measurements was 
16.1% obtained as the coefficient of variation within a sample type. The temperature was 
(23±1) °C and the RH was (25±5) % in the laboratory during the measurements. 

 

 
Fig. 10: Set up of the wetting tip, laser source, lens and light receiving fibres. 
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5.3.4. b) Light reflection measurement system 
 
The light reflection setup is depicted in Fig. 11. A dispenser (XL2000, EFD inc., USA) 
dispensed a droplet of mineral oil, deionized water or isopropanol onto the lower surface of 
the horizontal sample. The liquid properties are presented in Table 3. The exact amount of 
absorbed isopropanol was unknown due to its fast evaporation (~60 s). No significant 
sample curling was observed during liquid penetration. The temperature was (24.0±0.5) °C 
and the RH was (23±2) % in the laboratory during the measurements. The samples were 
stored 24 h in the laboratory before the measurements.  

The dispenser unit was triggered with a pulse from the serial port of the computer. The 
trigger pulse was synchronized with the image capture procedure. The latency time to the 
start of the capture was 20 ms and 120 frames (640 x 480 pixels) per second were recorded. 
The droplet hit the paper surface (50±3) ms after the trigger signal. The raw data images 
were stored in the memory of the computer. A camera (TM6710, Jaipulnix, Denmark), was 
mounted orthogonally to the sample. 

Table 3: Liquid properties (Weast 1976 ).  

 
 

 
Fig. 11: Photograph of the measurement system and its schematic presentation. 
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Fig. 12: An application, which calculated the average pixel values at the centre of the wetted area 
(Circle A) and reference area (Circle B). 

 

In the camera, magnification of the optical system was 20X and the NA was 0.6. The 
monochrome images had a depth of 8 bits, i.e. number zero in the scale is black and number 
255 white. An incandescent lamp (8 V, 20 W) illuminated the sample with a 60-degree 
incidence angle. The spectral response of the camera (320-670 nm, -3 dB) matched the 
spectral output of the broad band thermal light source. A piece of white paper tape (item B 
in Fig. 12) attached to the sample holder served as a reference reflector. 

The measurement software produced a sequence of images (audio/video interleave file, 
AVI) for each measurement. This file was analyzed after the measurement with another 
application, which calculated average pixel values in a desired area of the image and then 
generated a text file containing the intensity values during the measurement. A circular 
area, 64 pixels in diameter, was manually centred on the liquid droplet, in each AVI-file 
(Fig. 12). The pixel values, averaged across the wetted area (Circle A in Fig. 12), were 
divided by the averaged values across the reference area (Circle B in Fig. 12) to eliminate 
any intensity fluctuations in the light source.  

 

5.3.5. a) Main results and discussion of light transmission measurements 
 

The TLI values were divided by the maximum value of each time series and plotted as a 
function of time (Fig. 13). For samples I and II, five different phases of the water wetting 
process were distinguished. 

1) From 0-0.1 s the samples are being wetted. The end of the mist pulse is  
marked with a vertical broken line in Fig. 13. 

2) From 0.05-0.25 s the relative TLI through sample II increases by 120% and  
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by 70% between 0.1 s and 0.65 s through sample I. 
3) TLI peaks at 120% above the initial level at 0.25 s in sample II, and at 70%  

above the initial level at 0.65 s in sample I. 
4) The stage of slow decrease in TLI begins after 0.3 s for sample II and after  

0.7 s for sample I. 
5) A new transmission baseline is reached at (1.5±0.5) s, 45% above the initial  

level for sample II, and at (5±1) s, 50% above the initial level, for sample I. A  
close analysis of the last stage reveals a small decrease (1%/s) in TLI with  
time in both curves. 

The steep linear TLI increase was seen with both wetting agents in all samples (cf. III). 
However, in sample III  TLI increased only by 4% when wetted with water that filled only 
the surface pores. The explanation of the overall TLI increase is that the wetting liquid 
replaces the air contained in the pores. This alters the optical properties of the boundaries 
which the transmitted light encounters from fibre-air boundaries (T=0.953) to fibre-liquid 
boundaries (T=0.994-0.996), and light transmission increases by 4% at each such boundary. 
These transmission coefficients were calculated for normal incidence. The initial phase of 
water wetting was shorter in sample II (0.05 s) than in sample I (0.1 s) and sample III (0.3 
s). The reason is that the contact angle between the liquid and the paper is greater with 
sample III (103±3°) than in sample I (74±3°) and sample II (25±6°). 

 

 
Fig. 13: Temporal development of transmitted light intensity with error estimates when 
samples were wetted with (12.6±1.2) g/m2 of water. The vertical broken line indicates the 
end of the mist pulse. 
 

 42



The TLI increase was mainly caused by capillary wetting (Fig. 13). This was implied by 
the square root dependence of the distance travelled by a waterfront, as indicated by Eq. 3 
(Washburn 1921; Salminen 1988). The linear change in TLI with time indicates that a 
capillary wetting process was dominant during the interval 0.1-0.25 s in sample II, during 
0.1-0.65 s in sample I, and during 0.3-0.6 s in sample III (cf. Fig 4 in III). The rate of TLI 
change in the linear part of the curve is determined by the rate of capillary wetting. A high 
contact angle indicates low capillary pressure and slow (or no) capillary wetting (see Eq. 2). 
The capillary wetting is faster in sample II than in sample I or in sample III (Fig. 13, cf. 
also III) as a result of the AKD sizing in sample III and the existence of lignin of the 
ground wood pulp in sample I. Both factors increase the contact angle between the water 
and the fibres. 

For water TLI decreases after a local maximum, and settles at a level somewhat above 
the initial level. The TLI decrease can be explained by the fact that during and after the 
capillary wetting phase water diffuses into fibres leaving pores filled with air again 
(Salminen 1988; Zauscher et al. 1996). During this change the water-fibre boundaries 
(T=0.994) are replaced with air-fibre boundaries (T=0.953). This reduces TLI by 4% per 
reflection. Moreover, the internal fibre structure is damaged when the hydrogen bonds 
between the elementary fibrils, chain-like structures formed by parallel cellulose molecules, 
are broken by water (cf. Chapter 3). In addition to this, hydrogen bonds between fibrils 
break and are modified by entering water molecules. Water also swells the fibres (cf. 
Chapter 3). Moreover, cellulose is a hydrogel, i.e. the presence of water generates micro-
pores in the amorphous regions of fibre wall (Maloney 2000). Therefore, as a consequence 
of water penetration into the fibre, additional micro-pores appear. This increases the 
number of cellulose-water boundaries that give rise to light reflection within fibres. This 
also decreases the TLI of the sheet. The process is, however, not seen in sample III because 
spontaneous water penetration into the fibres is prevented by the AKD treatment of the 
sample. 
 

5.3.5. b) Main results and discussion of the light reflection measurement 
 
The reflected light intensity (RLI) as a function of penetration time is shown for deionized 
water in Fig. 14. For all samples five different phases in the recorded RLI curves are 
evident. 

1) From 0-0.05 s the samples are dry and a maximal RLI is recorded. 
2) At 0.05 s the water droplet adheres to the lower paper surface. 
3) The linear decrease in RLI intensity for sample I takes place from 0.05 s-0.50 s. 

During this interval the relative RLI is reduced by 49 percentage points (pp). In 
sample II this change occurs during the time interval 0.05 s-0.075 s with a 50 pp 
reduction in RLI. For sample III the time frame of this change was 0.05 s-0.13 s 
inducing a 5 pp reduction in RLI. 
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4) The phase of slow decrease in the RLI intensity appears after 0.5 s. This process 
was seen in sample I only. 

5) A local RLI minimum is reached at (0.13±0.05) s in sample III, at (0.20±0.05) s in 
sample II, and at (0.9±0.1) s in sample I. 

Fluctuations during the time interval 0.075-0.20 s are evident in the reflection graph 
recorded from sample II. 

Comparing the curves in Fig. 14 we find that: 

a) The linear RLI change begins at the same moment in all samples. This change is 
less abrupt in sample III (63 pp /s) and I (108 pp /s) than in sample II (714 pp /s). 

b) The phase of slow RLI decrease was seen in sample I only. 
c) The local minimum in the RLI intensity is reached earlier in samples II and III than 

in sample I. This intensity level is somewhat lower in samples I (41% of initial 
intensity) and II (46% of initial intensity) than in sample III (95% of initial 
intensity). 

The results presented in Fig. 14 show that this measurement method based on recording 
the broad band reflected light intensity allows both the amount of liquid penetrated into the 
paper and the penetration rate to be estimated when the initial thickness and porosity of the 
paper are known.  

The reflection method measures liquid penetration in the ZD. This is due to the fact that 
the light source is an infinite plane emitting diffuse white light from the point of view of the 
liquid droplet. The manual ROI placement allows investigating the droplet centre where the 
liquid transports mainly in ZD as opposed to the droplet rim where the penetration is 
mainly in the planar directions (Denesuk et al. 1993), (cf. Fig. 12). Moreover, since the  

 
Fig. 14: Light reflection curves with error estimates recorded during imbibition of 
deionized water. 
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droplet diameter after the impact exceeds both the paper thickness and the ROI diameter, 
the investigated wetting geometry is 1-D and attention can be paid to liquid flow in the ZD 
within the ROI. Hence from the point of view of ROI, the entire lower paper surface could 
be in liquid contact. 

Since all measurements were performed with a fixed illumination angle the results should 
be comparable to each other. The employed light intensity normalization procedure should 
eliminate intensity variations in the light source since the procedure all the time compares 
the reflected light intensity of a changing area to a reference area. Hence no artefacts were 
generated by the obliquely mounted light source. 

The variation in sample thickness was 1.5% of the mean thickness while the roughness 
variation was 10% of the mean. These variations are insignificant since the results were 
average of five individual measurements. 

Comparison of absolute RLIs for different types of sample is not possible because of 
their different structural properties, e.g. surface roughness and thickness alters the RLI. 
However, comparing normalized RLIs is reasonable. Moreover, the 4.7 to 5.3 μm surface 
roughness of the samples has little impact on an optical measurement where the wavelength 
is less than 10% of the roughness. There is a small error induced by isopropanol 
evaporation. However, since less than 2% of the isopropanol evaporated during the first 
second after deployment, this effect is insignificant. Evaporation of deionized water or 
mineral oil during that time could not be detected. 

Fluctuations in the reflected light intensity are evident for sample II (Fig. 14) during a 
time interval of 0.6-1.6 seconds. This signal variation is caused by reflections from small 
droplets on the upper surface of the sample at the centre of ROI. The emerging dribbles are 
evident in the recorded AVI-file. We propose that this dribbling was caused solely by 
strong capillary transport of water, as diffusion is too slow to drive such a process. This 
finding also supports the viewpoint that most of the liquid transport within the ROI was in 
the ZD. 

From the wetting point of view the samples differ from each other with regards to contact 
angle but not with regards to surface roughness since the impact on wetting of the surface 
roughness is negligible compared to that of the contact angle for these fairly smooth 
surfaces. 

It is not straight forward to link the TLI and RLI graphs, Figs. 13 and 14, because there is 
a fundamental difference between them. In Fig 13 the samples were partially wetted 
whereas they were fully wetted in Fig 14. This means there are much longer time scales of 
wetting in Fig 13. Secondly, pores are partially dried at the end of wetting due to liquid 
penetration in fibres in Fig 13. In Fig 14 there is an “infinite” liquid source and the pores 
are totally filled by the liquid, and they stay filled. 
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6. CONCLUSIONS  
 
In I, an ultrasonic method to measure surface roughness of paper during wetting was 
developed. It was possible to follow the change in surface roughness during the wetting 
process. The rate of change in surface roughness depended on the type of paper and 
penetrating liquid investigated. 

In II, an ultrasonic system to measure a ZD resonance in paper samples was presented. 
Test results on dry samples, obtained with this system, matched those predicted by theory 
as well as those obtained in earlier measurements. It was shown that tracking of the ZD 
resonance could be used as a means to follow the temporal development of the wetting 
processes in paper. Moreover, II presented a way to follow the temporal development of 
the apparent sound absorption coefficient of paper during its wetting. The method presented 
in II could be used to investigate wetting induced stiffness reduction for product 
development or quality assurance of paper. 

Paper III introduced a method to measure paper wetting based on monochromatic light 
transmission through paper. Here, we examined the penetration of water and pure 
isopropanol into paper. The results showed that the method could identify individual 
wetting signatures of different paper qualities and different wetting liquids. The method 
also distinguished between capillary wetting of the pore space and diffusion wetting of the 
fibres. In addition, sample drying could also be monitored. 

Paper IV presented a method to measure paper wetting in the ZD based on light 
reflection from paper. In this work, we examined the penetration of water, mineral oil and 
pure isopropanol into paper samples with engineered wetting properties. Again the 
presented method could identify the individual wetting properties of different paper 
qualities and different wetting liquids. 

To conclude, the main results of this thesis are: 

• Surface roughening during wetting was quantified by measuring ultrasound 
reflection from paper surface. 

• Alteration of compressibility in the ZD of paper could be monitored by tracking the 
through transmitted ultrasound resonance in paper. 

• Through transmitted light revealed the liquid location in a partially wetted paper 
structure. 

• Liquid movement in the ZD was observed by light reflection. 
• In practice, the presented methods allow dynamic monitoring of paper wetting 

behaviour within 60 ms liquid application times. 
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The main implications of these results are: 

• Paper roughening, swelling and strength loss can be monitored by means of 
ultrasound. This provides estimates on how paper behaves when it is wetted. Such 
knowledge helps to prevent web breaks during printing and paper coating (e.g. 
printing speed could be adjusted by the wet strength of paper). This information 
could be used to improve print quality and reduce the amount of rejected 
production.  

• Location of liquid and penetration mechanisms can be estimated optically which at 
least partially answers the question: “where does water go during lithography 
printing”. This is essential knowledge for printing process development. 

• The presented techniques provide non-contact methods for determination of surface 
roughness and bulk stiffness of paper, as well as liquid location in paper. As the 
feasibility of these methods was verified, the combination of these methods may be 
proposed for simultaneous monitoring of the aforementioned paper properties. 
These methods carry promise for industrial measurements. 

Opinions and recommendations for future research: 

Mechanical and structural changes during wetting of paper can be measured by 
ultrasonic means. However, the location of imbibed liquid is difficult to determine from 
ultrasonic signal. The reason is that this signal is more sensitive to the artefacts induced by 
sample deformation (e.g. swelling induced crumpling and thickening of paper) than to the 
acoustic impedance changes induced by spatial distribution of liquid (e.g. liquid filling the 
pores or liquid diffused into the fibre wall). Regardless of that, liquid location and its 
movement in paper can be tracked unambiguously with light reflection and transmission 
measurements. The combination of ultrasound and light measurement provides a way of 
gathering information about liquid movement inside the paper and wetting induced changes 
in paper structure and strength simultaneously. This links the wetting process and its effects 
on paper more accurately than a solitary ultrasonic or optic measurement would do. 
Measurement techniques for laser-ultrasonic probing of dry paper (Ridgway et al. 1999) 
(Ridgway et al. 2003) (Zhang et al. 2006) and optical (near infrared spectrum) probing of 
wetted paper (Paaso 2007) have been reported recently. A combination of different online 
setups would provide a way to gather quantitative information about liquid penetration and 
altering paper strength during paper manufacturing, coating or printing. Paper engineers 
and scientists should find this information useful when they aim to make paper with pre-
selected liquid transport properties. In addition, this kind of monitoring permits detailed 
paper grading by their wetting characteristics. This adds value to paper products because 
differentiated paper is more expensive than ungraded quality. Moreover, the proposed 
approach can avoid over-engineering of paper which reduces raw material and energy 
consumption in paper manufacturing.  
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7 APPENDIX 
 

Fig. A: The reflected ultrasound amplitude as a function of the reflector position. The 
involved pulse-echo setup is depicted in I. 
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