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ABSTRACT

Paper is awidely usedpackagingmaterial and is nowadays regaining importance,

e.g., as bio-based and biodegradable material. Moreover, new technologies such

as polymer–fiber composites, printed electronics and the deep drawing of paper

are developing. The process stability and also the resulting quality of paper

converting processes such as coating, metallization, printing, and the printing of

electronics are highly affected by the hygroexpansion of paper. In order to reduce

production instability and to choose and develop paper substrates with ideal

characteristics, critical parameters need to be known. This paper offers an

extensive overview of those parameters, starting at a molecular and microscopic

level with the effect of the constituents and morphology of single fibers, before

moving on to paper contents, chemical modifications and additives and finally

concluding with paper production and fiber network modification. It was found

that the major influences are single fiber sorption, inter-fiber contacts, microfibril

angle, fiber morphology (length, width, curliness) and fiber orientation. This

review gives new ideas and insights for technologists working in research,

development and production optimization of paper-based products.

Introduction

Since 1960 paper production has increased in Europe

[1]. In 2015, 106,496 thousand tons of paper was pro-

duced in Europe and 407,595 thousand tons world-

wide, of which 6% were produced for newsprint, 25%

for other graphic applications, 57% for packaging, 9%

for hygiene, sanitary and household use and 4% for

other applications [2]. In the field of packaging, paper

fulfills differentpurposes. It is used for theprotectionof

the goods (for example, when used as single material

for food wrapping), in laminates (for example for

carton board liquid packaging), and for secondary

packaging (for example boxes). Apart from that, it is

used to improve rationalization, by being formed into

small load carriers or being used as bar code labels.

Moreover, it serves as a tool for communication and

marketing, for example as a substrate for printing or

printed electronics [3]. In all cases, the performance can

be influenced by the hygroexpansion of paper.

Hygroexpansion is the dimensional change due to

fluctuations of the relativehumidity of the surrounding

atmosphere which affects the moisture content of the

paper [4]. Due to hygroexpansion, laminates and labels
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can separate, wrinkle or curl, the distance between

printing fiducial marks can be altered and the noble

appearance of metallized paper can be diminished. As

paper is a network of single fibers, the sheet hygroex-

pansion is mainly influenced by single fiber hygroex-

pansion. The hygroexpansion here in turn is

determined by the polymers thatmakeup the fiber and

the ultrastructure of the fiber. This review therefore

starts with the effect of the smallest unit—the poly-

mers—before advancing to the fiber, chemical modifi-

cation and the treatment of fibers during production

andconcludingwith the formationof thefibernetwork,

the effect of paper laminates and an overview of

expansionmodels. Examples of references are given on

each structural level.

Scope, aim and demarcation

In this paper, only natural fibers, which are not incor-

porated into a matrix such as plastics, concrete or else,

are taken into account.Creep, curling,wrinkling etc. are

mostly excluded. However, they are mentioned where

this might help give readers some new ideas or where

these properties are somehow related to hygroexpan-

sion (e.g., shrinking [5], wet strength [6], hydroexpan-

sion [7] or creep [8]). Effects related to humidity and

dimensional stability have already been partially

reviewed [9, 10]. Also, hygroexpansion measurement

techniques have been presented [11]. This present

review focuses on the factors which trigger hygroex-

pansion along the production chain, starting from at a

molecular level.Regardingexpansioncoefficients, it has

to be taken into account that these coefficients were

measured using different methods for different wood

species and relate to different factors (e.g., transverse,

circumferential, longitudinal strain in relation to mois-

ture content, relativehumidity) infibers orpaper sheets.

Therefore, expansion coefficients can vary widely and

only limited comparisons can be made. In cases where

no actual numbers were given in publications, values

were estimated from graphs where possible.

Measurement of single fiber and paper
sheet hygroexpansion

For the measurement of single fiber hygroexpansion,

atomic force microscopy (AFM) [12, 13] and light

microscopy [14] in combination with specially

designed software for fiber analysis [15, 16] were

used to acquire images of fibers and cellulose fibrils.

Even 3D images can be obtained by microtomogra-

phy [17, 18]. In each case, the images were used to

measure the fiber dimensions under varying relative

humidity, from which the expansion coefficients

were calculated. The measurements were mostly

done manually or via software.

In principle, the hygroexpansion of single fibers is

different in the transversal and longitudinal direc-

tion. Additionally, fibers are anisotropically oriented

in paper sheets. Consequently, the expansion of

paper sheets is higher in the cross direction (CD) than

in the machine direction (MD) (see section ‘‘Fiber

orientation’’). Apart from this, paper sheets of course

also expand in the out-of-plane direction. In general,

measurement techniques for hygroexpansion can be

divided into mechanic and optical techniques.

One example of a mechanical system is the Nee-

nah-type hygroexpansiometer. Here, a paper strip is

fixed between two clamps, one of which is movable.

The contraction and expansion of the sample causes a

displacement of the movable clamp. This displace-

ment is monitored via a micrometer, or in newer

versions by a linear variable differential transformer

[19–21] or a laser scanning position sensor [11, 22, 23].

The disadvantage is that the movable clamp needs to

apply some load in order to stretch the sample. If the

load is too high, this can falsely increase the mea-

sured expansion values.

An optical approach is the scanning of paper

samples with commercially available high-resolution

scanners (1200 dpi). The paper sheets are placed on

the scanner and ideally weighed down in order to

flatten the sample. After scanning the samples at

different humidities, the dimensions can be mea-

sured and the expansion calculated [24]. Digital cor-

relation techniques are also used to monitor sheet

hygroexpansion [25]. Here, a speckle pattern is

applied, for example by spraying color on the paper

surface (Fig. 1) [26]. At different relative humidities,

images are taken of the paper surface and the varying

distances between distinctive points are determined

by investigation of the statistical resemblance

between two groups of pixel data [27]. This method

has the disadvantage that cockling and curling can

negatively influence the accuracy of the test method.

A similar method was used by Viguie et al. [29],

where 3D maps of the paper sample were obtained

by X-ray synchrotron microtomography. The gray
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shadings of the visible fibrous and porous phases

were used as a speckle pattern, based on which the

expansion was then calculated as described before.

Out-of-plane hygroexpansion can be measured by

common thickness measurement methods using, for

example, micrometers or profilometers [30].

Measurement values generally relate the hygroex-

pansion to a certain relative humidity or to a mois-

ture content of the paper. The values can have the

units presented in Table 1.

Impacts on the hygroexpansion
of the single fibers

Wood fibers have lengths of roughly 1–3 mm and

widths of 10–50 lm, with a fiber wall thickness of

1–5 lm [31]. They are assumed to appear as hollow

concentric structures comprising the cell wall and the

lumen (L) inside [32, 33]. As illustrated in Fig. 2, the

cell wall consists of four, and sometimes five, differ-

ent layers [34]. These layers are commonly called the

primary cell wall (P) and the secondary wall con-

sisting of an outer layer (S1), a middle layer (S2) and

an inner layer (S3). The middle lamella (ML) sur-

rounds every single wood fiber and strongly binds

the fibers to each other. It is hence not perceived as a

cell wall layer. The task of the middle lamella is to

provide the connection between the cells for trans-

port of biochemicals between the cells [35].

However, the shape of real fibers deviates from this

ideal situation. According to their task, cells can be

divided into those having a mechanical function, a

conducting function and a storing function. In soft-

wood, those functions are fulfilled in the same

sequence by latewood tracheids, earlywood tracheids

Table 1 Overview of values and units used to describe hygroexpansion

Denomination Referred

to as

Explanation Formula Units

Dimensional change exp Ratio between the length* variation (Dl) and the initial length*

(l0) of the specimen

exp ¼
Dl
l0

–

Percent dimensional

change

% exp Percentage ratio between the length* variation (Dl) and the initial

length* (l0) of the specimen

% exp ¼
Dl
l0
� 100% %

Percent volumetric

change

% vol Percentage ratio between the volume variation (DV) and the initial

volume (V0) of the specimen

%vol ¼ DV
V0

� 100% %

Moisture content m.c. Ratio between mass of water (mw) and dry paper (mdry) mc ¼ mw

mdry
–

Percentaged moisture

content

% m.c. Percentage ratio between mass of water (mw) and dry paper (mdry) mc ¼ mw

mdry
� 100% %

Relative humidity r.h. Ratio between the absolute humidity (a.h.) and the maximum humidity

(m.h.)

r:h: ¼
a:h:

m:h:

–

Percent relative

humidity

% r.h. Percentage ratio between the absolute humidity (a.h.) and the maximum

humidity (m.h.)

r:h: ¼
a:h:

m:h:

� 100% %

* Length can also be replaced by width or thickness, too

Fig. 1 Schematic illustration

of speckle pattern [28].
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and parenchyma cells. In hardwood those are libri-

form, sklerenchym cells for mechanical stability, tra-

cheids as conducting cells and parenchyma cells for

storing. Accordingly, they vary in shape and size. For

papermaking, the tracheids of softwood and libriform

cells of hardwood are useful, as they support the

mechanical stability of paper due to their length and

length-to-width-ratio [36]. Additionally, latewood

fibers are shorter, but the cell wall thickness is greater

than in earlywood fibers.When fibers are extracted for

the paper making process, their shape is additionally

altered. Lignin and hemicelluloses are removed, so

that the outer surface structure of chemical pulp

resembles that of the S1 layer [31]. Apart from that, the

lumen collapses during pulping, sheet making and

beating of the fibers [32, 37]. This leads to a flattening of

the fibers [38], and so sometimes they aremodeled as a

laminate [37]. More information about the effect of

such fiber shape variations can be found in sections

‘‘Fiber morphology’’ ‘‘Effect of wood species, parts of

the plant, age and compression wood’’ ‘‘Pulp fractions

and hornification’’ ‘‘Beating and refining’’ and ‘‘Inter-

fiber contact’’.

Cell walls are composed of three main polymers:

cellulose, hemicelluloses and lignin (see Fig. 3). Cel-

lulose is arranged as lamellar membranes, which are

stepwise subdivided into macrofibrils, microfibrils

(diameter roughly a multiple of *3.5 nm), elemen-

tary fibrils (*40 cellulose chains, diameter of

*3.5 nm, values highly depending on the specie and

measurement technique [39–43]), and the cellulose

molecules [39, 40, 44]. (These divisions are, however,

not used in a stringent manner in the literature.) As

Fig. 3 shows, the microfibril aggregates are assumed

to consist of elementary fibrils, which are coated with

hemicelluloses and then framed with lignin. How-

ever, those polymers are not distributed equally

within the cell wall layers. The S layers contain a

higher amount of cellulose and hemicelluloses than

the P layers. The lignin content is approximately

equal among the S layers [34]. The local arrangement

of the polymers can be explained as follows based on

their chemical affinity [45]: As the more hydrophilic

lignin is not compatible with cellulose, hemicellu-

loses acts like a surfactant, which reduces the free

energy and works as an ‘‘interfacial boundary

region’’. For example acetylated side groups turn

toward the lignin, whereas hydroxylated side groups

orient themselves toward the cellulose (due to having

similar solubility parameters, ‘‘simulus sub solvun-

tur’’). The steric overlapping of side groups between

the layers can lead to an ‘‘interpenetrating polymer

network [….] of diffuse character’’ [45]. The impor-

tance or unimportance of this inter-layer for the

hygroelastic properties is addressed by Wang et al.

[46] and Derome et al. [47] as well as in section

‘‘Microfibril angle’’. The following subsections dis-

cuss the effect of the single polymers (cellulose,

hemicelluloses and lignin), the microfibril angle, the

fiber morphology and sorption on the hygroexpan-

sion of single fibers and paper sheets.

Effects of the polymers in the fiber

As mentioned previously, fibers are constructed out

of cellulose, hemicellulose and lignin. The relative

amounts and the exact composition of each polymer

depend on the plant, specie and part of the plant [48].

Fig. 2 Schematic illustration

of the cell wall layer of soft

wood fiber (adapted from [34])

[28]. ML middle lamella,

P primary cell wall, L lumen.
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Cells generally consist out of approximately 40–50%

cellulose, 5–20% lignin, 5–20% hemicelluloses and

8–12% moisture [36, 49]. For wood, average values

amount to 45% cellulose, 27% lignin and 23% hemi-

cellulose [50]. The approximate weight fraction of the

polymers in the S1/S2/S3 layer is 43/20/14% for

lignin, 30/33/36% for hemicellulose and 27/47/50%

for cellulose [51].

Taking different sources into account, the moisture

contents are about 2.5–7.5% for lignin, 5–10% for

cellulose and 10–20% for hemicellulose [52–55]. Other

sources state that the amount of absorbed water in a

fiber is divided between the hemicellulose, cellulose

and lignin in the ratio of 2.6:0:1 [56, 57]. Accordingly,

the effect of hemicellulose on the elastic properties is

the highest, whereas the impact of lignin and cellu-

lose is only of medium influence [46, 58].

Apart from the weight fraction and the sorption

mechanism of the different polymers, the molecular

arrangement is reported to play a significant role

[45, 59]. Whereas a high concentration of covalent

bonds in the cross section of an oriented polymer

leads to high stiffness, a high concentration of

hydrogen bonds transverse to the polymer backbone

leads to a high swelling capacity [34]. This is in line

with the description of swelling as ‘‘the transport of

the swelling agent through a system of pores and

channels, leading to some splitting of hydrogen

bonds of the cellulose dense, but accessible (meaning

most of the time amorphous) regions’’ [60].

In order to give a better insight into the swelling

mechanisms in the single polymers, scientific results

on the expansion and water adsorption of cellulose,

hemicellulose and lignin are summarized in the fol-

lowing section. Interested readers can find more

information about the elastic properties of the single

polymers as well as the softening effect of water

elsewhere [58, 61, 62].

Hereinafter, findings about the swelling and

adsorption of the different polymers are presented,

starting with the hemicellulose, followed by cellulose

before coming to lignin.

Hygroexpansion of hemicellulose

The exact composition of hemicellulose differs for

different plants and parts of plants. Chemically, its

main fractions are mannose, xylose, glucose, galac-

tose and arabinose. Compared to cellulose, hemi-

cellulose is branched and has short polymers with a

degree of polymerization of only 200 [63, 64]. It has

already been mentioned that hemicellulose absorbs

the highest amount of water and thus shows the

most extensive swelling among the fiber polymers.

As swelling is related to the solubility of the con-

stituent in a solvent, the Hansen solubility parame-

ters [65] can be taken into account to estimate the

swelling behavior [45]. Due to the high solubility

parameters of hemicellulose side groups, it absorbs

more water.

Fig. 3 Ultrastructural

organization of elementary

fibrils, hemicelluloses and

lignin within the microfibril

(adapted from [34]) [28].
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Hygroexpansion of cellulose

Cellulose is a hydrophilic glucan polymer, consisting of

chains of 1,4-b-bonded anhydroglucose units with a

degree of polymerization of 300–10000. These chains

enclose alcoholic hydroxyl groups, building

intramolecular and intermolecular bonds as well as

bonds with ambient hydroxyl groups [48, 66] (see

Fig. 4). Cellulose can be subdivided into cellulose I and

II as well as a and b conformations, of which cellulose I

in the native form.Whereas cellulose Imolecular chains

are arranged in parallel, cellulose II appears with

antiparallel chains. Cellulose Ia and Ib are composed of

extended chains, aligned with the microfibril axis. The

a-form has only a single chain with a triclinic unit, and

the b-form has two chains in monoclinic arrangement.

Cellulose II is the most stable form [66, 67]. Conse-

quently, the high density and ordered supramolecular

structure reduce the swelling capacity, although it is

highly hygroscopic. Apart from the crystallinity, the

chemical surrounding of the cellulose and the process-

ing has influences on the water sorption.

The crystallinity of cellulose appears in different

orders, and even amorphous regions (without any

order) exist [60, 68]. The exact relative amount of

crystalline and amorphous cellulose depends on the

species [69]. Compared to lignin and hemicellulose,

cellulose is a rather crystalline material and therefore

its swelling capability—determined by the amor-

phous regions—is low and sometimes neglected

when talking about fiber hygroexpansion [46, 70, 71]

or homogenized with the swelling capability of

hemicelluloses [47]. However, only 60–70% of the

cellulose in cell wall layers exists in a crystalline

form. Thirty to forty percent is amorphous and

affected by water molecules [72]. Kocherbitov et al.

evaluated the hydration of microcrystalline cellulose

(cellulose I and II) and amorphous cellulose. They

found that the water sorption increases from cellulose

I to cellulose II to amorphous cellulose [73]. During

the process of water absorption by amorphous

cellulose, water molecules are first of all bound to the

O6 and O2 hydroxyl groups of cellulose. Only at

higher moisture contents O3 hydroxyl groups and

the acetal oxygens attract water molecules. Progres-

sively, the water molecules built clusters before filling

capillary channels. The estimated volume hygroex-

pansion (% vol) of amorphous cellulose was 0.0097%

for 0–36% hydration level (m.c.) [74]. Similar is found

for different microcrystalline celluloses where a

higher crystallinity led to a lower moisture content

below 75% r.h. At 75% r.h. crystallinity indexes of

45–95% led to moisture contents of 12–6% m.c.,

respectively. Above 75% r.h., a rapid increase in

moisture content was observed for highly crystalline

cellulose powders [55]. However, microfibrillated

and whiskered cellulose showed the same sorption

isotherm even though they had different crystallini-

ties and morphologies [53]. Contrary to expectations,

no clear correlation between the crystallinity index

and the hygroexpansion of paper could be found [69].

This might be related to the adverse effects that are

reported for cellulose such as expansion during

drying and shrinkage during water absorption

[75–77].

The expansion and sorption of cellulose not only

depend on the crystallinity but also on the sur-

roundings of the cellulose molecules. Counter ions

are reported to have a huge effect on the moisture

sorption of cellulosic materials containing sulfate and

carboxylic groups in different ionic forms [78].

Additionally, the swelling dynamics of cellulose

depend on the applied solvents [45, 79]. Moreover, it

was observed that the swelling was non-uniform

along the fibers and showed some ‘‘ballooning’’ for

different solvents [60]. One explanation might be that

when the fibrils in the secondary wall swell trans-

versely, the primary wall bursts at distinct spots. In

these areas ‘‘ballooning’’ is visible, namely non-uni-

form swelling along the fibers [80].

Apart from the crystallinity and the chemical sur-

roundings of the cellulose molecules, the processing

Fig. 4 Structure of cellulose.
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and the general fiber constitution may have an effect.

Such has been shown by Fahlén and Salmén [81],

who observed thermally triggered reorganization of

cellulose molecules (temperatures between 0 and

225 �C) leading to swelling of cellulose aggregates

(18 nm diameter in unprocessed wood, 23 nm in

processed wood). Moreover, a decreasing hemicel-

luloses content is reported to lead to a higher average

fibril aggregate size (diameter of 17.9–22.2 nm) due to

coalescence of the cellulose microfibrils [82].

Hygroexpansion of lignin

Lignin is a phenolic compound, consisting of the

monomers p-coumaryl, coniferyl, and sinapyl alco-

hols. Lignin gives fibers mechanical stability [48, 83].

As lignin is commonly removed from the fibers in

order to reduce paper yellowing, few publications

deal with the swelling of lignin.

The sorption isotherm for lignin is very strong

dependent on the extraction method. The moisture

content at 50% r.h. is*5% for dioxane lignin,*9.5%

for Klason lignin and*10% for periodate lignin [84].

Lignin from conifer cuticles is reported to have mois-

ture contents of 2 and 6%at 50% r.h. during adsorption

and desorption, respectively [54]. The solubility and

swelling of lignin is lowest inwater and increases from

benzene to methanol, ether and acetone. Constituents

of ligninwith a lowermolecularweight are soluble in a

wider range of solvents [85]. Moreover, the fiber

swelling increases, as soon as the softening tempera-

ture (60–75 �C) has been reached possibly due to

movement or flow of the lignin [86]. It was reported

that the use of different lignin derivatives (aminated

lignin, manganese(III) ? lignin, suberin-like lignin)

reduces the hygroexpansion of paper from 0.29 to

0.26% (for change of relative humidity from 33 to 66%

r.h.) [87]. Apart from the chemical composition, the

impact of lignin on thehygroexpansiondependson the

microfibril angle in the S2 layer [46]. The combination

of a higher lignin content and small microfibril angles

in the S2 layer reduces the transverse fiber hygroex-

pansion [70].

Microfibril angle

The microfibril angle (MFA) is commonly defined as

the angle between the longitudinal axis and the

microfibril [88] (see Fig. 5). Microfibrils wind heli-

cally within the secondary layers. However, the

winding direction of the microfibrils differs: usually

S1 and S3 wind in the opposite direction of S2 [89].

Microfibrils in S1 and S3 show progressive change of

winding direction toward and away from S2,

respectively.

In the primary cell wall, there is a random orien-

tation of cellulose microfibrils. In the S1 layer, MFAs

of 50�–70� are common, whereas in the S2 layer the

MFA is only approximately 5�–30�. In the S3 layer,

the MFA is again much higher at around 70� [35]. The

MFAs for different species and cell wall layers have

been studied in detail [50, 89, 90, 91, 92, 93]. Within

their winding direction, microfibrils show a sec-

ondary structure. Microfibrils in S1 and S2 appear as

a Z-helix or S-helix, whereas in the S2 layer the

microfibrils are arranged in a Z-helix [89, 94].

Although the plant species has an influence, the

location of growing does not seem to affect the MFA

[95]. However, the fiber treatment during paper

production is reported to have an effect. Beating

increased the MFA from 3�–15� to 12�–32�, whereas

drying increased it further to 39�–48� [95].

The effect of the MFA in each layer depends on the

thickness of each layer. Some 90% of the mass is

concentrated in the S2 layer [96]. For this reason, the

S2 layer defines the swelling properties of normal

wood to a major degree [93]. The S1 and S3 layers can

be thin and therefore have less influence [90]. Con-

sequently, quite often only the S2 layer is taken into

Fig. 5 Winding of microfibrils in layer S1, S2 and S3 (adapted

from [34]) [28].
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account. Marklund and Varna [52] even went one

step further and replaced the S1, S2, and S3 layers

with one single layer in the analytical model. This did

not majorly affect the expansion in the longitudinal

and transverse direction at different MFAs. However,

Bergander and Salmén [58] evaluated the influence of

the MFA depending on the layer thickness of S1 and

S3. In the transverse direction, the effect of the layer

thickness of S1 and S3 is distinct: by doubling the

layer thickness of the S1 layer, the transverse elastic

modulus increased by 20% at an MFA of 70�. This

shows how important it is to take S1, its thickness,

and its MFA into account.

Generally, all publications agree that a higher MFA

leads to higher hygroexpansion in the longitudinal

direction and lower hygroexpansion in the transverse

direction of the fiber [47, 52, 97, 98, 99, 100]. For small

MFAs (\30�), the longitudinal shrinkage is a lot

smaller (\1%) than the transverse shrinkage (7–9%),

but in the region of extremely large MFAs (40�–50�)

this relation switches and the longitudinal shrinkage

(\8%) is larger than the transverse shrinkage (\4%)

[71]. Similarly, Neagu and Gamstedt [34] reported an

increase in expansion in the longitudinal direction

from about 0–0.3 (exp.) and a decrease from 0.4 to 0.2

(exp.) in the transverse direction for MFAs of 0�–50�.

At a higher abstraction level, it is proven that a lower

MFA leads to lower shrinkage of paper sheets

[101, 96]. For in-plane isotropic sheets, a reduction

from *0.007 to *0.004 (exp.) for MFAs of *40�

to *23� was observed, respectively [96].

Apart from the layer thickness and the microfibril

angle itself, the effect of the MFA is somewhat con-

strained by external factors. Likewise, the chemical

characteristics of the fiber seem to have an influence

on the effect of the MFA, as compression wood

showed lower tangential shrinkage (5.94%) than

juvenile wood (8.37%) at the same MFA (14.2�) [91].

Also, the degree of fiber restraining appears to have

an effect. It was reported that for non-restrained

fibers which can rotate freely (compression wood) the

longitudinal expansion increased from approxi-

mately 0.025–0.4 (exp.) for MFAs of 0�–50�, whereas

for restrained fibers (normal wood) the expansion

coefficient stays approximately zero for MFAs of 0�–

30� and only increases up to *0.27 for MFAs of 30�–

50� [70].

Although the MFA itself is constrained by external

factors, it may also actively constrain other processes.

Likewise, the contributions of the hemicelluloses and

lignin are dependent on the MFA in S2. In the lon-

gitudinal direction, both polymers contribute equally

until the MFA reaches 20�. In the MFA range from 20�

to 40�, the hemicellulose dominates, whereas at

MFAs higher than 40�, lignin dominates. In the

transverse direction, both polymers contribute

equally until the MFA reaches 30�. At higher MFAs,

hemicelluloses dominates [46].

Fiber morphology

In general, the ratios of the different geometrical

dimensions of fibers are related to paper properties as

follows [14] (see Fig. 6):

• Runkel ratio (ratio of fiber cell wall thickness to its

lumen): a high ratio leads to stiff fibers with low

bonding ability, and to voluminous paper. The

ratio should be about 1.

• Coefficient of flexibility (ratio of lumen width to

its fiber diameter): relates to the bonding strength,

tensile strength and bursting properties.

• Relative fiber length (ratio of the fiber length to

diameter): correlates with the tearing resistance of

paper.

Fiber length and width and cell wall layer thickness

Fiber lengths of different species were determined by

Ververis et al. [102] and varied between 0.74 and

2.32 mm. The dimensions also depend on the grow-

ing conditions with a lack of watering even improv-

ing paper pulp properties [103].

Fig. 6 Microscopic image of fibers [28].
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Higher fiber widths lead to higher hygroexpansion

(0.12 and 0.20% expansion for a width of 20 and

35 lm, respectively; direction of measurement not

indicated) [23]. Uesaka and Moss [101] observed that

longer fibers lead to reduced paper hygroexpansion

(expansion of *0.05 to 0.12%exp/%m.c. for fiber

lengths of 2.57–0.40 mm, respectively, direction of

measurement not indicated). Similarly, Kijima and

Yamakawa [104] observed an inverse correlation:

they measured an expansion of 0.28 and 0.14% for

hardwood fiber lengths of 0.93 and 1.09 mm,

respectively. For softwood pulps, the expansions

were 0.23 and 0.17% for fiber lengths of 1.88 and

2.62 mm, respectively. This observation was closely

linked to the amount of inter-fiber contacts, as

described in section ‘‘Inter-fiber contact’’.

Conversely, a positive correlation between the

addition of fines and hygroexpansion was reported

(4.4 and 9.6% fines giving an expansion coefficient of

0.13 and 0.165%/%r.h., respectively) [105]. As men-

tioned in the previous sections, the polymers present

in the cell wall and also the MFA affect the expansion

of the cell wall layer. However, the importance of the

thinner S1 and S2 layer is often questioned. Whereas

some researchers emphasize the importance of S1

and S2 [58], or even introduce additional inter-layers

between S1/S2 and S2/S3, respectively [46, 106],

others even homogenize these layers into one single

layer [52] (see section ‘‘Microfibril angle’’). A corre-

lation between fiber wall thickness and hygroexpan-

sion has been reported to be negative (expansion of

*0.1 to 0.06%exp./%m.c. for fiber wall thicknesses of

2.25–4 lm) [15] or depend on the wall thickness dis-

tribution. It was found that a more peaked and wider

distribution of fiber wall thickness leads to a higher

hygroexpansion [107]. Pulkkinen et al. [15] found that

sheet hygroexpansion is higher for fibers with thin

walls at low relative humidities (10–50% r.h.) and

lower at higher relative humidities (50–90% r.h.).

Fiber curl and twist

Curl often occurs due to mechanical treatments

during pulp processing [108] and depends on the

relative humidity [17] and plant species [15]. Fiber

curl can be described by the curl factor and the

shape factor. The curl factor (f) is the ratio between

the fiber contour length (c) and the longest dimen-

sion of the fiber (d) (f = c/d) (some authors subtract

1 from that value). The shape factor (s) is the ratio

between the longest dimension (d) and fiber contour

length (c) (s = d/c). Curled fibers, namely having

low shape factors of, for example 94.4 and 89.75%,

lead to higher hygroexpansion of 0.12 and 0.225%,

respectively (approximated values). However, this

effect is reduced when the sheets are dried under

restraint. This is explained by the reduction of inter-

fiber contacts during restrained drying (see section

‘‘Density, fiber content and porosity’’) [23]. These

findings are in accordance with other studies

[16, 105]. For different curl factors of 1.17 and 1.37,

an increase in expansion of up to *0.001%/%r.h.

was found [105].

Effect of wood species, parts of the plant,
age and compression wood

Depending on the specie, plant part, age, and

growing conditions, fibers have different sorption

isotherms [109, 110] and suitability for papermaking

[14, 38, 102, 111]. As mentioned in the previous

section, the paper properties are related to the

ratios of the different geometrical dimensions of the

fibers [14]. These dimensions (fiber length, diame-

ter, and wall thickness) are in turn dependent on

the plant watering. If poorly watered, the fiber

length, diameter, wall thickness, and Runkel ratio

were found to be reduced (except in the bark) [103].

Therefore, it is not surprising that paper sheet

hygroexpansion depends on the tree species. In

cross direction (CD), values of 0.48 and 0.54% for a

humidity increase of 10% r.h. to 90% r.h were

found for different species [15]. Generally, hard-

wood pulps seem to show lower hygroexpansion

than softwood pulp (*0.23% expansion for soft-

wood, 0.13% for hardwood, paper density of

*680 kg/m3) [23]. The longitudinal and transverse

expansion coefficients are reported to be 0.5–2.7 and

4–8% for compression wood, 1–2 and 5–8% for

juvenile wood and 1–1.5 and 6–12% for mature

wood [91]. Similarly, Joffre et al. [70] found distinct

differences between normal and compression wood

tracheids, which can be related to the MFA, lignin

content and the cylindrical structure.

Water sorption of single fibers

Paper shows an S-shaped sorption isotherm, indicat-

ing multilayer adsorption, and also a hysteresis effect

between adsorption and desorption [10]. Themoisture
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content of fibers fluctuates between *5 and 10% at

50% r.h. [49]. For example, jute, coir and Sitka spruce

have higher moisture contents than fibers containing

less lignin such as hemp, flax, and cotton [112]. The

water uptake of fibers can be explained by various

theories such as the surface adsorption theory, solid

solution theory, capillary condensation theory, two-

phase mechanism, and the pore-size distribution

mechanism [113]. However, the exact sorption kinetics

as well as the moisture content depends on the species

[114], the fiber extraction method, the exact wood

constituents, the temperature, the mechanical stress,

the previous history of the fibers [113], and on ambient

conditions such as the pH, electrolyte concentration,

and valency of the counter-ion [115]. Additionally, the

swellability of fibers is affected by the charge (water

retention values of*90 and 170% for charges of 50 and

125 leq/g, respectively, for hardwood pulp). Strongly

hydrated nonionic polymers and also the number of

anionic groups on the fiber wall affect the swellability

of the cell wall layers and the quantity of water

entering the fiber [116]. For fibers, it was shown that

moisture is adsorbed in the form of clusters to the

same relative degree on hydroxyl and carboxyl sites in

cellulose and hemicellulose [117]. Ways of influencing

the moisture content and moisture sorption kinetics

are reviewed below.

Different chemical treatments that influence the

sorption isotherms of the fibers have been reported

[69, 112, 118, 119, 120]. The treatment of flax fibers

with acetic anhydride and styrene reduced the water

uptake, whereas silane and maleic anhydride do not

have such a positive effect [118]. In contrast, maleic

anhydride, acetylation, acrylic acid, and styrene

showed a positive effect on the water sorption (i.e. a

reduction of the water uptake) for Alfa (Stipa

tenacissima) fibers [119]. Crosslinking by periodate

slows down the moisture sorption kinetics (m.c. of 9

and 6.5% at 50% r.h. for carbonyl contents per gram

fiber of 0 and 1.2 mmol/g, respectively), which leads

to a higher dimensional stability [121, 122]. The rel-

evant research teams were able to simulate the

sorption isotherms using Langmuir models, Henry’s

law and clustering, the Guggenheim–Anderson–de

Boer (GAB) model or the Hailwood Horrobin model.

Another method that has been found to alter the

surface tension—and thereby the water sorption

kinetics of fibers and paper—is chemical grafting.

This is further described in section ‘‘Grafting’’.

Chemical modification and additives

The previous section focused on effects that are

inherent to the pure fibers. Once the fibers have been

extracted, chemical modifications (polyelectrolyte

multilayers, crosslinking) or the use of additives

(lignin, fillers) can improve the pulp formulation.

After paper sheet formation, the main chemical

modifications are undertaken by grafting and corona

treatment.

Polyelectrolyte multilayers (PEM)
and crosslinking

The inter-fiber contact actively influences the wet

tensile strength and sheet hygroexpansion (see sec-

tion ‘‘Inter-fiber contact’’). The contact area can be

altered at a molecular level by polyelectrolyte multi-

layers (PEM) and crosslinking. Crosslinking can be

achieved by oxidation of the fiber and also by a whole

range of other reactions.

PEMs are commonly created using a layer-by-layer

technique, where cationic and anionic solutions are

alternately applied to a surface. These coatings are

self-organizing [123]. PEMs made of polyallylamine

hydrochloride and polyacrylic acid applied to wood

fibers were reported to lead to an increase in the

number of fiber–fiber joints and in the number of

covalent bonds in the contact area [124]. However, for

sheets dried under restraint, the PEM does not have a

large influence on hygroexpansion. For sheets dried

without restraint, the dimensional change was higher

for virgin fibers (*0.5%) than for PEM-treated fibers

(*0.35%) for a moisture content of 10%, although the

moisture uptake was lower for virgin fibers at a given

relative humidity. This was explained by the differ-

ent dimensions of the contact area in restraint-dried

and freely dried sheets and its development under

humidity uptake [20, 21]. Another approach was to

use dextran as an electrolyte, as its chemical structure

is also made up of glucose molecules, just like cel-

lulose. In this process, the cationic acetal dextran is

adsorbed on the fiber surface. Then, it is hydrolyzed

to convert the acetal groups into reactive aldehyde

groups. The crosslinking step is the reaction of alde-

hyde groups with hydroxyl groups during paper

drying. This is shown to have a positive effect on the

tensile strength; however, the hygroexpansion was

not studied [125].
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Apart from the application of PEMs, oxidation is a

commonmethod for crosslinking fibers. Almgren et al.

[126] measured the hygroexpansion of composites

containing crosslinked and non-crosslinked fibers.

They found that crosslinking reduced the transverse

hygroexpansion from 0.28 to 0.12/% r.h.. A similar

reduction was achieved by the application of perio-

dates. Sodium metaperiodate was used to cleave the

C2–C3 bond of 1,4-glucans. Consequently, two reac-

tive aldehyde groups are formed and react with other

parts of the fiber, for example by hemiacetal linkages.

The water sorption and thus the hygroexpansion was

reduced by approximately 28% (when the relative

humidity was increased from 20 to 85%) [122]. While

using the same chemical on kraft fibers, higher

hydroexpansion was observed [127]. Similarly,

Gimåker lowered the moisture sorption kinetics and

reduced the hygroexpansion from 0.34 to 0.22% (for an

increase in relative humidity from 50 to 90% r.h.) by

periodate oxidation [121]. OnKorean traditional paper

(Hanji), the application of citric acid was reported to

lead to higher dimensional stability [128].

Similarly, Larsson and Wågberg [7] combined a

periodate crosslinking process with subsequent

application of PEM, consisting of three layers of

polyallylamine hydrochloride and two layers of

polyacrylic acid. The hydroexpansion under liquid

water was observed. It was found that capillary

absorption was prevented, but these hydrophobic

sheets showed greater expansion. This could be

related to the higher moisture content in the upper

fiber layers, as all the water is accumulated there.

Apart from oxidation, crosslinking can be achieved

by a wide range of chemicals. The crosslinking of

fibers with formaldehyde was reported to increase

the dimensional stability, but the dimensional stabi-

lization decreased with increasing reaction time

[129–131]. Moreover, formaldehyde, maleic acid (also

in combination with glycerol), acetylation, etherifi-

cation, the use of polyethylene glycol and other

methods were compared for reducing the swelling of

wood fibers. In this study, polyethylene glycol

showed the highest anti-swelling efficiency, followed

by acetylation and formaldehyde [131] (see also

[132, 133]). Alternatives to formaldehyde can be

found in the cotton cellulose industry, for example,

butanetetracarboxylic acid [134, 135]. The application

of diepoxides, dialdehydes, polyacetals, cyclic ethy-

lene ureas was found to reduce hygroexpansion but

also the mechanical strength [136]. An increase in

inter-fiber bonds thereby increasing wet web strength

by 70% was achieved by the following procedure:

The fibers were first treated with carboxymethylcel-

lulose. Then, the 1-ethyl-3-[3-(dimethylaminopropyl)]

carbodiimide-assisted reaction of carboxyl and amine

groups was triggered and finally adipic dihydrazide

was used as the crosslinking agent [137]. Elegir et al.

[6] used laccase, an enzyme which oxidizes free

phenolic lignin moieties. This allowed the crosslink-

ing of lingo-cellulosic fibers and positively affected

the wet tensile strength.

Grafting

As mentioned in section ‘‘Impacts on the hygroex-

pansion of the single fibers’’, the swelling of the paper

sheet and also of the single fibers depends on thewater

absorbance of the single fibers. By altering the chem-

ical composition of the fiber surface, the water absor-

bance can be reduced. The chemical composition can

be altered by grafting, namely the covalent attachment

of monomers to a surface. Two grafting processes are

distinguishable [138]: (a) the surface is functionalized

with immobilized initiators followed by polymeriza-

tion with monomers; (b) functionalized monomers

react with the backbone of the polymers. In each case it

must be kept in mind that only the surface of the fiber

or paper sheet is treated, not the bulk. Below is a

summary of publications, where different kinds of

grafting were used to reduce hygroexpansion, change

the water sorption isotherm, or at least increase the

water repellency. Interested readers will find in-depth

information about the surface treatments of paper in

the extensive review by Samyn [139].

A typical application of type a) process is the cor-

ona treatment of polymer surfaces to increase the

surface tension and substrate wettability. This tech-

nique uses corona discharge which forms a highly

reactive gas that reacts with polymer surfaces pri-

marily by breakage of H–C bonds [140, 141]. Conse-

quently, polar groups, such as carbonyl and carboxyl

groups are produced [141–151]. When this method

was applied to paper, aldehyde groups but not car-

boxyl groups were formed and surprisingly the water

sorption decreased slightly. The treatment seemed to

trigger the formation of strong bonds which reduced

the penetration of water into the paper sheet [152].

An example of type b) process is treatment of the

fibers by acetylation or with styrene, acrylic acid, or

maleic anhydride. These methods drastically reduced
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the water sorption (from *7.5 to 6% at 50% r.h. for

styrene treatment) [119]. Similar studies were per-

formed by Alix et al. [118] who tested the effect of

maleic anhydride, acetic anhydride, silane and styr-

ene on flax fibers. Once again, styrene treatment

showed the strongest effect. In another study,

vinyltrimethoxysilane and g-methacryloxypropy-

ltrimethoxysilane were grafted onto paper sheets by

cold-plasma discharge. This treatment reduced the

surface tension from about 29.3 to almost 0 mN/m

[153]. Similar results were achieved by grafting fatty

acids (C16, C18, C22) [154]. A reduction of the polar/

dispersive part of the surface tension from 20/28 to

3/27 mJ/m2 was reported for a 6 h treatment with

C18 [155]. By grafting methyl methacrylate onto

fibers of Agave Americana L., the presence of acces-

sible –OH groups was altered, leading to a reduction

in moisture uptake from*7 to*4% for a graft yield

of 0 and 13.6%, respectively, at a relative humidity of

55%. Simultaneously, the swelling was reduced by

*65% [156].

Lignin

Lignin is often removed from the fibers in order to

reduce the yellowing of paper. It is then burnt in a

recovery boiler to produce steam. However, this

process is rather expensive. Therefore, its use as an

additive in paper production was tested. It was found

that the mechano-sorptive creep can be decreased

and wet strength increased [87, 157]. Not only the wet

strength but also the hygroexpansion of paper was

reduced from 0.29 to 0.26% (for a change in relative

humidity of 33 to 66% on in-plane isotropic sheets) by

the addition of manganese (III)-lignin and suberin-

like lignin derivatives. However, when pulps with

increasing lignin contents were used (3–14%), this led

to increased hygroexpansion (*0.2 to *0.23%). This

is explained by the simultaneous relative decrease in

the amount of cellulose which helps to fixate the

fibrous network (see section ‘‘Hygroexpansion of

cellulose’’) [158]. Moreover, a new hydrophobic

coating has been developed which consists of lignin

with vegetable oil and attains a contact angle with

water of 120� [159].

Fillers

Fillers tend to decrease the hygroexpansion due to

the inhibition or reduction of inter-fiber bonds [160].

Accordingly, Figueiredo et al. [161] found that the

wet expansion under tension is strongly affected by

the filler content. The excessive addition of inorganic

fillers reduced the paper web dimensional stability in

the cross direction (expansion of *2.4 to *2.75% for

ash contents of *23 to *36%). In contrast, Laurell

Lyne et al. [160] found that a filler content of 40%

reduced the hygroexpansion by 20% in CD, but no

difference was observed between clay and chalk. In

the machine direction (MD), the expansion was

almost the same for filled and unfilled sheets.

Pulp and paper production

The sections ‘‘Fiber morphology’’, ‘‘Effect of wood

species, parts of the plant, age and compression

wood’’ and ‘‘Water sorption of single fibers’’ sum-

marized the effects of different wood species. The

fiber origin—and the relevant connected chemical

composition and morphology of the fibers—play

important roles. Other factors that can influence the

hygroexpansion are the extraction process, reuse, and

mechanical treatment.

Pulp fractions and hornification

When bleached kraft pulp is replaced by high yield

pulp, hygroexpansion increases from *0.074 to

*0.08%/% m.c. at replacements of C20% (direction

of measurement (MD or CD) not indicated) [27].

Bleached chemo-thermomechanical (BCTM) fibers—

which are a type of high yield pulp—were reported

to expand more in the transverse direction than kraft

pulp (5.4 and 4.1%, respectively, for r.h. in the range

of 50–90% r.h.). However, when BCTMP was added

to kraft pulp, the paper showed lower expansion.

This is explained by the interaction with other factors

such as the sheet density, structure, and inter-fiber

bonding [162].

In contrast, the addition of up to 20% microfibril-

lated cellulose increased the hygroexpansion of freely

dried sheets from *0.9 to *1.8% (for a humidity

increase from 33 to 84%). The effect was less pro-

nounced for restraint-dried sheets. The fineness of the

additive did not have a major influence [24].

Another fiber fraction that might gain importance

in coming years is recycled fiber. In order to reduce

the negative environmental impact, the use of recy-

cled fibers is being promoted. However, infinite reuse
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is not possible [163]. The drying of fibers causes the

fibers to shrink and collapse, and the fiber walls even

partially coalesce. This process reduces the accessi-

bility for water molecules during absorption. As

these surfaces absorb less water, the initial volume

and softness cannot be recovered. This process is also

considered as ‘‘hornification’’ [164, 165]. Accordingly,

there is a linear correlation between the water

retention value and the degree of hornification [166].

A detailed insight into the chemical processes during

hornification has been given [165, 167]. The collaps-

ing of the fiber and the reduction in water absorbance

leads to a decrease in hygroexpansion when such

hornified fibers are added to the pulp. The expansion

coefficient in the machine direction (MD) was

0.104%/% r.h. for virgin fibers and 0.096%/% r.h for

fibers that had undergone hornification. These

observations were, however, dependent on the dry-

ing conditions (freely or under restraint) [20, 127] (see

section ‘‘Density, fiber content and porosity’’).

Beating and refining

Beating and refining are mechanical processes that are

used to adjust the fiber morphology for the paper-

making processes. While the word beating is rather

used for laboratory scale or older processes, the word

refining is used formodernmill equipment. The aim of

the process is the straightening, shortening, and/or

flexibilization of the fibers. Refining reduces the

length, width, and coarseness of the fibers.

Lower fiber coarseness gives a higher contact area

between the fibers in the paper sheet [23]. This can be

related to the collapse of the lumen, the resulting

flattening of the fiber, and the subsequent increase in

the contact area (see section ‘‘Inter-fiber contact’’).

Furthermore, it was reported to increase the paper

sheet density [168–171]. Both factors led to higher

hygroexpansion (see sections ‘‘Density, fiber content

and porosity’’ and ‘‘Inter-fiber contact’’). In contrast,

Pulkkinnen et al. [107] reported a negative effect of

refining on hygroexpansion due to alteration of the

fiber wall thickness. Salmén et al. [105] took two

effects into account: The production of fines during

beating led to a higher hygroexpansion of freely

dried sheets. Additionally, reduced coarseness and

curl led to a lower shrinkage during production and

thus to lower hygroexpansion. When sheets with

curled fibers were dried under restraint, the

hygroexpansion was reduced.

Drying

The drying process in the paper machine consists of

three different sections, namely the wire section, press

section and drying section. The important factor con-

cerning the hygroexpansion is the drying restraints,

which are in turn influenced by process parameters

such as stretching, drying, and web tension [172].

Concerning the machine parameter side, the three-

dimensional deformation of paper sheets during

water absorption was shown to be affected by the

non-stable drying conditions in the cross direction.

The drying shrinkage was found to be higher at the

outer sides (*0.8% in CD) and lower in the middle of

the web (*0.5% in CD) [25]. A higher shrinkage

during drying also leads to higher subsequent

hygroexpansion [5, 25, 173]. This can in turn lead to

the three-dimensional deformation of the paper web.

Such imperfections induce residual stresses in the

paper web which must not be neglected when mod-

eling the three-dimensional deformation of paper

sheets [174].

Moreover, the web tension during drying was

found to influence the hygroexpansion. The lower the

moisture content is, until when the paper is dried

under restraint, the lower the observed hygroexpan-

sion. For example, the hygroexpansion was *0.3,

*0.2 and *0.15%, when the sheet was dried under

restraint down to a relative humidity of 90, 50 and

16%, respectively [175]. This was also confirmed by

other researchers. The higher the degree of restrain-

ing during drying, the lower is the hygroexpansion

(e.g., 2.11% for unrestrained sheets, 0.73% when 4%

shrinkage was allowed during drying, for an increase

in relative humidity from 30 to 90%, direction of

measurement not indicated). When the web was

additionally stretched in cross direction, hygroex-

pansion was further reduced. [173]. Apart from

stretching during drying, the drying itself also plays

an important role. When paper was dried with

superheated steam at 320 �C, the hygroexpansion

coefficient was reduced by 15%. This was reasoned as

being due to the thermal softening of lignin [176].

Fiber network

The dimensional stability of fiber networks is directly

and/or indirectly related to the effect of moisture

content. As already described, the changes in the
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dimensions of single fibers are basically due to their

physicochemical interaction with water [12]. In

addition, the expansion of the whole fiber network

depends on the interaction of the fibers with each

other.

Single fiber hygroexpansion

As explained in section ‘‘Measurement of single fiber

and paper sheet hygroexpansion’’, fibers show higher

expansion in the transverse direction due to the lon-

gitudinal orientation of the polymer chains. More-

over expansion coefficients of the polymers were

summarized. The dimensions of the whole fiber were

found to increase by 0.10 to 0.15/ % m.c. in the

transverse direction [30], by 0.17strain/%r.h. in

transverse direction and 0.014strain/%r.h. in longi-

tudinal direction [18], by 1.9–3.3% in the transverse

direction, by 2.3–3.2% in the longitudinal direction,

by 14.5–18.2% in area and by 12.4–17.3% in height in

humidity cycles of 50–78–21% [13]. Apart from the

arrangement of the polymers, another explanation for

the anisotropic swelling of fibers was the ‘‘reinforced

matrix hypothesis’’ [71, 177, 178]. In this hypothesis,

the lignin-hemicellulosic matrix is assumed to shrink

isotropically and to work like a skeleton in the sec-

ondary wall, whereas the cellulose microfibrils are

assumed not to shrink during desorption. As a result,

the shrinking of the whole fiber is assumed to be

anisotropic. In order to link the single fiber

hygroexpansion to the sheet hygroexpansion, Hey-

den, Gustafsson [179] and Uesaka [4] introduced

stress transfer factors that describe the efficiency of

stress transfer in the network. Simulations success-

fully reproduced the measured hygroexpansion val-

ues. They observed that the expansion in the cross

direction (CD) depends on the fiber orientation, stress

transfer, and thus on inter-fiber bonding. In contrast,

the expansion in the machine direction (MD) is lar-

gely determined by the expansion of the single fibers

in the longitudinal direction [4]. An additional effect

worth mentioning is that the external surface area of

the paper decreases between 0 and 65% r.h. when the

fibers expand, most probably due to relaxation pro-

cesses of the fibers [180].

Fiber orientation

Fiber orientation influences many important proper-

ties of fiber-based materials. Techniques for fiber ori-

entation measurement have been proposed [181, 182],

and themechanical properties as a function of the fiber

direction have been evaluated [183, 184].

Due to the sheet production process, fibers are

mostly aligned in the machine direction (MD)

(Fig. 7). As already explained, the expansion of single

fibers is higher in the transverse direction than in the

longitudinal direction. The expansion of paper in

cross direction (CD) is up to 7 times higher than in

the machine direction (MD) [25, 161, 185, 186].

However, fibers are not 100% parallel in reality and

the orientation is determined by several variables of

the papermaking process. This is why the hygroex-

pansion increases in the cross direction (CD) and

decreases in the machine direction (MD) with

increasing degree of orientation [4, 179]. In cases

where there is no orientation, namely the fiber ori-

entation is in-plane isotropic, the sheet hygroexpan-

sion correlates with the transverse fiber expansion in

both directions [5].

Apart from the sheet hygroexpansion, the fiber

orientation also affects the three-dimensional

Fig. 7 Perfectly parallel fibers (left), mostly parallel fibers (middle) and in-plane isotropic fibers (right) [28, 187].
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deformation of paper. Depending on the fiber orien-

tation, samples show a larger twist when they are cut

in the cross direction (CD) than in the machine

direction (MD) [188]. Additionally, irregularities in

fiber orientations which can arise due to cross flows

of the jet from the head box in the paper machine can

result in waviness (wavelengths 4–5 cm) [189]. Like-

wise, a higher disorder of local fiber orientation leads

to more cockling [190, 191].

Density, fiber content and porosity

Basically, the three parameters density, fiber content

and porosity describe each other. The more fibers are

present in a defined volume, the higher the density

and the lower the porosity.

Concerning the effect of pores on hygroexpansion,

different models have been proposed. For low den-

sity sheets, it is reported that pores partially com-

pensate the expansion of the fibers, namely the fibers

use the empty space for expansion, so that the pore

volume decreases while the fiber volume increases.

Thus, the overall volume of the paper sheet is affec-

ted only to a minor degree. For high density sheets,

the fibers seem to expand, whereas the voids between

the fibers stay constant [29]. On the other side, one

theory states that voids do not keep their size but

seem to expand during water uptake (just like voids

in metal expand during thermal treatment) and thus

enhance hygroexpansion in freely dried paper. For

papers dried under restraint, the void expansion is

reported to be equal to the overall expansion [76].

A higher density is generally reported to increase

hygroexpansion. This was stated as being due to the

increased inter-fiber contact (see section ‘‘Inter-fiber

contact’’) and the effects of pore volume

[23, 29, 105, 192, 193].However, theeffect of thedensity is

greater in freely dried sheets than in sheets dried under

restraint [105].Additionally, thehygroexpansion ismore

affected by drying restraints when the solid content is

high [175]. For dry solid contents from 55 to 100%, an

increase in hygroexpansion from *0.04 to *0.16 for

softwood freely dried pulp was reported [193].

Inter-fiber contact

Inter-fiber bonds are contact areas between different

fibers (see Fig. 8) and can be observed by X-ray

microtomography [194]. When fibers swell due to

moisture absorption, stresses arise at inter-fiber bonds

[195, 196]. This topic has relevance to sections ‘‘Fiber

curl and twist’’, ‘‘Polyelectrolyte multilayers (PEM)

and crosslinking’’, ‘‘Fillers’’, ‘‘Beating and refining’’,

and ‘‘Fiber orientation’’ because contact areas are

typically dependent on fiber orientation, fiber geom-

etry, and also on the fiber content, namely the density

of the material [197]. Also, the contact area can be

increased by the application of humidity/wetness and

pressure. With higher humidity, the hardness of fibers

decreases and thus fiber bond formation via hydrogen

bonds increases. To maintain this in the dry state, the

fibers need to deform plastically [198, 199]. This can be

achieved by the collapse of the fiber lumen during

beating [32]. Apart from wetting and softening, the

interaction between fibers can be increased by horni-

fication, crosslinking or oxidation (addressed in sec-

tions ‘‘Chemical modification and additives’’ and

‘‘Pulp and paper production’’).

Marulier et al. [197] found up to 45 inter-fiber

contacts/mm for fiber lengths of 0–0.5 mm. For fiber

lengths[0.5 mm, the number of contacts decreases to

about 30 contacts/mm. A positive, partially almost

linear correlation between inter-fiber contact or den-

sity and hygroexpansion has been reported

[5, 23, 76, 105, 200]. In a non-isotropic fiber network,

the hygroexpansion consists of two parts: expansion

in the machine direction (MD) and the cross direction

(CD). The expansion in the cross direction (CD) is

mainly affected by fiber orientation (see section

‘‘Fiber orientation’’) and increases with the degree of

inter-fiber bonding [4, 5, 200]. However, the effect of

inter-fiber contacts depends on the fiber orientation

and increases depending on the degree of drying

restraint [21, 201]. Regarding the assumption that

Fig. 8 Fibrous network [28].
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more inter-fiber contacts lead to a higher hygroex-

pansion, contrary effects for hydroexpansion have

been observed. Sheets of microfibrillated cellulose

(i.e. without fiber joints) and ordinary sheets showed

the same expansion. It was concluded that the

expansion of the paper sheet is linked to the expan-

sion of the fiber wall and that fiber joints hardly

influence the hydroexpansion [7].

Table 2 Overview of literature sources dealing with the modeling and simulation of hygroexpansion

Hygroexpansion of …

Fiber Wood Paper sheet Multilayer Matrix

[5, 10, 34, 47, 52, 56–58, 69,

70, 71, 74, 101, 108, 112,

118–120, 177–179, 185, 188,

195, 206–233]

[34, 46, 52, 70, 71,

177, 178, 208,

209, 211, 213]

[4, 5, 174, 179, 183, 188–190,

195, 196, 218, 219, 221, 224,

226, 227, 234– 237]

[205, 219, 237] [52, 126, 135, 207,

214, 225, 230,

238–241]

Fig. 9 Interplay of factors affecting hygroexpansion [28].
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Laminates

The term laminate here describes a multilayer mate-

rial, consisting of paper and one or more additional

polymeric layers. Although quite a view patents have

been published claiming improved dimensional sta-

bility of paper by the application of coatings (see for

example [202–204]), only one publication was found,

dealing with the effect of polymeric coatings on the

hygroexpansion of paper. It was reported that the

coating of paper with polyethylene reduces the

hygroexpansion in the machine direction (MD) from

for example 0.0036%/% r.h. to 0.0023%/% r.h. [205].

Models

Lots of work has been put into the development of

various models describing the hygroexpansion of

fibers, wood, paper sheets, paper polymer multilay-

ers or fibers in a polymer matrix. Some of the con-

clusions drawn in the relevant publications have

been mentioned in the previous sections. It is outside

of the scope of this review to compare these models.

However, an overview is given of the relevant liter-

ature (Table 2).

Conclusions

This review shows that the hygroexpansion of fibers

and paper is a property that is affected by and affects

many other properties. From the overview in Fig. 9, it

can be seen that the main factors are single fiber

hygroexpansion and the inter-fiber contacts. For both

factors, various methods have been described for

influencing the hygroexpansion. These methods are

mainly of relevance for paper producers. Only

grafting, corona treatment, and coating with poly-

mers (laminates) are of relevance for paper convert-

ers. Even the paper producers have little active

influence over fiber specific characteristics such as the

expansion of the individual polymers, fiber curl and

twist, or microfibril angle. The easiest ways to alter

the hygroexpansive properties are the drying, the

application of polyelectrolyte multilayers, fillers, fiber

orientation, density, fiber content and pore size,

grafting, and the use of specific pulp fractions such as

recycled hornified fibers.
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