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ABSTRACT

The larger hygro-expansivity of freely compared to restrained dried 
handsheets has been intensively studied during the past decades. To 
investigate the role of the fibers forming the sheets on this complex 
phenomenon, in this work, the hygro-expansivity of fibers picked 
from freely and restrained dried handsheets is characterized. To do  
so, a versatile, highly accurate, fiber hygro-expansion methodology 
based on Global Digital Height Correlation is proposed, which 
enables identification of the transient full-field hygro-expansivity of 
single paper fibers. It was found that the longitudinal, transverse and 
shear hygro-expansivity of fibers picked from freely dried handsheets 
is significantly larger than fibers picked from the restrained dried 
handsheet. Furthermore, a restrained dried fiber can yield the hygro-
expansivity of a freely dried fiber after being subjected to a suffi-
ciently long wetting period, implying that the moisture-induced 
release of dried-in strain drives the hygro-expansivity differences. 
Finally, the sheet-scale hygro-expansivity is comparable to longitu-
dinal fiber hygro-expansivity for both handsheet types. The presented 
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results are of key importance for understanding the paper hygro-
mechanics and improve their applicability.

Key words: Freely dried, Full-field fiber characterization, Global 
Digital Height Correlation (GDHC), Hygro-expansion, Restrained 
dried

INTRODUCTION

Nowadays, due to environmental reasons, industrial printing companies increase 
the usage of water-based inks and hence the development of their ink-jet printers. 
Inside most ink-jet printers, the paper sheet is subjected to multiple wetting  
and drying (e.g., an elevated temperature) operations, while being restrained  
(e.g., a vacuum to maintain a flat paper sheet) or free, to attain a crisp printed 
sheet. However, it can occur that the paper sheet is not dried accordingly  
and highly unwanted phenomena, such as out-of-plane deformations (e.g.,  
curling, cockling, and fluting) occur [1]. To optimize the printing process, the 
swelling characteristics of the paper sheet throughout the complete printing 
process needs to be characterized, in particular, the difference between freely and 
restrained dried paper sheet and the relation to the material’s complex fibrous 
micro-structure.

Previous studies have shown that single paper fibers yield strong anisotropic 
swelling properties, i.e., on average, the fiber swells 20–30 more in transverse 
compared to longitudinal direction [2, 3, 4]. Inside the paper sheet, the signifi-
cantly large transverse swelling is transmitted through the bonded regions to 
contribute to the sheet scale, as experimentally studied by Nanko and Wu [5]. It is 
appealing think that the moisture-induced dimensional change (hygro-expansion) 
of a paper sheet is dominated by the transverse fiber hygro-expansion. However, 
a theoretical composite framework [6] and 3D modelling of paper networks [7, 8] 
have shown that a large fraction of the sheet-scale hygro-expansivity is driven by 
the longitudinal fiber hygro-expansion. Additionally, these models showed that 
the longitudinal fiber hygro-expansion fully contributes to the sheet level and only 
a small portion of the transverse fiber hygro-expansion contributes, confirming 
the relevance of the longitudinal fiber hygro-expansion to the sheet-scale [6].

Paper sheet-scale measurements are usually performed on machine paper 
(oriented) and lab-made handsheets (random) [9, 10, 11], where the latter is more 
often considered when analyzing the difference between freely and restrained 
dried paper because the paper’s properties can be tuned accordingly. Previous 
studies have shown that drying condition strongly affect the hygro-mechanical 
properties of the prepared paper sheet [5, 9, 12, 13, 14, 15, 16]. For instance, the 
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Young’s modulus of restrained dried paper is significantly larger than freely dried 
paper because more fibers contribute to the load carrying after fiber straightening 
during drying [12, 13, 15]. Additionally, Jentzen [17] showed that single paper 
fibers dried under stress yield a higher stiffness and strength while they yield a 
lower micro-fibril angle. Regarding hygro-expansivity, restrained dried paper 
handsheets show a release of irreversible (dried-in) strain during the first wetting 
cycle and afterwards exhibit a larger hygro-expansivity, which is closer to the 
significantly larger hygro-expansivity of freely dried sheets [9, 14, 15, 15, 16]. 
The complex mechanisms behind the hygro-expansivity difference have been 
intensively studied in the past and various theories have been proposed.

Uesaka and Qi [18] proposed a micro-mechanical inter-fiber bond model to 
describe the hygro-expansivity difference, which was adopted in multiple works 
[14, 15, 16]. The model states, for restrained dried sheets, that the fibers forming 
the inter-fiber bonds are less wrapped around each other than for freely dried 
handsheets, due to the applied external stress during drying, resulting in a lower 
transverse strain transmission upon the bonded fiber and hence lower contribution 
to the sheet-scale hygro-expansivity. With recent advances in characterizations 
methods, Urstöger et al. [15] used X-ray computed tomography to characterize 
the inter-fiber bond geometries in freely and restrained dried handsheets and test 
the theory [18]. The authors identified three different inter-fiber bond geometries 
(in which (i) both fiber ends bent towards the bonded fiber, (ii) both ends away, 
and (iii) alternated; one towards and one away) and determined their frequency 
and wrap around angle. Interestingly, no significant difference was found between 
the two paper types, and hence it was concluded that difference in bond geometry 
cannot directly explain the hygro-expansion magnitude difference.

Van den Akker [19] argued that the hygro-expansion differences between 
machine (MD) and cross direction (CD) of machine paper were more attributed 
to differences made to the fiber structure during drying, than solely due to the fiber 
orientation distribution. Nanko and Wu [5], who studied the shrinkage of free and 
bonded segments inside freely and restrained dried handsheets, confirmed this by 
demonstrating the lower shrinkage of fibers aligned in MD (large tension), 
compared to fibers aligned in CD (little tension) inside the same handsheet, and 
attributed the difference to structural fiber changes. Additionally, Nanko and Wu 
[5] concluded that the significantly large transverse fiber shrinkage can compress 
the bonded fiber in longitudinal direction, similar to the findings of Page and 
Tydeman [20], and the freestanding parts are passively compressed or stretched 
by the surrounding fiber segments, all of which result in structurally different 
fibers inside the sheet after drying. Regarding the change in fiber structure, Salmén 
et al. [21] offered a comprehensive hypothesis to explain the hygro-expansivity 
difference between freely and restrained dried fibers, i.e., residual stress (dried-in 
strain) is stored inside the hemi-cellulose chains and cellulose micro-fibrils during 
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restrained drying, which, subsequently, restrict the fibers to swell upon wetting. In 
order to test if the difference in hygro-expansivity between freely and restrained 
dried handsheets is driven by the changes in fiber structure, hygro-expansion 
characterization of single fibers obtained from freely and restrained dried paper 
sheets is desired, which is the objective of this work.

To this end, we first propose a highly accurate single fiber swelling method-
ology which is significantly more accurate and enables transient hygro-expansion 
responses, compared to other than other single fiber (fibril) hygro-expansion 
methods proposed in the literature [4, 5, 22, 23, 24]. The method involves 
changing the relative humidity (RH) around a fiber, while consecutive topogra-
phies are obtained, which are afterwards correlated using a Global Digital Height 
Correlation (GDHC) algorithm to obtain the full-field (longitudinal, transverse, 
and shear) hygro-expansion [2, 3]. This method is subsequently employed to 
paper fibers subtracted from prepared freely and restrained dried paper hand-
sheets. After performing sheet-scale hygro-expansion measurements, this 
approach enables a direct experimental comparison between the fiber and the 
sheet-scale characteristics, allowing identification of the longitudinal and trans-
verse fiber hygro-expansion contributions.

In the following, first a handsheet hygro-expansion method is proposed, 
followed by a comprehensive explanation of the single fiber hygro-expansion 
method containing the rigorous derivation of the GDHC algorithm. In the results 
section, the hygro-expansivity of restrained and freely dried handsheet and single 
fiber picked from these handsheets are presented and discussed, and direct fiber-
to-sheet comparison is performed. Finally, a conclusion is formulated.

MATERIALS AND METHODS

Preparation of the Handsheets

Freely and restrained dried handsheets with an average weight of ~60 g/m2 were 
produced from bleached hardwood kraft pulp (Eucalyptus), using the “Rapid 
Kötchen” device, following the preparation method proposed by Larsson and 
Wågberg [14]. Please note that this pulp is the same as used for the single fiber 
hygro-expansion experiments conducted by Vonk et al. [3]. The freely dried 
handsheets were first pressed for 1 minute with a temperature of 93°C and pres-
sure of 95 kPa and afterwards freely dried in a PTFE mesh drying frame to mini-
mize out-of-plane deformation. Restrained dried handsheets were pressed for  
10 minutes with a temperature of 93°C and pressure of 95 kPa. A 6 × 6 cm2 sheet 
is obtained from each handsheet and a random pattern, for the Global Digital 
Image Correlation (GDIC) algorithm to track (discussed below), is applied using 
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charcoal sticks instead of using spray paint, of which the solvent could affect the 
fiber structure.

Handsheet Hygro-expansion Method

A non-contact full-field method based on GDIC is proposed to measure hygro-
expansivity of the paper sheet. The method involves placing the prepared sheets 
between two woven steel gazes, which are spaced exactly the paper thickness 
from each other to minimize out-of-plane deformation. The structure is subse-
quently tested inside a climate box and captured using a camera system consisting 
of a telecentric lens. Telecentric lenses are specifically designed to have a centim-
eters long depth of focus, and hence do not measure any artificial strain due to 
(possible) out-of-plane deformations, which are known to occur during wetting of 
paper sheet [1]. The RH is accurately regulated by an external humidifier 
(Cellkraft P-10 series). One restrained and one freely dried handsheet is tested 
using six linearly increasing RH cycles from 30 – 90 – 30%, with a slope of 2%/
min. Before testing, each sheet was climatized at 30% RH for 8 hours. The 
collected images (obtained once per minute) are correlated using a GDIC frame-
work in which linear shape functions are used to find the displacement field while 
hygro-expansion (the main deformation mode) is of first order. Please note that 
the GDIC framework is similar the GDHC framework which is used for the 
single fiber hygro-expansivity tests which will be explained below. Finally, while 
the GDIC algorithms provides displacement fields, a linear strain definition is 
used to obtain the hygro-expansivity.

Preparation of the Single Fibers

The fibers are extracted from the (remainder of the) freely and constrained dried 
handsheets by mean of delaminating the paper sheet and cutting out the naturally 
sticking out fibers. A comprehensive analysis on 100 fibers picked from the hand-
sheet showed that the morphology of the fibers was completely random in terms 
of straightness, twist, etc. Confirming that the fiber extraction procedure does not 
prefer specific fibers, and consequently, the fibers tested here are of random 
nature, representing the random structure of the paper sheet. Important to note is 
that even though the Eucalyptus fibers yield a micro-fibril angle of 0–13 degrees 
[25], which directly affects the fiber properties, the hardwood fibers obtained 
from the pulp bale showed little fiber-to-fiber variability [3]. Hence, the possible 
differences found here are mainly due to the drying history.

A schematic representation of the experimental methodology is shown in  
Figure 1 [2]. Two highly compliant (∅50 µm) nylon wires are used to delicately 
fixate the fibers and maintain the fiber in the field of view (FOV) of the microscope. 
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The fiber is touched upon at two spots, providing full freedom for the hygro-expan-
sion, while only minimizing rigid body motion, fiber twisting, and bending, 
displayed in Figure 1(a). The region of interest (ROI) of the fiber, which is captured 
by the microscope is always located in the center of the two wires. A polystyrene 
microparticle pattern is subsequently applied to the fiber using a dedicated mistifica-
tion setup [26]. The specialty of this setup is that it can produce (micro- and nano-) 
particle patterns of particles sizes down to 50 nm, which is usually the biggest chal-
lenges in micro-mechanical DIC problems. In short, the setup generates a mist of 
particles and solvent (usually ethanol), which is subsequently heated up to evapo-
rate the ethanol and obtain a flow of non-clustered particles which is blown onto the 
specimen where the particles maintain, resulting in a high-quality pattern without 
possibly affecting the specimen (fiber) surface. This micro-particle pattern is the 
most essential element required for the GDHC algorithm, while these particles are 
not affected by the hygroscopic changes and maintain on the fiber surface, as will be 
explained below.

Single Fiber Hygro-expansion Method

Regarding capturing the fiber surface structure, several options were considered. 
It was found that vertical scanning interferometry (VSI) (an optical microscopy 
method) is preferred over atomic force microscopy, which has been used before 
to measure the inter-fiber bond geometry, contact surface roughness and fiber 
surface roughness [27, 28, 29], since it is non-contact and has a small acquisition 
time with a relatively large FOV. Moreover, VSI was found to perform signifi-
cantly better than confocal optical microscopy, while this is an intensity based 
profilometry technique and fiber tend to become more transparent during water 
absorption. Hence, in this work, VSI is used for the single fiber characterization. 
Since the fibers have diameters ranging from 20–30 µm, a 100× objective was 
chosen for the VSI profilometer (Bruker NPFlex), attaining a FOV of 60×80 µm2 
(1376×1040 pixels).

As shown in Figure 1(b), a prepared fiber is placed in a climate chamber under-
neath the optical profilometer. The same external humidifier as used for the sheet-
scale experiments is used to regulate the RH inside the climate chamber. Before 
testing, the fiber is first equilibrated by maintaining the starting RH constant for 8 
hours. During testing, the RH is gradually increased while the optical microscope 
takes consecutive topographies, during which the RH is captured. Finally, all 
experiments are performed at a temperature of 23°C.

The obtained fiber topographies are processed using a GDHC algorithm which 
was previously developed for a wide range of micro-mechanical problems to 
obtain full-field deformation data [30, 31, 32]. The GDHC algorithm has been 

38548_09_Session9_2.indd   426 04/08/22   3:42 PM



Re-understanding the Expansion of Dried Paper Handsheets

17th Fundamental Research Symposium, Cambridge, August/September 2022 427

adapted and optimized towards fiber hygro-expansion, as will be elaborated 
below. The GDHC algorithm enables determination of the three-dimensional 
displacement vector at each point of the ROI, allowing computation of the surface 
deformation and hence the fiber expansion. Combining these displacement field 
with the fiber topography enables determination of the longitudinal (ϵll), and 
transverse (ϵtt) and shear surface strains (ϵlt), as shown in Figure 1(c). Subse-
quently determining the average strain value from the computed strain fields 

Figure 1. Schematic representation of the method with: (a) delicate clamping of the fiber 
by means of two nylon threads, onto which a micro-particle pattern is applied using a dedi-
cated mistification setup [26], (b) the fiber is placed inside a climate chamber, in which the 
RH is controlled by an external humidifier, underneath an optical profilometer, allowing 
in-situ fiber hygro-expansion measurements, (c) the obtained topographies are correlated 
using a Global Digital Height Correlation to obtain the average longitudinal (ϵll), transverse 
(ϵtt), and shear surface strain (ϵlt) of a single fiber, and (d) the specific RH course used to 
test the fibers.

38548_09_Session9_2.indd   427 04/08/22   3:42 PM



Niels Vonk, Ron Peerlings, Marc Geers and Johan Hoefnagels

428 Session 9: Dimensional Stability

enable the average ϵll, ϵtt, and ϵlt as a function of RH. Please note that the full 
strain field is available to analyze possible inhomogeneous hygro-expansion.

Global Digital Height Correlation Algorithm Dedicated to  
Fiber Hygro-expansion

Digital Image Correlation (DIC) in its 2D form is a well-adopted image matching 
algorithm that allows full-field displacement measurements. It has been used for 
multiple paper mechanics problems, i.e., paper sheet-scale hygro-expansion 
measurements [16] and paper sheet under biaxial tension [33]. DIC exists in a 
“local” (subset) or a “global” (whole FOV) form [34, 35, 36], which have their 
own advantages and disadvantages. For fiber hygro-expansion measurements, 
Global DIC would be a better choice than DIC, since it is more robust against lost 
data and pattern degradation [37], which is known to occur when testing natural 
fibers. Additionally, it has been shown that GDIC can more easily be fine-tuned 
towards specific applications [38, 39, 40]. Here, however, while the 3D hygro-
expansion of the fiber is desired, topographies are used instead of regular gray-
scale images. Therefore, a Global Digital Height Correlation (GDHC) approach 
is adopted, which is based on topography conservation (instead of gray value 
conservation used for (G)DIC), i.e., the height value at pixel position  in the 
reference topography f is equal the height value at the new position (  +  ( )) in 
the deformed topography g minus the out-of-plane displacement [41], which is:

  (1)

in which u and v are the in-plane displacement components in, respectively, 
x-direction ( ) and y-direction ( ), and w is the displacement in z-direction ( ), 
while ψ, the residual, represents acquisition noise and height distortions not 
captured by w. Note that both f and g contain height information as a function of 
the two-dimensional image coordinate system, hence the 3D displacement vector 
(u ( ) = u ( )  + v ( )  + w ( ) ) is a function of the 2D position vector 
( ) = x  + y ). ψ is minimized to find the optimal u(( )), i.e.:

  (2)

in which Ω is the global ROI, as shown in Figure 1(b). While finding thee 
unknown values per known pixel states an ill-posed problem, the number of 
degrees of freedom (DOF) need to be reduced. Hence, to this end, an approxi-
mated displacement field, *( , ), is introduced, spanned by shape functions, 
ϕ
→

( ), associated with reduced DOF, ;
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  (3)

 
The goal is to minimize Ψ using the 3n shape functions with DOF , where ϕi is 
a series of basis functions that should be rich enough to capture the fiber swelling 
kinematics and  are to be determined. Equation 2 then transforms into:

  (4)

The solution of this non-linear minimization problem is found by employing an 
iterative modified Newton-Raphson scheme, which has been derived in a 
consistent manner [35]. More details of the derivation of the above given GDHC 
algorithm can be found in [2, 35, 41].

GDHC allows shape functions of all sorts to be implemented in the algorithm, 
however, polynomials or B-spline grids are mostly adopted. The optimal basis 
function and order required to capture the minimal kinematically admissible 3D 
displacement field which completely describes the fiber swelling kinematics can 
be determined before testing. This optimal kinematic regularization must contain 
the following three displacement, three rotation and six deformation (expansion 
and bending) modes [2]:

• rigid body translation in the three principal directions (0th-order polynomial),
• homogeneous hygroscopic expansion along three principal directions (1st-order 

polynomial),
• rotation around the three principal directions (1st-order polynomial),
• bending in all three directions (2nd-order polynomial).

In the case of fiber hygro-expansion, a 2nd order polynomial is sufficiently rich to 
capture the fiber hygro-expansion kinematics and is used for the single fibers. 
Validation of this optimal kinematic regularization is performed in [2], where the 
order of the polynomial is changed and the residual value (which should be lower 
for a more optimal regularization) is analyzed, similar to the analysis done by 
Neggers et al. [41] and Hoefnagels et al. [42].

The gradient of the topography in the end drives the GDHC algorithm, which 
implies that the micro-particle pattern must reveal sufficient gradients to properly 
find convergence and determine the displacement field. This is of course also  
the reason why a micro-particle pattern is applied to the fiber. Unfortunately, the 
edges of the particles are difficult to measure using VSI, while steep angle at the 
edges of the particles result in data loss, also interference patterns are sometimes 

38548_09_Session9_2.indd   429 04/08/22   3:42 PM



Niels Vonk, Ron Peerlings, Marc Geers and Johan Hoefnagels

430 Session 9: Dimensional Stability

visible. These regions in turn result in higher residual values. Therefore, a masking 
algorithm is proposed to minimize this phenomenon, which is explained by a 
paper fiber which is subjected to a RH change from 50 to 80%, of which the 
residual field between the first and the last topography is given in Figure 2. A 
zoomed view is provided in which a 500 nm particle, with a region of lost 
datapoints around them, is visible. These lost regions (not a number (NaN)) orig-
inate from the sharp edges of the particle, which could not be captured by the 
microscope. Consequently, higher residual values are found around the regions of 
missing data, which could make the correlation unstable. Therefore, a dilatation 
algorithm is applied to mask out pixels around the NaN pixels in the reference 
topography which turn up as higher residual values. A dilatation of 0 results to the 
initial topography, while a dilatation of n, mask a band of n pixels around a NaN 
pixel in the reference topography, shown in Figure 2. Masking out these pixels 
has the advantage that higher residual values are covered, but the disadvantage is 
that the quality of the image gradient (the pattern) is reduced, as can be seen for a 
dilatation of 3, where the 500 nm particle is almost completely masked out. In the 
following, a dilatation of 2 is used for all correlations, which resembles a good 
balance [2].

Figure 2. The dilatation algorithms which is used to mask high residual regions that can 
make the correlation unstable. A paper fiber is subjected to an RH cycle from 50 to 80%, 
of which the residual field between the first and last topography is shown, with zoomed 
view to highlight the regions of lost data around a 500 nm particle. A dilatation of 0 (initial 
topography) – 3 rows around a NaN pixel are depicted. A dilatation of 2 was found to 
perform the best, while it masks out the higher residual regions while still maintaining the 
particle geometry and is hence chosen for all fiber correlations [2].
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Precision and Applicability

Initial precision studies of the above-described method showed a longitudinal and 
transverse surface strain precision of 1⋅10–4 and 7⋅10–4 for paper fibers [2]. 
However, in that work, a regular airbrush with a solution of microparticles and 
ethanol was used to apply the pattern, which resulted in non-ideal (clustered) 
patterns. Hence in a follow up paper [3] and in this work, the mistification setup 
was employed, resulting in significantly improved pattern quality, which in turn 
resulted in a better longitudinal and transverse surface strain precision of 1⋅10–4 
and 2⋅10–4. Furthermore, as elaborated in [2], the method is also applicable to 
different fiber types, e.g., viscose and 3D-printed hydrogels [43]. Finally, to high-
light the versatility and tunability of the proposed fiber hygro-expansion GDHC 
algorithm, adaptations have been made in order to track large deformations during 
rapid swelling of different types of supramolecular hydrogels [44], by means of 
transforming the framework into an incremental (each topography is correlated to 
its previous topography) instead of classical GDHC framework (where each 
topography is correlated back to the first topography), to become less sensitive to 
unavoidable surface instabilities which are known to occur during hydrogel 
swelling [45], which make the correlation unstable.

Testing Strategy

Each fiber is prepared accordingly and subjected to two cycles from 30 – 90 – 
30% RH (cycle 1 & 2) as shown in Figure 1(d). Then, a long duration cycle from 
30 – 95 – 30% RH is entered, where the 95% RH set point is kept constant for 8 
or 24 hours for the fibers picked from, respectively, the freely and restrained dried 
handsheets. This period is referred to as the wetting period. Afterwards, the fiber 
is again subjected to two cycles from 30 – 90 – 30%, RH (cycle 3 & 4). Each 
change in RH setpoint was performed with a RH rate of 1%/min. This specific 
RH strategy is chosen to analyze if an initially “restrained dried fiber” can trans-
form into a “freely dried fiber” after being subjected to a longer wetting period in 
which the initial dried-in strain is released.

RESULTS AND DISCUSSION

Handsheet Hygro-expansivity

The sheet-scale hygro-expansion response of the restrained and freely dried hand-
sheet is given in Figure 3. The hygro-expansivity of the freely dried handsheets is 
significantly larger than the restrained dried handsheet, similar to works earlier 
reported in literature [5, 9, 14, 15]. Furthermore, the restrained dried handsheet 
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shows only a slight release of dried-in strain, compared to other works [9, 14], 
which is attributed to the handsheets being produced by Mondi Group (Vienna, 
Austria) before being tested. The environmental conditions during shipment are 
of course unknown, and the release of dried-in strain could already have happened. 
However, the significant hygro-expansivity difference is still visible (which is  
the main objective of this work), and hence the handsheets are suitable for this 
study. Next, the handsheets show cyclic repeatability, highlighting the reproduc-
ibility of the proposed method. Finally, the average shrinkage per drying slope  
for the freely (Δϵ f

s ) and restrained dried handsheets (Δϵ r
s ) are extracted and it 

was found that the freely and restrained dried handsheets shrink, on average, 
0.00532 ± 0.00008 and 0.00281 ± 0.00002, respectively for an RH change from 
90 to 30%, considering the six cycles.

Single Fiber Hygro-expansivity

The preliminary hygro-expansion response of a freely dried fiber is given in 
Figure 4(a). First, the strong anisotropic swelling behavior which the fiber exhibit, 

Figure 3. Hygro-expansion response of a freely and restrained dried handsheet. The 
hygro-expansivity of the freely dried handsheets is significantly larger, similar to earlier 
works [5, 9, 14, 15].
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as was studied in [2, 3], is visible. Furthermore, as expected, a plateau value is 
found for ϵtt the during the wetting period (and for ϵll and ϵlt at the end of the 
wetting period), implying saturation of the moisture content and only slight 
release of possible dried-in strain. The hygro-expansion during the drying slope of 
cycles 1 & 2 and 3 & 4 are very similar, with a slight exception of ϵlt. A similar 
response was found for four more fibers picked from the freely dried handsheet.

The preliminary hygro-expansion response of a fiber picked from a restrained 
dried handsheet is given in Figure 4(b). First, the ϵll and ϵlt hygro-expansivity before 
the wetting period is significantly lower compared to the fibers picked from the freely 
dried handsheet, confirming that the fibers are structurally different as previously 
demonstrated [5, 19, 20]. Furthermore, a clear release of dried-in strain occurs during 
the wetting period; (i) ϵtt shows an ongoing increasing trend, possibly due to the 
release of dried-in strain, and (ii) ϵll and ϵlt, respectively, show a significantly larger 
decrease or increase during the drying slope after the wetting period. This release of 
the stored dried-in strain most likely drives the larger hygro-expansivity after the 
wetting period [21], which is (mainly for ϵll and ϵlt) comparable to the hygro-expan-
sivity of the fibers picked from the freely dried handsheet shown in Figure 4(a).

Unfortunately, not all restrained dried fiber showed the district release of dried-
in strain as given in Figure 4(b), implying that the moisture content, for some 
cases, was not sufficient to completely release the dried-in strain stored in the fiber 
[21]. Hence, for a future publication [46], a setup is developed which enables 
cooling the fiber to reach higher moisture content levels. Preliminary results seem 
to show that the hygro-expansion responses are much cleaner with this new setup 
in terms of more reproducible behavior during the wetting period.

Comparing the freely and restrained dried hygro-expansion responses, the ϵll 
and ϵlt before the wetting period is significantly lower for the restrained dried 
fiber. Furthermore, when it comes to release of dried-in strain, it seems that both 
fibers show a release in ϵll of approximately 0.002 between the start and end of the 
RH trajectory. A reasonable explanation for this is that the fibers in both sheets 
were affected by neighboring fiber segments, leading to a spread in dried-in strain 
per fiber, as studied by Nanko and Wu [5]. To put this into numbers, the average 
shrinkage in ϵll considering all free and restrained fibers is, respectively, 0.0006 ± 
0.0019 and 0.0021 ± 0.0028, indicating that the freely dried fiber response shown 
in Figure 4(a) displays a larger release of negative dried-in strain compared to the 
other freely dried fibers. Some freely dried fibers showed a release of positive 
dried-in strain which can of course be attributed to the micro-compressions stored 
inside the fiber in the bonded regions during paper drying [5, 20], while only one 
restrained dried fiber showed a positive release of dried-in strain.

To conduct a direct comparison between the restrained and freely dried fibers, 
the decrease in longitudinal (Δϵll), transverse (Δϵtt), and shear hygro-expansion 
(Δϵlt) for cycle 1–4 are extracted, as annotated in Figure 4(a).
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The average and standard deviation of the hygro-expansion decrease of cycles 1–4 
for five freely and twelve restrained dried fibers are given in Figure 5. When 
looking at the freely dried fibers, very reproducible behavior is found considering 
all fibers and the standard deviations are low, hence implying low cycle-to-cycle 
and fiber-to-fiber variability, also highlighting the reproducibility of the proposed 
fiber hygro-expansion methodology. Only Δϵlt deviates while the spread after the 
wetting period significantly decreased. Finally, it seems that the hygro-expansivity 
before and after the wetting period is comparable, similar to Figure 4(a).

Figure 4. Preliminary results of the hygroscopic response of fibers picked from (a) a 
freely dried and (b) a restrained dried handsheet. The fiber picked from the freely dried 
handsheets shows no clear release of dried-in strain and the hygro-expansion response of 
cycle 1 & 2 are similar to cycle 3 & 4 and the hygro-expansivity is similar before and after 
the wetting period. The fiber picked from the restrained dried handsheet, however, shows 
a significant release of dried-in strain visualized by the ongoing increasing ϵtt and the dip 
in ϵll, respectively, during and after the wetting period. Consequently, the hygro-expan-
sivity before and after the wetting period are distinctly different. The hygro-expansion 
decrease for every cycle (Δϵll, Δϵtt, and Δϵlt), as annotated in (a), are subtracted. Improved 
results for the fully saturated specimen during the wetting period (instead of the here 
presented 95% RH) will be published in a future publication [46].
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For the restrained dried fibers, a larger hygro-expansivity is found after the 
wetting period, suggesting that the release of dried-in strain enables the larger 
hygro-expansivity. Furthermore, a significantly large spread in Δϵll, Δϵtt, and Δϵlt 
is found after the wetting period, which is attributed to the fact that not all fiber 
showed distinctly different behavior before and after the wetting period, implying 
that some fibers did not fully release the stored dried-in strain to transform into a 
“freely dried fiber”. As already mentioned, this is remedied in a future paper [46] 
in which a setup is proposed that enables higher moisture content levels.

When considering the average Δϵll, Δϵtt, and Δϵlt and standard deviation before 
the wetting period of all freely and restrained dried fibers, it can be concluded that, 
on average, the hygro-expansivity of the freely dried fibers is 2.35±0.81 larger in 
longitudinal, 1.09±0.42 larger in transverse, 2.09±1.89 larger in shear direction 

Figure 5. Preliminary results of the average longitudinal, (Δϵll), transverse (Δϵtt) and shear 
hygro-expansion decrease (Δϵlt) of five fibers picked from a freely and twelve fibers from 
a constrained dried handsheet. Improved results for the fully saturated specimen during  
the wetting period (instead of the here presented 95% RH) will be published in a future 
publication [46].
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compared to restrained dried fibers. Looking at these numbers, it seems that 
restrained drying mainly affects the fiber’s longitudinal and shear hygro- 
expansivity, similar to the findings of Nanko and Wu [4]. The physical origin of the 
phenomena occurring in the complex fiber wall structure which drive these hygro-
expansivity differences will be comprehensively explained in a future publication 
[46].

Finally, it seems that the sheet-scale hygro-expansivity (Δϵ r
s  and Δϵ f

s ) is 
slightly higher than the longitudinal fiber hygro-expansion for both handsheets, 
confirming the relevance of the longitudinal hygro-expansivity to the sheet scale 
as generally adopted [6, 8]. The remainder should be provided by the transverse 
fiber hygro-expansivity which is transmitted though the bonded regions. For both 
handsheets types, this contribution is relatively low, as was also found by [7] and 
experimentally shown in a future publication in which the full-field hygro-expan-
sivity of four isolated inter-fiber bonds is investigated [47].

CONCLUSION

In this work, we studied the hygro-expansivity of freely and restrained dried 
handsheets and single fibers picked from freely and restrained dried handsheets. 
To do so, a dedicated single fiber hygro-expansivity method was proposed which 
is based on Global Digital Height Correlation (GDHC). The method enabled the 
transient full-field hygro-expansion during wetting and drying. It involved (i) 
delicately clamping the fiber to allow full hygroscopic freedom while minimizing 
rigid body motion, rotation and bending, (ii) testing the fiber inside a climate 
chamber, in which the relative humidity (RH) is varied, underneath an optical 
profilometer, and (iii) correlating the obtained topographies using a GDHC algo-
rithm to obtain the longitudinal, transverse and shear hygro-expansion.

Each fiber was subjected to two 30 – 90 – 30% RH cycles followed by a longer 
period of 95% RH (wetting period), after which the same two RH cycles are 
employed. The results revealed insightful novel data, i.e., it was found that (i) the 
hygro-expansivity of fibers picked from the freely dried handsheet was compa-
rable before and after the wetting period, in contrast to (ii) the restrained dried 
fibers, which showed a distinctly larger hygro-expansivity after the wetting 
period, (iii) the fibers picked from the restrained dried handsheet revealed a 
2.35±0.81 lower longitudinal, 1.09±0.42 lower transverse, 2.09±1.89 lower shear 
hygro-expansivity as the fiber picked from the freely dried handsheet, and (iv) the 
transverse fiber hygro-expansion contribution to the sheet scale is relatively low, 
confirming the generally accepted relevance of the longitudinal fiber hygro-
expansion to the sheet-scale. While these experiments are key for re-understanding 
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the hygro-expansion magnitude difference, more research need to be done on the 
driving mechanism inside the fiber wall structure, the influence of wood type, and 
how the single fiber characteristics translate towards the sheet-scale via, i.e. 
numerical modeling.
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