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Abstract Earlier work on the hygro-expansion of
paper states that the larger hygro-expansivity of freely
compared to restrained dried handsheets is due to
structural differences between the fibers inside the
handsheet. To study this hypothesis, first, the hygro-
expansion of freely and restrained dried, hardwood
and softwood handsheets has been characterized.
Subsequently, the transient full-field hygro-expansion
(longitudinal, transverse, and shear strain) of fib-
ers extracted from these handsheets was measured
using global digital height correlation, from which
the micro-fibril angle was deduced. The hygro-expan-
sivity of each individual fiber was tested before and
after a wetting period, during which the fiber’s mois-
ture content is maximized, to analyze if a restrained
dried fiber can “transform” into a freely dried fiber.
It was found that the longitudinal hygro-expansion
of the freely dried fibers is significantly larger than
the restrained dried fibers, consistent with the sheet-
scale differences. The difference in micro-fibril angle
between the freely and restrained dried fibers is a pos-
sible explanation for this difference, but merely for
the hardwood fibers, which are able to “transform”
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to freely dried fibers after being soaked in water. In
contrast, this “transformation” does not happen in
softwood fibers, even after full immersion in water
for a day. Various mechanisms have been studied to
explain the observations on freely and restrained
dried hardwood and softwood, fiber and handsheets
including analysis of the fibers’ lumen and cross-
sectional shape. The presented results and discussion
deepens the understanding of the differences between
freely and restrained dried handsheets.

Keywords Freely and restrained drying - Global
digital height correlation - Hygro-expansion - Micro-
fibril angle - Paper fibers - Paper sheet

Introduction

Paper is a composite material consisting of natu-
ral fibers, e.g., hardwood or softwood. The extreme
deterioration of paper’s mechanical and geometri-
cal properties due to moisture poses one of the key
problems in its exploitation, possibly resulting in
non-usable end products. Therefore, being able to
control the moisture-induced dimensional stability
of paper remains a great challenge. This is especially
true for printing applications, during which paper is
subjected to multiple drying and wetting cycles while
being, respectively, constrained and unconstrained.
Failure to control the paper sheet deformation can
result in out-of-plane deformations, including curling,
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cockling, fluting and waviness (Kulachenko et al.
2005; De Bock et al. 2017), which are driven by pro-
cesses occurring in the fibrous microstructure, down
to the single fiber level. The severity of these out-of-
plane deformations are linked to the magnitude of the
moisture-induced dimensional change (hygro-expan-
sion) of the paper sheet.

Before addressing the hygro-expansivity of paper,
first the paper fiber structure is briefly discussed.
Paper fibers are open tube-like structures with a tube
wall that consists of four layers (P, S1, S2, S3) made
of cellulose, hemi-celluloses and lignin (Liitid et al.
2000; Hubbe 2014). The lumen, i.e. the tube opening,
may be collapsed according to the fiber’s process-
ing conditions, i.e. pulping, refining, or paper drying
pressure (He et al. 2003; Hubbe et al. 2007; Hubbe
2014). The S2 layer constitutes approximately 80%
of the fiber wall (Courchene et al. 2006; Neagu et al.
2006), and is likely to dominate the fiber’s hygro-
mechanical properties. Each layer is built of long
parallel cellulose strands, called micro-fibrils, which
alternate between crystalline (40—60 vol%) and so-
called “dislocated regions” (Agarwal et al. 2013).
These micro-fibrils are helically oriented in each
sub-layer, and are stiffer than the hemi-celluloses
and lignin counterparts that bind the micro-fibrils
into the layer (Salmén 1982; Haslach 2000; Fahlén
and Salmén 2005; Berglund 2011; Hubbe 2014). The
angle between the micro-fibrils’ axis and fiber’s lon-
gitudinal axis is called the micro-fibril angle (MFA),
which is different for each layer and for each wood
type. The MFA (of the S2 layer) of hardwood, such as
Eucalyptus, is between 0 and 11°, whereas softwood,
such as a mixture of Spruce and Pine, typically has
a (much) higher MFA ranging from 8 to 39° (French
et al. 2000; Barnett and Bonham 2004; Cown et al.
2004; Donaldson 2008). The significantly larger vari-
ation in MFA observed for softwood fibers is due to
the large difference in MFA between early-, late- and
compression wood fibers (Gorisek and Torelli 1999;
Anagnost et al. 2002; Jordan et al. 2005). Since the
MFA is low for most fibers, the fiber exhibits strong
anisotropic hygro-mechanical properties (Retulainen
et al. 1998), i.e., a longitudinal to transverse stiffness
ratio of 6—11 as found in experiments (Czibula et al.
2021) and used in models (Magnusson and Ostlund
2013; Brandberg et al. 2020). Furthermore, the fibers
exhibit a longitudinal to transverse hygro-expansion
ratio of 20—40 (Wahlstrom 2009; Joffre et al. 2016;
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Vonk et al. 2021). The key challenge now remains
how these strongly anisotropic fiber properties trans-
late to the network-scale hygro-expansion, where,
e.g., in the bonded areas a competition between the
fibers arises.

During paper sheet wetting, the longitudinal fiber
hygro-expansion directly contributes to the sheet-
scale hygro-expansion through the extension of
the freestanding segments. The much larger trans-
verse strain only contributes indirectly to the sheet
by transmission through the inter-fiber bonds to the
longitudinal extension of the adhered fibers (Brand-
berg et al. 2020). Theoretical and numerical models
have shown that the transverse fiber strain contribu-
tion to the sheet scale is relatively weak, i.e. the lon-
gitudinal fiber hygro-expansivity dominates (Uesaka
1994; Motamedian and Kulachenko 2019; Brandberg
et al. 2020). However, experimental evidence, i.e.
large-scale sheet hygro-expansivity and small-scale
longitudinal and transverse hygro-expansivity of fib-
ers extracted from these sheets, is lacking, whereas
these experiments are essential for tailoring the paper
structure to improve its dimensional stability. Lindner
(2018) wrote an outstanding review on factors affect-
ing the dimensional stability of paper, in which, the
author indicated that increasing the level of restrained
drying strongly reduces the hygro-expansivity of
paper. However, the driving mechanisms behind these
phenomena are under debate, which constitutes the
main objective of this work.

The effect of drying restrained on the hygro-
mechanical properties of paper has been extensively
studied since 1950 (Smith 1950; Brecht et al. 1956a,
b). Generally, two paper types are considered when
investigating the effect of a drying restraint; machine
paper with fibers oriented in the machine direc-
tion (MD) making the hygro-mechanical behavior
anisotropic, and handsheets which have a random
fiber orientation and isotropic behavior. For com-
mercial machine paper making, tension is applied in
MD (Nanko and Wu 1995; Mikeld 2009), inducing
a restrained MD, but, depending on the draw, also
a restrained CD. Regarding handsheet paper mak-
ing, restrained dried (RD) handsheets are formed
by applying a constant out-of-plane pressure to
wet webs, while freely dried (FD) handsheets are
typically formed by drying the wet web in between
PTFE meshes (Uesaka and Qi 1994; Fellers 2007,
Larsson and Wagberg 2008; Urstoger et al. 2020).
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After RD paper formation, dried-in strain is stored
inside the paper, which upon introduction of mois-
ture is released, resulting in an irreversible shrink-
age (Uesaka et al. 1992; Larsson and Wagberg 2008).
Interestingly, in (Vonk et al. 2021, 2020), it was found
that this release of dried-in strain actually emerges
from the single fiber level. Regarding the mechani-
cal properties, lab-made machine paper which was
restrained in both CD and MD exhibits a higher
specific modulus in both directions compared to FD
machine paper (Uesaka and Qi 1994), and the same
is found for handsheets, where RD handsheets exhibit
a lower strain to failure and larger Young’s modulus
than FD (Mikeld 2009; Kouko et al. 2014; Urstoger
et al. 2020). Regarding hygro-expansivity, machine
paper dried under restrained in CD and MD exhib-
its a smaller hygro-expansivity than FD machine
paper (Uesaka and Qi 1994). Similarly, RD hand-
sheets exhibit a significantly smaller hygro-expan-
sivity than FD handsheets (Salmén et al. 1987, 1987;
Uesaka et al. 1992; Nanri and Uesaka 1993; Fellers
2007; Larsson and Wagberg 2008; Urstoger et al.
2020). Hence, RD increases the Young’s modulus
and dimensional stability of machine paper (in MD
and CD) and handsheets compared to FD. The open
scientific question that remains is what drives these
differences. This work focuses on unraveling the
mechanics governing the hygro-expansivity.

Uesaka and Qi (1994) stated that the fibers consti-
tuting the inter-fiber bonds inside FD handsheets are
more wrapped around each other than their RD hand-
sheet counterparts, due to the absence of an external
applied pressure for FD. Consequently, the increased
bonded surface would result in a larger transverse
strain transfer in the bonded region. This theory is
adopted in a few other works (Nanko and Wu 1995;
Fellers 2007; Larsson and Wagberg 2008). However,
recent work by Urstoger et al. (2020) demonstrated,
using 3D X-ray computed tomography characteriza-
tion of the inter-fiber bond geometries, that the dif-
ference in wrap around angle inside FD and RD
handsheets is negligible and not significant enough to
explain the large hygro-expansivity magnitudes.

In older works, Van den Akker (1961) convinc-
ingly argued, based on machine paper experiments,
that the difference in mechanical properties between
the CD and MD can not solely be explained by the
fiber orientation, but are expected to be caused by
differences in the drying procedure (i.e. constrained

during drying). Jentzen (1964) showed strong evi-
dence that fibers dried under a constant tensile stress
reveal a higher Young’s modulus than fibers dried
under no stress. The author attributed this to the lower
MFA of fibers dried under stress. This would mean
that changes in the fiber’s structure cause the differ-
ence in mechanical properties. Interestingly, Meylan
(1972) and Yamamoto et al. (2001) showed, for wood
fibers, that the magnitude of longitudinal fiber shrink-
age decreases for decreasing MFA, which, combined
with the work of Nanko and Wu (1995) showing
that fibers dried in MD exhibit a lower longitudinal
shrinkage than fibers in CD, might suggest that the
fibers’ structural differences affect the fibers’ hygro-
expansivity and consequently explains the hygro-
expansivity difference of FD and RD paper sheets.
Additionally, Salmén et al. (1987) proposed a theory
on how dried-in strain is stored inside the amorphous
hemi-cellulose and “dislocated cellulose regions” of
the fiber and how this affects the hygro-expansivity of
the fiber itself. In order to test if structural changes
in the fibers can explain the hygro-expansivity dif-
ferences, one should test single fibers extracted from
FD and RD paper and relate the findings at the micro-
(fiber) and macro-scale (sheet).

Accordingly, in this work the hygro-expansivity
of fibers isolated from either RD or FD handsheets,
made of either hardwood or softwood, are tested
using a recently developed full-field hygro-expansiv-
ity method (Vonk et al. 2020), and compared to the
sheet-scale hygro-expansivity. Furthermore, all fibers
are loaded to maximum moisture content to determine
the release of dried-in strain. Surprisingly, not all fib-
ers are able to release their dried-in strain, and hence
additional experiments considering the fiber structure
are performed. This approach enables (i) investiga-
tion of the mechanisms driving the hygro-expansivity
difference, (ii) direct fiber to sheet hygro-expansivity
comparison, allowing to distinguish the longitudinal
and transverse fiber hygro-expansion contribution to
the sheet scale. In this work, first the handsheet and
fiber preparation is elaborated, followed by the spe-
cific testing procedure of the handsheets and fibers.
Then the results are given and discussed in which
some additional experiments are elaborated, and,

finally, the main conclusions are given'.

! Note that a few preliminary experiments of this work
have already been reported in (Vonk et al. 2023b), includ-
ing the hygro-expansion of fibers extracted from hardwood

@ Springer
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Materials and methods
Preparation of the handsheets

FD and RD handsheets with an average weight of
~ 60 g/m* produced from fully bleached hardwood
(HW) kraft pulp (Eucalyptus, fiber length: ~ 900
um, fiber width: ~ 15 pm, x¥ < 2, unrefined) and
fully bleached softwood (SW) kraft pulp (mixture
of Spruce and Pine, fiber length: ~ 2000 um, fiber
width: ~ 30 pm, x < 2, unrefined), using the “Rapid
Kotchen” device, were kindly provided by Mondi
Group, Austria. The method proposed by Larsson and
Wiaégberg (2008) was followed; the FD handsheets
were once pressed for 1 min with a temperature (7)
of 93 °C and pressure of 95 kPa and afterwards freely
dried in a PTFE mesh drying frame consisting of sta-
bilizing bars. The RD handsheets were pressed for
10 min with a 7 of 93 °C and pressure of 95 kPa.
Note that the used HW and SW pulps (stored at RH
= 50% and T = 23 °C) are the same as used for the
single fiber hygro-expansion experiments conducted
in (Vonk et al. 2021), thus enabling direct compari-
son of results. Each handsheet was subsequently cut
into 6x6 cm? sheets and a random speckle pattern
was applied using charcoal sticks as shown in Fig. 2,
instead of using spray paint, of which the solvent
could affect the paper structure. The speckle pat-
tern is required for a Global Digital Image Correla-
tion (GDIC) algorithm as proposed by Neggers et al.
(2016) to track the displacement field, which enables
identification of the in-plane hygro-expansion.

Preparation of the single fibers

From the handsheets a total of, respectively, five FD
and twelve RD HW fibers and ten FD and ten RD SW
fibers were extracted by means of delaminating the
paper sheet and cutting the naturally sticking out fib-
ers (Hirn and Bauer 2006). For these sample fibers,
only fibers without any noticeable pre-deformation or
damage were accepted. Moreover a comprehensive
analysis on 100 fibers picked from the handsheets

Footnote 1 (continued)

handsheets, of which the main purpose was to optimize and
improve the method’s resolution and procedure for the current
work, which reveals novel insights.

@ Springer

showed that the morphology of the fibers was com-
pletely random in terms of straightness, twist, etc.
confirming that the fiber extraction procedure did
not select specific fibers, and consequently, the fibers
tested are also of random nature. For the tests, each
fiber is delicately clamped using two nylon threads
following the method proposed in (Vonk et al. 2020),
as schematically shown in Fig. 1b,. To enable Global
Digital Height Correlation (GDHC) (Vonk et al.
2020), a micro-particle pattern was applied by expos-
ing the fiber to a mist of freely floating sub-micro par-
ticles, created with a mystification setup (Shafqat and
Hoefnagels 2021).

Single fiber hygro-expansivity experiments

The fibers (one by one) were subsequently tested
inside a climate chamber underneath an optical pro-
filometer, in which the RH is varied following a
specific trajectory (Fig. 1a) using a RH sensor (feed-
back control) located approximately 4 cm from the
fiber (closer is not possible to avoid collision), dur-
ing which the 3D deformation of the fiber is captured
(one topography per 30 s). The fiber is clamped on
a flow-through element (Fig. 1b,) which is connected
to an external water temperature regulator enabling
temperature control of the specimen. Examples of in-
situ acquired topographies in the dry and wet state are
shown in Fig. 1c. After testing, GDHC, a topography
correlation algorithm (Vonk et al. 2020), is used to
obtain the full-field fiber deformation, i.e. the longitu-
dinal (¢;), transverse (e,,) and shear hygro-expansion
(e, field shown in Fig. 1d for the deformation accu-
mulated during the second wetting slope (between 30
and 90% RH) of a SW fiber. The strain fields are sub-
sequently averaged towards a single scalar value of
€y €, and €, for each topography in time, enabling
visualization of the evolution of the hygro-expansion.

Figure la shows two slightly different RH/T tra-
jectories that are used to test HW and SW fibers. In
both RH/T trajectories the fiber is first subjected to (i)
two linearly increasing RH cycles from 30—90-30%
(cycle 1-2) and temperature of 23 °C, then (ii) a wet-
ting cycle during which the fiber’s moisture content is
maximized by means of lowering the specimen tem-
perature to 15 °C, (locally) increasing the RH (Fellers
2007), and generating condensation droplets as vis-
ible in Fig. 1c,, and finally (iii) two 30—-90-30% RH
cycles (cycle 3—4) at a temperature of 23 °C. Each
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Fig. 1 Single fiber hygro-expansion experiment (extended »
from (Vonk et al. 2020)). a The fiber is exposed to a combined
relative humidity (RH, black line) and temperature trajectory
(T, colored line), which is slightly different for a, HW and a,
SW fibers. b; Two nylon threads clamp the fiber for maximum
freedom while the region-of-interest remains in the field-of-
view of the optical profilometer (b,), which monitors the fiber
topography, starting from the (c,) dry state to ¢, the fully wet
state. d The obtained topographies are correlated using GDHC
to yield the evolution of the d; longitudinal (¢;), d, transverse
(e,), and dj shear strain field (e;), shown here for the strain
between 30 and 90% RH of the second RH cycle

change in RH set-point is conducted with a slope 1%/
min, equal to that of the handsheets. This strategy is
chosen to test if an initially RD fiber is able to “trans-
form” into a FD fiber when subjected to sufficient
moisture.

The differences between, and details of, the RH/T
trajectories of HW and SW displayed in Fig. la are
explained in Subsection “Fiber RH/T trajectories”
(Supplementary information).

Sheet-scale hygro-expansivity experiments

The full-field in-plane paper hygro-expansion method
based on GDIC involves placing the patterned paper
sheet in between two flat (~ 5 pum corner-to-corner
height deviation) woven steel gazes, which are spaced
with the paper thickness to minimize out-of-plane
deformation, which is known to occur during sheet-
scale hygro-expansion measurements (Kulachenko
et al. 2005; De Bock et al. 2017), shown in Fig. 2.
This paper sheet is tested inside a climate chamber,
in which the relative humidity (RH) is regulated,
and captured using a telecentric lens-camera setup,
as shown in Fig. 2. This setup enables minimization
of artificial strains due to out-of-plane deformations,
because of the lens’ invariant magnification around
the focus point. The RH is regulated by an external
humidifier (Cellkraft P-10 series). In the experi-
ments, two RD and two FD handsheets were tested
for HW and SW, with each test consisting of six lin-
early increasing RH cycles from 30—90-30%, with a
slope of 1%/min, resulting in a total duration of 12 h.
All (eight) sheets were acclimatized at 30% RH for at
least 12 h before testing. Images were captured once
per two minutes and were correlated using a GDIC
framework with linear shape functions to find the
linearly varying evolution of the displacement field
corresponding to constant strain fields e,.(x,y) = €,,,

(a)
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9
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30 125 O
‘/T 2
| ] : : ; ; ] L 115 -
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€, (x,y) =¢€,, and €,(x,y) =¢€, (Neggers et al
2016). As e€,, remains zero and e equals €, within
uncertainty margms the sheet hygro- expansmn is
computed as €, = (e,, + €,,)/2. Note that GDIC is
a 2D formulation, while GDHC, which is used for
the fiber hygro-expansivity below, is a quasi-3D

@ Springer
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Fig. 2 Paper sheet-scale hygro-expansion setup, consisting of
a climate chamber underneath a telecentric lens-camera setup.
This specific lens annihilates artificial strain due possible pre-
sent out-of-plane deformations. The patterned paper sheet is
placed in between two flat (~ 5 um corner-to-corner height
deviation) woven gazes to minimize out-of-plane deformation
to further minimize artificial strains

framework. Finally, local DIC, which is more com-
mon (also commercially available), has been used
earlier for multiple paper mechanics problems, e.g.,
paper sheet-scale hygro-expansion measurements
(Fellers 2007) and strain field evolution of paper
sheets subjected to bi-axial tension (Alzweighi et al.
2022). Here GDIC is adopted as it is more accurate
for low spatial variations in the strain field.

Results and discussion

The produced RD handsheets exhibited a significantly
lower hygro-expansion than the FD handsheets,
as will be shown below in Fig. 11, similar to other
work in the literature, indicating that the handsheet
fabrication process was conducted as expected. The
fiber hygro-expansion is elaborated first because this
reveals the most novel and interesting results in terms
of hygro-expansivity, which will be later on compared
to the sheet-scale hygro-expansion.

Evolution of the fiber hygro-expansivity

The hygro-expansion response of a typical FD and
RD, HW and SW fiber is given in Fig. 3. The strong
anisotropic swelling behavior of the fibers is directly
visible. Optimization of the fiber preparation and
testing method have resulted in a significantly bet-
ter strain resolution compared to Vonk et al. (2020),
whereby the precision improved from 1:10™ and
7-10* in longitudinal and transverse direction

@ Springer

respectively, to 1-10 and 2-10~* (Vonk et al. 2023b).
Furthermore, some fibers (e.g., FD SW fiber) show
scattered data during the wetting cycle, which is
caused by severe condensation occurring at the fiber
surface (and possibly the particles), making the
GDHC unstable. Nevertheless, the global curve is
still visible and reliable, because all final solutions of
the GDHC converged properly. This indicating that
the obtained deformation fields correctly connect the
deformed and undeformed configurations, otherwise
proper convergence cannot be warranted. Note that
the fiber method enables monitoring the surface strain
field during the transition to an almost fully wet sur-
face, during the wetting cycle itself, and during the
reversed transition to a dry surface (which will be
studied in more detail in (Vonk et al. 2023a).
Interestingly, at the end of the wetting cycle, when
the RH is decreasing, the hygro-expansion is lagging
behind the RH decrease (most prominently visible for
the HW fibers) due to the severe condensation pre-
sent around the fiber, requiring time to evaporate. The
condensation around the fiber results in an unknown
RH value near the fiber, which is not a concern
because the purpose of this wetting cycle is to char-
acterize the release of dried-in strain before and after
this period, for which a long period of high moisture
content levels is required. The moment at which the
condensation initiates shows a rather high variability
for the original RH/T procedure applied to the HW
fibers. For the adapted RH/T procedure applied to the
SW fibers, no droplet formation is visible during the
30 min at 95% RH and high temperature, but lower-
ing the stage temperature immediately initiates drop-
let formation and consequently increases the fibers’
moisture content, characterized by the rise in ¢, (also
slight increase in €;;) of both SW fibers in Fig. 3. This
is the moment where the fiber exhibits hydro-expan-
sion instead of the initially studied hygro-expansion
(Larsson et al. 2009). The strength of the approach
lies in the fact that the hygro- and hydro-expansion
of the same type of fiber within the same experiment
can be studied. For almost all fibers, the hydro-expan-
sivity entails significantly larger strains compared to
the hygro-expansion induced during RH cycles 1-2,
except for a few fibers exhibiting severe shrinkage
during the wetting period, confirming that a higher
moisture content is reached. All fibers tend to reach
an equilibrium during the wetting cycle (although
some small, random variations in the order of ~107
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Fig. 3 The longitudinal (), transverse (e,,) and shear hygro-
expansion (e,) evolution of a typical SW and HW, RD and
FD fiber. The delay between the hygro-expansion and the RH
is due to the presence of condensation. The cooling time dur-
ing the wetting cycle of the RD SW fiber was slightly longer
than the FD SW fiber because the condensation formation took
longer. The release of dried-in strain (Ae) between the start
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and (i) after the first RH cycle (1, in the RD SW curve), and
(ii) just before the third RH cycle, after the wetting cycle (3,
in the FD SW curve) are extracted and shown in Fig. 4. The
change in strain for each drying slope from 90 to 30% RH (e
€, and ¢, depicted in the FD HW curve) is extracted for each
RH cycle for further analysis
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Fig. 4 The release of dried-in strain in longitudinal (e;), trans-
verse (e,), and shear direction (¢,) after the first RH cycle,
labeled (1) in Fig. 3, and just before the third cycle, after the
wetting cycle, labeled (3) in Fig. 3. The values are separately

strain remain, showing that the strain accuracy is
approximately one order of magnitude lower for a full
wet surface compared to a dry surface at lower RH
levels), implying saturation of the moisture content
and full release of dried-in strain. The transient fiber
hydro-expansion during the wetting cycle is studied
in more detail in (Vonk et al. 2023c¢).

Release of dried-in strain

All fibers show a clear release of dried-in strain dur-
ing the wetting slope of RH cycle 1, because it devi-
ates from the subsequent wetting slopes, similar to
earlier single fiber hygro-expansion measurements
(Vonk et al. 2021, 2020, 2023b) and earlier sheet-
scale hygro-expansion works (Uesaka et al. 1992;
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given per fiber, together with the average and standard devia-
tion of all fibers, represented by the dashed line and colored
band respectively

Larsson and Wégberg 2008; Urstoger et al. 2020;
Vonk et al. 2023b), as well as the sheet-scale experi-
ments shown later in Fig. 11. More interestingly, all
fibers show a release of dried-in strain after the wet-
ting cycle, visible in the fact that for each fiber at
least one of the three strain components shows a large
difference between the start of the wetting cycle and
the start of RH cycle 3 (at which the temperature and
RH are the same as the start of the experiment). The
average release of dried-in strain in €y, €,,, and ¢, i.e.,
Aegy, Ae,, and Ag, after RH cycle 1, labeled (1), and
between the start and just before RH cycle 3, labeled
(3), considering all fibers, are presented in Fig. 4.

The values per fiber are given separately, and the
average and standard deviation of all fibers visual-
ize the global trend. Clearly, not all dried-in strains
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are released after the first RH cycle (1), because the
dried-in strain after the wetting cycle (3) is on average
larger. Hence, dried-in strains are still stored inside
the fiber after being subjected to 90% RH. Further-
more, all groups of fibers show both positive and
negative Ae;, values, implying that the fibers inside
both FD and RD handsheets experienced drying
under compression or tension. However, more fibers
inside the FD handsheets were dried under compres-
sion characterized by the larger number of positive
dried-in strain values. These results are in line with
Nanko and Wu (1995), who showed that non-bonded
fiber segments at the paper surface experienced either
swelling or shrinkage during FD and RD depending
on their neighboring fibers, and the FD case showed
more drying under compression. Furthermore, the
larger Ae; for RD compared to FD is attributed to the
sheet dryer exerting an out-of-plane compression on
the sheet. Thereby imposing a drying (tensile) stress
on most fibers, resulting in a larger portion of fibers
being dried under tensile stresses. In contrast, during
FD, so-called “micro-compressions” may induce in
the bonded areas (Page and Tydeman 1962). The scat-
ter in Agy; is also visible in Ae,, (mainly for SW), sug-
gesting that the applied tensile or compressive stress
during drying, respectively, contracts or expands the
cross-section of the fibers.

To investigate how the release of dried-in strains
and the drying procedure affects the hygro-expan-
sivity of the fibers, the shrinkage before the wetting
cycle (i.e. RH cycles 1-2) and after the wetting cycle
(i.e. RH cycles 3—4) are extracted and discussed in
the following.

Comparison of hygro-expansion magnitudes

The average (with standard deviation) longitudinal
and transverse shrinkage, and shear strain change of
all FD and RD HW and SW fibers during the drying
slope from 90 to 30% RH for cycles 1-2 (before the
wetting cycle), i.e. €, €, and €, are shown in Fig. 5.
For better analysis, the shrinkage is defined as a posi-
tive strain value, i.e. the strain changes are obtained
by subtracting the value at 90% by the value at 30%,
as annotated for RH cycle 1 of FD HW in Fig. 3.
Which results, for this specific hygro-expansion
curve, in positive values (shrinkage) for € and €,
and negative €;. Subsection “Fiber hygro-expansion

magnitudes” (Supplementary information) provides

Hardwood i Softwood

Freely Restrainedi Freely Restrained
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Fig. 5 The average longitudinal (e;;) and transverse shrink-
age (€;,), and shear strain change (e;,) during the drying slopes
from 90 to 30% RH for cycles 1-2, as annotated for RH cycle
1 of the FD HW fiber in Fig. 3, of all HW (five and nine fibers
from the FD and RD HW handsheets respectively) and SW fib-
ers (ten fibers each from the FD and RD SW handsheets), i.e.
€5 € and €, including standard deviation. The total average
handsheet shrinkage (€_, given in Table A.2) is added to the &,
plot

(1) the strains per fiber for each cycle separately given
in Figures A.la and A.2a, of which marker number-
ing is consistent with the dried-in strain releases given
in Fig. 4, (ii) the total average shrinkage considering
cycles 1-2 of all fibers, and (iii) an explanation why
three RD HW fibers are excluded from the analysis
and extra details on RD HW fibers which exhibited
severe shrinkage during wetting.

All fibers show a low cycle-to-cycle variability
when comparing RH cycle 1 to 2, whereas only the
HW fibers demonstrate a low fiber-to-fiber vari-
ability, similar to results in (Vonk et al. 2021). The
latter is attributed to the significantly larger MFA
range of the SW compared to the HW fibers (French
et al. 2000; Barnett and Bonham 2004; Cown et al.
2004; Donaldson 2008), which is known to corre-
late to the fiber’s hygro-expansivity (Meylan 1972;
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Yamamoto et al. 2001). Interestingly, for the SW
fibers, the scatter of €, is lower for the RD SW fib-
ers, opposite to what can be expected, which is dis-
cussed later.

Regarding the shrinkage, both for HW and SW, the
FD fibers show a larger shrinkage than the RD fib-
ers, especially in longitudinal direction. For HW and
SW, the RD procedure mainly affects the longitudi-
nal shrinkage and, to a lesser extent, also the shear,
while not affecting the transverse shrinkage. On
average, the FD HW fibers shrink 2.5 times more in
longitudinal and 1.1 times more in transverse direc-
tion compared to RD HW fibers, and the shear is
2.3 times larger. The FD SW fibers shrink 1.8 times
more in longitudinal and similarly (1.0) in transverse
direction than the RD SW fibers, and the shear is 5.5
times less. The large difference of €, of the SW fib-
ers stems from the RD shear strains being close to
zero. A t-test revealed that the HW fibers’ longitudi-
nal shrinkage and shear between FD and RD are sta-
tistically different, while for the SW fibers, only the
longitudinal shrinkage between FD and RD is statisti-
cally different, considering 98% confidence. Further-
more, the SW fibers exhibit a slightly larger average
longitudinal and transverse shrinkage than the HW
fibers (t-test: only €, of the RD HW and SW fibers
are statistically within 98% confidence), which is in
line with the slightly larger sheet-scale shrinkage of
SW compared to HW described in Subsection “Fiber-
to-sheet coupling” (Supplementary information), and
the literature (Nanko and Wu 1995; Uesaka and Moss
1997).

Collectively, because the hygro-expansivities
(shrinkage) of the RD and FD fibers are significantly
different, it can be expected that the fiber structure
itself is different between the RD and FD fibers,
which directly affects the sheet hygro-expansion. This
is visualized by comparing ¢, to the average hand-
sheet shrinkage, as is done in the €, plot in Fig. 5.
Hence, to explain the sheet hygro-expansion differ-
ences, it is not needed to introduce geometrical dif-
ferences that have been hypothesized to occur in the
bonded regions (Uesaka 1994), as earlier questioned
by Urstoger et al. (2020), supporting the earlier works
stating that structural fiber differences are sufficient
to explain the sheet-scale differences (Van den Akker
1961; Jentzen 1964; Nanko and Wu 1995). The struc-
tural differences and the driving mechanisms of these
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hygro-expansivity differences are studied next, where
first only HW is considered.

Hardwood fibers: driving mechanism
of the hygro-expansivity difference

Jentzen (1964) showed that the MFA of RD fibers is
lower than FD fibers. Therefore, it would be insight-
ful if the MFA of each of the above-tested FD and
RD, HW and SW fibers can be measured or assessed.
Unfortunately, most MFA measurement techniques in
literature (i) have insufficient accuracy to detect the
small differences in MFA between the FD and RD
fibers which are expected to be low, as will be shown
later on, while the MFA is known to vary along the
fiber length (Ye et al. 1994; Anagnost et al. 2002),
and/or (ii) require wood slices (Cave 1997; Wang
et al. 2001; Sarén and Serimaa 2006; Donaldson
2008; Zhang et al. 2019). Only one method (pro-
posed by Heinemann and Retulainen (2014)) based
on transmission white-light polarization microscopy
has been proposed to measure the MFA of individual
fibers, which is explored. The method was adopted
and further optimized, and now allows determina-
tion of the MFA of the full fiber surface instead of a
few discrete locations, of which a detailed description
and an example figure is given in Subsection “Deter-
mination of the micro-fibril angle” (Supplementary
information). Unfortunately it was concluded that
the method is fundamentally not applicable to paper
fibers, because the polarized light travels though the
front and back fiber wall of which the micro-fibrils
are crossed due to their helical structure, inevitably
resulting in an MFA around 0°, as explained in more
detail in Subsection “Determination of the micro-
fibril angle” (Supplementary information). Finally,
Liu et al. (2016) characterized the local MFA of sin-
gle plant cells using scanning X-ray micro-diffraction,
which enables MFA characterization of the FD and
RD fibers studied here. However, the access to scan-
ning X-ray micro-diffraction systems is very limited.
Nevertheless, as will be shown next the MFA can
indirectly be deduced from the full-field fiber hygro-
expansion measurements.

In (Vonk et al. 2021) it was demonstrated that
computation of the principal strains, by means of
an eigenvalue decomposition from the full-field
strain tensor with components €5 € and €,, ena-
bles the determination of not only the major and
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Fig. 6 a Schematic visualization of the principal strains direc-
tions with 1 oriented in the direction of the major strain, i.e.,
perpendicular to the fibril orientation and 2 for the minor strain
oriented along the micro-fibrils, and the major-minor strain
angle (0) related to the MFA. b The average longitudinal and
transverse shrinkage, and shear strain change during the drying

minor strain (e, and ¢,), but also the in-plane prin-
cipal strain direction, i.e. the major-minor strain
angle (0). Considering (i) that the fiber’s mechanical
behavior is dominated by the S2 layer, and (ii) that
the direction of major strain will be perpendicular to
the relatively stiff micro-fibrils, due to the deforma-
tion induced by the swelling of the hemi-celluloses in
between the micro-fibrils, the MFA has to be (close
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slopes from 90 to 30% RH per RH cycle of all HW fibers (five
and nine fibers extracted from the FD and RD HW handsheets
respectively), i.e. €, €, and ¢, including standard deviation.
¢ The average principal strains and major minor strain angle,
ie. € and €, and  are computed from the full-field hygro-
expansion, of which 0 approximates the MFA

to) perpendicular to the major-minor strain angle, as
shown in Fig. 6a. Hence, the average major and minor
strain, and the average major-minor strain angle dur-
ing shrinkage from 90 to 30% RH, i.e. respectively &/
and €7, and 6 are given for all RH cycles along with
the regular average strains (€, €/, and €),) in Fig. 6.
The shrinkage and principal strains of all fibers sepa-

rately are again given in Figure A.1.
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Let us first examine RH cycles 1-2, before the
wetting cycle. Clearly, all FD and RD HW fibers are
within the MFA range reported in the literature, i.e.
0—11 ° (French et al. 2000; Donaldson 2008). Fur-
thermore, the HW fibers show distinctly different val-
ues for 0, i.e., 7.57 + 2.67 and 3.56 + 2.92° between
FD to RD respectively (t-test: statistically different
within 98% confidence). This shows that the MFA of
the RD HW fibers is indeed lower than the FD fibers,
which is in agreement with the findings of Jentzen
(1964).

The differences may be rationalized by analyz-
ing the principal strains in Fig. 6c. €5 of the FD and
RD HW fibers shows that the shrinkage along the
fibril length is actually non-zero, indicating that the
micro-fibrils themselves can swell or shrink in their
longitudinal direction, suggesting that the “dislocated
regions” in the cellulose micro-fibrils are indeed
accessible to water (Agarwal et al. 2016). € of the
RD HW fibers (RH cycles 1-2) is significantly lower
than the FD HW fibers, indicating that the “dislo-
cated cellulose regions” shrink less, mainly affecting
the fiber’s longitudinal shrinkage due to HW’s low
MFA (French et al. 2000; Donaldson 2008). These
results are in good agreement with the theory of
Salmén et al. (1987) who stated, for RD paper, that
the “dislocated regions” in the cellulose micro-fibrils
are stretched when dried under tension (inducing a
residual tensile stress in the direction of the micro-
fibrils). This in turn minimizes the swelling of these
regions upon wetting, and therefore they contribute
less to the fibers’ overall hygro-expansivity. For FD
fibers, the “dislocated regions” are dried without ten-
sion, and thus shrink upon drying, through which
they can contribute more to the fiber’s hygro-expan-
sivity. Additionally, Kulachenko et al. (2012) showed
that the drying procedure also affected the hygro-
expansivity of nano-cellulose paper that consists of
squared cross-sectional nano-fibrils with a height and
width of 20 nm, corresponding to the size of nano-
fibril aggregates that form the cell wall of paper fibers
(Fahlén and Salmén 2005). The reported difference
by Kulachenko et al. (2012) between the FD and RD
nano-paper’s drying slopes from 80 to 20% RH was ~
0.20% strain (RD: 0.75% FD: 0.95%), which is sim-
ilar to the difference in €, found in Fig. 6¢ between
FD and RD (for an RH change of 90 to 30%). This
suggests that this hygro-expansion difference of
the nano-cellulosic paper is driven by the swelling
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capabilities of the “dislocated regions” in the cellu-
lose nano-fibrils as proposed by Salmén et al. (1987).

The fact that the RD and FD HW fibers show dis-
tinctly different values of 8, indicates that the MFA of
FD fibers is higher than RD fibers, hence constitutes
a driving mechanism behind the difference in hygro-
expansivity of the HW fibers, similar to the findings
of Jentzen (1964). Furthermore, the significant differ-
ence in &, between the RD and FD HW fibers is con-
sistent with the theory by Salmén et al. (1987).

To investigate if the release of dried-in strain is
reversible, the shrinkage after the wetting cycle, i.e.
RH cycles 3—4 given in Fig. 6 is studied. When com-
paring RH cycles 1-2 to cycles 3—4, all FD fibers
tend to show a similar average values before and after
the wetting cycle, although a slight decrease of the
scatter of €, and 6 is observed. The shrinkage of the
RD HW fibers is similar to the FD HW fibers after
the wetting cycle (only € may be slightly larger for
the RD HW fibers), indicating that RD HW fibers,
when subjected to sufficient water, can “transform”
into fibers that exhibit a hygro-expansivity similar
to FD HW fibers, which is essential knowledge for
paper recyclability. This is, however, in contrast to
the experiments conducted in (Vonk et al. 2023b),
during which the RD HW fibers were subjected for
a long duration to an RH level of 95% but without
cooling, resulting in the fiber surface not becoming
fully wet. Consequently, the fibers did not completely
“transform” to FD fibers, showing the importance of
cooling down the specimen to enforce higher mois-
ture content levels of the fibers in order to activate the
release of the fiber’s dried-in strain. Furthermore, the
RD HW fibers in Fig. 6¢ yield a 6 of 6.66 + 2.34°
for RH cycles 3—4, which is equal to RH cycles 1-2
of the FD HW fibers (t-test: statistically not different
within 98% confidence), indicating that the change
in @ between the two drying procedures is close to
reversible. Additionally, €& of the RD HW fibers (RH
cycles 3—4) in Fig. 6¢ is similar to €; of the FD HW
fibers, indicating that the shrinkage along the fibril
direction increased, giving further support to the
theory of Salmén et al. (1987) which states that the
difference in swelling capabilities of the “dislocated
regions” in the cellulose micro-fibrils between FD
and RD affects the fiber’s hygro-expansivity. In short,
the RD HW fibers can “transform” to fibers exhibit-
ing the characteristics of FD HW fibers.
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Fig. 7 The average longitudinal and transverse shrinkage, and
shear strain change during the drying slopes from 90 to 30%
RH per RH cycle of the SW fibers (ten fibers extracted from

each FD and RD SW handsheet), i.e. € € and €, includ-

In order to validate if the MFA is lower for RD
compared to FD HW fibers and if the MFA is revers-
ible after the “transformation”, an (second) independ-
ent MFA measurement method is required such as
used by Liu et al. (2016). Unfortunately, as discussed
above, this method is difficult to employ. To vali-
date the second mechanism, i.e. the lower longitudi-
nal hygro-expansivity of the micro-fibrils due to the
storage of dried-in strain in the dislocated cellulose
regions. Freely and RD nano-fibrillated cellulose,
which does not contain an MFA, thereby separating
the two mechanisms, should be prepared. Subse-
quent single fibril hygro-expansion characterization,
using Atomic Force Microscopy, similar to Lee et al.
(2010), may elucidate (longitudinal) hygro-expansiv-
ity differences between FD and RD fibrils.

The SW fiber are studied next to investigate
whether the above discussed theories and findings for
HW fibers are also applicable to the SW fibers.
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ing standard deviation. The average principal strains (€ and
€,) and major-minor strain angle (9) are computed from the
full-field hygro-expansion, where the 6 is (expected to approxi-
mate) the MFA

Softwood fibers

The regular strains together with the principal strain
computation of the SW fibers are given in Fig. 7.
Let us first consider RH cycles 1-2. The SW fibers
show both positive and negative values for 6, which
are outside of the MFA range reported in the litera-
ture, i.e. 8—39 (Barnett and Bonham 2004; Cown
et al. 2004). This suggests that other mechanisms
affect the direction of the deformation, which will
be studied in the following.

Regarding the reversibility of the release of
dried-in strain, remarkably, the shrinkage and prin-
cipal strain components of the RD SW fibers in
Fig. 7 remain (nearly) unchanged after the wetting
cycle (t-test: all quantities are statistically not dif-
ferent within 98% confidence). Thus, the RD SW
fibers do not “transform” to fibers exhibiting the
characteristics of FD SW fibers, in contrast to the
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HW fibers. The only difference in testing procedure
between the HW and SW fibers was the duration
of the wetting cycle, which was, most of the times,
longer for the HW fibers, see Fig. 1a. Therefore, the
time dependence of the release of dried-in strain is
investigated next.

Moisture-induced “transformation” from restrained
to freely dried fibers

A droplet of water (200 uL) was applied to three ran-
domly selected RD SW fibers from the fibers shown
in Fig. 7, and placed in a 100% RH environment for
12 h, to maintain the fiber fully soaked. Note that the
fibers were still fixed on the glass substrate by the
nylon wires. The fibers were afterwards again pat-
terned (as most of the pattern is washed away when
the water was removed) and subsequently subjected
to two RH cycles of 30—90—30% (cycles 5—6). The
average strain change during drying from 90 to 30%,
i.e. €, €5 and €, (with standard deviation) of RH
cycles 3—4 (after the wetting cycle during the initial
experiments) and RH cycles 5—6 of the three fibers
is given in Fig. 8 (Case I). The average FD SW fiber
shrinkage and standard deviation of RH cycles 1-2
shown in Fig. 7a (égD‘, élfD‘, and é[fD‘) are added for
reference. The fibers do not show a significant change
in shrinkage. In short, soaking RD SW fibers for 12 h
does not induce a “transformation” to FD SW fibers.
To compliment the analysis, the twist of 25 ran-
domly extracted fibers from each FD and RD, HW
and SW handsheets was characterized. The SW fib-
ers showed an average fiber twist of 0.60 + 0.37 and
0.08 + 0.04 rot/mm for FD and RD respectively,
while the HW fibers showed a much lower differ-
ence in twist between FD and RD, i.e., 0.08 + 0.05
and 0.05 + 0.04 rot/mm respectively. After immers-
ing each fiber in a droplet of water for 12 h (while
being completely unconstrained on a teflon sheet), the
twist of the SW fibers increased to 0.80 + 0.39 and
0.38 + 0.18 rot/mm for FD and RD, respectively, and
the HW fibers remained about constant at 0.09 + 0.0
0.06 + 0.04 rot/mm for FD and RD, respectively. The
key finding is that the fiber twist of the RD SW fibers
significantly increases after being soaked for a longer
time, whereas the RD HW fibers do not. Hence, it is
likely that the RD SW fibers require twisting in order
to “transform” into a FD SW fiber and the RD HW
fibers do not, which is consistent with the SW fibers’
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Fig. 8 The change in €5 €5 and €, with standard deviation of
three randomly selected RD SW fibers before and after soak-
ing the fiber in water for 12 h, while (i) being constrained by
the nylon wires in water for 12 h (Case I), and (ii) being com-
pletely free for 12 h (Case II), also allowing the fiber to twist.
€,> €., and €, of the FD SW fibers considering RH cycles 1-2
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including their standard deviation, as given in Table A.1, are

denoted by the horizontal dashed lines and bands

larger MFA compared to HW (French et al. 2000;
Barnett and Bonham 2004; Cown et al. 2004; Don-
aldson 2008). Additionally, the increase in twist may
indicate increased longitudinal stress, as this is con-
verted into twisting due the MFA of the fiber. Hence,
the minor constraint by the nylon threads may still
have prevented the RD SW fibers from “transform-
ing” into FD SW fibers after being soaked for 12 h, as
the fibers are only allowed to minimally rotate during
the hygro-expansion experiments, and not the neces-
sary twist increase of ~ 0.3 rot/mm as measured in
the fiber twist study.

Therefore, the three SW RD fibers (from Case 1)
were again soaked in water for 12 h, but this time
without nylon threads making them completely free
to twist. Note that all dry fibers demonstrated an
increased fiber twist after being soaked without con-
straints, comparable to the numbers from the fiber
twist study. These fibers were patterned, re-clamped
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by the threads, and subjected to two RH cycles from
30-90-30% (cycles 7-8). €, €,, and €, (with stand-
ard deviation) of the three fibers are given in Fig. 8
(Case II). Note that none of the fibers show a signifi-
cant change in shrinkage, and did not “transform” to
FD SW fibers. Only a small increase in &, was found,
which may logically be caused by the increased
twist that the fibers now exhibit. It is possible that a
mechanical activation (e.g. stirring) is required to
structurally ’transform’ the RD SW fibers into FD
SW fibers. Therefore, the fiber structure is studied
next.

To further explore the “transformation” from RD
to FD fibers, the elastic stiffness of the fibers can also
be studied. It is known that FD fibers yield a lower
stiffness than RD fibers (Jentzen 1964). Hence to
validate if fibers are hygroscopic and mechanically
reversible, the elastic properties of RD fibers before
and after wetting should be studied.

The fiber’s structural differences

In Fig. 5, it is observed that the SW fibers exhibit a
significantly lower € than the HW fibers (for both
RD and FD), even after soaking, considering that the
helically-shaped micro-fibrils require to slide along
each other to allow the hemi-cellulose to swell, and
that the SW fiber’s MFA is much larger than the HW
fibers’ (French et al. 2000; Barnett and Bonham 2004,
Cown et al. 2004; Donaldson 2008). Additionally, €,
of the SW fibers is only slightly higher than the HW
fibers, where a much larger difference is expected
according to the findings of Meylan (1972) and
Yamamoto et al. (2001) for wood fibers. Therefore,
it seems that the SW fibers tested here are somehow
constrained in their movement. A plausible explana-
tion could be that the lumen of the SW fibers are all
(partially) collapsed.

For a collapsed lumen, the top and bottom cell wall
are bonded to each other, in which the direction of
the micro-fibrils of the bottom cell wall are crossed
(under an angle of 2 times the MFA) with the top cell
wall, restricting the fiber to shear and expand. This
is in contrast to an open lumen case, which is more
typical for wood fibers, thus explaining the differ-
ence between the present results and those of Mey-
lan (1972) and Yamamoto et al. (2001). A collapsed
lumen may also explain the larger averaged value and
variation in €, and ¢, for FD compared to RD SW

fibers (see Fig. 7a). In the RD SW case, the lumen
could logically more often be closed (compared to
FD), restricting the € and €, of the fiber, resulting
in similar values. Whereas for the FD SW fibers the
lumen may sometimes be open, resulting in a larger
scatter in €, and €. Such a hypothesis agrees well
with the findings by He et al. (2003), who showed
that larger drying pressures result in more frequent
closed lumens, or sections of the lumen being closed.
Considering the HW fibers, the frequency of a closed
lumen is expected to be much less compared to the
SW fibers, based on the higher fiber wall stiffness
of the HW fibers having both a thicker cell wall and
smaller fiber radius (Ilvessalo-Pfaffli 1995; Antes and
Joutsimo 2015), making the structure less prone to
collapsing. In contrast to the SW fibers which have a
thin cell wall and large fiber radius (Lundqvist et al.
2002), which is consistent with the width to thickness
ratio of, respectively, 3.2 + 1.5 and 5.9 + 3.1 for the
HW and SW fibers tested here. Finally, a collapsed
lumen of the SW fibers could also explain why the
apparent MFA in Fig. 7b is approximately O degrees,
because the top and bottom wall, which deform
almost equally, constrain each other. As the lumen of
the HW fibers may not be collapsed, the top and bot-
tom fiber walls are free to swell perpendicular to the
micro-fibrils, resulting in a major-minor strain direc-
tion, i.e. MFA, corresponding to literature values.

In summary, all these reasons make it quite plau-
sible that the larger €, and minor difference in €, of
the HW compared to SW fibers is because the lumen
of the SW fibers is more often closed than the HW
fibers due to the difference in the fiber’s stiffness.
To extend this theory towards the storage of dried-in
strains, it is possible that closing the lumen during
restrained drying locks the dried-in strain into the fib-
ers, and the lumen needs to be (mechanically) opened
in order to release the dried-in strain. This hypoth-
esis may explain why the RD HW fibers are able to
“transform” into FD HW fibers, whereas the RD SW
fibers cannot. The details of the lumen of the fibers is
therefore studied next.

Lumen analysis: experimental
In order to study if the lumen of a fiber is (partially)
open or closed, the change of the shape of the fiber

is studied. For instance, the cross-sectional shape of
an open lumen fiber is more likely to change when
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the fiber is analyzed before and after being soaked
in water, while for a closed lumen, the shape is less
likely to change. Hence, Fig. 9 displays the shape
of five FD and RD, HW and SW fibers (randomly
extracted from the handsheets) at three different loca-
tions along the fiber length (at 25, 50 and 75% of the
fiber length) is analyzed before (blue) and after (red)
being soaked in water for 12 h. Details on the experi-
mental methodology can be found in Subsection
“Lumen analysis: fiber cross-sectional shape” (Sup-
plementary information).

Three fiber sections are displayed per row for
every fiber. The significant differences in fiber cross-
sectional dimensions between the HW and SW fib-
ers are directly visible. None of the HW fibers have a
flat shape, both for FD and RD, suggesting their open
structure. The FD and RD SW fibers on the other
hand have a much flatter structure, except for FD
SW fiber 4, which most likely has an open structure.
The RD SW fibers seem to be closed before and after
soaking, visualized by their flat shape which remains
unchanged. This may explain why the hygro-expan-
sivity of the RD SW fibers does not change after
soaking, because the soaking treatment did not open
the lumen.

The FD SW fibers also seem mostly closed except
for fiber 4, suggesting that, on average, the FD SW
fibers are less closed than the RD SW fibers. Moreo-
ver, most of the FD SW fibers show, to some extent,

@ Springer

a shape change (more than RD SW fibers), which
suggests that the top and bottom can (partially) slide
along each other. Perhaps the micro-fibrils decorating
the top and bottom inside wall are entangled, keeping
the lumen from completely opening, while still allow-
ing some relative motion. The partial sliding ability
of the top and bottom wall of the FD SW fibers would
explain why the apparent MFA of the FD SW fibers,
displayed in Fig. 7b, is higher than that of RD SW
fibers, but still significantly lower than the MFA val-
ues reported in literature.

This method enabled characterization of cross-
sectional shape of the fiber before and after wetting.
To analyze the shape of the lumen, a microtome can
be used, similar to Kappel et al. (2009). This however
does require embedding the fiber into a resin, and
water soaking will not be possible.

Lumen analysis: numerical

This above-described theory is validated using a
numerical fiber model, of which a schematic rep-
resentation along with the details are described in
Subsection “Numerical fiber model” (Supplementary
information). Two extreme cases are considered, i.e.
a fully open fiber and fully closed fiber. The effect
of the fiber width to thickness (w/t) is studied for a
range from 3 to 10, similar to the cross-sections in
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Fig. 10 The longitudinal (e;), transverse (e, ), and shear (e;)
hygro-expansion of an open and closed fiber structure. An
MFA of 5 and 25° representing the average MFA of, respec-
tively, HW and SW, and a width to thickness ratio (w/t) of
3-10 is studied. A schematic representation and details of
the fiber model can be found in Subsection “Numerical fiber
model” (Supplementary information)

Fig. 9. Additionally, an MFA of 5° or 25°, which are
the average MFA values for, respectively, the HW and
SW fibers tested here (French et al. 2000; Barnett and
Bonham 2004; Cown et al. 2004; Donaldson 2008),
are modeled. The ¢, €,,, and ¢, at the fiber’s top sur-
face is plotted versus the w/t ratio, for a closed and
open lumen, and MFA, in Fig. 10.

First of all, the solutions tend to converge for
increasing w/t ratios. As expected, for an open
lumen, ¢, and €, increase for a larger MFA, similar
to the wood fibers characterized by Meylan (1972)
and Yamamoto et al. (2001), whereas ¢, logically
decreases. Interestingly, closing the lumen results
in a decrease in €y, and €;,, which is most significant
for the large MFA cases, where €; even becomes
negative. Hence, this model suggests that €, and ¢,
decrease with increasing degree of bonding. Taking
into account that the closed lumen model is of course
an overestimation of the degree of internal fiber bond-
ing (assumed to be driven by the same mechanisms
as inter-fiber bonding, i.e. never perfectly bonded
(Hirn and Schennach 2015)), may explain why the
SW fibers, in spite of their significantly larger MFA,
exhibit a similar ¢, as the HW fibers. The model also
suggests that the large scatter in €, and ¢, of the FD
compared to the RD SW fibers displayed in Fig. 7 is
driven by the lumen of the FD SW fibers being (par-
tially) closed/open, while the lumen of the RD fibers
is more often closed. Finally, the result that a closed
lumen can induce a negative €, is confirmed by the
SW pulp fiber tested in (Vonk et al. 2021), which
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Fig. 11 The isotropic hygro-expansion response (e,) of two
FD and RD SW and HW handsheets. The hygro-expansivity
of (i) FD handsheets is significantly larger than then RD, and
(i1) the SW handsheets is larger than the HW, both similar to
literature (Uesaka et al. 1992; Uesaka and Moss 1997; Larsson
and Wagberg 2008; Urstoger et al. 2020). The shrinkage dur-
ing each drying slope from 90 to 30% RH, as annotated (e;)
in RH cycle 1 of HW FDI, is extracted and given in Table A.2

exhibited a negative €;. Note that the proposed model
does not predict the same hygro-expansion values as
found in this work, as it lacks on some key aspects,
i.e., non-continuous helical structure, no expansion
along the micro-fibrils, no multiple cell wall layers.,
etc. so care should be taken into the interpretation of
these results.
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In summary, the above-conducted experimental
and numerical analyses suggests that HW fibers, on
average, have open lumen structures, and therefore
exhibit (i) a relatively large longitudinal and shear
hygro-expansion with a low MFA, similar to open
wood fibers, and (ii) the “transformation” from a
RD to a FD fiber can occur. The SW fibers, in which
the lumen is partially closed for FD, and more often
closed for RD, exhibit (i) a relatively low longitudi-
nal and shear hygro-expansivity with a high MFA, in
contrast to their wood fiber counterparts, and (ii) no
“transformation” occurs from RD to FD.

Even though the above-described experimental-
numerical fiber structure analysis reveals some fac-
tors affecting the fiber hygro-expansivity, other
mechanisms may have to be explored in order to fully
understand the observation made in this work. Hygro-
expansion experiments need to be conducted on fib-
ers of which the full structure, i.e. fiber dimensions,
MFA, and lumen geometry, is known upfront. This
also enables more elaborate modeling, similar to Jof-
fre et al. (2016), in contrast to the simplified model
used here. Additionally, the chemical composition,
i.e. hemi-celluloses and lignin contents may also be
required upfront as they also affect the fiber hygro-
expansivity (Lindner 2018). Finally, the thickness of
the S1 and S3 layer may also play a significant role
in the storage of dried-in strain in the fibers, conse-
quently affecting the fiber hygro-expansion.

Fiber-to-sheet coupling

From modeling it is known that the longitudinal fiber
hygro-expansion is dominant and fully contributes to
the sheet hygro-expansion, while the transverse fiber
strain contributes through the bonds (Brandberg et al.
2020). In order to experimentally validate this and
separate the longitudinal and transverse fiber strain
contributions to the sheet scale, the sheet-scale hygro-
expansion evolution of the FD and RD, HW and SW
handsheets, from which the fibers were extracted, is
characterized and presented in Fig. 11.

The strains in both directions were equal for
every RH cycle of every handsheet test, indicat-
ing the expected isotropic hygro-expansivity of the
handsheets and the reliability of the measurement
method. The isotropic sheet-scale hygro-expansion
(e,) response of the two RD and FD SW and HW
handsheets is given in Fig. 11. The curves are in
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line with other sheet-scale hygro-expansion works,
e.g., the RD handsheets show a clear release of irre-
versible dried-in strain after the wetting slope of the
first RH cycles, whereas the FD handsheets do not
(Uesaka et al. 1992; Niskanen et al. 1997; Larsson
and Wagberg 2008). Additionally, the RD SW hand-
sheets display an ongoing release of dried-in strain
characterized by every peak or valley per cycle is
lower than the previous, in contrast to RD HW.

The average handsheet shrinkage (e) per hand-
sheet, considering all six drying slopes as annotated
for the first cycle (e), and the total average hand-
sheet shrinkage (€;) considering both handsheets per
pulp and drying procedure are given in Table A.2.
€. is also added to the longitudinal fiber strain plot
in Fig. 5. & reveals that the HW and SW handsheets
exhibit a factor 1.72 + 0.24 and 1.72 + 0.06 larger
hygro-expansivity between FD and RD respectively
(t-test: both are statistically different within 98%
confidence), consistent with literature (Uesaka et al.
1992; Uesaka and Moss 1997; Larsson and Wag-
berg 2008; Urstoger et al. 2020). Furthermore, the
SW handsheets exhibit a larger shrinkage than HW
for RD and FD (t-test: both are statistically different
within 98% confidence), similar to the longitudinal
and transverse fiber shrinkage presented in Fig. 5.
After adding € to the corresponding €, plot in Fig. 5,
it is found that €, is close to the sheet-scale expan-
sivity for every handsheet type, indicating that the
contribution of the longitudinal fiber hygro-expansion
to the handsheet is dominant, while the transverse
strain contribution is relatively weak, which complies
with model results (Uesaka 1994; Motamedian and
Kulachenko 2019; Brandberg et al. 2020).

From the fiber network model proposed by Brand-
berg et al. (2020), a simple rule of mixture calcu-
lation can be used to upscale the fiber character-
istics, given in Table A.l, to find the sheet-scale
hygro-expansivity, ie., 1-€;+0.0375 ¢, = ¢,
((By(= 0.0525) — p,,(= 0.03))/p,,(= 0.60) = 0.0375 in
(Brandberg et al. 2020)). For HW the predicted sheet-
scale hygro-expansion is 0.0064 + 0.0005 and 0.0038
+ 0.0009 for FD and RD, respectively, while for SW,
it is 0.0068 + 0.0027 and 0.0051+0.0026 for FD and
RD respectively. These predictions are slightly larger
than the actual sheet-scale hygro-expansions given in
Table A.2. Moreover, the model predicts that the HW
and SW handsheets exhibit a factor 1.67 + 0.52 and
1.33 + 1.20 larger hygro-expansivity between the FD
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and RD, respectively, whereas the experiment shows
somewhat larger values, i.e. 1.72 + 0.24 and 1.72
+ 0.06 respectively. The small differences may be
attributed to the difference in paper structure between
the model and experiment, i.e., fiber coverage, gram-
mage, fiber geometry, etc., all affecting the model’s
outcome.

The fact that (i) the longitudinal fiber hygro-expan-
sion is indeed dominant at the sheet scale, (ii) the lon-
gitudinal fiber hygro-expansion is strongly reduced
by the RD process, and (iii) the dried-in strain stored
inside the SW fibers is difficult to release is actu-
ally beneficial for digital printing purposes. Indeed
any decrease of the hygro-expansivity of the fibers
directly reduces the severity of the unwanted out-of-
plane deformations such as cockling, fluting, wavi-
ness, and curl.

Conclusion

The significantly larger hygro-expansivity of freely
compared to restrained dried paper sheets has been
frequently studied in the literature. Various theories
or hypotheses have been forwarded to explain these
differences, including the geometry of the inter-
fiber bonds and the structural fiber changes due to
the drying procedure. The latter theory is studied in
this work by testing the hygro-expansion of fibers
extracted from freely and restrained dried handsheets.

To this end, restrained dried and freely dried hand-
sheets were produced from either hardwood or soft-
wood fibers. The hygro-expansion of the handsheets
was obtained using a novel sheet-scale hygro-expan-
sion method. Single fibers were extracted from the
remainder of the handsheets which were tested using
a recently-developed single fiber hygro-expansivity
method which captures the transient full-field (longi-
tudinal, transverse and shear) hygro-expansion during
relative humidity (RH) changes. Each fiber was sub-
jected to (i) two 30—90-30% RH cycles, then (ii) a
wetting cycle in which the RH is increased to 95% for
a longer time, while the fiber is cooled down, initiat-
ing hydro-expansion and maximizing the fiber’s mois-
ture content, and finally (iii) two 30—90-30% RH
cycles. This strategy is chosen to see if a restrained
dried fiber is able to “transform” into a freely dried
fiber.

The freely dried handsheets exhibit a signifi-
cantly larger hygro-expansivity than the restrained
dried. Furthermore, it was found that the restrained
drying procedure mainly lowers the fibers’ longi-
tudinal hygro-expansion, which is dominant at the
sheet-scale hygro-expansion, hence explaining the
sheet-scale hygro-expansion differences. Regarding
the hardwood fibers:

e Computation of the principal strains revealed
that the major-minor strain angle (perpendicular
to the micro-fibrils) and the minor strain (along
the micro-fibrils) is lower for restrained dried,
hence the lower longitudinal hygro-expansion,

e The lower minor strain of restrained dried fibers
compared to the freely dried fibers confirm an
older theory from the literature,

e All fibers were able to “transform” from
restrained to freely dried.

Regarding the softwood fibers:

e The principal strain computation did not show
any change in the major-minor strain angle
between the freely and restrained dried fibers,

o The fibers were not able to “transform” from
a restrained to a freely dried fiber, even after
immersing the fiber in water in an unconstrained
condition for long periods.

To study the driving mechanisms of the differences
between hardwood and softwood fibers, the fibers’
cross-sectional shape before and after wetting was
investigated experimentally and numerically to elu-
cidate the influence of the lumen. On average, the
lumen of the hardwood fibers seemed to be open,
while the softwood fibers are more often closed. For
softwood, the micro-fibrils of the top and bottom
wall are crossed and bonded, which (i) restrict free
hygro-expansion, resulting in different major-minor
strain angles, and (ii) restricts the release of dried-in
strain, which requires the lumen to be open in order
to be released. Finally, the strength of testing single
fibers from handsheets enables a direct comparison
between the fiber and sheet properties, and it was
found that the transverse fiber hygro-expansion con-
tribution to the sheet scale is relatively low.
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