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Abstract

A 4D imaging study (3D + time) combining synchrotron tomography with in situ tensile testing has been carried out
to observe the fibre and network level micromechanics of paper made from northern bleached softwood kraft (NBSK).
Quantitative image analysis and digital volume correlation is used to characterize local deformation, the evolution of
fibre-fibre contacts, and fibre straightening in a ”freeze-dried” handsheet as well as standard handsheets low consistency
refined at different refining energies. In the freeze-dried handsheet having low fibre conformability, the results show that
deformation at the network level occurs because of fibre straightening and possible inter-fibre bond breakage. Further,
significant out-of-plane deformation near the failure regions was observed, which led to auxetic behaviour. In the refined
handsheets, a strong inverse correlation is seen between refining energy, thickness expansion, and the number of broken
fibres. The use of out-of-plane strain norms is proposed as a method to determine network efficiency (i.e. the ratio of
the network’s elastic modulus to that of the constituent fibres) as well as the relative contribution of fibre pull-out to
the overall failure of the handsheet.
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1. Introduction

Paper is a complex network of cellulose pulp fibres,2

fragments, and fillers derived from wood. The advent of
digital media has motivated industry to search for novel4

applications for such a ubiquitous yet interesting mate-
rial. Recent research has resulted in the development of6

novel paper-based technologies ranging from flexible elec-
tronics [1] and energy devices [2] to biomedical sensors [3];8

however continued advancement requires further investiga-
tion of the process-structure-property relationships of pa-10

per materials, especially related to mechanical behaviour.
The mechanical properties of paper are multi-scale,12

meaning that such properties are dependent upon the be-
haviour of the individual constituent fibres (fibre-level), as14

well as the arrangement of the constituent fibres in the
resulting fibre network (network level). The modification16

of either of these features enables tailoring of properties
for specific applications. In general, two main processing18

steps, low consistency (LC) refining, and mixing of wood
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species, are used to modify the mechanical properties. LC20

refining induces changes to the fibre morphology to im-
prove fibre strength and fibre conformability [4]. The mix-22

ing of wood species alters the level of inter-fibre bonding
while reducing the fraction of expensive and strong soft-24

wood fibres by substitution of less expensive hardwood
fibres (e.g. eucalyptus) [5]. The deformation of paper26

ultimately results in fracture, which occurs via a combi-
nation of fibre pull-out and fibre breakage [6]. In the for-28

mer, breakage of the inter-fibre bonds result in fibres being
pulled out of the paper network [7]. In the latter, the fibres30

inside the fracture zone break due to high tension inside
their fibre walls [6].32

A number of experimental methods have been devised
to study paper micromechanics. Kettunen and Niskanen [8]34

developed a method that involves measuring, on Silicon
(Si) impregnated specimens, the extent of inter-fibre bond36

breakage near the crack-line and the distance that the fibre
ends are extended from the crack-line to characterize fibre38

structure damage. The use of Si enhanced the contrast of
newly created surfaces in order to identify inter-fibre bond40

or fibre failures. Zhang [4] utilized this method to com-
pare the effect of wet straining and refining on the fracture42
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properties of paper and observed that the ratio of damage
width to pull-out width may be reflective of the degree of44

fibre segment activation. Isaksson [9] and Gradin [10, 11]
used acoustic emission monitoring to study the onset and46

evolution of damage in paper sheets with inter-fibre bond
breakage as their dominant damage mechanism. The de-48

tected acoustic waves were then used to generate a stress-
strain curve, as well as to indicate the breakage of inter-50

fibre bonds.
The classical approach to understanding the tensile52

strength of paper is through the Page equation [12, 13],
a phenomenological relationship in which the mechanical54

properties and geometry of the constituent fibres as well as
the fibre network structure, specifically the relative bonded56

area and the shear bond strength, are taken into account.
In recent years, fracture sensitivity, i.e. the notion that58

tensile strength is a measure of a paper’s ability to con-
centrate strain energy, has gained increased attention. It60

has been reported that linear elastic fracture mechanics
modified for paper, and a characteristic length defined as62

the length of the extended fracture process zone (FPZ)
are sufficient to describe the fracture resistance for a wide64

range of paper grades [14, 15, 16]. Coffin et al. [17] re-
ported the existence of a unique curve when a normalized66

tensile strength was plotted against FPZ.
In this work, 4D X-ray tomographic imaging of pa-68

per handsheets during tensile deformation is performed to
observe in 3D the slowly-varying evolution of fibre-level70

properties and network-level micromechanics. 4D imaging
refers to imaging in 3D the microstructure evolution of a72

material while performing a time-dependant analysis such
as mechanical deformation. This technique is made possi-74

ble by recent advances in fast synchrotron X-ray computed
tomographic microscopy. 4D imaging has been used to76

study the combined microstructure and mechanical evolu-
tion of many different materials (e.g. [18, 19, 20, 21, 22]),78

however its application to paper products has been lim-
ited. Latil et al. [21] characterized the 3D evolution in80

fibre orientation of a saturated fibre bundle undergoing
compression. Viguié et al. [22] measured hygroexpansion82

of a multi-layer paper-board experiencing variations in hu-
midity to show that hygroexpnsion is highly dependant on84

the fibre content of the fibrous layer. This study focuses
on obtaining new fundamental insights into deformation86

and failure mechanisms using a ”freeze-dried” handsheet
that was specifically designed to enable quantification of88

fibre and network level micromechanics. Subsequently,
the insights gained from the freeze-dried specimen are ap-90

plied to systematically investigate the effects of refining
energies on micromechanics; addressing the industry in-92

terest in advancing our understanding of the contribution
of inter-fibre bonding to the strength of paper-based prod-94

ucts. The use of 4D imaging enables not only a detailed
examination of fibre straightening, buckling, pull-out and96

fracture at the network level, but also unique insight into
the motion of individual fibres within a network during98

tensile deformation.

2. Methods100

2.1. Materials:

Four handsheets were created for this study follow-102

ing the TAPPI T205 procedure [23] and using Northern
Bleached Softwood Kraft (NBSK) pulp with an average104

fibre length of 2.5 mm, fibre width of 28 µm and a coarse-
ness of 0.22 mg/m. The first, with an areal density of ≈15106

g/m2, consisted of never-dried (i.e. the fibres were col-
lected in the factory as couch trim from a Fourdrinier pa-108

permachine) NBSK pulp that was formed into a handsheet
using a British handsheet maker and then subsequently110

freeze-dried. In this sheet, the lumen were preserved due
to the freeze-drying process, facilitating fibre segmentation112

in image post-processing. The second, third, and fourth
also utilized never-dried NBSK pulp which was then re-114

fined in a pilot scale LC refiner at one of three refining
intensities (0, 60, and 100 kWh/t), air-dried at 23◦C and116

a relative humidity of 50% for 24 h after processing, and
then formed into handsheets having an areal density of118

≈60 g/m2. Table 1 summarizes the process conditions of
the four handsheets. Note that the unit kWh/t is a mea-120

sure of the power input to the motors of the LC refiner
minus the power required to circulate the fibres, based on122

the amount of pulp processed, and represents an indirect
measure of the energy expended in cutting and fibrillating124

the pulp fibres although only a small amount of power is
actually consumed by these processes.126

Handsheet Refining Intensity Drying Method
1 n/a freeze-dried
2 0 kWh/t air-dried
3 60 kWh/t air-dried
4 100 kWh/t air-dried

128

2.2. Specimen Preparation:

All handsheets were cut into dog-bone shaped speci-130

mens, 18 mm long with a gauge region 2.8 mm in length by
3.0 mm in width as shown in Fig. 1(left). The freeze-dried132

specimen was cut using a laser cutter while the refined
specimens were cut using a Silver BulletR© paper cutter.134

The cutting precision was 0.025 mm with a repeat accu-
racy of < 0.1 mm. The short gauge region was used to136

ensure that the fracture would occur within the field of
view.138

The specimens were then placed within an additively
manufactured tensile grip shown in Fig. 1(middle). In or-140

der to increase the load to a measureable level of ≈20 N,
four specimens of the same material were tested at the142

same time (three for the freeze-dried specimen). Rect-
angular spacers were placed on either side of each speci-144

men using double-sided adhesive. The spacers were used
to separate the specimens such that the individual speci-146

mens would be easily distinguishable in the 3D datasets.
The adhesive layers also provided reinforcement to ensure148
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that fracture did not occur in the grip area, and to facil-
itate load transfer between the specimens and spacers. A150

screw/nut setup was employed to affix the specimens to
the tensile grips via application of a compressive load that152

further reduced the likelihood of fracture occurring in the
grip area. Fig. 1(right) shows a photo of a fully assembled154

and ready-to-test multi-specimen testing sample.
Fig. 1 also shows the global coordinate system used156

in this study, with x being in-plane in the direction of
loading, y being in-plane and transverse to the direction158

of loading, and z being out-of-plane (through thickness)
and transverse to the direction of loading.160

Figure 1: Specimen Preparation: (left) Schematic drawing of the
tensile test specimen (units in mm); (middle) CAD drawing of the
additively-manufactured grips with multiple specimens inserted and
a U-shaped support bracket that was removed prior to mechanical
testing; (right) Photo of Experimental setup on the I13 beam-line.

2.3. 4D imaging of Deformation:

The 4D imaging experiments were performed on the I13162

beam-line at the Diamond Light Source (Didcot, UK) un-
der pink beam conditions (i.e. all available wavelengths in164

the 8-30 keV energy range) and absorption contrast mode
using a bespoke tensile tester known as the P2R [20] hav-166

ing a load capacity of 500 N and 0.1% repeatibility. Each
multi-specimen testing sample was deformed in step-wise168

increments of 100 µm, with deformation applied at a rate
of 100 µm/min followed by a 2-minute hold, followed by170

acquisition of the 3D image. Specifically, 1800 X-ray pro-
jections were acquired in a step-wise fashion using a PCO172

Edge camera and a 4x objective lens with an exposure
of 0.1 s per projection. The total time to acquire each174

3D image, having a voxel size of 1.6 µm and a field of
view of 4 × 4 × 4 mm3, was thus 180 s. The 2-minute176

hold was needed to account for the possibility of stress
relaxation that would result in specimen motion and thus178

blurring in the reconstructed 3D image. In total, twenty to
twenty-five 3D datasets were acquired during the deforma-180

tion process of each testing sample. The actual number of
acquired datasets differed for each case, solely dependent182

upon the material’s fracture strain. Once acquired, the
datasets were reconstructed [24] using a standard filtered184

back projection method.
Due to the use of a multi-specimen testing sample, one186

cannot easily partition the load to individual specimens
nor identify the point of load initiation as load transfer188

may not be equal and torque may be applied to the last-
to-fail specimens. These boundary conditions may thus190

provide a source of error making it impossible to report
macro-scale stresses and strains. Similarly, a uniaxial yield192

stress cannot be determined as it is uncertain if a uniaxial
stress state was achieved with a short gauge region; the194

specimen geometry was determined by the need to con-
strain deformation and failure to within the field-of-view196

of the X-ray detector.

2.4. Post-processing and Image Analysis:198

Both fibre and network -level image analysis was per-
formed on the acquired datasets. The first step was to200

crop each dataset to remove all the specimens within the
multi-specimen testing sample except the one that frac-202

tured second. The first specimen might have had a defect,
while the latter two might have experienced a moment arm204

in addition to tensile load. The second specimen failed in
a constrained manner, which best allowed the microme-206

chanics to be captured via X-ray tomographic imaging.

2.4.1. Fibre-level:208

To analyze deformation at the fibre-level, each of the
cropped freeze-dried 3D datasets was segmented using an210

enhanced version of the automated fibre segmentation tool
developed by Sharma et al. [25]. The original method was212

based on the assumption that fibres in a paper sheet, and
thus the lumen upon which segmentation is based, are all214

more or less aligned in a single direction. While this is a
good assumption for the industrial papermaking process, it216

is not valid in handsheet specimens due to the fibres being
randomly distributed in the in-plane direction. In this218

study, Sharma’s method was extended [26] to account for
fibres oriented in each of the three orthogonal directions;220

this increased the number of voxels identified as lumen by
48%. Fig. 2 provides an example of the 3D visualization of222

the extracted fibre walls using the lumens labelled by their
3D connectivity; each colour represents a different fibre.224

Once the fibres were segmented within the 3D dataset,
individual fibre properties could be determined. For this226

study, two properties were calculated [27]: curl index (also
known as tortuosity) and relative contact area. The curl228

index is defined as the ratio of a fibre’s chord length to the
distance between the two end points, effectively measuring230

the degree to which an individual fibre is curled relative
to a completely straightened fibre. The relative contact232

area (RCA) is a property similar to relative bonded area
(RBA), but applicable to 3D segmented datasets that can234

be used to evaluate the evolution of inter-fibre bonding
with deformation. While RBA represents the fraction of236
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Figure 2: Final 3D visualization of extracted fibre walls in the freeze-
dried specimen using lumens labelled by their 3D connectivity. Each
colour represents a different segmented fibre.

bonded area between the fibres within a fibre network,
RCA represents the fraction of a segmented fibre’s surface238

that is bonded with the remaining fibre network. Thus,
RCA represents the fraction of fibre bonding at the fibre-240

level.
Note that it was not possible to calculate RBA at the242

network-level as this necessitates the segmentation of all
individual fibres within a paper specimen, which is vir-244

tually impossible with the currently-available tools. Since
the contact area of fibres in digitized volumes also depends246

on the resolution of the dataset, determination of RBA
might anyways not represent the true fibre contact areas;248

Sorumen et al. [28] showed that nanotomography is re-
quired to directly image bonding area. The RCA is useful250

as a comparative analysis by considering how it changes
for an individual fibre at different stages of deformation.252

Furthermore, while an attempt was made to also quantify
the number of contacts and free fibre segment lengths, the254

complexity of the data-set did not allow for these metrics
to be reliably extracted with present image analysis tech-256

niques. Finally, as the three refined specimens were not
freeze-dried, they did not contain un-collapsed lumens and258

thus it was not possible to apply this fibre segmentation
tool to quantify deformation at the fibre-level.260

2.4.2. Network-level:

To quantify the deformation within the handsheet spec-262

imens at the network-level, digital volume correlation (DVC) [29]
was utilized. DVC, like 2D digital image correlation repre-264

sents a non-contact method to quantify local strains dur-
ing deformation; however, DVC can be used to compute266

an entire 3D displacement field from a volumetric dataset,
followed by computation of both localized strain fields and268

averaged quantities. The DVC method compares the grey-
scale value of a deformed 3D dataset against a reference270

volume, and requires that the two datasets be roughly
aligned with each other in order to remove any effects of272

translation on the calculation of strain fields.

For the present study, the initial, undeformed cropped274

3D dataset was used as the reference volume. The corre-
lation process was then carried out by performing a set of276

linear mapping transformations on a manually chosen sub-
volume, containing the fracture region or near to it and278

that was visible throughout the time series of datasets,
in order to quantify displacement vector fields that best280

transform the deformed dataset back into the initial dataset.
As discussed by Bay [30], the inverse displacement vec-282

tors are computed to reduce errors when performing DVC
calculations on multiple 3D datasets. Finally, the strain284

tensors were computed using Lagrangian descriptors.
The aforementioned methods used in this investiga-286

tion are summarized in the flow chart provided in Fig. 3.
To begin with, a set of 3D images was obtained by syn-288

chrotron X-ray tomographic imaging, and in situ tensile
testing. Each dataset was subsequently reconstructed us-290

ing the standard filtered back projection algorithm and
then cropped to a single specimen from within the multi-292

specimen testing sample. Then, the AvizoR© image analysis
software was used to register the obtained deformed vol-294

umes with respect to the reference volume, as well as filter
and binarize the data for subsequent analysis. Registration296

was performed by first applying a manual registration pro-
cess to achieve a close match between the two datasets fol-298

lowed by applying Avizo’s automated registration tool to
refine the registration. For the freeze-dried specimen only,300

the enhanced automated fibre segmentation tool was also
applied to the binarized data to segment individual fibres302

inside both the deformed and reference volumes, and to
calculate the curl index and RCA of the segmented fibres.304

For all four specimens, the registered data was then used
by the VicVolumeR© DVC software for strain field analysis.306

2.4.3. Quantifying Through-Thickness Deformation:

As a means to quantify the through-thickness deforma-308

tion experienced by different specimens during the tensile
deformation process, the norm of the out-of-plane strain310

field, Nz [31], was calculated for each of the acquired 3D
datasets analyzed via DVC up to the point of peak loading,312

Nz =

√∑
ij

εijz
2

(1)

where εijz represents the out-of-plane strain at location ij
with i and j representing the x and y coordinates in the314

plane of the specimen. Nz thus represents a characteristic
measure of the accumulated through-thickness deforma-316

tion at each stage of the deformation process.

3. Results and Discussion318

First, the experimentally measured loads are presented
and discussed to provide a macro-scale overview of the de-320

formation process. Second, the 3D datasets obtained dur-
ing deformation of the freeze-dried specimen containing322

a large number of un-collapsed fibres with open lumens
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Figure 3: Flow-chart showing data collection and analysis workflow.

are qualitatively and quantitatively analyzed to provide324

fundamental insight on the network-level and fibre-level
micromechanics. Third, the effect of refining on network-326

level micromechanics is examined. Finally, the network ef-
ficiency is discussed in terms of the evolution in Nz for each328

paper specimen. All of the fracture events occurred within
the gauge region of the dog-bone specimen and within the330

field-of-view of the acquired 3D datasets. Please note that
some samples contained areas of yellow/brown discoloura-332

tion after the 4D imaging, indicating that the intensity
of the X-ray beam may have damaged some of the hand-334

sheets, potentially diminishing their strength.

3.1. Evolution in Measured Loads336

Fig. 4 shows the load evolution during cross-head dis-
placement in the x direction of all four multi-specimen338

testing samples. As can be seen, the load peaked at 32
N for the testing sample refined at 100 kWh/t at ∆x =340

1400 µm, followed by an abrupt drop in load, correspond-
ing to the fracture of one or more of the individual spec-342

imens in the multi-specimen setup. The multi-specimen
testing samples refined at 0 kWh/t and 60 kWh/t exhib-344

ited peak loads of 19 and 21 N at ∆x = 1200 µm, re-
spectively, while the freeze-dried testing sample exhibited346

a peak load of 8.5 N at ∆x = 1000 µm.
In terms of the deformation process, the significant348

drop in load after the peak value can be associated with
failure of either one or more of the individual specimens350

in the multi-specimen testing sample. Further, the multi-
specimen design resulted in non-typical post-yield behaviour352

for paper, i.e. the expected strain hardening in the force-
displacement plot is missing. It is observed that there is a354

slight increase in the load at displacements post-peak load
for the samples refined at 0, 60, and 100 kWh/t, after356

which, the load drops to zero. This behaviour is associ-
ated with the subsequent deformation and failure of the358

remaining specimens within the sample, as well as a de-
formation mechanism known as the parallel chain mode360

within a single specimen when some chains fail under the
displacement-controlled load and some still hold. In con-362

trast, there was no observed post-peak increase for the
freeze-dried testing sample, suggesting that the individ-364

ual specimens likely fractured simultaneously in the tensile
grip. Finally, the load drop in the freeze-dried sample was366

not abrupt like the refined samples, but dropped rather
smoothly. This difference is attributed to the fibre pull-368

out occurring during deformation, a feature of the freeze-
dried specimens, but not the refined specimens where the370

observed fracture method was inter-fibre fracture.

Figure 4: Evolution in measured load as a function of P2R tensile
tester cross-head displacement in the x direction for each of the multi-
specimen testing samples.

3.2. Micromechanics of the Freeze-Dried Specimen372

3.2.1. Network-level Qualitative Observations

Fig. 5 shows the (1) front (x-y) and (2) side (x-z) views374

of the freeze-dried specimen in the (a) reference state and
(b)-(d) after tensile displacementsw (∆x) of 1200, 1600,376

and 2580 µm. By comparing these images, the fibre net-
work evolution resulting from tensile deformation can be378

observed. First, between Fig. 5(a)-1 and Fig. 5(b)-1, it
seems that the fibres have become more visible, especially380

in the bottom of the image at ∆x = 1200 µm. This change
in contrast can be associated with detachment of surface382

fibres from the rest of the specimen. Second, the initial
signs of fracture are already evident in the lower region of384

Fig. 5(c)-1, at ∆x = 1600 µm. As can be seen, there is a
large area near the bottom left quadrant of the specimen386

appearing to be less dense, especially when compared to
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the reference state in Fig. 5(a)-1. This is made further388

evident in Fig. 5(d)-1, with ∆x = 2580 µm, as there are
a large number of fibres at the bottom of the specimen390

that seem to have aligned in the loading direction, indica-
tive of fibre pull-out. Although a ductile rupture zone was392

not observed during the deformation process, failure in
this specimen was identified at ∆x = 1200 µm based on394

the drop in measured load seen in Fig. 4. Fibre pull-out
in the freeze-dried specimen was expected and has been396

observed previously via 2D microscopy since the freeze-
drying process results in extremely weak inter-fibre bonds398

due to a reduction in the Campbell effect [32], as well as
low constituent fibre conformability resulting from a lack400

of additional refining.
A comparison between the side-view images of Fig. 5(a)-402

(c) shows a significant increase in specimen thickness with
increasing deformation. The thickness expansion was most404

pronounced at the bottom of the specimen, coinciding with
the failure region. A further increase in deformation re-406

sulted in local reduction of specimen thickness, as can be
seen when comparing Fig. 5(c)-2 and Fig. 5(d)-2. The408

thickness reduction is associated with the constituent fi-
bres being pulled out of the specimen during increased de-410

formation. This can also be seen in Fig. 5(d)-1, where part
of the specimen has been removed from the field of view.412

The observed thickness expansion (i.e. auxetic behaviour)
is reported for other sparse fibre networks, such as electro-414

spun materials [33]. In those networks, the behaviour is
attributed to the fact that the fibres oriented laterally to416

the direction of loading experience compressive force, and,
therefore, bend outwards. However, the behaviour is con-418

trary to the findings of Verma [34] where it was identified
that in paper specimens having weak hygrogen bonding,420

like freeze-dried specimens, there will not be a significant
increase in sheet thickness as the fibres would simply slide422

past each other, having significant opportunity to occupy
the empty spaces. It is likely that the auxetic behaviour424

is linked to the sparseness of the network. In both electro-
spun and the freeze-dried sheets, the un-bonded segment426

lengths are long and prone to bending enabling the aux-
etic behaviour whereas in dense sheets with weak hydrogen428

bonding the bending effect is difficult to achieve.

3.2.2. Network-level Quantitative Observations430

Fig. 6 shows the in-plane strain fields in the loading
direction (εx, i.e. the vertical direction of Fig. 5(1)) ob-432

tained from DVC analysis of the freeze-dried specimen at
displacements of 200, 400, 600, and 1000 µm. As the over-434

all strain fields were relatively homogeneous, these con-
tour plots were taken from the centre plane of the speci-436

men with the red regions representing areas of low in-plane
strain, while the yellow regions indicating areas of high in-438

plane strain greater than 0.08. As can be seen in Fig. 6(a),
a narrow band of high in-plane strain is formed at the440

bottom of the specimen at early stages of deformation. A
comparison of the calculated strain fields, Figs. 6(a)-(d),442

reveals that the magnitude of the in-plane strain in this

Figure 5: (1) Front (x-y) and (2) side (x-z) visualizations of the
freeze-dried specimen in the (a) reference state, and (b-d) after ten-
sile deformations of 1200, 1600, and 2580 µm.

region increases proportionally to the amount of deforma-444

tion. This is consistent with the observations made in
Fig. 5, where fibre alignment and pull-out were observed446

at the bottom, left region of the specimen. Consequently,
it is seen that the in-plane strain concentrates very early448

in the deformation process of the freeze-dried specimen to
a narrow region of the specimen. This agrees with the450

findings of Ranger and Hopkins [35] and Borodulina et
al. [36] that plastic deformation in paper tends to concen-452

trate along lines that move across the specimen at an angle
with respect to the applied external load, similar to shear454

band formation typically associated with ductile materials
although shear bands were not directly observed. Korte-456

oja et al. [37] also obtained similar deformation patterns
using back-lit photographs of strained Si impregnated pa-458

per specimens, showing that plastic deformation in paper
are highly un-uniform. They also observed that the site460

of eventual fracture can be visually identified long before
failure [37], also seen in obtained strain fields shown in462

Fig. 6.
Fig. 7 shows the corresponding out-of-plane strain fields464

perpendicular to the loading direction (εz, i.e. the hori-
zontal direction shown in Fig. 5(2)) also obtained from466

DVC analysis. Similar to Fig. 6, these contour plots were
taken from the centre plane of the specimen with the red468

regions corresponding to small out-of-plane deformations
while the yellow regions corresponding to areas experienc-470

ing larger amounts of out-of-plane deformation. In order
to facilitate the data visualization seen in Fig. 7, the max-472

imum strain contour has been limited to 0.2; the white re-
gions thus indicate areas with out-of-plane strains greater474
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Figure 6: DVC calculated in-plane strain fields in the loading direc-
tion (εx) at the centre of the freeze-dried specimen for (a-d) ∆x =
200, 400, 600, and 1000 µm.

than 0.2. As can be seen in Fig. 7(a), a region of high
out-of-plane strain is formed at the bottom of the spec-476

imen, even at early stages of deformation. A compari-
son of the out-of-plane strain fields in Figs. 7(a)-(d) reveal478

that the regions of high out-of-plane strain grow in size
and magnitude with increasing amounts of tensile defor-480

mation. This behaviour is consistent to observations made
from Fig. 5, where increasing deformation was associated482

with the thickness expansion of the specimen, especially
in or around the failure region. Thus, it can be concluded484

that large out-of-plane deformations are concentrated in
or around regions of large in-plane deformations. Such486

out-of-plane thickness expansions have been previously re-
ported in the literature [38, 36].488

3.2.3. Fibre-level Qualitative Observations

Fig. 8(a) provides an overview of the fibre structure490

at ∆x = 1200 µm with four manually segmented fibres
highlighted in a region of interest. Fig. 8(b) shows three492

horizontal slices of the same cross-section at: (b)-1 the
reference state, (b)-2 ∆x = 1000 µm, and (b)-3 ∆x =494

1200 µm. A comparison between Fig. 8(b)-1 and Fig. 8(b)-
2 reveals that after ∆x = 1000 µm, only the green fibre496

has sustained any deformation, while the remaining fibres
do not appear deformed nor displaced. By ∆x = 1200 µm,498

the blue fibre has clearly detached from the red fibre, and
also appears to have deformed. The separation between500

the green and blue fibre has also increased. Although
Fig. 8(b) provides some ability to study fibre deforma-502

tion, it is quite difficult to accurately identify deformation
mechanisms using only 2-D cross-sectional slices, as only504

one cross-section of the fibre is visible at a time. Fig. 8(c)
shows a 3D visualization of the four segmented fibres from506

Figure 7: DVC calculated out-of-plane strain fields perpendicular to
the loading direction (εz) at the centre of the freeze-dried specimen
for (a-d) ∆x = 200, 400, 600, and 1000 µm.

the selected region of interest: (c)-1 represents the unde-
formed, reference state, and (c)-2 and (c)-3 represent ∆x508

= 1000 and ∆x = 1200 µm. Comparing Fig. 8(c)-1 and
Fig. 8(c)-2, it can be seen that the deformation process510

resulted in the straightening of the green fibre, which led
to the subsequent separation with the blue fibre near the512

middle kink visible in the blue fibre. In Fig. 8(c)-3 it can
be seen that after ∆x = 1200 µm, the blue and green fibres514

lost all connectivity with each other. While there was sig-
nificant interaction between the blue and green fibres, the516

blue and yellow fibres remained in contact. When com-
paring the reference state to the final deformed state, a518

downward translation is observed with the blue and yel-
low fibres, suggesting these fibres were in the process of520

being pulled out. Overall, these observations show that
an increase in fibre separation is likely due to the fibre522

straightening behaviour in low conformed handsheet spec-
imens during the early stages of deformation, consistent524

with the network-level findings previously mentioned.
Fig. 9 shows a 3D visualization of a set of 18 segmented526

fibres. The blue fibres were segmented from a deformed
specimen at ∆x= 200 µm, while the yellow fibres represent528

a deformed specimen at ∆x = 1000 µm. Due to difficulty
of segmenting the exact same fibres within two different530

volume datasets, the segmentation algorithm selected 18
fibres based on similar identity between the two deformed532

datasets. As can be seen, the fibres at the bottom left ex-
hibit noticeable movement. Conversely, fibres near the top534

of the specimen have negligible deformation. This observa-
tion is consistent with previous behaviour seen in Figs. 5-7:536

network-level deformation occurred in the bottom and left
region of the specimen; however, it is difficult to accurately538

characterize fibre-level deformation via qualitative obser-
vations. This necessitates further quantitative calculations540
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Figure 8: (a) 3D visualization of the freeze-dried specimen at
∆x =1200 µm; (b) Cross section of the same specimen and (c) seg-
mented fibres in the region of interest at -1” reference state, -2”
∆x =100 µm, and -3” ∆x =1200 µm.

such as curl index and RCA measurements.

3.2.4. Fibre-level Quantitative Observations542

Fibre Length: Fig. 10(a) shows a plot of the fibre length
evolution for the segmented fibres seen previously in Fig. 8544

using the same number and colour scheme. The red bars
represent the relative change in the fibre lengths between546

deformation configurations. As can be seen, the relative
change in fibre length is minimal. This is expected since548

the elastic modulus of cellulose is 20 GPa and the applied
loads are small. The small values of the relative change550

in fibre length are mainly associated with fibre movement
and deformation that have caused the fibres to move in or552

out of the field of view.
Relative Contact Area: Fig. 10(b) shows the corre-554

sponding evolution in RCA. As seen in the figure below,
the RCA is seen to both increase and decrease in the stud-556

ied fibres. Fibre (1), located at the bottom of the speci-
men, near the failure region, exhibited the most significant558

loss in RCA. This observation is consistent with previous
observations in Fig. 9, in which the blue fibre lost contact560

with other fibres, yellow and green, respectively, indicating
presence of inter-fibre bond breakage. Fibre detachment562

can result in a significant increase in fibre-fibre distance,
and as such, it is considered to be a contributing factor to564

the large out-of-plane strains measured inside the observed
failure regions. Since some manual segmentation was re-566

quired for merging volume data between two datasets, it
has proved difficult to generalize the change in RCA and568

possibly inter-fibre bond breakage during the deformation
process; however, inter-fibre bond breakage is clearly oc-570

Figure 9: 3D visualization of segmented freeze-dried fibres in the ini-
tial configuration (blue) at ∆x =200 µm and a deformed configura-
tion (yellow) at ∆x =1000 µm. The numbers represent individually-
identified fibres.

curring in the region where fracture occurred.
Curl Index: Fig. 10(c) shows the corresponding evo-572

lution in curl index. As can be seen, most fibres exhibit
a reduction in curl index, indicative of fibre straighten-574

ing. This observation is consistent with the expected aux-
etic behaviour of paper resulting from fibre straighten-576

ing [39, 38, 34], and the general trends that have been
observed for the out-of-plane strain fields. The amount of578

relative change becomes less negative with corresponding
increase in assigned fibre number. As the low numbers are580

generally assigned to fibres at the bottom of the specimen,
the biggest reduction in curl index, and consequently the582

largest magnitude in straightening, is observed with fibres
in or near the failure region. Conversely, in fibres (10)584

and (13), there is an increase in curl index with increas-
ing deformation, meaning that their contour length has586

increased. This may be an indication of fibre deflection
caused by compressive forces inside the specimen.588

Although an estimation of the error in fibre length,
RCA, and curl index would seem appropriate, this is not590

possible as some fibres extend beyond the field of view
and the contact is limited to those fibres that we can seg-592

ment.. Overall, the quantification of the micromechanics
observed via 4D imaging of deformation in the freeze-dried594

specimen provides strong evidence that large amounts of
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(a)

(b)

(c)

Figure 10: Quantification of deformation characteristics in the
freeze-dried specimen between the initial and configuration (blue)
at ∆x =200 µm and a deformed configuration (yellow) at ∆x =1000
µm; (a) Fibre length comparison; (b) Relative contact area; (c) Curl
index. The red bars indicate the relative positive or negative change
of each quantity.

fibre straightening, and possible inter-fibre bond breakage,596

lead to the large out-of-plane strains observed in or around
the failure regions. At the fibre-level, relative changes in598

curl index can be used to quantify fibre straightening in-
side the paper specimen; while at the network-level, the600

out-of-plane strain fields are able to identify fibre straight-
ening induced deformation. Thus it is proposed that the602

application of out-of-plane strain norm provides a simple
means to determine the relative contribution of fibre pull-604

out to the overall failure of a specimen.

3.3. Effects of Refining on Network-level Mechanics606

3.3.1. Qualitative Observations

Fig. 11 provides the in-plane (x-y) 3D visualization608

of each of the four specimens with different refining in-
tensities, namely, freeze-dried, 0, 60, and 100 kWh/t, at610

the point of fracture to demonstrate how refining energy
affects fibre flexibility, free fibre length, and inter-fibre612

bonding to alter fibre deformation localization, strength
and ductility. Beginning with Fig. 11, it can be seen that614

the freeze-dried specimen exhibits a large amount of fibre-
pullout as discussed previously. In contrast, definitive frac-616

ture zones are present in the specimens refined at 0, 60,
100 kWh/t, Fig. 11(b)-(d). The amount of fibre break-618

age seems to be increasing with increasing refining energy,
indicating that fibre fracture rather than fibre pull-out oc-620

curred and providing evidence that the relative fraction of
fibre pull-out occurring during deformation decreases with622

increasing refining energy. Thus, higher refining energies
correspond to stronger paper networks, as known conven-624

tionally.
Fig. 12 provides the out-of plane (x-z) 3D visualization626

of the four specimens. In each, the image on the left shows
the specimen in the initial state, prior to deformation, and628

the image on the right corresponds to the specimen at
the point of fracture. The fracture regions that were ob-630

served in Fig. 11 are indicated by a dashed-line rectangle
for each specimen. As can be seen, there is a decrease632

in the initial specimen thickness with an increase in refin-
ing energy. This can be attributed to conformability, i.e.634

fibre flexibility: with higher refining energies, the fibres
become more conformable. In general, flexible fibres show636

an increase in relative bonding area as compared to more
stiff fibres, effectively leading to a more dense paper net-638

work [40, 41], and by proxy, a stronger handsheet. Other
factors that would also increase densification upon refin-640

ing include an improvement in bonding due to increased
swelling and the presence of fines, which improved the in-642

terlocking. The freeze-dried specimen, Fig. 12(a), reveals a
significant thickness expansion upon loading from the ini-644

tial state to failure state. For specimens refined at 0 and
60 kWh/t, Fig. 12(b) and (c), the thickness expansion in646

the failure region decreases with increasing refining. In ad-
dition to increasing fibre conformability, increased refining648

energy reduces the free fibre lengths i.e. the length of a
fibre between two inter-fibre bonds. For the specimen re-650
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fined at 100 kWh/t, a reduction in thickness is occurring
just prior to fracture rather than thickness expansion.652

Figure 11: In-plane (x-y) visualizations of fracture surfaces in the (a)
freeze-dried specimen and the (b-d) 100% NBSK specimens refined
at 0, 60, 100 kWh/t. Note that (a) is the same as Fig. 5(d)

3.3.2. Quantitative Observations

Strain contours from the DVC analysis of the acquired654

3D datasets at the centre of all four specimens just at the
point of peak load are provided in Fig. 13. The left col-656

umn of Fig. 13, (a)-1 to (d)-1, shows the DVC calculated
in-plane (εx) strain fields, while the right column, (a)-2658

to (d)-2, show the corresponding out-of-plane (εz) strain
fields. The large region of high in-plane deformation in660

the freeze-dried specimen, Fig. 13(a), and discussed pre-
viously is also found in the 0 kWh/t -refined specimen,662

Fig. 13(b). Specifically, there is a band of large in-plane
deformation near the top of this specimen and correspond-664

ing out-of-plane deformation in regions neighbouring the
large in-plane deformations. Conversely, specimens refined666

at refining energies of 60 and 100 kWh/t, Fig. 13(c) and
(d), contain very few regions showing large deformation.668

This lack of strain localization at high refining intensi-
ties is quite clear when comparing the out-of-plane strain670

fields in Figs. 13(a)-2 to (d)-2 as the extent of high strain
regions is decreased with increased refining energy. The672

results shown in Fig. 13, are consistent with and quan-
tify observations made in Fig. 12, namely, the freeze-dried674

and 0 kWh/t refined specimens show thickness expansion
with tensile deformation, while the specimens refined at676

60 and 100 kWh/t show minimal to no thickness expan-
sion with tensile deformation. From these findings, it is678

hypothesized that the occurrence of regions with high out-
of-plane strain concentrations, coinciding with regions of680

Figure 12: Out-of-plane (x-z) visualizations of the (a) freeze-dried
specimen and the (b-d) 100% NBSK specimens refined at 0, 60, 100
kWh/t in the reference and deformed states.

high in-plane strain concentrations, are indicative of inter-
fibre bond failure.682

3.4. Network Efficiency

In paper physics, the term network efficiency is a con-684

cept that describes the degree to which network-level prop-
erties approach fibre-level properties. Fibres having un-686

dergone significant refining are known to be efficient [13,
12], because increased refining energy increases inter-fibre688

bonding and decreases free fibre length. The lack of in-
plane deformation seen in Fig. 13(c) and (d) shows that for690

more efficient paper networks, there is (i) less localization
of damage i.e. a more uniform stress distribution before692

the failure occurs, leading to a more brittle-appearing frac-
ture, and (ii) failure is dominated by fibre breakage rather694

than pull-out. Borodulina et al. [36] performed particle-
level numerical simulations to model deformation in paper696

networks with varying levels of inter-fibre bonding, and
reported that in inefficient networks, or networks with low698

levels of inter-fibre bonding, high strain regions matched
the regions experimentally associated with bond failure;700

while in efficient networks, or networks with high levels of
inter-fibre bonding, did not show this result. They also702

concluded that it is the occurrence of highly localized in-
plane strains due to network inefficiency that led to inter-704

fibre bond failure, and not vice versa. The present 4D
imaging study is in agreement with these prior numerical706

findings: large out-of-plane strain values are concentrated
mainly in and around the failure zone for specimens with708

inefficient networks, but not for specimens with efficient
network structures. Overall, the combination of previous710
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Figure 13: DVC calculated strain fields at the centre of the (a) freeze-
dried specimen, and the (b-d) 100% NBSK specimens refined at 0,
60, and 100 kWh/t in the -1 in-plane (x-y) and -2 out-of-plane (x-z)
directions at ∆x = 1000, 1200, 1200, and 1400 µm respectively.

numerical simulations and current investigations can be
used as a criteria to evaluate inter-fibre bond breakage712

during deformation of paper specimens, and strain local-
ization can be employed as a criterion to evaluate network714

efficiency.
The plot of strain norm Nz evolution with displace-716

ment calculated via DVC analysis for the freeze-dried, and
refined specimens is shown in Fig. 14. As can be seen,718

all curves show the same trend: an increase in Nz oc-
curring with the simultaneous increase of displacement,720

consistent with auxetic behaviour. Although out-of-plane
expansion was not seen in the fracture zone of the 100722

kWh/t, Fig. 12(d), expansion was observed outside of the
fracture region, thus captured by the strain norm calcula-724

tion. The increase in the strain norm is small early on, but

Displacement (mm)

Figure 14: Variation in Nz as a function of cross-head displacement.

increases significantly in the later stages of deformation.726

This trend is consistent with observations for damage accu-
mulation [9], and Poisson’s ratios reported for some paper728

specimens in the literature [39, 38, 34]. In general, the val-
ues for the strain norm increase as the extent of inter-fibre730

bonding decreases. The differences in Nz between speci-
mens at early stages of deformation is a result of refining732

energies, and a positive correlation between refining ener-
gies and network level efficiency. This translates to lower734

values of free-fibre length and reduced fibre straightening,
and as a result, reduced thickness expansion. Interestingly,736

the difference in Nz at later stages of deformation where
complete fibre detachments were observed were significant.738

It is a possibility that fibre shortening during refining [42]
is causing the observed differences. However, this short-740

ening is minuscule; [41] reported a 3% reduction in fibre
length in a 100% softwood specimen refined at 132 kWh/t,742

which is negligible. It is proposed instead that inter-fibre
bond breakage is the main factor responsible for such large744

differences in the accumulated out-of-plane deformations,
as a function of refining. For the specimens refined with746

lower refining energies, the contribution of complete fibre
detachment to Nz becomes significant.748

4. Conclusions

In summary, 4D imaging experiments along with digi-750

tal volume correlation at the network-level and quantita-
tive fibre analysis at the fibre-level have been carried out752

to characterize deformation mechanisms in a freeze-dried
specimen. The developed methodology was then applied754

to systematically investigate the effects of refining energy
on paper networks. From this work, the following conclu-756

sions can be drawn:

• In specimens showing considerable fibre pull-out, re-758

gions with high in-plane strain concentration also
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show high out-of-plane strain concentration.760

• As shown in prior studies, fibres inside a paper net-
work both straighten and buckle during deformation.762

Fibre straightening appears to be more prevalent
within fracture regions having high concentrations764

of out-of-plane strain.

• Fibre straightening followed by possible inter-fibre766

bond breakage leading to fibre pull-out is responsible
for the observed auxetic behaviour of paper networks768

exhibiting low network efficiency.

• As fibre networks become more efficient with lower770

free fibre lengths, i.e. those that are subjected to in-
creased refining energy, the contribution from inter-772

fibre bond breakage and fibre straightening on defor-
mation is reduced.774

• In paper networks of high network efficiency, regions
of out-of-plane strain do not correspond to regions776

of high in-plane strain.

• Out-of-plane strain norms can be used as a measure778

to evaluate network efficiency of paper specimens
made from the same pulp.780

Overall, 4D X-ray tomographic microscopy is a pow-
erful tool for evaluating the micromechanics of paper de-782

formation. This study on paper deformation has provided
the first systematic study of paper micromechanics in 3D.784

The use of this technology has revealed new insight into
deformation mechanisms based on the concept of network786

efficiency. However, improved methods for segmenting in-
dividual fibres are needed to better understand the mi-788

cromechanics at work at the fibre-level when investigating
the effects of refining energy.790
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