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A B S T R A C T

Cellulose-based materials are increasingly finding applications in technology due to their
sustainability and biodegradability. The sensitivity of cellulose fiber networks to environmental
conditions such as temperature and humidity is well known. Yet, there is an incomplete under-
standing of the dependence of the fracture toughness of cellulose networks on environmental
conditions. In the current study, we assess the effect of moisture content on the out-of-plane (i.e.,
z-dir.) fracture toughness of a particular cellulose network, specifically Whatman cellulose filter
paper. Experimental measurements are performed at 16% RH along the desorption isotherm and
23, 37, 50, 75% RH along the adsorption isotherm using out-of-plane tensile tests and double
cantilever beam (DCB) tests. Cohesive zone modeling and finite element simulations are used
to extract quantitative properties that describe the crack growth behavior. Overall, the fracture
toughness of filter paper decreased with increasing humidity. Additionally, a novel model is
developed to capture the high peak and sudden drop in the experimental force measurement
caused by the existence of an initiation region. This model is found to be in good agreement with
experimental data. The relative effect of each independent cohesive parameter is explored to
better understand the cohesive zone-based humidity dependence model. The methods described
here may be applied to study rupture of other fiber networks with weak bonds.

. Introduction

Cellulose is an abundantly available polymer in nature. Cellulose networks have good mechanical [1,2] and barrier [3] properties.
ilter paper is a network consisting of pure cellulose fibers bound to each other mechanically by entanglement and chemically
y hydrogen bonds. The cellulose fibers are flattened hollow tubes, typically 25–35 micrometers wide with thicknesses of 1 to 4
icrometers. When the paper is loaded in tension, permanent deformation occurs through the breaking of inter-fiber bonds (namely,
surface area of multiple hydrogen bonds connecting two fibers) [4,5] and removal of microcrimps. These cellulose networks can

ail when subjected to tensile loads during manufacture or in successive operations. It has been demonstrated [6] that these failures
enerally occur due to rapid propagation of cracks from pre-existing flaws, such as notches or creases. On account of the presence of
stress concentration around a flaw, the stress at which failure occurs is well below the strength of an un-flawed sheet, thus making

racture toughness, the ability of cellulose networks to resist crack growth, an important performance parameter to be studied.
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Previous work in the application of fracture mechanics to paper has been carried out by Wanigaratne [7], Tryding et al. [8] and
echner et al. [9]. Work of fracture methods that were developed to estimate the fracture toughness of ductile materials have been
pplied to paper [10,11]. Atomistic modeling of cellulose networks has also been used to shed light on the fracture of paper [12].
here are some works using cohesive zone modeling to model the fracture of paper, including [9,13–15]. Zechner et al. [9] developed
method combining images from experiments with cohesive zone modeling to reliably determine the crack tip, and therefore also the

racture initiation toughness value, of commercial printing paper. Mao et al. [13] used a cohesive zone model to describe the fracture
ehavior of notched cellulose nanopaper, commercial printing paper, and buckypaper. Makela and Ostlund [14] studied fracture of
opy paper along combinations of machine- and cross-directions, also utilizing a cohesive zone model. Meng et al. [15] modeled
racture of cellulose nanofibril network papers using cohesive zone properties derived from the potential energy differences during
iber pullout at the interfaces between hydrogen bonds at a molecular scale. These previous works have shown that cohesive zone
odeling is an effective technique to estimate the fracture toughness of cellulose networks, which otherwise cannot be evaluated

ccurately as these networks exhibit a nonlinear and ductile fracture behavior, but no work has been done extending this technique
o study the influence of humidity on these networks.

The macroscale behavior of fibrous networks, in general, depends on the properties of the fibers and the bonds between the fibers;
he effects of microscale fiber properties on macroscale material behavior have been studied in networks of random fibers [16–20]
nd of fibers with cellular shapes [20–22], using large scale finite element simulations. Since fibrous networks generally perform
tructural functions, their macroscale mechanical properties such as fracture toughness are of critical importance. Network rupture
as been studied in [19] by allowing the bonds connecting the fibers to fail in tension as well as shear through finite element
imulations of three-dimensional isotropic random fiber networks. However, while it is true that fibrous materials can be three-
imensionally isotropic, they are also often found as sheets which are orthotropic in nature. It is difficult to identify the z-direction
roperties of thin web orthotropic materials, so fracture studies of such materials are few. Since cellulose papers are a common
wo-dimensional fibrous network we use it as a vehicle to develop methods to characterize fracture toughness of such materials.

Additionally, as mentioned previously, rupture has been studied in [19] in generalized three-dimensional random fibrous
etworks by allowing the bonds connecting the fibers to fail. The resulting stress–stretch curves show an initial positive slope which
ecreases to zero as more bonds break, then the slope of the stress–stretch curve becomes negative and the stress ultimately goes
o zero. This resembles traction-separation laws used in cohesive-zone modeling, which account for damage accumulation. Similar
tress–strain curves were obtained by [23], who studied mechanics of random fiber networks using stochastic breaking of bonds.

The properties of paper in the thickness direction (i.e., z-direction), although not necessary for conventional paper use and
ifficult to measure since the characteristic length scales are of the same order of magnitude as the fibrous microstructure of the
aterial, are needed to extend the use of paper for novel applications such as in the fabrication of piezoelectric cellulose sheets and

atteries [24–27], Moreover, the information about the out-of-plane properties of paper are helpful in studying scoring, folding and
-D forming operations.

Earlier works of measuring the mechanical properties of paper in the z-direction are few [28–31]. Nygards et al. [29] used a
ouble notch shear (DNS) test to measure the out-of-plane shear strength of paperboard. The DNS test is advantageous because
f its ability to overcome the potential drawbacks arising from the conventional out-of-plane tests which require the paper to be
lued between rigid blocks. Ostlund et al. [28] developed experimental techniques to measure the out-of-plane normal and shear
roperties of paperboard using an extended double notch shear test.

Humidity is an important parameter that can significantly affect the mechanical properties of cellulose networks. Increases in
nvironmental humidity increases the moisture content in the paper and in turn reduces the stiffness of the fibers and the number
f fiber–fiber bonds, and thus lead to mechanical changes of the overall network. The effect of humidity on the mechanical and
racture properties of paper is important during converting operations and use by consumers.

Many studies have examined the effect of humidity on the tensile properties of cellulose networks [32–42]. Gamstedt et al. [32]
nd Celino et al. [33] reviewed works involving moisture-induced softening and swelling of plant and natural cellulose fiber
omposites. Placet et al. [35] found that water sorption showed a significant influence on the tensile properties and fracture mode
f cellulose-based hemp fibers. Alamri et al. [36] investigated cellulose-reinforced epoxy composites at two different humidities and
ound that strength, modulus, and fracture toughness decreased as a result of moisture absorption. Benitez et al. [37], and Meng
t al. [38] also observed decrease in modulus, strength and tensile toughness of cellulose nanopaper sheets with the increase of
elative humidity as a result of easier interfacial debonding between cellulose nanofibers (CNFs), which they attribute to moisture
nduced bond weakening. Benitez et al. [37] also showed a clear transition of the fracture mechanism of cellulose nanopaper network
rom brittle to pull-out phenomena when varied between 0 and 100% RH. Moropoulou et al. [39] reported a decrease in the tensile
trength of filter paper with increase in moisture content and also showed the hysteresis effect of adsorption and desorption. Nissan
t al. [40] explored the effect of moisture on the Young’s modulus of hydrogen bond dominated solids like paper, and also established
n empirical relation between the modulus and moisture content. Of all the aforementioned earlier works involving both pure
ellulose (micro and nano) networks and cellulose-based composites, the effect of humidity on the fracture toughness of porous
ellulose networks has not been studied.

The objectives of this work are to characterize the 𝑧-direction properties using tensile tests and out-of-plane fracture of filter
paper (a porous 100% cellulose network) as a function of moisture content using a double cantilever beam (DCB) specimen and
model the fracture properties using cohesive zone modeling. Continuum cohesive zone models provide the convenience of tuning a
few parameters such as peak stress and separation at failure to model one-dimensional fracture propagation. Use of cohesive zone
2

models also allows us to bypass expensive finite element simulations of discrete fiber networks which require the specification of a
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Fig. 1. Schematic of the DCB specimen in this study.

host of parameters for the fibers and bonds. For these reasons, and since we do not have control over individual fiber and fiber–fiber
bonds properties in cellulose networks, we describe the fracture behavior through continuum traction-separation laws.

The paper is organized as follows: In Section 2 and Section 3, we discuss the materials, methods, and theory used in this study.
The results of the experiments and simulations, and related discussion, is provided in Section 4. Finally, the main conclusions are
discussed in Section 5.

2. Materials and methods

2.1. Materials

Commercial poly(methyl methacrylate) (PMMA) sheets (Curbell Plastics, Inc.), hydrophobic in nature [43], with thickness 2.85–
3.05 mm were used as the top and bottom beams of the DCB. GE Whatman Grade-1 Filter Paper (Sigma Aldrich Inc.) with a nominal
thickness of 170 micrometers is the cellulose network that is studied. Whatman filter paper was chosen since its manufacturing
process is well established, so the properties of commercially available Whatman paper are relatively consistent. Additionally,
Whatman filter paper is 100% cellulose, thicker, and weaker than commercial copy paper, so there is a greater chance of the
crack propagating entirely through the paper and not shifting to an interface. Copy paper also contains inorganic materials to
increase brightness and surface smoothness. The filter paper was bonded to the PMMA beams using Loctite 409 (McMaster Inc.).
The thickness of the adhesive layer was carefully controlled to ensure that it did not fully infiltrate the paper layer (details below).

2.2. Conditioning and specimen preparation

If the relative humidity (RH) approaches a particular value from a lower RH (adsorption), the paper contains less water than if
approached from a higher value (desorption). This hysteresis is well known in the paper industry. Since the direction from which a
particular RH is approached plays an important role, it is a standard practice to convert relative humidity to moisture content. Here,
the humidities 23%, 37%, 50%, and 75% are approached along an adsorption isotherm and 16% RH is achieved along a desorption
isotherm. The filter paper specimens were conditioned for 48 h at every humidity at room temperature before measuring the mass
of the specimens. These paper specimens were then adhered to the PMMA substrates and left in the humidity chamber for another
48 h before testing. The dry weight of the specimens was measured by placing the filter papers in a vacuum oven at 50 ◦C for 48 h.
Moisture content is measured as Eq. (1).

𝑚𝑐 =
𝑚𝑤 − 𝑚𝑑

𝑚𝑑
∗ 100 (1)

where 𝑚𝑑 is the mass of the dry specimen, 𝑚𝑤 is the mass of filter paper specimens at a particular RH, and 𝑚𝑐 is the moisture
ontent.

The PMMA beams that were used in the DCB have a width of 9.5–10 mm and length of 70 mm. The beams are laser cut (Universal
aser PLS 4.75 flatbed laser cutter) from PMMA sheets of thickness 2.85–3.05 mm. After multiple trials using multiple adhesives
nd epoxies, thin pressure sensitive adhesives, and a thick 3M VHB tape, 70% wt./wt. Loctite 409 in acetone was determined to be
he optimum composition of the adhesive to bond filter paper and the PMMA beams. This particular adhesive solution was strong
nough to hold the filter paper between the two beams, thin enough to not penetrate into the filter paper, and sufficiently stiff
o not deform meaningfully and affect measurements. An adjustable thin film coating applicator (Futiantian Technology Co., Ltd.,
hina) is used to generate adhesive coatings of thickness 10 micrometers on PMMA surfaces. Samples were scrutinized both under
ptical microscope and SEM images to verify that the adhesive did not penetrate into the filter paper. An initial crack of length
3

𝑖 ≈ 27 mm is obtained by placing the filter paper at a distance of 30 mm from the beginning between the beams (see Fig. 1).
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2.3. Out-of-plane tensile test

Cellulose fibrous networks have out-of-plane modulus and strength typically an order of magnitude (or two) less than the in-plane
roperties. As shown in the schematic in Fig. 3(a), filter paper is held in between two aluminum loading blocks using double-sided
orton polyurethane foam tape (1 mm thick). The aluminum blocks (5 mm × 5 mm) are mounted onto the machine using single pin

joints on the top and bottom to help with self-correcting any misalignment during the test. Peak stress/traction of filter paper in the
out-of-plane direction is calculated from the maximum measured force during the test. A uniaxial testing machine in displacement
control (Criterion Model 43, MTS) was used for all mechanical testing. A displacement rate of 1 mm/min is used in the tests. Since
most of the displacement applied deforms the foam tapes, optical measurements were performed (on the machine direction (MD)
edge of the specimen) to measure the initial strain; from this strain and the measured stress the modulus was calculated. The tests
are recorded at 30 frames per second, and up to 200 frames are used to calculate strain (eg. strain at 200𝑡ℎ frame = 4.2 ± 1.0%).

he images were converted to grayscale images and line profiles of pixel intensity were extracted at 4 different locations to measure
eformation of the paper during the test. The width at the average half peak intensity was measured in all images and used to
alculate strain by comparing the average thickness to the one from the first frame.

.4. Double cantilever beam testing

Double cantilever beam (DCB) tests were performed to determine the out-of-plane fracture toughness of the filter paper when
he crack runs in the machine direction (MD). A displacement rate of 1 mm/min is used in all the tests. The load is applied to
oading blocks adhered to the PMMA beams. From the loading cycle, the applied load versus displacement curve was obtained, and
he crack length 𝑎 and the strain energy release rate 𝐺 were calculated using the following equations obtained by modifying (for
ifferent beam and foundation materials) the augmented double cantilever approach by Kanninen [44]:

𝑎 =
(

𝐶𝐸′𝑏ℎ3

8

)1∕3
− 𝜉 (2)

𝐺 = 12𝑃 2𝑎2

𝐸′𝑏2ℎ3
(

1 + 𝜉 1
𝑎

)2
(3)

𝜉=

(

ℎ3ℎ𝑓
6

𝐸′

𝐸𝑓

)
1
4

, (4)

where ℎ is the thickness of each PMMA beam, 𝑏 is the width of the beam, 𝐸′ is the plane-strain modulus of the beam, ℎ𝑓 is the
thickness of the Whatman paper foundation material, 𝐸𝑓 is the out-of-plane modulus of the Whatman paper foundation material,
𝐶 is the compliance of the elastic specimen measured from the force–displacement curve, and 𝑃 is the applied load.

3. Theory and calculations

3.1. Cohesive zone model, traction- separation law, critical energy release rate, and non-dimensional parameter

Cohesive zone models have been shown to be effective at describing adhesion and fracture at material interfaces [45,46]. Since
we have a thin sample of cellulose material in which the crack moves straight ahead in a one-dimensional manner, we use cohesive
zone models to study crack propagation in our Whatman filter paper specimens.

The specimen and loading conditions were designed to maintain mode I fracture and to prevent shear loading at the interface.
As such, the shear stress is negligible, and only the normal traction 𝑡𝑛 must be considered. Therefore, similar to the derivation
in [46], from initial stress until final failure, there are two regions characterized by the presence or absence of damage: the opening
region before damage initiation, and the softening region after damage initiation until final failure. In the opening region the
traction-separation law is linear-elastic:

𝑡𝑛 = 𝐾𝑛𝛿𝑛, (5)

where 𝐾𝑛 is the stiffness in the normal direction and 𝛿𝑛 is the displacement. Once the traction reaches the critical value 𝑡0𝑛 at
displacement 𝛿0𝑛 = 𝑡0𝑛∕𝐾𝑛, damage initiation occurs. Then, in the softening region, the damage evolves as the traction predicted by
the traction-separation law in the linear-elastic region multiplied by the damage parameter (1−𝐷). With a linear damage parameter

(1 −𝐷) =

(

𝛿0𝑛
𝛿𝑛

)(

𝛿𝑓𝑛 − 𝛿𝑛
𝛿𝑓𝑛 − 𝛿0𝑛

)

, (6)

where 𝛿𝑓𝑛 is the normal displacement to failure, the traction-separation law in the softening region becomes

𝑡𝑛 = 𝐾𝑛𝛿
0
𝑛

(

𝛿𝑓𝑛 − 𝛿𝑛
𝑓 0

)

. (7)
4

𝛿𝑛 − 𝛿𝑛



Engineering Fracture Mechanics 264 (2022) 108330R. Spiewak et al.

w

Thus, the complete traction-separation law with linear softening is

𝑡𝑛 =

⎧

⎪

⎨

⎪

⎩

𝐾𝑛𝛿𝑛, 0 ≤ 𝛿𝑛 ≤ 𝛿0𝑛
𝐾𝑛𝛿0𝑛

(

𝛿𝑓𝑛 −𝛿𝑛
𝛿𝑓𝑛 −𝛿0𝑛

)

, 𝛿𝑛 ≥ 𝛿0𝑛 ,
(8)

where

𝛿0𝑛 =
𝑡0𝑛
𝐾𝑛

, (9)

with the following parameters: 𝑡0𝑛, the critical normal traction, peak stress, or cohesive strength of the cellulose network; 𝐾𝑛, the
normal stiffness; and 𝛿𝑓𝑛 , the displacement to failure.

With an exponential damage parameter

(1 −𝐷) =

(

𝛿0𝑛
𝛿𝑛

)

⎛

⎜

⎜

⎜

⎜

⎝

1 −
1 − exp

[

−𝛼
(

𝛿𝑛−𝛿0𝑛
𝛿𝑓𝑛 −𝛿0𝑛

)]

1 − exp (−𝛼)

⎞

⎟

⎟

⎟

⎟

⎠

, (10)

here 𝛿𝑓𝑛 is once again the normal displacement to failure and 𝛼 is the exponential parameter, the traction-separation law in the
softening region becomes

𝑡𝑛 = 𝐾𝑛𝛿
0
𝑛

⎛

⎜

⎜

⎜

⎜

⎝

1 −
1 − exp

[

−𝛼
(

𝛿𝑛−𝛿0𝑛
𝛿𝑓𝑛 −𝛿0𝑛

)]

1 − exp (−𝛼)

⎞

⎟

⎟

⎟

⎟

⎠

. (11)

Thus, the complete traction-separation law with exponential softening is

𝑡𝑛 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐾𝑛𝛿𝑛, 0 ≤ 𝛿𝑛 ≤ 𝛿0𝑛

𝐾𝑛𝛿0𝑛

⎛

⎜

⎜

⎜

⎝

1 −
1−exp

[

−𝛼

(

𝛿𝑛−𝛿0𝑛
𝛿𝑓𝑛 −𝛿0𝑛

)]

1−exp (−𝛼)

⎞

⎟

⎟

⎟

⎠

, 𝛿𝑛 ≥ 𝛿0𝑛 ,
(12)

where the parameters 𝑡0𝑛, 𝐾𝑛, and 𝛿𝑓𝑛 are the same as in the traction-separation law with linear softening (Eq. (8)), and 𝛼 is the
exponential parameter governing the shape of the exponential softening.

The toughness, or critical energy release rate, is the area under the traction-separation law curve and it can be expressed in
terms of the previously defined parameters as [47–50]:

𝐺𝐼𝑐 = ∫

𝛿𝑐

0
𝑡𝑛𝑑𝛿𝑛. (13)

Consistent with previous work [46,51], a non-dimensional parameter (𝑁𝐷𝑃 ) is constructed to enable comparison between
materials:

𝑁𝐷𝑃 =
𝐸𝑃𝑀𝑀𝐴𝐺𝐼𝑐

(

𝑡0𝑛
)2 ℎ

. (14)

The 𝑁𝐷𝑃 is a measure of the toughness of a material: the lower the 𝑁𝐷𝑃 , the tougher the material.

3.2. Finite element analysis

Finite element (FE) modeling and analysis was used to find the force–displacement curves corresponding to the cohesive
parameters of different relative humidities. FE analysis was performed using the commercial software ABAQUS∖Standard (Dassault
Systèmes Simulia Corp) using a 2D plane strain model. The PMMA beams have length 67 mm and height 2.86 mm, and the Whatman
filter paper has length 40 mm and height 171 μm. The Whatman filter paper region was aligned with the free end of the PMMA
rectangular regions to give a pre-crack length of 27 mm (see Fig. 2). Displacement controlled vertical loading was applied at the
top and bottom corners of the PMMA beams (see Fig. 2), and the inner corners of the PMMA beams are fixed in the horizontal
direction. The PMMA beams were modeled as CPE4 plane strain elements, with Young’s modulus 2.016 GPa to include both the
contribution from the PMMA itself and the layer of Loctite adhering the Whatman filter paper to the PMMA beams, and Poisson’s
ratio 𝛾 = 0.4 (see Figure 1 in the Supplementary Material for a brief discussion of element types). The Whatman filter paper was
modeled as a single row of COH2D4 cohesive elements with material properties captured by the cohesive parameters. The mesh
was refined closer to the COH2D4 cohesive elements, and through a mesh convergence study, the number of elements in the mesh
was selected to be approximately 22,000. This method of using cohesive elements with uniform properties is a standard technique
to model the fracture of materials.
5
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Fig. 2. Diagram of the part, partitions, and mesh density used in the finite element simulations. Also depicted are the length and height dimensions (not drawn
to scale), as well as the locations of the loading (purple arrows) and fixed boundary (blue triangles) conditions.

Fig. 3. (a) Schematic of the tensile specimen to measure out-of-plane mechanical properties. (b) Intensity profile of gray scale image at 16% RH at 𝑡 = 0 s at
the first location across the tape and filter paper. Dotted lines in the plot represent the half peak intensity. The thickness of the filter paper is the average of the
width of regions where half peak intensity line intersect the intensity profiles. (c) Images taken during tests at 16% RH with times marked; test was performed
at 1 mm/min.

4. Results and discussion

4.1. Out-of-plane modulus

Fig. 3(c) shows frames at various times during the test. To calculate the initial strains and therefore initial modulus, up to 200
frames (6.6s or 0.11 mm) are used in the analysis. The images are converted to gray scale and intensity profiles are extracted at four
locations on each image. To consistently determine the deformations across the four markers, half peak intensity width is measured
and the average value is used as the effective thickness of filter paper in that particular frame (shown in Fig. 3(b)). Strains are
then calculated by comparing the average thicknesses to that from the initial frame. Moreover, it can be observed from Fig. 3(c)
that the failure occurs inside the filter paper, so the peak force during the test can be used to estimate the peak stress/traction for
the filter paper. This value of peak traction is later used in the cohesive zone models in the numerical analysis. The out-of-plane
tensile experiments were performed at 16% RH (room condition), and at 50% RH and 75% RH. Modulus and traction values are
interpolated for 23% RH and 37% RH by plotting a graph of 𝑙𝑛(𝐸) as a function of moisture content 𝑚𝑐 [40,52,53]. The out-of-plane
peak stress/traction for 23% RH and 37% RH were interpolated linearly between 16% RH and 50% RH.
6
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Table 1
Summary of out-of-plane toughness values of filter paper as a function of humidity. Two or three experiments
were performed for each RH, and the results are given in the form 𝑋 ± 𝑌 , where 𝑋 represents the mean value
and 𝑌 represents the standard deviation.
Humidity Moisture Content (%) Young’s modulus 𝐸(MPa) Toughness 𝐺𝐼𝑐 (J∕m2)

16% RH 2.71 6.41 ± 1.75 16.34 ± 1.19
23% RH 3.17 5.57 12.90 ± 1.16
37% RH 4.05 4.28 9.27 ± 2.55
50% RH 5.11 3.12 ± 0.85 7.26 ± 0.65
75% RH 9.03 0.86 ± 0.34 2.32 ± 0.56

Fig. 4. Representative Force–Displacement and subsequent Energy Release Rate plots at 23% RH from a DCB specimen.

4.2. Experimental critical energy release rate

Force versus displacement data obtained from the loading of DCB specimens is used to calculate crack length 𝑎 and energy release
rate 𝐺 from the compliance model using modified beam theory given by Eq. (2) and (3). Fig. 4 shows an example force–displacement
curve and 𝐺𝐶 as a function of the crack length 𝑎 calculated from this curve. 𝐺 is not defined when 𝑎 < 𝑎𝑖. The energy release rate
decreases as the crack grows (𝑎 > 𝑎𝑖) and stabilizes over a set of crack lengths as the crack propagates. The average energy release
rate in the steady state region (gray shaded region) is taken as the critical energy release rate 𝐺𝑐 . This value is representative of the
toughness of a sharp crack tip in a uniform material; the initial crack tip here is blunt, and there are other factors as well such as
artificial compression induced by the scissor cut at the edge, which is why the initial energy release rate is higher than the steady
state value. This is a commonly observed phenomenon in the absence of sharp crack or some other artifact at the pre-crack in a DCB
configuration, as reported by River and Okkonen [54] who categorized the quantities as crack initiation energy and crack arrest
energy, and as explained by Long and Hui [55] who depicted why the assumption of translational invariance, or steady-state crack
growth, does not hold in the crack initiation region using the example of hydrogels. In principle, especially for soft materials and
for materials with no sharp crack, an extra term of stress and deformation fields due to crack initiation must be included in 𝐺.

Table 1 shows the variation of critical energy release rate as a function of moisture content. As moisture content increases, the
toughness of the paper decreases, which is expected due to the weakening of the individual cellulose fibers and the bonds between
them. This behavior of modulus with moisture content was also observed in similar earlier works [40,52,53,56,57].

4.3. Finite element modeling results

4.3.1. Exponential vs. Linear softening
Simulations for 23% relative humidity were run with both linear softening Eq. (8) and exponential softening Eq. (12), to

determine which traction-separation law fit best with the experimental results (Figure 2 in the Supplementary Material). As can
be seen in Figure 2 in the Supplementary Material, the results from both simulations were almost identical. As such, the traction-
separation law with linear softening Eq. (8) was chosen for the remainder of the simulations because it has fewer parameters and
has a slight advantage in terms of the speed of simulations.
7
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Fig. 5. Force–displacement plots from simulations (solid curves) as compared with experimental data (hollow circles) at different relative humidities (a) 16%
RH, (b) 23% RH, (c) 37% RH, (d) 50% RH, and (e) 75% RH.

Table 2
Simulation parameter values by humidity for which force–displacement plots from simulations at different relative
humidities best fit with the corresponding force–displacement plots from experiments.
%RH 𝐾0 (1010 Pa∕m) 𝑡0𝑛 (MPa) 𝛿𝑓 (μm) 𝐺𝐼𝑐 (J∕m2) NDP (unit-less) 𝐹𝑚𝑎𝑥 (N)

16 3.77 0.800 19.63 16.34 17.00 1.94
23 3.28 0.600 24.69 12.90 23.86 1.86
37 2.52 0.400 30.46 9.27 38.57 1.64
50 1.84 0.310 29.95 7.26 50.31 1.41
75 0.51 0.075 47.04 2.32 274.64 0.81

4.3.2. Parameters for different relative humidities
The parameters for the simulations were selected in the following manner. 𝑡𝑛 was chosen as the measured peak stress from the

out-of-plane tensile tests Section 4.1 . 𝐾0 was chosen as

𝐾0 =
𝐸𝑓

ℎ𝑓
, (15)

based on the out-of-plane modulus 𝐸𝑓 of the filter paper from the out-of-plane tensile tests Section 4.1 and the thickness of the
filter paper ℎ𝑓 . 𝛿𝑓 was then chosen such that the resulting toughness value Eq. (13) from the traction-separation law Eq. (8) was
within the uncertainty range of the toughness values from the experimental data. Finally, 𝑁𝐷𝑃 was calculated using Eq. (14).

The parameters for which the force–displacement plots from simulations of different relative humidity (Fig. 5) best fit with the
orresponding force–displacement plots from experiments are listed in Table 2, and the peak stresses 𝑡0𝑛 and displacements 𝛿𝑐 and
𝑓 are plotted vs. humidity in Fig. 6(a).

Fig. 6(b) shows the traction-separation laws with linear softening (Eq. (8)) for the different relative humidities. The toughness, or
ritical energy release rate, value from the simulations is found by calculating the area under the traction-separation curve (Eq. (13)).

As can be seen in Fig. 5, the initial loading portion of the simulations and the unloading stable crack growth regions fit well with
he experimental data, but the simulations do not capture the large peak force and sudden drop which are present in the plots from
8
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Fig. 6. Cohesive parameters and cohesive law at different relative humidities: (a) Plots of the parameters peak stress 𝑡0𝑛, and displacements 𝛿𝑓 and 𝛿𝑐 vs. %RH
(relative humidity), and (b) Traction-separation law plots from simulations at different relative humidities, using the traction-separation law with linear softening
(Eq. (8)).

Fig. 7. Force–displacement data of a multiple loading DCB test of filter paper at 31% RH.

the experimental data. The reason that these simulations cannot capture the peak force and sudden drop from the experimental
results is, as mentioned earlier in Section 4.2, that the Whatman filter paper in the experiments does not have a sharp crack, and
the crack must be initiated before fracture mechanics applies [54,55]. We also considered other possibilities, such as compressive
stresses far ahead of the crack and non-uniform drying. Since there is compression ahead of the cohesive zone as can be seen in
Figure 3 in the Supplementary Material, the cellulose network ahead of the crack could be damaged by the compression [55,58–60]
and could have a lower toughness than the initial region which is only subject to tension. Additionally, the specimens are cut to
the required sizes using scissors which could potentially induce an artificial compression at the edge (pre-crack), which increases
the resistance to the crack propagation at the pre-crack tip.

From Figure 3 in the Supplementary Material it can be observed that the maximum compressive stress ahead of the crack is
around 0.55 MPa for the 16% RH and 0.15 MPa for the 75% RH. From Table 1, the out-of-plane Young’s modulus of the filter
paper at 16% RH is 6.41 MPa and at 75% RH is 0.86 MPa. Hence, the compressive strain in the cellulose fibers ahead of the crack tip
is around 0.55/6.41 = 0.086 for 16% RH and 0.15/0.86 = 0.17 for 75% RH. Buckling typically starts around compressive strain of
0.05 in foams and fiber networks [61], which is smaller than the compressive strains calculated above. However, the compressive
stiffness is likely higher than the tensile stiffness, especially because compressing porous fibrous networks causes an increase in
9

density which therefore could increase compressive stiffness [62,63], and this could likely lower the calculated compressive strains.
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Fig. 8. Cartoon depicting the changes made to the model in order to incorporate the tougher initiation region cohesive elements, as well as the regular cohesive
lements. (Note: This image is not to scale.).

Table 3
Simulation parameter values by humidity for which force–displacement plots from simulations including the initiation element region at different
relative humidities best fit with the corresponding force–displacement plots from experiments.
%RH Element Type 𝐾0 (1010 Pa∕m) 𝑡0𝑛 (MPa) 𝛿𝑓 (μm) 𝐺𝐼𝑐 (J∕m2) NDP (unit-less) 𝐹𝑚𝑎𝑥 (N)

16 Initiation Cohesive Elements 781.77 8.000 21.36 89.50 0.93 6.41
Steady State Cohesive Elements 3.77 0.800 19.63 16.34 17.00

23 Initiation Cohesive Elements 692.94 6.000 19.14 59.98 1.11 5.04
Steady State Cohesive Elements 3.28 0.600 24.69 12.90 23.86

37 Initiation Cohesive Elements 517.65 4.000 20.22 41.98 1.75 3.70
Steady State Cohesive Elements 2.52 0.400 30.46 9.27 38.57

50 Initiation Cohesive Elements 255.29 3.100 20.84 34.18 2.39 3.05
Steady State Cohesive Elements 1.84 0.310 29.95 7.26 50.31

75 Initiation Cohesive Elements 55.41 0.750 16.59 6.73 7.96 1.03
Steady State Cohesive Elements 0.51 0.075 47.04 2.32 274.64

Moreover, the peak compressive stress/strain is millimeters ahead of the crack tip before the crack starts to propagate, whereas the
sudden drop from peak force happens even before the crack starts to propagate. Additionally, the compressive strain limit of 0.05
in general foams and fiber networks [61] is valid for 3D isotropic materials. This is not necessarily the limit for cellulose networks,
in particular filter paper, which are non-isotropic materials and most of the fibers are not aligned in the out-of-plane direction of
loading. This implies that the presence of compressive stresses ahead of the crack tip may not be a significant factor contributing
to the force anomaly.

To study the impact of artifacts at the pre-crack, such as having a blunt crack or scissors-induced compression, a new type of
xperiment was done at one humidity (31% RH) with multiple loading–unloading cycles. The phenomenon of initial high peak force
nd sudden drop can be clearly isolated (as shown in Fig. 7(a)) from the region of stable crack growth using the equation resulting
n a flat R-curve (as shown in Fig. 7(b)) using (2) and (3). This experiment shows that among the reasons causing the initial high
eak force, artifacts at the pre-crack, such as having a blunt crack or scissors-induced compression are the primary reason for the
orce anomaly and further corroborates that compression ahead of the crack-tip is not a significant factor.

Inspired by a previous report [55], to account for the change in behavior from crack initiation to crack propagation, cohesive
lements representing the Whatman paper are divided into two regions: a crack initiation region with parameters that give higher
oughness, and the steady state crack growth region comprising the rest of the Whatman filter paper with parameters estimated
efore (see Fig. 8 ). We choose a length for this crack initiation region to be 1 mm since this is about 10 times larger than the
oot radius of the initial crack. We choose the cohesive parameters for this initiation region by using the following process: First,
s the toughness value we take the maximum energy release rate in the experimental data (as calculated by Eq. (3)). We choose
he peak stress 𝑡0𝑛 to be exactly one order of magnitude larger than in the steady state region, and we choose the stiffness 𝐾0 to be
bout two orders of magnitude larger than in the steady state region. We calculate the displacement to failure 𝛿𝑓 parameter from
he toughness relation Eq. (13), and 𝑁𝐷𝑃 from Eq. (14).

As can be seen in Fig. 9, the simulations including the initiation region to represent the apparent toughness due to the artifacts
t the pre-crack, such as having a blunt crack or scissors-induced compression, capture not only the initial loading portion and
he steady state crack growth region of the unloading portion of the force–displacement curves, but also the peak force and the
udden drop. The transition between the initiation region and steady state crack growth region is known to be complex [55], so we
o not model it here. The parameters of the simulations using the initiation region model for which the force–displacement plots
rom simulations of different relative humidities (Fig. 9) best fit with the corresponding force–displacement plots from experiments
re listed in Table 3. There is some variability in the experimental data, and small variations in the thickness and modulus of
he PMMA have a large effect on the energy release rate (see Eq. (3)) so the fits are not exact, but the key qualitative features of
10

he force–displacement curve can be explained by the presence of an initiation region to represent the apparent toughness due to
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Fig. 9. Force–displacement plots from simulations including the tougher cohesive element crack initiation regions (solid curves) as compared with experimental
ata (colored circles) at different relative humidities (a) 16% RH, (b) 23% RH, (c) 37% RH, (d) 50% RH, and (e) 75% RH.

he pre-crack artifacts in our finite element calculations (see Figure 4 in the Supplementary Material for verification that both the
nitiation region and steady state region are necessary to capture the experimental results) .

The results shown here with the high peak force and sudden drop to a plateau region of steady state crack growth, both in
xperiments and simulations, resemble results from earlier works such as [54]. Depicted there is a plot for three different materials
xhibiting the same behavior with an initial high peak force and then a sudden drop to a lower plateau (see Figure 11 in [54]).
owever, these plots exhibit a saw-tooth pattern due to a boundary condition of holding opening displacement of the DCB fixed in
ycles. This is not seen in our experimental results since we continuously increase the opening displacement of our DCB, not doing
o in a step-wise fashion. In our simulations the opening displacement is increased in a step-wise fashion but those steps are small
o that it mimics a continuous increase. Nonetheless, it is clear that there is a direct analogy between the crack initiation energy
n [54] and our initiation region toughness value 𝐺𝐼𝑖, and between the crack arrest energy in [54] and our steady state crack growth

region toughness value 𝐺𝐼𝑐 .
Generally, it is preferable to design experiments in such a way that either a sharp crack is produced before any measurements are

taken or precautions are taken to make sure the material is uniform throughout the length, to avoid high peaks and sudden drops
in the force–displacement data. However, in some systems it is difficult to introduce a sharp crack initially, such as in [54] or when
studying the fracture toughness of the out-of-plane direction of two-dimensional sheets as we do here. Our simulation approach
which includes an initial crack initiation region with tougher/stronger cohesive elements to represent the apparent toughness due
to artifacts, followed by steady-state crack growth region cohesive elements accounts for this difficulty in the experiment and allows
for extraction of useful data even in such situations in which experimentally obtaining a sharp crack is difficult or even impossible.

4.3.3. Parametric study
In studying the effect on the force–displacement plot of each of the five different parameters in the bi-linear traction-separation

law, it is important to keep in mind that only three of them can be independent for any given simulation. For example, the parameter
𝐺𝐼𝑐 defined above (Eq. (13)) for the bi-linear traction-separation law Eq. (8) can be rewritten as

𝐺𝐼𝑐 =
𝑡0𝑛

(

𝑡0𝑛 + 𝛿𝑓

)

, (16)
11
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Table 4
Toughness values calculated from simulations at different relative humidities and the corresponding values as
measured from experiments. The experimental results are given in the form 𝑋 ± 𝑌 , where 𝑋 represents the
mean value and 𝑌 represents the standard deviation. The toughness values calculated from the simulation results
for all five relative humidities are within the measurement errors of the toughness values measured from the
experimental data.
RH: 16% 23% 37% 50% 75%

Simulation 𝐺𝐼𝑐 (J∕m
2): 16.33 12.90 9.27 7.26 2.32

Experiment 𝐺𝐼𝑐 (J∕m
2): 16.34 ± 1.19 12.90 ± 1.16 9.27 ± 2.55 7.26 ± 0.65 2.32 ± 0.56

and therefore the parameter 𝑁𝐷𝑃 defined above (Eq. (14)) can also be rewritten

𝑁𝐷𝑃 =
𝐸𝑃𝑀𝑀𝐴

2ℎ

(

1
𝐾𝑛

+
𝛿𝑓
𝑡0𝑛

)

, (17)

both now entirely in terms of cohesive properties 𝑡0𝑛, 𝐾𝑛, and 𝛿𝑓 . Alternatively, the above equations Eq. (16) and (17) can be
rearranged into

𝑡0𝑛 =
√

𝐸𝑃𝑀𝑀𝐴𝐺𝐼𝑐
ℎ 𝑁𝐷𝑃

(18)

𝛿𝑓 =
√

𝐸𝑃𝑀𝑀𝐴𝐺𝐼𝑐
ℎ 𝑁𝐷𝑃

(

2ℎ 𝑁𝐷𝑃
𝐸𝑃𝑀𝑀𝐴

− 1
𝐾𝑛

)

, (19)

such that the cohesive parameters 𝛿𝑓 and 𝑡𝑛 are entirely in terms of cohesive parameters 𝐾𝑛, 𝐺𝐼𝑐 , and 𝑁𝐷𝑃 . The latter three are
the ones we use in our parameter study below.

As can be seen in Figure 5(a) in the Supplementary Material, a 10% change in the 𝐾0 value, both higher and lower, has no visible
effect on the force–displacement plots. The 10% lower 𝐾0 = 5.91 ∗ 1012 Pa∕m yields a slightly lower peak force of 5.37 N and pulls the
sudden drop to a slightly lower displacement of 0.968 mm, and vice versa for the 10% higher 𝐾0. Similarly, as can be seen in Figure
5(b) in the Supplementary Material, a 10% change in the 𝑁𝐷𝑃 parameter has little visible effect; a 10% lower 𝑁𝐷𝑃 = 0.90 yields
a slightly higher peak force of 5.41 N and pushes the sudden drop to a slightly higher displacement of 0.98 mm, and a 10% higher
𝑁𝐷𝑃 = 1.10 yields a slightly lower peak force of 5.34 N and pulls the sudden drop to a slightly lower displacement of 0.96 mm,
both as compared to the 𝑁𝐷𝑃 = 1.00 with a peak force of 5.39 N and sudden drop at a displacement of 0.97 mm. (Larger changes
in 𝑁𝐷𝑃 may have more significant effects.) However, as can be seen in Figure 5(c) in the Supplementary Material, a 10% change
in the 𝐺𝐼𝑖 parameter has a much more significant effect on the force–displacement plots; a 10% lower 𝐺𝐼𝑖 = 52.79 J∕m2 yields a
lower peak force of 5.11 N and pulls the sudden drop to a lower displacement of 0.92 mm, and a 10% higher 𝐺𝐼𝑖 = 64.54 J∕m2

yields a higher peak force of 5.62 N and pushes the sudden drop to a higher displacement of 1.01 mm, both as compared to the
𝐺𝐼𝑖 = 58.62 J∕m2 with a peak force of 5.39 N and sudden drop at displacement 0.97 mm.

It should also be noted that, as expected, for each of the simulations, the toughness value is (approximately) directly proportional
to the square of the peak force value:

𝐺𝐼𝑖 ≈ 2𝐹 2
max. (20)

4.3.4. Comparison of experiments and simulations
As can be seen in Fig. 9, the force–displacement plots obtained from the finite element calculations with linear softening and

tougher initiation region fit the experimental data quite well. For example, for 16% relative humidity in Fig. 9(a), the loading slopes
from the experimental data and the simulation results are almost identical, the peak forces are very close, and the unloading curves
are similar in shape and magnitude, including the sudden drop from the peak force and its location in the plot. The same is true
for 23% relative humidityṪhe peak forces are less close in (Fig. 9(b)), 37% relative humidity (Fig. 9(c)), 50% relative humidity
(Fig. 9(d)), and 75% relative humidity (Fig. 9(e)), but all other characteristics of the experiment are captured. It should be noted
that small variations in the thickness and modulus of the PMMA have a large effect on the energy release rate (see Eq. (3)) so the
fits are not exact. Additionally, if the 𝑁𝐷𝑃 in the initiation region is held fixed at 1 instead of specifying the peak stress there, the
fits would improve (see Figure 6 in the Supplementary Material).

It should also be noted that the displacement value used here for comparison in both the experimental data and the simulation
results is 𝛿 = 𝛥∕2, or half of the distance between the two ends of the original crack tip, and not 𝛥, the full distance between the
two ends of the original crack tip.

A comparison of the toughness values measured from experiments to those calculated from the simulation results for different
relative humidities can be found in Table 4. The toughness values calculated from the simulation results for all five relative
humidities are within the measurement errors of the toughness values measured from the experimental data.

The reader can also simultaneously look at Supplementary Material Video 1, to visualize the crack propagation during fracture
12

in the experiment and simulation.
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5. Conclusion

In the current study, the effect of moisture content on out-of-plane toughness of cellulose filter paper was studied using double
antilever beam fracture tests. Cohesive zone modeling was used to describe crack propagation in the filter paper. The parameters
f the traction-separation laws were fitted to experimental data. Experimental measurements revealed a decreasing trend in the
odulus and fracture toughness with an increase in moisture content, as a consequence of moisture induced weakening of cellulose
etwork. Due to pre-crack artifacts, there is a higher peak force and sudden decrease as the crack grows, which was captured by
he newly developed finite element model involving two kinds of cohesive elements: tough elements near the initial crack tip to
epresent the apparent toughness due to artifacts at the pre-crack, such as having a blunt crack or scissors-induced compression,
ucceeded by steady state crack growth elements. The effect of each independent cohesive parameter was also investigated, and the
verall force–displacement curves of the DCB specimens was captured quite well.
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