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Abstract

Background Gels made of cellulose nanofibrils (CNF) are biodegradable and renewable with numerous applications. Prior
efforts to quantify rheological properties have considered the material primarily as a fluid and have been hindered by strain
localization and sample size dependence.

Objective We identify important considerations in designing experiments to quantify the time-dependent mechanics of CNF
gels and devise experimental methods to quantify the viscoelastic properties of CNF gels on time scales on the order of hours.
Methods Shearing experiments were designed using a custom-built loading device to apply uniform shear strain while
simultaneously imaging the sample for digital image correlation analysis, enabling quantification of the shear relaxation
modulus. In parallel, triaxial experiments were performed by compressing thin CNF gels, enabling quantification of the creep
compliance in response to changes in volume.

Results The shear data resulted in a relaxation modulus between 0.4 and 0.8 kPa at short times and a viscoelastic relaxation
time on the order of tens of minutes. The triaxial compression tests revealed two regimes of strain response, which occurred
above and below the osmotic pressure of the gels. Below the osmotic pressure, the creep compliance decreased with increasing
compressive stress, whereas above the osmotic pressure, the creep compliance was relatively insensitive to the applied stress.
Conclusions Our study presents a summary of challenges in experiments on CNF gels and designs experimental methods that
overcome limitations of prior work. The data quantifying relaxation modulus and creep compliance in response to changes
in shape and volume complements data reported in prior literature. These methods and findings can be used in future studies
to assess how composition and processing affects the viscoelastic properties of CNF gels.
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Introduction eral applications such as food packaging [1], 3D printing inks
[2], and drilling fluids [2]. CNF hydrogels are comprised of

Gels made of cellulose nanofibrils (CNF) are biodegradable  \ater embedded with cellulose fibrils having widths of tens
and renewable, which make them appealing for use in sev-  of nm and lengths of ~1 pm. The material is often man-
ufactured from wood pulp followed by chemical treatment

and mechanical agitation. CNF gels are hydrophilic [3] and
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Much of the recent work to understand the mechanics of
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[10,11, 17,19, 20, 23] and strain localization [17, 28], which
cause the strain distribution to differ from assumptions made
in calculating the shear viscosity or moduli from the experi-
mental data. As aresult, the results can depend on sample size
[17], which means the properties measured by the rheometer
are only effective properties, depending on both the sample
geometry and the underlying material properties. Although
some reports recognize this limitation [2, 10, 11, 14, 18, 19],
there is no clear method for overcoming these issues with
experiments using shear rheometers.

A second challenge is that CNF gels have typically been
described as a fluid [11, 14, 20, 29, 30] which is a prob-
lematic perspective for two reasons. Firstly, many studies
have reported the storage and loss moduli under sinusoidal
loading and, from separate experiments, a shear viscosity as
the material flowed [11, 12, 16, 17, 20]. These two sets of
experiments are not directly comparable, because a nonzero
storage modulus implies elastic storage of energy, which is
missing in the second experiment reporting only a shear
viscosity. It is unclear how to reconcile these observations
into a consistent understanding of the mechanics. Secondly,
viewing CNF gels from the perspective of a fluid leads to a
focus on shape-changing (i.e., shearing) flows. Still lacking
is information on how the material responds to changes in
volume.

Here we develop experimental methods to quantify the
viscoelastic properties of CNF gels. Considering the chal-
lenges described above, the primary objectives are to account
for strain localization under shear and, separately, to quantify
the mechanics in response to changes in volume. Our study
begins with a detailed summary of properties of CNF gels
that must be considered when designing the experiments. We
then implement two experimental approaches, studying the
response of the material in shear and, separately, its response
to triaxial compression, as follows. The first approach applied
shear strain to CNF gels in a custom-built loading device. The
applied deformation was held constant in time and digital
image correlation (DIC) was used to account for heterogene-
ity and verify minimal localization in the strain field. The
time-dependent force was quantified with a load cell over
time periods of a few hours, enabling calculation of the shear
relaxation modulus G (¢). The second approach applied com-
pression to the top of a thin CNF gel. As a result of the small
thickness, the boundary conditions created a nearly plane
strain state, under which the material experienced a triaxial
compressive stress state. The experiment was load-controlled
and sample height was monitored over time, allowing for
computation of a plane strain creep compliance J (¢). As the
data will show, two regimes of strain response were appar-
ent, which are described by a dependence on osmotic pres-
sure.

SEM

Methods
Material Preparation

The CNF gels used in this work were prepared accord-
ing to the process reported by Saito et al. [31]. Bleached
eucalyptus pulp fibrils were carboxylated using 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), sodium bromide,
and sodium hypochlorate as reactants at 25°C for 4 hr; the
pH was maintained at pH 10 with sodium hydroxide. The
oxidized pulp fibrils were then filtered and washed using
deionized water. Carboxylate content was measured via titra-
tion based on TAPPI Test Method T237cm-98 and found to
be 1.41 mmol/g COONa. The treated fibrils were diluted to
1.11 weight percent (wt%) suspension and passed four times
through a homogenizer (GEA Niro Soavi, Model NS3015H,
NH, USA) at 800-900 bar. Evaporating or adding water
increases or decreases the concentration respectively. CNF
gels above the given 1.11 wt% concentration were obtained
by evaporating water from the gel via a hot plate at 100°C.
To decrease the wt%, deionized water was vortex mixed with
CNF gels. All gels were stored in a 4°C refrigerator to avoid
mold and to minimize evaporation.

CNF Properties and Considerations for Experimental
Design

Before describing the experimental methods, we summarize
in Fig. 1 properties of CNF gels that are important to con-
sider. As described above, strain localization can occur under
shear [17, 28] (Fig. 1(a)). In addition, gripping the material
is challenging, and slip between the sample and grips is com-
mon [28] (Fig. 1(b)). CNF gels are nonlinear; many studies
report shear thinning [8, 10-14, 16, 17, 19-23, 25, 32, 33]
(Fig. 1(c)). Given that this material exhibits a nonzero stor-
age modulus and is often described as being thixotropic [8,
10, 11, 13-15, 18, 30, 32], it is possible that it exhibits a yield
stress (Fig. 1(d)).

Unless otherwise stated, all experiments were performed
at 23.3°C £ 0.4°C (mean =+ standard deviation across the
different experiments). In preliminary experiments, we found
that CNF gels exhibit elastocapillary behavior. In these exper-
iments, DIC (as described in the next section) was used to
quantify strains in CNF gels that were either circular (with
radius ~25.4 mm) or oval-shaped, elongated along the x
axis (with width of 225.4 mm and length of ~76.2 mm).
Note that only these preliminary experiments used circu-
lar and oval-shaped specimens. The gels were placed on
glass coverslips, and individual x-y planes through the glass
coverslips were imaged on a spinning-disk confocal micro-
scope (Yokogawa CSU-X1) with a 20x numerical aperture
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Fig. T Summary of material properties and mechanical behaviors of CNF gels to account for in experimental design. (a) When subjected to
shear strain, CNF gels can exhibit regions of high shear, called shear bands. (b) Gripping soft materials is often challenging, and reports have
suggested there to be slip between grips and CNF gels, resulting in a difference between the applied displacement and gel deformation. (c¢) The
apparent viscosity of CNF gels can decrease with shear rate, which is called shear thinning. (d) Experiments have reported both elastic modulus for
small deformation and viscosity for large deformation, meaning there may exist a yield point after which the material flows. (e) Our preliminary
experiments have indicated elastocapillary deformation in CNF gels. Samples were either circular (25.4 mm diameter) or elongated (76.2 mm x
25.4 mm). For the circular gels, strains were negligible, but for the elongated gels, €,, was positive, indicating deformation that made the gels
become more circular. (f) In environments of low relative humidity, water in CNF gels evaporates. Data shown are for 25.4 mm diameter samples
at different temperatures. Lines indicate means and error bars are one standard deviation across 5 samples. (g) In the presence of water, CNF gels
swell. Data shown are fractional change in mass of 25.4 mm diameter samples submerged in water. Line and error bars indicate mean and standard
deviation across 4 samples. (h) As is shown later in the manuscript, CNF gels under pressure exhibit different behavior below and above a critical
osmotic pressure. (i) Finally, the mechanics of CNF gels depend on time, as quantified in this manuscript

0.95 water-immersion objective (Nikon) and a Zyla camera
(Andor). The normal strain in the y direction, &y, was nearly
constant over time for the circular gels, but it increased over
time for the oval-shaped gels (Fig. 1(e)). Because no force
was applied to these gels and, as we show later, the shear mod-
ulus of this material is small, this deformation was driven by
capillary effects that tend to make the elongated gel circu-
lar so as to minimize the ratio of perimeter to contact area
between the gel and substrate.

We also quantified how quickly CNF gels of ~25.4 mm
diameter dried in a 40% relative humidity environment by
measuring the mass at different time points, with results
showing notable reductions in mass over time periods of

tens of minutes (Fig. 1(f)). Sample evaporation cannot be pre-
vented by submerging the sample in water, because CNF gels
swell substantially when in direct contact with water. This is
shown by swelling experiments that submerged CNF gels of
~25.4 mm diameter in water and quantified the change in
mass, which increased by tens of percent over time periods
of tens of minutes (Fig. 1(g)).

As is shown in the Results section, our experiments
demonstrate effects of an osmotic pressure, which, if exceeded,
causes water to flow out of the material under volume-
changing deformations (Fig. 1(h)). Finally, the goal of our
study is to quantify time dependence, which we show visu-
ally by a hypothesized stress relaxation curve, and, as our
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data will show, occurs over time periods of tens of minutes
(Fig. 1(1)). The experimental approaches that we describe
below will account for these numerous and complex mate-
rial behaviors.

Shear Experiments

A custom loading device was fabricated to produce simple
shear. These experiments were performed in an enclosure
that kept the environment at a relative humidity of 83% + 4%
and a temperature of 23.3°C =+ 0.4°C. The relative humidity
and temperature of the enclosure were monitored over time
and varied by less than 1% and 1°C, respectively, during
each experiment. A cartoon of the side view of the shearing
device is shown in (Fig. 2(a)), and a simplified cartoon of
the top view is shown in (Fig. 2(b)). The device used a fixed,
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rigid grip below the sample and a second rigid grip above the
sample, both of which were 3D printed using PLA filament.
Displacement of the upper grip was produced by a manual
micrometer such that the strain rate was approximately 5%
per second, with magnitude ranging from ~0.1 to 1 mm,
which produced shear strains ranging from 1 to 16%. A load
cell (LSB200, FUTEK, 0.01-100 N) was mounted between
the micrometer and upper grip to acquire force data from
the deformed CNF gels, with a sampling frequency of 1 Hz.
The load cell was calibrated with known masses before every
experiment. The force data was low pass filtered using the
“lowpass” function in Matlab, with a pass-band frequency
one order of magnitude lower than the sampling frequency.

To improve gripping, the lower grip had a ribbed geometry
spanning its entire length. Each rib was spaced approxi-
mately 1 mm apart and was approximately 0.5 mm tall.
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Fig. 2 Schematic of shearing experiments and DIC noise floor. (a, b) Cartoon of the side view (a) and top view (b) of the shear experiment. The
line denoting axis a-a defines the orientation of the upper shearing grip. (¢) Representative image of a CNF gel speckled with iron powder, with the
gray rectangle denoting the imaging region of interest. (d) Strain components €., and ¢, calculated from two undeformed images using a subset
size of 64 x 64 pixels (= 1.07 x 1.07 mm). (e) Histograms of ¢,, and ¢, calculated by DIC using a subset size of 64 x 64 pixels. The data
approximately follow a normal distribution, and show that the noise does not exceed 0.1% strain. (f) Standard deviation of strain for varying subset

sizes in the DIC algorithm
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To improve gripping further, the upper grip had 2 mm long
spikes arranged on a rectangular lattice and spaced approx-
imately 4 mm apart that punctured the upper surface of
the CNF gel. This grip was manually placed on the CNF
gel, meaning it was not perfectly parallel throughout the
experiment. The change in orientation of the upper grip was
quantified by measuring the angle of axis a-a (Fig. 2(a)) of the
upper grip over time. This angle changed by up to 1° over the
duration of each experiment, which caused the shear strain
to change by up to 1%. The weight of the upper grip was
supported by the sample, producing a compressive normal
stress of ~50 Pa. Additionally, the stress due to the sample’s
own weight was ~100 Pa. Our results in compression will
show that this material exhibits an osmotic pressure that is an
order of magnitude larger than these stresses. As such, little
to no water can flow out of the samples due to these normal
stresses. Additionally, capillary effects from adhesion to the
upper grip prevented the CNF gel from spreading over the
course of the experiment. Hence, although the normal stress
through the thickness was nonzero during the shear experi-
ments, itremained constant during each experiment, meaning
effects on the shear relaxation modulus are expected to be
negligible, and as will be shown later, the resulting strain
field was still largely in a state of simple shear.

The prepared CNF gels had heights in the z-direction rang-
ing from 4 to 8 mm. The gels had rectangular cross-sections,
with lengths in the x-direction ranging from 14 to 22 mm
and widths in the y-direction were 13 mm. The gels covered
the entire contact between the upper and lower grip, mean-
ing the contact area was constant over time, which prevented
elastocapillary effects. The faces of the gels were speckled
with iron powder (Alfa Aesar, 7439-89-6) using a 100 um
cell strainer. The iron powder was not mixed into the CNF
gel, to avoid affecting the response of the sample in shear.
Other materials for speckling were tested, and iron powder
was found to produce the highest quality pattern for DIC anal-
ysis. The particle size of the iron powder was approximately
44 um, which is small compared to the CNF gel dimensions
described above. A representative image of a CNF gel speck-
led with iron powder is shown in (Fig. 2(c)). Visual analysis
showed an average pattern feature size of approximately 5 x
5 pixels.

All images of the speckled CNF gels were taken with an
Alvium Allied Vision optical monochrome camera (1800 U-
511m, 5.1 megapixel) with an exposure time of 0.75 s and a
Techspec UC Series lens (12 mm focal length, 70.3 mm field
of view, 160 mm SOD). The Vimba-X image acquisition soft-
ware (Alvium) was used during imaging. Each experiment
lasted for 3 hr, with images being taken every 30 min after
deforming the CNF gels. To improve image quality, the faces
of the gels that were imaged were first flattened with a plastic
spatula before speckling, which slightly reduced variability
in the measured strain. A ring light was used to illuminate

the speckled gel face, with a polarizing film sheet in between
it and the camera to avoid reflections from the gel. Adding
Kimwipes around the enclosure and in front of the polarizing
film helped diffuse the light. All images were imported into
ImageJ and Matlab for post-processing.

To avoid potential errors caused by strain localization in
these experiments, the displacement and strain fields were
quantified using two-dimensional DIC, using the Fast Iter-
ative DIC algorithm [34] to compare each image in the
deformed state to the undeformed configuration. The Fast
Iterative DIC algorithm uses a first order shape function to
quantify displacements. Strain fields were computed from the
displacement gradient, which was calculated by convolution
with a5 x 5 kernel [35].

The DIC noise floor was quantified by computing strains
on an unloaded CNF gel. In each experiment, two consecu-
tive images of the CNF gel speckled with iron powder were
taken. Representative strains &,, and &,,, which were com-
puted from the displacement field from DIC using 64 x 64
pixels (& 1.07 x 1.07 mm?) subsets, are shown in (Fig. 2(d)).
Histograms of the quantified strains using a subset size of
64 x 64 pixels are shown in (Fig. 2(e)). For this subset size,
the maximum magnitude of shear and normal strains were
both approximately 0.1%, and the standard deviations were
0.03% strain. The standard deviation of strain was also com-
puted for many subset sizes, which decreased with increasing
subset size (Fig. 2(f)). The noise floor was computed for every
experiment, and the data shown in (Fig. 2(d—f)) is represen-
tative of the results from multiple experiments. A subset size
of 64 x 64 pixels (& 1.07 x 1.07 mm?) and spacing of 16
pixels (= 0.27 mm) was chosen for all experiments. The cor-
responding level of noise, ~0.1% strain, is acceptable as the
smallest magnitude of strain applied in the experiments was
~2%. Strain data was acquired for the middle 80% of the
field of view in each image. Strain data corresponding to the
top or bottom 10% of the field of view was discarded.

Triaxial Compression Experiments

The objective of our second experimental approach was
to study the time-dependent response of the material to
changes in volume. Producing a change in only volume,
with no change in shape, is not feasible for this material
given the water inside it. Hence, we adapted a recently pub-
lished approach, which uses a thin sample and compresses it
between rigid parallel plates [36—38]. A sketch of the exper-
iment is shown in (Fig. 3(a)). The plate beneath the CNF
sample was rigid and fixed. The upper plate was moved down-
ward in the z direction, compressing the sample. Assuming
the presence of friction between the sample and plates, the
displacements in the x and y directions can be assumed to
be zero, which in turn means that the strains €., and ¢, are
approximately zero. Therefore, this experiment produced an

SEM
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Fig.3 Schematic of triaxial compression experiments on CNF gels. (a) Cartoon of a CNF gel of initial height .o under no loading. (b) Cartoon of
the CNF gel subjected to a compressive force. There is slight bulging at the sides, and the height of the gel during the experiment is denoted as A.
(c) Representative image of a CNF gel mixed with food coloring under a compressive stress, showing bulging at the sides

approximately plane strain condition, except at the edges of
the sample, where the sample can potentially bulge outwards
(Fig. 3(b)). By St. Venant’s Principle, errors caused by these
edge effects are confined to a region of size approximately
equal to the sample height # = 1 mm, and the errors will
have negligible impact on the results if the sample diame-
ter is large compared to the height. In these experiments, the
diameter was 18 mm, meaning that by St. Venant’s Principle,
the central ~16 mm of each sample was unaffected by the
boundaries. To verify that the friction between the samples
and grips were adequate to prevent slip, an image of a sample
was captured, showing bulging at the sides and no bulging
at the top or bottom (Fig. 3(c)), which verifies the that the
sample was under an approximate state of plane strain.

If the sample were isotropic, linear, and elastic, the nor-
mal stresses in the x and y directions would be equal and
related to the normal stress in the z direction according to
Oxx = Oyy = 0;[v/(1 —v)], where v is Poisson’s ratio. For
an incompressible material (v = 0.5), oxx = 0y, = 0, and
this experiment produces a state of hydrostatic pressure. As
the data will show, the CNF gels used here have finite com-
pressibility (i.e., v < 0.5), for which |oyy| = [oyy| < |0],
meaning the stress state in the experiments will not be hydro-
static pressure but will nevertheless be a state of triaxial
compression. Finally, because the boundaries along the cir-
cumference of the sample are traction free, the stress state is
altered near the boundaries, but St. Venant’s Principle again
suggests that errors would be negligible for samples with
large diameter compared to height.

The device used in this experiment was a rheometer
(Kinexus Ultra+, Malvern), with a parallel circular plate
geometry of diameter 18 mm. Samples were approximately
1 mm in height; the large aspect ratio (18:1) ensured triaxial
compression as described above, and also slowed the rate of
evaporation. The large aspect ratio also means that effects of

the boundary on the stress state, as described above, will be
negligible. The circular shape of the sample also prevented
elastocapillary effects during the experiment. CNF gels were
placed between the rheometer plates, and allowed to rest for
a few minutes before beginning each experiment. A constant
compressive force was applied for up to 1 hr, and the sample
height was measured over time. This experiment was a load-
control experiment, because the boundary conditions cause
a change in both shape and volume. For a hypothetical sam-
ple that is thin and in the incompressible limit, the volume
change is constrained to zero, meaning it would be fully rigid
under this loading. Use of displacement control under these
conditions would cause a very large force that could damage
the load cell in the rheometer.

The engineering stress o, was computed by dividing the
force by the sample area, and the engineering strain was
computed from the sample height at each time point. This
procedure was repeated for a range of applied stress from as
small as 11 Pa to as large as 15 kPa, depending on the wt%
of CNF in the sample. A different CNF sample was used for
each applied compressive force. The experimental procedure
was repeated for samples with CNF concentrations ranging
from 0.95 to 5.0 wt%.

Results and Discussion

Shear Strain, Heterogeneous Strains, and Sample
Size Independence

In response to shear, CNF gels undergo strain localization
and shear banding [17, 28], which prevents use of standard
equipment such as rheometers. To overcome this challenge,
we applied shear to CNF while quantifying the strains by
DIC. Images of shear strain &,; for different samples are
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shown in (Fig. 4(a-b)). The results showed that ¢, varied
over space, with fluctuations sometimes equal to about half
of the maximum strain in the field of view. These fluctuations
were unlikely to be the result of noise, because the noise floor
was much smaller (~0.1% strain, Fig. 2(d—e)) and the spatial
sizes of the regions of smaller and larger strain in (Fig. 4(a-b))
were visually larger than those in the noise floor experiment
(Fig. 2(d)).

To determine whether the fluctuations in strain caused slip
between the grips and samples, we quantified the spatial dis-
tribution of strain, focusing on the distribution through the
height (i.e., through the z direction). To this end, we computed
a mean of DIC-measured shear strain across the x direction
for each sample to obtain curves against z position. Data
were plotted by normalizing the mean shear strain against
the maximum value of each data set (Fig. 4(c)). The maxi-
mal value of mean shear strain frequently did not occur near
the bottom or top of the sample, indicating little apparent slip
at the grips. Next, we computed a mean of the DIC-measured
shear strain over all space, £,.. (Hereafter, we use the over-
bar to indicate a mean over space.) For the different CNF
samples, €., was plotted against the applied strain, defined
as e = §/(2h), with § being the displacement applied
by the micrometer (Fig. 4(d)). (The factor of 1/2 is used to
be consistent with our definition of shear strain, which is
&x; = (0u/dz + dw/adx)/2, with u and w being the dis-
placements in the x and z directions.) The data were linearly
proportional, and a linear regression gave a slope with a 95%
confidence interval of 0.97 + 0.31 (R? = 0.83), which is
close to unity. Hence, the strain experienced by the material
was close to the strain applied by the shearing device, indi-

a |Z
L" £ (%) ¢

cating little apparent slip at the grips and no systematic shear
banding in these experiments.

As aresult of strain localization, prior reports have shown
that the apparent modulus of CNF depends on sample thick-
ness [17, 28]. If our experimental approach has effectively
resolved the effects of strain localization, then the results
should not depend on sample height. Therefore, we per-
formed stress relaxation experiments for samples having a
range of heights, varying from 3.63 to 7.75 mm. Approxi-
mately 9-10% &32° was applied to all samples. Because we
applied and held a fixed displacement on the top surface of
the gel, if the gripping was effective, there would be a mini-
mal change in the mean shear strain &, over time. The shear
strain was averaged over space for each sample and each time
point. The results showed that £,, changed by no more than
1% over the duration of the experiment (Fig. 5(a)), which
was caused by rotation of the upper grip, as described in the
Methods section. We also quantified the spatial mean of the
normal strain in the z direction, &_;, at each time point for
each sample, which decreased by a couple percent for each
gel over the course of 3 hr (Fig. 5(b)). This change in &, is
likely due to evaporation of water, as the relative humidity
was not 100%.

Next, the shear relaxation modulus G (r) was quantified by
dividing the time-dependent shear stress o, () by the mean
shear strain £,;. As &, was not exactly constant with time,
the relaxation modulus G (¢) can only be an approximation,
but since &, varied by no more than 1% in time, errors in
G (t) are expected to be on the order of a few Pa. For the com-
putation, we chose to use the DIC-measured value of &, at
each time point, rather than the initial value of & ;. Given that
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Fig. 4 Spatial variability of strain in sheared CNF gels. (a—b) Shear strain fields in two representative CNF gels. The spatial variability in strain
appears to be independent of sample height. (¢) Shear strain normalized by maximum shear strain plotted against distance from the upper grip
normalized by sample height shows no correlation, indicating no systematic shear banding and little apparent slip at the grips. (d) Shear strain in
the gel quantified from DIC and averaged over space plotted against shear strain calculated from the displacement of the micrometer. The linear fit
has a slope of 0.97 (with a 95% confidence interval 0.31), which is near unity, indicating minimal slip at the grips
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Fig.5 Confirming sample size independence in CNF gels subjected to shear strain with the custom loading device. (a) Mean shear strains in all
CNF gels changed by no more than 1% over 3 hr. (b) Mean normal strain in the z-direction decreased by no more than 3% strain over 3 hr. (c-d)
Relaxation modulus G (¢) plotted against time on (c) semi-log axes and (d) log-log axes

the temporal resolution of the shear stress data was higher  at long times. While this magnitude seems small, gels of
than that of the DIC-measured shear strain, values of the biological fibrils such as collagen, fibrin, and vimentin at
mean shear strain &,, were interpolated between measured  similar fibril concentration have shear moduli in the range of
time points. Figure 5(c) and (d) display the relaxation mod- 0.01-0.1kPa [40-42]. As above, there was notable variability

ulus against time on semi-logarithmic and logarithmic axes, in G(t), by about a factor of two, between different samples.
respectively. The data varied between the different samples, = The data were not monotonic with applied shear strain. To
causing G (¢) to range by around 0.5 kPa. However, there was  study this observation more closely, we computed the shear
no clear relationship between relaxation modulus and sam-  stress at the # = 1 hr time point and plotted against strain

ple height, which was confirmed by a Pearson’s correlation  for each sample. The data were approximately linear, albeit
test between sample height and relaxation modulus G (¢) at  with some variability (Fig. 6(e)). These data indicate that for
the 1 hr time point (R = 0.11, p = 0.74). As a result, it the range of strains applied here (& 2-16%), the material
is unlikely that our experimental results depended on sample ~ behavior was approximately linear. While some literature
height, which is consistent with the results from Fig. 4, show-  reports that CNF gels of similar weight percent transition
ing little apparent slip at the grips. Instead, the variability of  to a fluid when subjected to shear strains at or above 10%
the observed G () likely comes from differences in the initial [15, 23], our data did not show a distinctly different behavior
microstructure of each sample after sample preparation, such  in relaxation modulus above this strain magnitude.

as fibril length, density, and orientation.

Effects of Pre-Conditioning on Relaxation Modulus

Relaxation Modulus at Varying Shear Strain
The data reported in Fig. 6 showed large sample-to-sample
Next, to test for potential nonlinearity, we subjected CNF  variation. Those experiments did not pre-condition the sam-
gels to varying magnitudes of shear strain and quantified  ples. Some prior studies of CNF gels have incorporated
the relaxation modulus using the procedure described above.  pre-conditioning by ignoring the first few cycles of oscilla-
Each experiment was performed on a different sample. As  tory loading or by pre-shearing the sample [8, 10, 13, 14, 17,
above, the spatially averaged value of shear strain £,; was 20, 30]. To determine if pre-conditioning reduces sample-
nearly constant in time (Fig. 6(a)), and did not change by  to-sample variability, we added a pre-conditioning step to
more than 1% throughout any experiment. The spatially aver- ~ our experimental procedure. After CNF gels were placed
aged normal strain €., changed only slightly over time by no  between the grips, we applied and removed a displacement at
more than 4% for all samples (Fig. 6(b)). The value of ., the upper grip, and immediately applied the same magnitude
was uncorrelated to the applied shear strain €y, indicating  of displacement again. The shear strain and relaxation moduli
that the nonzero values of &, were unlikely to be caused by ~ were quantified during the second loading. The results from
material behavior that couples shear and normal strains, as  these pre-conditioned CNF gels are shown in (Fig. 7(b)). The
can occur in nonlinear materials [39]. relaxation moduli G () showed some variability, varying by
The relaxation moduli G(#) of the CNF gels subjected to  tens of percent (Fig. 7(b)) compared to nearly 100% variabil-
the varying magnitudes of shear strain are shown in (Fig. 6(c) ity in the experiments without pre-conditioning in the same
and (d)). The shear relaxation moduli ranged from 0.4-0.8 range of shear strains (Fig. 7(a)). We repeated the experiment
kPa at short time scales and were on the order of 0.1 kPa  again, adding a 1 hr wait time after the pre-conditioning step
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to discern if recovery before the final loading would affect  (Fig. 7(a)). We note that while pre-conditioning can decrease
the variability in G(¢) (Fig. 7(c)). Even with a 1 hr wait time  variability between samples, the data presented in Fig. 6 may
after pre-conditioning, the variability in G(¢) was still lower ~ be more accurate for applications where pre-conditioning
than G (¢) of CNF gels that did not undergo pre-conditioning  cannot be performed.
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Fig.7 Effects of pre-conditioning on sheared CNF gels. (a) Relaxation moduli of CNF gels that did not undergo pre-conditioning. (b) Relaxation
moduli of pre-conditioned CNF gels with no wait time between pre-conditioning and the stress relaxation experiment. (c¢) Relaxation moduli of
pre-conditioned CNF gels with a 1 hr wait step between pre-conditioning and the stress relaxation experiment
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Fitting Relaxation Modulus to a Constitutive Model

The data of relaxation moduli G(¢) (shown in Figs. 5-7)
were plotted on both semi-logarithmic and logarithmic axes.
The curves of G(r) were not straight lines on either set of
axes, meaning G (¢) did not decay as a simple exponential
or power law. To identify an effective constitutive model for
fitting the data, we considered a modified form of the standard
linear solid, with the viscous element replaced by a fractional
derivative element [43]. The stress relaxation behavior of this
model is given by

G(t)= A — B(t/7)"

where A, B, 7, and n are fitting constants, with n indicating
the order of the fractional derivative. Only three of the four
fitting constants are independent. To perform the fitting, we
rewrote the equation as

log(A — G(t)) = nlog(t) + (log(B) — nlog(t))

We noted that A = G (0). Given that one constant must be
chosen arbitrarily, we defined B = A/2, in which case the
constant t will indicate the time for the CNF gel to relax
to half of its initial modulus. The remaining two constants
were then determined by a linear least-square error fit. Fig-
ure 8(a) shows a representative relaxation modulus data set
plotted along with the fitted constitutive model. Fitted values
for the three independent constants are shown in (Fig. 8(b—
d)). The fitting constant A = G (0) ranged from 0.4—1.1 kPa
(Fig. 8(b)). The characteristic relaxation time t for CNF gels
that were not pre-conditioned increased with increasing shear
strain, from ~25 min to ~45 min (Fig. 8(c)). This positive
correlation was statistically significant, as confirmed by a
Pearson’s correlation test between shear strain and charac-
teristic relaxation time (R = 0.72, p = 0.008). Interestingly,
7 in CNF gels that were pre-conditioned was between 45-90

min, larger than in gels without pre-conditioning. This obser-
vation indicates that pre-conditioning may have caused some
initial reconfiguration of the microstructure. The power n did
not show a notable change with increasing &,,, and was in
the range ~0.20-0.35 (Fig. 8(d)), which indicates relaxation
over many decades in time.

Triaxial Compression and Compliance

The next experiment performed to quantify mechanics
of CNF gels subjected them to triaxial compression. As
described in the Methods section, thin samples were com-
pressed between parallel plates, which produced compressive
stresses in all directions. The experiment was load controlled,
and the creep compliance J () was quantified by dividing the
engineering strain &,,(¢) by the applied stress o;.

In Fig. 9, data are shown for a representative set of tests
on a CNF gel of 1.99 wt%. Tests were performed at varying
applied stress, ranging from ~0.1 to 4.5 kPa. Interestingly,
the data showed notable differences at low applied stress
(< 2 kPa) compared to high (> 2 kPa). At low applied
stress (Fig. 9(a)), the creep compliance increased over time.
This increase on logarithmic axes was approximately linear
for time points # > 10 min, denoting a power law relation-
ship with a mean slope of approximately 1.2. Additionally,
the creep compliance at long time decreased monotonically
with applied stress, indicating nonlinear material behavior.
At high magnitudes of applied stress (Fig. 9(b)), the behav-
ior in time was different—the slopes of the curves were
much flatter, indicating a smaller change in the creep com-
pliance over time. Additionally, for stresses in the range of
~3.5-4.5 kPa, the creep compliance was nearly constant over
time. Hence, the CNF gels of 1.99 wt% exhibited differ-
ent mechanical behaviors for compressive stress below and
above 2 kPa. To plot the results for varying applied compres-
sive stress together, the compressive strain of each CNF gel
at the 1 hr time point was plotted against the compressive
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T increased from ~25 min to ~45 min with increasing shear strain in CNF gels that were not pre-conditioned. (d) Exponent for (z/7)" in all CNF

gels tested was approximately 0.20-0.35 across all shear strains

SEM



Experimental Mechanics

a b c
Applied Compressive Stress < 2 kPa Applied Compressive Stress = 2 kPa 100
10 10"
£ 80 * .
= = <
© © o ®
g o — ]
N S — o 60
I
5 o2 S 102 // é
= = o
N N = 40 °
N N o [ )
|T o,, (Pa) :f o, (Pa) g
= 118 = —2000 O .
S 248 S —3140 F 20 ¢ o
— 499 —3400 2o
10 — 1000 10 3850 i
1800 4490 0
100 o 10 10 0 051 152 253 35 4 45

t (min)

Applied Compressive Stress (kPa)

Fig. 9 Response of CNF gels of 1.99 wt% to triaxial compression. (a, b) Compliance J () of CNF gels of 1.99 wt% is plotted against time on
logarithmic axes for applied compressive stress below 2 kPa (a) and above 2 kPa (b). At low applied stress (a), in the first 10 min the gel resisted
deformation, shown by J () fluctuating with no notable increase in magnitude. After around 10 min, the compliance increased over time. At long
times, the compliance decreased with increasing stress. (b) At higher applied stresses, J (¢) plateaued quickly, and there was no notable increase or
decrease as applied stress increased. (¢) Final compressive strain versus applied compressive stress plotted on linear axes for CNF gels of 2 wt%

concentration

stress (Fig. 9(c)). Although the resulting data was approxi-
mately linear, it was offset from the origin at small applied
stress. The compliance J(¢) in (Fig. 9(a-b)) can be under-
stood as a secant compliance, meaning that J can be observed
in (Fig. 9(c)) by taking the slope of a line drawn from the ori-
gin to a data point on the plot. Therefore, the offset from
the origin at small stress creates a pronounced nonlinearity,
which is most notable at smaller values of applied stress, as
observed in (Fig. 9(a)).

The different mechanics above and below a critical stress
can be explained by the fact that these boundary conditions
change both the shape and the volume of the material. Given
that the water in the CNF gels is incompressible, volume
change requires the water to drain from the gel, which occurs
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readily after the gel’s osmotic pressure is exceeded [36]. Sim-
ilar observations have been made in other hydrogels, such
as polyacrylamide [36-38]. To study the effect of osmotic
pressure, we followed the procedure proposed by Ref. [36],
which plotted the compressive strain against stress. Because
the creep compliance data in our experiment depended on
time, we chose to use the strain and stress at the 1 hr time
point of each test. We performed experiments for five con-
centrations ranging from 0.95 to 5 wt% (Fig. 10(a)). Results
of compressive strain against applied compressive stress at
the 1 hr time point are reported in (Fig. 10(a)). Across all
concentrations, two distinct regimes were present, consis-
tent with the two distinct behaviors in compliance shown in
(Fig. 9(a) and (b)). In the first regime, the slope of compres-
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Fig. 10 Quantifying osmotic pressure in CNF gels of various concentrations. (a) Compressive strain at the final time point (defined as the 1 hr time
point of each experiment) is plotted against applied compressive stress on semi-log axes in CNF gels of five different weight percentages. Each
point represents an independent sample. Error bars represent standard deviation over the final 5 min. The vertical error bars are sometimes smaller
than the data points in the plot. (b) Measured osmotic pressure plotted against concentration on logarithmic axes for data acquired after 5 min and

1 hr of applied stress
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sive strain against applied compressive stress was flatter than
in the second regime, indicating less compliance (i.e., greater
stiffness) in the first regime compared to the second.

By visual inspection of the samples during these experi-
ments, we observed that in the first regime, water did not flow
out of the gels, whereas in the second regime it did. These
qualitative observations support the idea that the transition
between regimes is caused by exceeding a critical osmotic
pressure. To gain further intuition for this behavior, we calcu-
lated the Poisson’s ratio that an isotropic, linear, and elastic
material would have under these boundary conditions. We
note that it is unknown how isotropic the CNF gels tested
here are, the CNF gels are viscoelastic rather than elastic,
and deformations are finite, meaning that this calculation will
give only a rough approximation for the apparent Poisson’s
ratio of CNF gels, but it is nevertheless informative as an
indicator of how close to incompressible the CNF gels are
in the two regimes. For the calculation, we used the data of
strain against stress (Fig. 10(a)) and the data from Fig. 6 on
the shear modulus at the same 1 hr time point. These data,
plus the constitutive relationship for an isotropic, linear, elas-
tic material allow for computing the approximate Poisson’s
ratio. In the first regime of strain response in (Fig. 10(a)), the
approximate Poisson’s ratio across all samples was = 0.49,
nearly equal to the incompressible limit of 0.5. For the second
regime, the approximate Poisson’s ratio was &~ (.37, indicat-
ing that in this regime the material was compressible, which
is consistent with the explanation posed above, that water
drains from the gel after the osmotic pressure is exceeded.
To gain a sense of the stress state during this experiment,
we computed v/(1 — v), which, as described in the Methods
section, is equal to the ratio of the in-plane stresses to the
applied normal stress for a isotropic, linear, elastic material.
From the approximate Poisson’s ratios stated above, the ratio
is & 0.96 in the first regime, which is close to unity, indi-
cating a nearly hydrostatic state of pressure. In the second
regime, the ratio is & (.58, which indicates the stress state
is not hydrostatic but is nevertheless triaxial.

We next quantified the osmotic pressure by measuring the
transition point between the two regimes. To this end, we used
least squares fitting to fit lines to the data in each regime,
and quantified the osmotic pressure as being equal to the
magnitude of compressive stress at the intersection between
the two lines [36]. This procedure was repeated for all sam-
ple concentrations, and the results are shown in (Fig. 10(b)).
The results indicate that the osmotic pressure increased with
increasing fibril concentration, which is similar to prior stud-
ies of other gels [36, 37]. Finally, recognizing that these data
used the 1 hr time point, we repeated the analysis for a differ-
ent time point to verify that the relationship between osmotic
pressure and concentration does not depend substantially on
time. We used a time point of + = 5 min, and computed
osmotic pressure for each sample. The trends in the data at

SEM

the 5 min time point were largely the same, indicating that the
osmotic pressure does not depend on time, but does depend
on concentration (Fig. 10(b)).

Conclusions

We have described experimental approaches to quantify the
time-dependent mechanics of CNF gels. Our methods were
designed to address two major challenges in working with
this material. First, the material undergoes shear thinning and
strain localization, which causes results to depend on sam-
ple size. Secondly, most prior work has viewed the material
as a fluid, which complicates understanding of elastic stor-
age of energy and has focused primarily on the mechanics
in response to changes in shape rather than volume. We also
summarize additional complications in working with CNF
gels, namely nonlinearity, elastocapillary behavior, evapo-
ration, swelling in the presence of water, and dependence
on osmotic pressure. The experimental methods described
here address these numerous complications, and the data
provide insight into time-dependent mechanical behavior in
response to changes in both shape and volume. The results
from shear stress relaxation experiments indicate a viscoelas-
tic relaxation time scale on the order of tens of minutes
and a reasonable fit to a fractional derivative model. The
results from the volume changing experiments suggest that
creep compliance changes on the order of hours and that the
mechanics depend on osmotic pressure, with the compliance
being substantially different below and above the osmotic
pressure.

It will be interesting to build on this work by identi-
fying how observations about the mechanics reported here
relate to the microstructure of the CNF gels. There are mul-
tiple interesting potential directions. For example, in shear,
the variability in the relaxation modulus of CNF gels that
underwent pre-conditioning was lower than that of CNF gels
that did not undergo pre-conditioning. It is possible that this
observation resulted from fibrils aligning in the direction of
shear during the pre-conditioning step. As another example,
fibril aggregation may be the underlying cause of the spatial
heterogeneity in strains observed in the experiments. Testing
these ideas will require developing experimental approaches
that visualize the microstructure during loading, which is yet
another important future direction.
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