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various confinement geometries, enabling optimiza-
tion of the long-range order within the microstructures 
formed. The confinement involved the planar capillary 
(with a rectangular cross-section)formed between two 
glass substrates with silicone boundaries. The impact 
of temperature, width and thickness of the capillary 
plane on self-assembly of the  micro-scaled lamellar 
structures was evaluated. Thinner capillaries and lower 
temperatures were found to considerably improve long-
range order and increase the frequency of the periodic 
microstructures formed. The drying process was moni-
tored by rheological analysis, which showed an initial 
fast drying followed by slow drying due to the hindered 
diffusion through lamellae. The adhesive properties of 
the formed  superstructures were evaluated. The shear 
strength was shown to depend on the orientation of 
the superstructures and therefore of the CNCs. About 
4 MPa adhesion strength was obtained when the lamel-
lar superstructures were perpendicularly aligned with 
respect to the in-plane force applied, while ca. 3 MPa 
adhesion was obtained for parallel alignment. The 
experimental framework described herein enabled the 
evaluation of the impact of the dimensions of a dry-
ing meniscus on self-assembly of anisometric colloids 
while also linking cellulosic assemblies with their 
interfacial supramolecular interactions. This simple 
framework brings forward the possibility to correlate 
the behavior of nanometric objects with micro- and 
macro-scaled observations, e.g., macro-scaled mechan-
ics of adhesion.

Abstract The self-assembly of cellulose nanocrystals 
can tether their interfacial interactions and the associ-
ated properties of their constructs. For instance, assem-
blies of highly aligned cellulose nanocrystals (CNCs) 
bear improved mechanical strength, barrier proper-
ties, and piezoelectric response. In this study, the self-
assembly of CNC superstructure was assessed under 
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Introduction

The interfacial interactions and long-range order of 
polysaccharides and other natural biopolymers have 
numerous implications ranging from the fabrica-
tion of adhesives with a controlled end of life to the 
formation of composites, including those obtained 
via additive manufacturing (Yang et  al. 2020; Li 
et  al. 2021a; Tardy et  al. 2021). Of particular inter-
est, the nano-scaled supramolecular constructs of 
cellulose, namely nanocelluloses, are key building 
blocks towards the fabrication of sustainable materi-
als (Ajdary et al. 2020; Li et al. 2021b). Their aque-
ous processing has been widely studied, which has 
resulted in a wide range of studies towards their 
implementation as coatings, nanocomposites, porous 
low-density constructs, etc. (Klockars et  al. 2019; 
Tardy et al. 2019; Yang et al. 2020). Controlling their 
long-range order also enables the optimization of a 
range of properties including piezoelectricity (Wang 
et  al. 2020), mechanical strength (Wang et  al. 2017; 
Mittal et  al. 2018), optical properties (Parker et  al. 
2018; Wang et al. 2018; Kaschuk et al. 2022), barrier 
properties (Chowdhury et al. 2019), or anisotropy of 
mechanical response (Siqueira et al. 2017).

In a previous study, self-assembled CNC super-
structures were formed by evaporation induced self-
assembly between two glass substrates. The obtained 
structures showed excellent adhesive properties, with 
a dry strength comparable to commercial synthetic 
adhesives (Tardy et al. 2020). The variables affecting 
superstructure formation were broadly evaluated as a 
function of atmospheric conditions. For instance, at 
high humidity an increase in wetting resulted in an 
increase in capillary forces between the two adhered 
substrates and resulted in smaller and more frequent 
microstructures formed (Tardy et al. 2020). Quantifi-
cation of the impact of assembly parameters was pre-
viously limited due to the lack of confinement of the 
assembly configuration. For instance, previously, the 
relationship between CNC contact area and adhesion 
was elucidated. However, the impact of orientation 

of CNCs was unclear. Isolation of the variables relat-
ing to superstructure formation was herein improved 
by limiting the assembly to two drying edges instead 
of four by applying silicon grease to two of the four 
edges of the drying bond. This is reminiscent of sin-
gle capillary tube assembly, while bearing a higher 
degree of freedom in designing the assembly config-
uration (Cherpak et al. 2018; Kim et al. 2021). There-
after, assembly and long-range order were evaluated 
as a function of three different variables, namely, 
volume assembled, distance between substrates, and 
drying temperature (Fig. 1). Finally, we evaluate the 
adhesion strength as a function of orientation of the 
superstructures. Surprisingly, the supramolecular 
interactions occurring from the cellulose chains pre-
sent on the colloids had a strong directional depend-
ence, which matched well to the directional anisot-
ropy of the coefficient of friction previously reported 
at the nanoscale. The results provided herein show 
that the interfacial interactions can be finely tuned 
and scaled from the cellulose macromolecules up 
to the cm-scale of the adhesive bonds. Additionally, 
the variables explored herein such as temperature 
and assembly configuration, offer another important 
handle to tether superstructures formation and long-
range order of bio-colloidal assemblies.

Results and discussion

The main experimental methodology is described 
in Fig. 1. Restricting the confined assembly resulted 
in well-ordered micro-scaled, filament-like, lamel-
lae as can be seen across the manuscript. In the fol-
lowing experimental framework, the formation of 
superstructured lamellae occurs by sequential frac-
tures of the consolidating CNC gel as a result of the 
drying stresses (Tardy et  al. 2020). The stresses are 
a result of the capillary forces arising in the reced-
ing drying front. Inhomogeneity in concentration of 
CNCs along the receding front result in a gradient of 
stresses. Thereafter, the occurrence of fractures and 
their pattern (e.g. spacing and width of the lamellae) 
is directly proportional to these stress-fields that are a 
function of concentration.
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Impact of thickness on confined assembly

The first experimental framework evaluated the 
impact of the distance between substrates, which 
directly affects the thickness of lamellae. With 
decreasing thickness, capillary forces increase due 
to the increased Laplace pressure caused by a reduc-
tion in the radius of curvature of the meniscus at the 
drying front. The areal density was varied between 
0.2 and 1  mg   cm−2, which refers to the amount of 
dry  CNCs (from 5.5 wt% CNCs suspension) added 
with respect to the area initially covered by the sus-
pension. Eight different thicknesses were studied (see 
Table S1) ranging from 37 to 174 µm to obtain trends 
on the impact of confinement in that range. As exem-
plified in the two micrographs included in Fig.  2a, 
thinner specimens resulted in higher initial contact 
area, corresponding to the area where lamellae are 
formed, and higher total amount of lamellae (Fig. 2b). 
The number of fractures increases exponentially with 
increased contact area, while it decreases exponen-
tially with thickness (see Fig. 2b). The total number 
of fractures vs. the initial covered area and thickness 
were fitted using Eq. 1 and 2, respectively (see exper-
imental section). Since initial covered area and thick-
ness are related, the obtained parameters are inter-
related. The parameters A and  A1 relate to the limits 
of the number of lamellae vs. initial covered area and 
thickness respectively. Meanwhile, the parameters t 

and  t1 indicate the strength of the independent vari-
able compared with the change in the number of 
lamellae. These parameters suggest a maximum num-
ber of lamellae, around 1450, when approaching con-
tact (thickness of 0), which suggests an upper bound 
for the number of fractures. The good quality of the 
fits suggests that a higher alignment and a smoother 
concentration gradient are observed for thinner sam-
ples from their outer edge to the inner receding front, 
leading to more frequently occurring fractures within 
the nematically oriented gel intermediately formed. 
This is surprising as thicker samples would experi-
ence higher capillary flows, due to a higher evaporat-
ing area, and points to the fact that alignment occurs 
more pronouncedly for higher capillary pressures, 
as associated with the smaller meniscus of thinner 
samples.

Lamellae were not evenly distributed within the 
whole area. Generally, a higher concentration at the 
edges was found when compared with the center 
(Fig.  2c), which suggests that localized evaporation 
rate plays a significant role. Thicker samples had lower 
total fractures, and a lower density of fractures as well 
(Fig.  2c). Furthermore, a better alignment was also 
observed for thinner samples as indicated by a higher 
birefringence intensity when the samples are observed 
between polarizers. This indicates that fracture of the 
consolidating gel into microstructures also occurs 
as a function of the alignment—perpendicularly to 

Fig. 1  Schematic of the drying configuration (left) and super-
structures formed (right – as described in the magnified insets), 
wherein CNCs are aligned alongside microstructures (or 
lamellae) that formed perpendicularly to the drying front and 
containing aligned CNCs. The drying front is restricted to the 

area defined by the width “w” and thickness “t”. Variables con-
sidered in this study, such as temperature and geometry of the 
assembly configuration, prior to confined evaporation induced 
self-assembly (C-EISA), are highlighted (temperature, width, 
length, thickness)
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the drying front—as previously observed and asso-
ciated with the path of least resistance (Tardy et  al. 
2020). Thereafter, the confined gel contracts towards 
its center point. In summary, higher alignment is 
expected to lead to more fractures, which are more 
closely spaced to each other’s.

Further analysis of the corresponding histo-
grams of the CNC lamellae width and inter-lamel-
lae space distributions were also plotted, (Figs. S1 
and S2, respectively). A general trend of narrower 
width and higher lamellar frequency with thin-
ner specimens can be extrapolated (Fig. S3). This 
trend can also be more clearly observed by analyz-
ing the modes (or maximas), as obtained from the 

log-normal distributions, for both total quantity of 
lamellae and inter-lamellae distances as a function 
of thickness (Fig. S4). For inter-lamellae distances, 
the lamellae width was generally maintained, except 
for the thickest sample, which exhibited the largest 
mode for free spaces (Fig. S4).

Overall, thinner samples yielded smaller lamellae 
that were more closely spaced. For thicker samples, 
an increase in the disorder of the CNCs potentially 
prevented fracture generation and propagation, which 
would result in a larger contraction of the gels upon 
rupture. In conclusion, the generation and propaga-
tion of fractures was most pronouncedly related to 
alignment of the bio-colloids and secondarily to the 

Fig. 2  a Schematic representation of the initial covered area 
(wet on top-left and dry at the bottom-left schematic) result-
ing from varying thickness (t) exemplified with two samples 
(right, thicknesses of 174 μm and 60 μm) as imaged between 
cross-polarizers where a higher intensity denotes a higher bire-
fringence of the assembled layers. On the bottom-left scheme, 
lamellae are represented in yellow and fractures are the spaces 

between lamellae. Note that the silicone is not present in the 
imaged areas and would be visible on the left- and right-hand 
sides of the bottom micrographs. Lamellae have been num-
bered to illustrate the lamellae count. b Number of fractures 
according to both initial covered area and initial thickness. c 
Number of fractures vs. distance from the edge at different ini-
tial thicknesses
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concentration gradient present. Surprisingly, for thin-
ner samples, this gradient seemed quite homogene-
ous as associated with the narrow dispersion of inter-
lamellae distance (60 to 90% within 2–5  µm) and 
lamellae width (40% between 10 and 16 µm).

Impact of temperature on confined assembly

Temperature effect on the superstructure assem-
bly was evaluated by applying different tempera-
tures to specimens at an initial areal density of CNCs 
of ~ 0.5  mg   cm−2, within the temperature range of 
4–80 °C. All the samples evaluated were included in 
Table S1, while some micrographs of the superstruc-
tures are displayed in Fig. 3b. In these images, it can 
be clearly observed that an increase in drying tempera-
ture led to a reduction in lamellae formation (Fig. 3a), 
where a maximum at room temperature was clearly 
noticeable. Large decreases were observed in the 
number of fractures when approaching the extreme 
temperatures (low and high), even more pronounced 
when the lowest temperature was considered. At high 

temperature, reduced capillary forces (due to lower 
humidity and decreased surface tension) and higher 
drying rate prevented formation of a large contact area, 
while at low temperature slow self-assembly resulted 
in a more continuous layer instead of fractures being 
generated. A lower number of fractures is indicative 
of a homogeneous stress across the drying dispersion, 
which may indicate a more homogeneous dispersion 
concentration as associated with the slower evapora-
tion at lower temperature. The latter is reminiscent 
of what was observed in circular capillary assembly 
(Cherpak et  al. 2018). Nonetheless, even though the 
number of lamellae was lower for higher tempera-
tures, a generally higher concentration of lamellae at 
the edges was observed (Fig. 3d), with higher birefrin-
gence colors (Fig. 3b). The different fractures densities 
allow an easier visualization, as exhibited in Fig. 3c.

The distribution of lamellae widths and spacings 
displayed similar characteristics as for the thickness 
study (Figs. S5–S7). Fig. S8 shows modes for both 
lamellae and spaces width, analyzing maximum per-
centage of occurrence at the mode as well. Not only a 

Fig. 3  a Number of fractures vs assembly temperature. b 
Micrographs obtained between cross-polarizers of specimens 
assembled at three different temperatures, with frames color 
coded respectively referring to the labels of (a). The upper 

image set is a magnification of the lower image set. c Fracture 
density at different temperatures. d Number of fractures in 
relation to the distance from the edge at different temperatures
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lower number of CNC lamellae but also a significantly 
higher width were observed at 4 °C-drying temperature, 
getting a mode more than three times higher than the 
remaining samples. On the other hand, maximum rela-
tive percentage and mode remained fairly constant for 
the remaining drying temperatures. Nonetheless, inter-
lamellae spaces did show a clear trend, i.e., the higher 
the temperature, the higher the concentration of very 
small spaces. This has been explained by the faster dry-
ing rate, which also supports the higher concentration 
of CNC lamellae found at the edges (see Fig. 3c).

Effect of edges distance on superstructure formation

The impact of the width of the assembly was finally 
evaluated to highlight the impact of the non-drying 

boundaries. Thereafter, the initial areal density 
of CNCs (ca. 0.5  mg   cm−2) and thickness (ca. 
0.9  mm) were maintained. Four different specimen 
widths were tested, 5.74, 9.00, 14.70 and 25.80 mm 
(Table  S1). Homogeneity of the formed superstruc-
tures was gradually lost by decreasing specimen 
widths, whereas lamellae alignment and extension 
were also seriously compromised, which suggests a 
width threshold in order to generate CNC lamellae for 
the whole covered area. The quantity of lamellae pro-
duced was dependent on specimen width (Fig.  4b), 
which suggests a soft threshold to minimize edge 
effects. 1.5  cm of width corresponds to the onset of 
such threshold, which will be dependent on tempera-
ture and thickness as well. This highlights that wider 
samples result in a more pronounced concentration 

Fig. 4  Micrographs obtained between cross-polarizers of the 
lamellae superstructures obtained from the specimens with 
different initial widths. a Histograms of CNC lamellae widths 

as a function of specimen width. b The number of fractures in 
relation to the initial width
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gradient or in a higher alignment of CNCs, where 
the latter can be associated with a larger drying front 
and thus higher evaporative convection (Klockars 
et  al. 2019). Noticeably, narrower edges further cor-
respond to previous work on capillary assembly, 
where fractures were not observed as well (Cherpak 
et al. 2018). Interestingly, this trend is opposite to the 
one observed when varying thickness, where samples 
with higher length/width ratio (lower thickness) cor-
responded to higher alignment and better-organized 
fractures, which points to a narrow range of thick-
nesses where fractures develop efficiently. A decreas-
ing trend was observed in the number of fractures 
when reducing the width of assembly (see Fig. 4b and 
Eq. 3). The concentration of these lamellae was also 
very dependent on the distance to the edge, as can be 
seen in Fig. S9a. An exponential trend similar to that 
obtained for the number of fractures vs width speci-
men was shown, highlighting once more the impor-
tance of sufficient width to obtain fully-developed 
lamellae and proper drying (Fig. S9b).

Histograms from the developed samples with simi-
lar characteristics to those previously discussed were 
also analyzed for both lamellae and inter-lamellae 
spaces width (Fig.  4a & S10, respectively). In gen-
eral, the smaller the specimen width, the broader 
the log-normal distribution of both fractures and 
inter-lamellae spaces (Fig. S11). The homogeneity 
usually observed gets seriously compromised when 
the narrowest sample is considered, as the outliers 
observed in histograms confirm (unusual significance 
of lamellae width around 6–7 and 13–14 microns). 
Narrower samples also exhibited higher values of the 
mode (around 27–29 microns against 16–18 microns 
for the widest ones). Besides, a higher relative per-
centage at the modes was also observed for the wid-
est sample, i.e. around 74%, whereas only 28% was 
achieved for the narrowest one (see Fig. S12), high-
lighting the great homogeneity obtained at higher 
specimen width. Overall, a larger area for convection, 
i.e. a larger area at the drying front, enhances fracture 
occurrence and homogeneity.

The assembly configuration was also varied to non-
rectangular geometries by tilting the sample (Figs. 
S13 and S14). Lamellae formation was enhanced 
by wider and thicker drying edges, showcasing flex-
ibility in assembly configuration and resulting super-
structure formation with the self-assembly strategy 

described herein. The impact of gelation was also 
evaluated by rheological analysis.

Dynamics of lamellae consolidation

Viscoelastic functions, i.e., storage and viscous mod-
uli, can give insight on how elastic and viscous con-
tributions impact a liquid system. This is especially 
interesting for colloidal suspensions and complex 
mixtures. Likewise, following their evolution through 
a determined process or with time is generally of a 
high interest. Therefore, the drying of the CNC sus-
pension was monitored by time sweeps at differ-
ent gaps and pre-shearing conditions to simulate the 
impact of drying on alignment. As shown in Fig. 5, in 
general, a pronounced increasing trend for both mod-
uli was observed for the first 20–30 min, followed by 
an intermediate period where these moduli were kept 
fairly constant (30–300  min). In the case of larger 
gaps, the higher exposure to air led to faster drying, 
observed by the slightly higher values of both vis-
coelastic functions during the initial increasing trend. 
Afterwards, another small increase was noticed, 
finally reaching constant values during the remain-
ing of the test (> 1000  min). The first step may be 
governed by drying taking place at the edges, which 
is shown to be quite fast. Once the first lamellae are 
produced, they become a barrier for water losses from 
the sample, thus diffusion becomes the primary factor 
restricting drying and leading to the second regime. 
This fast toughening effect is explained by the fact 
that a higher number of fractures, with better align-
ment, are likely to be formed at the edges compared 
to the center of the geometry, due to the higher area 
of unhindered evaporation imposed by the setup. The 
final values are achieved once all water is released. 
It is worth mentioning that thickness did not demon-
strate any effect as long as it was small enough to let 
lamellae be properly formed, while a fast pre-shear-
ing led to a faintly small decrease in the final viscoe-
lastic moduli. The latter observation suggests that the 
alignment induced by evaporation was more critical 
than that induced by pre-shearing.

Adhesion

The adhesion results showed that high shear strength 
can be obtained in both parallel and perpendicu-
lar directions in relation to the lamellae alignment 
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(Fig.  6), with the out-of-plane adhesion being con-
siderably weaker due to the supramolecular nature 
of the interfacial interactions (Tardy et al. 2020). The 
data present a wide spread due to the brittle nature 
of the bond and the presence of defects, associated 
with imperfect alignment of the substrates. Of note, 
the upper boundaries are representative of the maxi-
mum adhesive strength as a function of orientation of 
the CNCs. Thereafter, the perpendicular out-of-plane 
adhesion was 73% higher than the parallel out-of-
plane adhesion as a result of stress distribution being 
uneven in a bent sample (i.e. more load applied to the 
tip of the bond when considering the in-plane length). 
In contrast, in lap-shear the stresses were homogene-
ously applied yet resulted in 30% higher strength for 
the perpendicular samples. These values match sur-
prisingly well, at the macro-scale, the anisotropy for 
coefficient of friction measured at the nano-scale for 
CNCs (Chae et al. 2020; Shishehbor et al. 2021). This 
further suggests that CNCs are well aligned and that 
this results in a high unidirectional alignment of the 
cellulose chain at the glass-cellulose chain interface.

Figure 6 relates to the correlation between orienta-
tion of the individual CNCs and orientation-dependent 
adhesive strength. Previously, contact area was shown 
to dominate the response of the adhesive rather than 
microstructure formation (lamellae and fractures as 
described herein) (Tardy et al. 2020). This was due to 
the brittle nature of the interface. To combine the find-
ings put forward, on controlling fracture density and 
its influence on adhesive response, it would be desir-
able to form adhesives having a higher viscoelastic 
response. For instance, biomimetic adhesives, those 
reminiscent of what is observed in gecko feet or insects 
pads, have shown increased toughness when associated 
with smaller structures rather than larger ones, at an 
equivalent contact area (Kizilkan and Gorb, 2018).

Conclusions

The superstructures obtained by drying CNC aque-
ous dispersion in confined spaces demonstrate that 
the boundaries of evaporative confinement plays 
a crucial role in the formation of microstructures 
and the alignment of CNCs within lamellae. Dry-
ing temperature as well as thickness and width  of 
the drying front   define the  superstructures’ main 
characteristics, i.e. the width of lamellae and their 

periodicity. The thinner the specimen, the higher 
the density  of the microstructures formed along 
the whole covered area, showing  an exponen-
tial  increase. An intermediate (ambient) tempera-
ture leads  to the highest number of fractures, while 
severe reduction  occurs for both lower and higher 
temperatures. At lower temperatures, a slower dry-
ing rate prevented the formation of fractures—
possibly by reducing the internal stresses  - while 
higher temperatures (and the associated faster dry-
ing rates) resulted in a loss of long-range order 
and thus a reduced tendency of the consolidating 
gel to fracture into microstructures. When evaluat-
ing different specimen widths, the widest samples 
exhibited a higher number of lamellae. In addi-
tion, homogeneity was partially lost by decreasing 
the width of the specimen, which suggests that an 
aspect-ratio threshold is required for full-length 
lamellae formation. The monitoring of viscoelas-
tic functions allowed to further emphasize that the 
drying process is not homogeneous from the edges 
to the center of the bond. Therefore, a fast dry-
ing may form the first lamellae at the drying edge. 
Once those structures are formed, they become a 
barrier for water transfer, making diffusion more 
significant, and consequently slowing viscoelastic 
functions increase. The adhesion results evidenced 
that nano-scaled friction could be transferred into 
macro-scaled mechanics. When considering the 
main application explored so far for these super-
structured CNCs, as adhesives, this would mean (1) 
a fine control over bond disruption, for instance, to 
replace the adhered part or, (2) as a fail-safe mech-
anism  when load is applied in the wrong direc-
tion and the adhered part would otherwise break 
if strongly adhered. We expect that the framework 
proposed herein  can be extended to a variety of 
bio-colloids and biopolymers, thus providing use-
ful insights on long-range order under confinement 
as has been observed   for large particles in com-
posites (Mattos et al. 2020).

Materials and methods

Materials

Glass slides of 76 × 26 × 1  mm3 were obtained from 
VWR (Finland). CNCs (11.8%, w/v) were acquired 
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through the Process Development Center, University 
of Maine, USA. Produced by Forest Products Labora-
tory (FPL, Madison, WI) affiliated with United States 
Department of Agriculture. Except for rheological 
tests, a CNC solution diluted up to 5.5 wt% CNC 
content was used. Length and width 134 ± 52 nm and 
7 ± 2  nm resp., sulfate half-ester content 335  mmol/
kg, zeta potential ca. −47 mV (Reid et al. 2017). High 
viscosity silicone grease was used in all experiments. 
All chemicals were used as received.

Methods

Superstructure assembly

First of all, silicone grease was added onto the lower 
glass in order to delimit the drying front. Then, a 
determined amount (ranging within 6–25  mg) of 
CNC dispersion (5.5 wt% CNC) was added depend-
ing on the test. Finally, the top glass was placed onto 
the sample and gently pressed towards the lower 
glass to different extents, so that different thicknesses 
could be reached. Samples were generally dried at 
room temperature for several days. For high and low-
temperature tests, samples were kept in the oven for 
ca. 2  h or in the fridge for ca. 1.5–2  days up to no 
presence of water and no changes in lamellae were 
observed. The covered area from the initial specimens 
along with CNC lamellae and inter-lamellae space 
width from dried samples were calculated by micro-
graph analysis with ImageJ processing software (ver-
sion 1.8.0_112/1.52a).

Modelling of the total number of fractures 
obtained was accomplished by following different 
exponential equations, i.e., Eq. 1 and 2 in the case of 
thickness study (according to the initial covered area 
and thickness respectively) and Eq.  3 in the case of 
width study (according to specimen width). Fits have 
been included in Figs. 2b and 4b.

where A and t are the amplitude and decay constant 
parameters, whose values correspond to 14.81 and 
1.9  cm2.

(1)CNClamellae(thickness) = A ⋅ e(initialcoveredarea∕t)

(2)
CNC lamellae (thickness)

= CNC lamellae t,final − A1 ⋅ e(−thickness∕t1)

A1 and  t1 correspond to 1454 and 19.2  cm2.

where B and z had the same meaning as for Eq. 1, but 
values of 186 and 0.54  cm2.

Optical microscopy

The optical micrographs were obtained in an Olym-
pus SZX10 top-down microscope equipment. For 
a clear distinction between CNC lamellae and free 
spaces, some micrographs were obtained through a 
polarized film. Detailed information on the procedure 
can be found elsewhere (Tardy et  al. 2020). Further 
analysis of the corresponding histograms of the CNC 
lamellae width and inter-lamellae spaces distributions 
was performed with a constant bin of 10 µm for all of 
the specimens.

Rheological tests

Dynamic time sweeps were performed by applying 
a determined constant stress within the linear range, 
previously calculated through strain sweeps, for 
22 h. For this study, 11 wt% CNC dispersion, which 
becomes a gel, was used, as an adequate stress within 
the linear viscoelastic range is more feasible to be 
obtained along the whole experiment using 25  mm 

(3)
CNC lamellae (width) =

CNC lamellaew,final − B ⋅ e(−initialcoveredarea∕z)

Fig. 5  Viscoelastic moduli evolution as a function of drying 
time for 11.8 wt% CNC gels under different conditions includ-
ing gap size (50 μm vs 100 μm, green and red labels respec-
tively) and pre-shearing (blue labels)
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diameter plate-plate geometry. Different gaps (0.05, 
0.1 and 1 mm) and pre-shearing (1 or 100  s−1 applied 
for several minutes) were evaluated. The equipment 
used was a MCR 302 (Anton Paar, Austria).

Adhesion test

The in-plane and out-of-plane adhesion tests were 
performed in a MTS 400  M tensile tester by apply-
ing a strain rate of 1.5  mm/min and using a 2 kN 
load cell. For the in-plane tests, the gauge length was 
kept at ca. 60 mm. For the out-of-plane, the samples 
were fixed in the horizontal plane and pushed (with 
the MTS 400 M operating under compression mode) 
at a point closest to the edge of the overlapping glass 
substrates. Of note, control samples were tested for 
in- and out-of-plane adhesion with the silicone grease 
alone. The obtained in-plane adhesion strengths in-
plane were negligible and in the out-of-plane case 
were at most lower than 10% of the average.
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