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Abstract  In this work, we have prepared films 
based on cellulose nanofibers (CNFs) that mimic 
plant responsiveness to water by shape-changing. 
Film twisting was achieved by creating an asym-
metrical expansion through a gradient of carboxylate 
groups within the CNF film thickness. We present the 
characterization of pristine and modified CNFs, and 
their swelling and mechanical performances when 
conditioned into films. The immersion in water and 
organic solvents (isopropanol, ethanol, DMSO, ace-
tonitrile, and cyclohexane) allowed controlling the 
asymmetrical expansion. Hence, film twisting is trig-
gered when immersed in water and their shape recov-
eries were accomplished by dipping them in organic 
solvents. We investigated the main physicochemical 
interactions between the different CNFs and solvents 
governing film expansion. This work leaves the door 
open for the design of biomimetic cellulose-based 
materials for soft robotics, building materials, and 
electronic applications.

Keywords  Cellulose nanofibers · 
Carboxymethylation · Film · Actuator · Twisting · 
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Introduction

Biological systems display highly ordered architec-
tures from nano- to macroscale using elementary 
building blocks from a bottom-up approach. Besides, 
they are multi-functional, environmentally adap-
tive, and biodegradable (Srinivasan et  al. 1991). 
High recent attention in material science now stands 
on innovative structures that are based on natural 
resources and follow the inherent features of biologi-
cal systems (Duan et al. 2017; Ganewatta et al. 2021; 
Markstedt et  al. 2019; Mulakkal et  al. 2018). New 
kinds of materials that respond to stimuli by shape-
changing were developed as similarly observed in the 
plant kingdom, for example, the humidity-sensitive 
unfolding of pinecone scales (Dawson et  al. 1997; 
Erb et  al. 2013). These materials so-called actuators 
mainly consist of hierarchical structures that present a 
differential strain upon external stimuli governing the 
material movement in a bi- or tri-dimensional space 
(Burgert et al. 2016; Duigou et al. 2017; Chen et al. 
2022).

Highly abundant on Earth, cellulose fibers are an 
ideal candidate to elaborate those materials of interest 
thanks to their accessible hydroxyl groups enabling 
large water uptake and their remarkable mechanical 
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properties (Huber et  al. 2011). Moreover, cellulose 
nanofibers (CNFs), obtained by mechanical fibrilla-
tion of the fiber, are a great starting material to design 
actuators. CNFs have a high aspect ratio (3–5 nm in 
width and upwards of several micrometers in length) 
facilitating the intercalation of water molecules in the 
cellulose network, and as a consequence enhanced 
actuation performances (Zhang et  al. 2016a; Kuang 
et al. 2019; Wei et al. 2021; Yang et al. 2021). Hence, 
Wang et al. (2015) fabricated a single-layer CNF film 
subjected to an asymmetrical stimulus. The water 
vapor is deposited unidirectionally under the film 
to create a humidity gradient through the thickness 
of the film. The film bent towards the less moistur-
ized side and then returned to its original shape when 
water vapor was not directed.

A myriad of other CNF-based actuators respond-
ing to different stimuli such as temperature, electric-
ity, magnetic field, and light have been developed 
over the last two decades but it turns out that in 
most of them, cellulose is used as a tuning element 
for mechanical properties (Zhao et  al. 2018, 2020; 
Wang et al. 2019; Peng et al. 2020; Zhou et al. 2020; 
Liang et al. 2020; Chen et al. 2022). Our approach is 
to design actuators where cellulose is responsible for 
the motion response without being associated with 
synthetic polymers. To meet today’s environmental 
challenges, the development of new materials must 
take into account the initial use of raw resources to 
its end-of-life (Duchemin 2022). Here, the objective 
is to extend cellulose applicability in the actuator 
field but also to avoid multi-component materials that 
may lead to delamination or phase separation issues 
(Faruk et  al. 2012) and biodegradation or recycling 
difficulties (Duchemin 2022).

Therefore, new functional groups sensitive to 
external stimuli can be implemented on the CNF sur-
face, and graduated films can then be manufactured 
from layers with different degrees of functionality to 
achieve the desired effect (Chen et al. 2022). In pre-
vious works, we prepared a bilayer film containing 
functionalized CNFs with pH-responsive groups: on 
one side, carboxylic acid groups via TEMPO oxida-
tion, and on the other side, amino groups via TEMPO 
oxidation followed by a peptide coupling. Once 
dipped into a low pH solution, the amino groups were 
protonated, the electrostatic repulsion between the 
positive charges led to the swelling of the layer, and 
the film bent towards the carboxylic layer. The inverse 

mechanism for the carboxylic layer was observed 
when the film was immersed in a high pH solution 
(Chemin et al. 2020). A key point in the actuation of 
these bilayers is the swelling, and thus the interac-
tion with solvents. To extend our understanding of the 
interactions with cellulosic structures, in this work, 
we have studied the swelling behavior of bilayer films 
composed of a passive and active layer subjected to 
different solvents. Water and organic solvents (iso-
propanol (IPA), ethanol (EtOH), dimethyl sulfoxide 
(DMSO), acetonitrile (ACN), and cyclohexane) have 
different physico-chemical properties allowing conse-
quent structural changes of the different CNF layers. 
We focused on carboxymethylated cellulose nanofib-
ers (CMCNFs) rather than TEMPO-oxidized CNF 
due to its timeliness of functionalization (Im et  al. 
2018). Moreover, carboxylic groups on TOCNFs are 
grafted on C6 of the anhydroglucose unit of cellulose 
(Saito and Isogai 2004; Saito et  al. 2005) whereas 
carboxymethylation occurs on all hydroxyl groups 
(Kono et  al. 2016). These two chemical modifica-
tions result in different structural patterns. CMCNFs 
exhibited a less crystalline structure which can con-
siderably influence the solvent uptakes of the fiber 
(Mohkami and Talaeipour 2011). Thus, using CMC-
NFs could give interesting information regarding the 
conditions to achieve reversibility.

After characterizing the pristine CNFs and CMC-
NFs (degree of substitution, crystallinity, fibril mor-
phology), we evaluated the influence of water uptake 
of single-layer films, containing either pristine or 
modified CNFs, on their swelling and mechanical 
performances, which are the key parameters driving 
actuation. Then, we succeed in triggering the bend-
ing of bilayer films in water and then controlling 
their shape recovery with organic solvents (isopro-
panol, ethanol, acetonitrile, dimethyl sulfoxide, and 
cyclohexane). The main physico-chemical interac-
tions between cellulose and solvents were investi-
gated by conducting multiple linear regressions.

Materials and methods

Materials

CNFs Exilva P 01-V (10% w/w) were kindly provided 
by Borregaard (Sarpsborg, Norway). Monochloro-
acetic acid (MCA), sodium hydroxide (NaOH), and 
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hydrochloric acid (HCl) were purchased from Sigma 
Aldrich. Acetonitrile and dimethyl sulfoxide were 
purchased from Merck, cyclohexane from Fluka 
Chemicals, ethanol from Carlo Erba Reagents, and 
isopropanol (IPA) from VWR. Water was purified by 
the Millipore Milli-Q purification system (18.2 MΩ).

Carboxymethylation

500  mg of CNFs were impregnated with MCA dis-
solved in IPA for 1 h at room temperature. Five MCA/
anhydroglucose (AGU) molar ratios were tested: 
0.17, 0.26, 0.35, 0.52, and 0.69. In parallel, NaOH 
was solubilized in IPA in a round bottom flask at 
60  °C (NaOH/MCA molar ratio = 4). The CNF dis-
persion was then added to the flask and, was stirred 
for 1 h at 70 °C. The resulting dispersion was purified 
via vacuum filtration through polyvinylidene fluoride 
(PVDF) membranes (pore size 0.22 μm) with Milli-Q 
water, then an HCl solution (0.1 M), and finally water 
until the pH reached 7.

Film fabrication

The CNF films were prepared by vacuum filtra-
tion at 50 mbar through PVDF membranes (pore 
size 0.22 μm, diameter 47 mm). For the single-layer 
films, an aqueous dispersion containing CNFs (2.5 g 
L−1) or carboxymethylated CNFs (CMCNFs, 2.5  g 
L−1) was filtrated for 30  min. Regarding the bilayer 
films, a CNF dispersion was filtered for 30 min, then 
a CMCNF dispersion was cast on top of the first CNF 
layer and was also filtrated for 30 min. All films were 
then dried between two layers of Whatman® qualita-
tive filter papers (Grade 1, diameter 47 mm) pressed 
by a weight of 500 g on the films in a desiccator at 
room temperature for 48 h. Afterward, the films were 
weighed and their thickness was measured with a 
Mitutoyo digimatic micrometer. The density was cal-
culated as represented below:

 where m, r, and t are respectively the weight, radius, 
and thickness of the dried films.

To perform the actuation tests, films were cut into 
four rectangles of 6 × 24 mm.

(1)d =
m

�r2t

Characterization

Fourier transform infrared (FTIR)

Infrared spectra were collected from KBr pellets 
containing freeze-dried CNFs and CMCNFs on 
FTIR Nicolet iS50 spectrometer (Thermo Scien-
tific) with 4  cm−1 resolution after 200 continuous 
scans from 400 to 4000 cm−1.

Carboxylic acid group content

Samples were acidified with 0.01 M HCl. The yield 
of carboxymethylation was quantified by conduc-
tometric titration with 0.01 M NaOH solution by a 
TIM900 titration manager and a CDM749 conduc-
tivity cell (Metrohm). The degree of substitution 
(DS) was calculated as (Abitbol et  al. 2013; Beck 
et al. 2015):

 where Veq1 and Veq2 are the equivalence volumes of 
NaOH (L), CNaOH the concentration of NaOH (mol 
L−1), m the dried weight of CNFs (g), M the molecu-
lar weight of the carboxymethyl group, and 162 the 
molecular weight of AGU (g mol−1).

X‑ray diffraction (XRD)

X-ray diffractograms of freeze-dried CNFs and 
CMCNFs were monitored by recording X-ray dif-
fraction diagrams every 10 min on a Bruker D8 Dis-
cover diffractometer with a Ni-filtered Cu Kα1 radi-
ation (Cu K α1 = 1.5405 Å), produced in a sealed 
tube at 40 kV, and 40 mA, selected and parallelized 
using a Gobël mirror parallel optics system and col-
limated to produce a 500 μm beam diameter. X-ray 
diffraction data were collected using a Bruker Van-
tec 500 two-dimensional detector. Crystallinity 
was calculated from the XRD patterns of cellulose 
according to the method of Segal et al. (1959).

(2)DS =
162

(

Veq2 − Veq1

)

C
NaOH

m −M
(

Veq2 − Veq1

)

C
NaOH

(3)Crystallinity (%) =
I
200

− Iam

I
200

× 100
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 where I200 is the maximum intensity of the (200) 
peak and Iam is the minimum intensity between the 
(200) and (110) peaks corresponding to the amor-
phous part of cellulose.

Scanning transmission electron microscopy (STEM)

CNF and CMCNF dispersions were diluted to 0.1 g 
L−1 and deposited on freshly glow-discharged carbon-
coated electron microscope grids (200 mesh, Delta 
Microscopies, France). Water excess was removed 
by blotting (Whatman filter paper). The grids were 
dried overnight in air at ambient temperature and then 
coated with platinum layer by an ion-sputter coater 
(thickness = 0.5  nm). The grids were observed with 
a Quattro Scanning electron microscopy (Thermo 
Scientific) with a STEM detector, working at 10 kV 
under a low vacuum (100 Pa).

Solvent uptake quantification

Disc-shaped films were cut into squares of 24 × 24 
mm2. The dry films were hooked and weighed, then 
immersed in the solvent for 1 min and weighed again. 
The swelling expressed as the weight of absorbed sol-
vent per the weight of the dry film (Sw) was calcu-
lated following this equation:

 where mw and md are respectively the weight of the 
wet and dry film (mg).

The molar swelling expressed as the number moles 
of solvent per anhydroglucose unit (nSw) was calcu-
lated following this equation:

 where 162 is the molecular weight of AGU (g mol−1) 
and Ms is the molecular weight of the solvent (g 
mol−1) (Table S1).

Environmental scanning electron microscopy (ESEM)

Cross-sectional images of CNF or CMCNF films 
were acquired employing an ESEM instrument 
(Thermo Scientific) under different relative humidity 

(4)Sw =
(mw − md)

md

(5)nSw =
162(mw − md)

Msmd

by varying the pressure from 232 to 950  Pa at an 
acceleration voltage of 15 kV.

Dynamical mechanical analysis (DMA)

The dynamic mechanical properties with water activ-
ity of CNF or CMCNF films were determined with a 
Dynamic Mechanical Analyser (DTMA MkIV, Rheo-
metric Scientific, US) equipped with a homemade 
humidity conditioning system. Tests were conducted 
on rectangular-shaped strip samples (10 × 6  mm) in 
the tensile mode with a constant strain amplitude of 
0.1%, and a constant load force of 0.1  N at 20  °C. 
Relative humidity (RH) sweeps were recorded follow-
ing this program: 16  h overnight equilibrium to dry 
the film at 5% RH, then 6 h at 50%, and finally 6 h 
at 70%. The DMA system can be flipped from bot-
tom to top in order to measure the samples immersed 
in water and IPA. Recordings of the specimens were 
taken following this procedure: 10  min air equilib-
rium, then 30 min immersion in water or IPA.

Results and discussion

Carboxymethylation

Carboxymethylation was performed to introduce 
new stimuli-responsive functionalities on the CNF 
surface, herein, carboxymethyl groups (Fig.  1a). To 
avoid the full dissolution of cellulose chains, fib-
ers were impregnated with monochloroacetic acid 
(MCA) before the alkaline conditions (Wågberg et al. 
2008). Both starting CNFs and CMCNFs showed the 
common FTIR profile of cellulose fibers (Fig.  1b). 
The following bands are detected: 3774–3007  cm−1 
(–O–H stretching vibration), 3007–2790  cm−1 (C–H 
stretching), 1650  cm−1 adsorbed water, 1367  cm−1 
(CH3 deformation), and 1201–1026  cm−1 (ether 
bonding) (Oh et al. 2005; Schwanninger et al. 2004). 
However, CMCNF spectra showed an extra band 
at 1730  cm−1 corresponding to the carbonyl bond 
stretching of the protonated carboxylic acid groups 
(da Silva Perez et al. 2003).

To achieve different degrees of substitution (DS), 
we performed carboxymethylation reactions with five 
different MCA/AGU molar ratios from 0.17 to 0.69. 
The DS of each reaction was quantified by conduc-
tometric titration (Fig. S1), according to the Eq. (2). 
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The plot in Fig. 2a of the DS as a function of MCA/
AGU ratio shows that the reaction was linearly reli-
able to the amount of MCA (DS of 0.02, 0.09, and 
0.17 for respectively a ratio of 0.17, 0.52, and 0.69).

X-ray diffraction measurements were performed 
to analyze the crystalline organization of CNFs and 
CMCNFs with a DS of 0.02, 0.09, and 0.17 (respec-
tively CMCNF2, CMCNF9, and CMCNF17) (whole 
diffractograms are shown in Fig. S2). The CNF dif-
fractograms are consistent with the cellulose I X-ray 
patterns, showing peaks at 14.5°, 16.2°  and 22.2°, 
corresponding to Miller indices of ( ̄110) , (110) and 
(200), respectively (Segal et  al. 1959; French and 
Santiago Cintrón 2013; Ju et  al. 2015). However, as 
the DS increased (CMCNF9), a different X-ray pat-
tern was observed, suggesting the disruption of the 
cellulose I crystalline structure. The diffractograms 
pointed to the formation of cellulose II in CMCNF9 
(peaks at 20.2°  and 22.3°  corresponding to Miller 
indices of (110) and (020), respectively (French and 
Santiago Cintrón 2013; French 2014); and a high loss 
of crystallinity for higher DS (CMCNF17). Figure 2b 
shows a starting crystallinity of 63% for CNFs that 

was maintained for CMCNF2 (60%), and then signifi-
cantly reduced for CMCNF9 and CMCNF17, accord-
ingly to the increase of DS (respectively 35 and 17%).

The fiber morphology was observed by STEM. 
Figure  2c shows starting CNFs consisting of fibril 
aggregates (until 92  nm of diameter) and some 
individual nanofibers with an average diameter of 
17 nm in agreement with characteristic CNF dimen-
sions (Wang et  al. 2021). The fibrillar network for 
CMCNF2 remained unchanged (Fig. 2d). By increas-
ing DS (CMCNF9), new individual fibrils appeared 
(Fig.  2e) until reaching a highly nanofibrillated net-
work for CMCNF17 with a fibril diameter average of 
15 ± 4 nm (Fig. 2f).

During the reaction, the alkaline treatment with 
NaOH swelled the fibrils facilitating the etherifi-
cation of the hydroxyls by carboxymethyl groups. 
Then, fibrillation was boosted by the osmotic repul-
sion due to the overlap of the electric double layers 
(Baati et al. 2017; Boufi and Chaker 2016). This fiber 
detachment was reflected by the disruption of the 
crystalline regions giving rise to the amorphization of 
cellulose (Chen et al. 2013; Im et al. 2018). From the 
DS studied, CMCNF2 and CMCNF9 were selected 
as starting materials for the film preparation whereas 
CMCNF17 was discarded because of its too low crys-
tallinity and high fiber disruption.

Water uptake in cellulose films

We first determined the water uptake of single-
layer films of CNFs or the different CMCNFs. The 
visual aspect of the films is shown in Figure S3. 
Films showed a clear increase in water uptake with 
increasing DS: swelling ratios (Sw) of 2.45 ± 0.18 
for CNFs, 3.99 ± 0.48 for CMCNF2, and 9.27 ± 0.3 
for CMCNF9. At the molecular level, water uptake 
in cellulose is governed by the interactions between 
water molecules and the hydroxyl groups. The pres-
ence of negative charges on CMCNFs facilitates the 
separation of elementary fibrils, which increases the 
accessible surface and the water adsorption. Thus, 
water uptake is more substantial with a higher sur-
face charge, and thus DS. Fält et al. (2003) described 
that carboxymethylated cellulose swelled more in 
water than unmodified cellulose due to the negative 
charges, in agreement with our results.

In order to get more insight into the response 
of films to water stimuli, the thickness increase of 

Fig. 1   a Reaction scheme of carboxymethylation, b FTIR 
spectra in absorbance of CNFs and CMCNFs. The inset shows 
the 1800–1550 cm−1 region
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single-layer films was monitored by ESEM in con-
trolled humidity environment. ESEM permits to 
observe samples at different relative humidity (RH) 
by varying the pressure in the microscope specimen 
chamber (Mayeen et  al. 2018). Therefore, the influ-
ence of moisture on film morphology can be exam-
ined at the microscale level. Figure 3a–d show cross-
sectional ESEM images of CNFs and CMCNF9 
films at 25 and 100% RH. Films exhibited average 
thicknesses of 20 ± 2  μm for CNFs and 11 ± 1  μm 
for CMCNF9 with an apparent density of 0.7 ± 0.1 g 
cm−3. While the thickness of CNF film did not evolve 
with raising RH, the CMCNF9 film exhibited an 
important volume expansion at 100% RH.

Then, the effect of film hydration on mechanical 
properties was characterized by recording the stor-
age modulus (E’) of CNF and CMCNF single-layer 
films by DMA at different relative humidity (from 5 

to 70% RH, and fully immersed in water) (Fig.  3e). 
As expected, when RH increased, both CNF and 
CMCNF9 films showed a clear decrease in the stor-
age modulus. At 5%, the CNF film exhibited an E’ of 
6.53 ± 0.41 GPa in agreement with literature (values 
varying from 1.2 to 21 GPa due to the interfibrillar 
arrangement (Benítez and Walther 2017; Mokhena 
et al. 2021)). For the CMCNF9 film, a lower E’ was 
obtained (4.12 ± 0.26 GPa). The phenomenon dras-
tically operated when the films were completely 
immersed in water (0.19 ± 0.02 GPa for CNF film and 
0.01 ± 0.00 GPa for CMCNF9 film).

The increase of RH involved the progressive sub-
stitution of cellulose-cellulose to cellulose-water 
hydrogen bonding detangling the fibrillar network, 
and consequently entailing higher slippage perfor-
mances (Benítez et  al. 2013; Zhang et  al. 2016b), 
which resulted in lower film stiffness. In the case of 

Fig. 2   a Influence of MCA/
AGU molar ratio on the DS. 
b Influence of DS on the 
crystallinity, STEM images 
of c CNFs, d CMCNF2, e 
CMCNF9, and f CMCNF17
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CMCNF9 films, the lower storage modulus at the dif-
ferent humidity could be explained by its less cohe-
sive structure as it has a stronger affinity with water.

Reversible actuation of bilayer cellulose films under 
water and IPA changes

Based on the different water uptake and mechanical 
properties, we prepared bilayer films composed of a 
first layer containing CNFs and a second layer com-
posed of CMCNF2 or CMCNF9 by vacuum filtration, 
and we evaluated their bending performance. Films 
exhibited average thicknesses of 34 ± 4  μm with an 
apparent density of 0.7 ± 0.1 g cm−3 (Fig. S4a).

When bilayer films (rectangular-shaped strips, 
Fig. S4b) were immersed in water, they successfully 
twisted with the CMCNF layer on the outside, indi-
cating the higher water uptake of the CMCNF layer 
(Fig. 4a, b). CNF/CMCNF2 and CNF/CMCNF9 films 
reached the same high twisted state within 30 s. After 
water immersion, the wet bilayer films were dipped in 

IPA. Surprisingly, different responses were obtained 
depending on the DS of the CMCNF layer. Thus, the 
CNF/CMCNF2 film did not show reversible actua-
tion while CNF/CMCNF9 recovered slowly their 
initial shape within 5 min. After waiting 30 min, the 
response for both films remained unchanged.

In water, the CMCNF9 layer was highly swollen 
compared to the CNF layer. When the bilayer film 
was then immersed in IPA, the solvent acted as a 
dehydrating agent, bringing out all water molecules 
within the film (Capadona et  al. 2008). In order to 
get more insight into the mechanism of the revers-
ible actuation, and the different behavior of CMCNF2 
and CMCNF9, we investigated the behavior of the 
single-layer films (CNFs, CMCNF2, and CMCNF9) 
in IPA compared to water. We evaluated the values 
of IPA uptake of each single-layer film expressed as 
the number of molecules of solvent per AGU to con-
sider only the molecular interactions of the solvent 
with cellulose (nSw). Differently from water swell-
ing, which was significantly different for CNF and 

Fig. 3   Cross-sectional ESEM images of single-layer films 
at different RH of a CNF film at 25%, b CNF film at 100%, 
c CMCNF9 film at 25%, and d CMCNF9 film at 100%. Blue 

dotted lines represent the limits of film cross-sections, e Stor-
age modules E’ of CNF and CMCNF9 films at 5%, 50%, 70% 
RH, and in full immersion
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CMCNF films  (nSw of 22 ± 2 for CNFs, 35 ± 4  for 
CMCNF2, and 84 ± 3  for CMCNF9), IPA swelling 
was similar for CNF, CMCNF2, and CMCNF9 films. 
In addition, the IPA uptake was significantly lower 
than those of water (nSw of 4 ± 0 for CNFs, 7 ± 2 
for CMCNF2,  and 6 ± 1 for CMCNF9) (Fig. S5a). 
We also compared the storage modulus of CNF and 
CMCN9 films when immersed in IPA by DMA and 
they showed similar values of storage modulus at 5% 
RH (5.41 ± 0.05 GPa for CNF films and 4.31 ± 1.02 
GPa for CMCNF9 films in IPA).

DMA measurements also allowed determining 
changes in the film length upon immersion in the 
liquid. In water, the relative elongations of CNF and 
CMCNF9 single layer films were 8.5 ± 0.0% and 
11.2 ± 1.4%, respectively, while a shrinkage in IPA 
for both films was observed (− 0.7 ± 0.0% for CNF 
and − 0.8 ± 0.1% for CMCNF9 films).

Therefore, reversibility seemed to be driven by the 
difference in the absolute values of solvent uptake. 
The high deswelling of the CMCNF9 layer could trig-
ger the reversibility of bending, and hence the CNF/
CMCNF9 film recovered its initial shape. Differently, 

when the water uptake was close for both layers 
(CMCNF2 and CNFs), the immersion in IPA did not 
yield such a great difference in deswelling, and the 
bilayer remained bent. Therefore, we assumed that 
the difference in swelling of CMCNF9 between water 
and IPA is the driving force for full shape recovery.

Shape recovery in other solvents

Several solvents were tested to compare the mecha-
nism of actuation in IPA: ethanol (EtOH) which is a 
polar protic solvent with a smaller steric hindrance 
than IPA, DMSO, and acetonitrile (ACN), which are 
polar aprotic solvents with different molar volumes, 
and cyclohexane, which is a non-polar solvent. We 
focused only on the behavior of the CNF/CMCNF9 
bilayer film.

CNF/CMCNF9 films were first immersed in 
water, and then in the different solvents. DMSO, 
EtOH, and ACN proved their efficiency to enable the 
reverse movement of the films (Fig. 5a–c) meanwhile 
cyclohexane did not interact with the films leaving 
them in a twisted shape (Fig.  5d). Besides, the film 

Fig. 4   Photographs showing the twisting in water followed by the shape recovery test in IPA of a CNF/CMCNF2 and b CNF/
CMCNF9 bilayer films
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Fig. 5   Photographs showing the shape recovery test of CNF/CMCNF9 bilayer film in a DMSO, b EtOH, c ACN, and d cyclohexane
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in DMSO, EtOH, and ACN showed different kinetics 
and shape recovery extent. In DMSO and EtOH, films 
followed a slow path similar to IPA (around 5  min) 
but we observed an incomplete unbending (Fig.  5a, 
b). ACN led to an ultrafast shape recovery within 10 s 
(Fig.  5c). In the case of cyclohexane, water might 
be trapped within the film, as this solvent is non-
miscible with water, making impossible the penetra-
tion of water molecules. In contrast, polar solvents 
succeeded to replace water in the film, shrinking the 
CMCNF layer, and driving the backward movement. 
The differences between solvents suggested that they 
did not only play a role as dehydrating agents but 
their nature and properties impacted the extent and 
rate of shape recovery. Investigation at the molecu-
lar level was therefore required to better understand 
which physicochemical interactions govern swelling 
and how these parameters influence the time response 
of shape-recovery.

Few articles in the literature address the cellulose-
solvent molecular interactions in non-aqueous liquid 
media even though cellulose dissolution is particu-
larly an important step to process it. The work from 
Cranston’s team probed the swelling of thin cellulose 
nanocrystal films in different solvents (Reid et  al. 
2016) and correlated these results with Hildebrand 
solubility parameters (δHildebrand). δHildebrand is a use-
ful tool to predict the polymer-solvent interactions 

because it comprises dispersive, polar, and hydrogen 
bonding components. This parameter is related to the 
cohesive energy density, that is the energy needed to 
completely remove unit volume molecules from their 
neighbors to infinite separation, herein, intra and 
intermolecular hydrogen bonds of cellulose (Ven-
katram et al. 2019). Figure 6a shows the nSw values 
for CNF and CMCN9 films in the different solvents 
versus δHildebrand (values reported in Fig. S5b and 
Table S1) to assess the efficiency of this descriptor for 
the correlation between swelling and cellulose-solvent 
interactions and, we obtained a correlation coefficient 
of 0.49 for CNFs and 0.54 for CMCNF9, which is a 
reasonable interdependence. The dependency against 
the solvent molar volume (Vs) was also evaluated and 
a very poor correlation resulted (Fig. 6b). We investi-
gated other parameters, including the relative polarity 
(RP), dielectric constant at 25 °C (εr), Van der Waals 
volume (VW), hydrophobic character (Log Ps), disper-
sive, polar and hydrogen bonding contributions from 
Hansen model (δd, δp, δh, respectively), basicity (βs), 
and dipolarity (лs*). Values are reported in Table S1 
(Barton 1991; El Seoud et al. 2008; Fidale et al. 2008; 
Smallwood 2012).

We performed single correlations between solvent 
parameters and swelling, and in all cases, the corre-
lation was not clear (Tables S2 and S3), which sug-
gested that cellulose swelling is a complex process 
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including various parameters and cannot be explained 
by a single solvent property. Multiple linear regres-
sions were carried out in order to better estimate 
cellulose-solvent interactions with two solvent 
parameters:

 where ps1 and ps2 are the solvent parameters, and a, 
b, and c are constants.

As water has a completely different behavior, it 
was excluded from the regressions. Tables  1 and 2 
review the correlations between nSw and two sol-
vent parameters for the CNF and CMCNF9 films, 
respectively.

The main contributions of solvent parameters for 
CNF differed from those for CMCNF9. The swell-
ing of CNF is subjected to the following coupled 
parameters: βs, log Ps, Лs*, Vs, and δHildebrand, while 
the swelling of CMCNF9 is dominated by δHildebrand, 
RP, and δh (R2 > 0.90). The manifestation of δHildebrand 
in both celluloses evidences the effectiveness of using 
this descriptor to study cellulose-solvent interactions. 
For CNF, the driving force for swelling relies on 
the ability of the solvent molecules to penetrate the 

(6)nSw = a + bps1 + cps2

fiber interstices, to receive protons, and to intercalate 
between polar and carbon zones (affinity conditions 
to surround cellulose fibers). The initial structure 
constrains the physico-chemical properties of the sol-
vent. Differently, this steric hindrance barrier is lifted 
for CMCNF9. The presence of carboxymethyl groups 
disrupts the fiber structure and the parameters relating 
to solvent molecular size, such as the molar volume, 
did not contribute to swelling. On the other hand, the 
carboxylic acid groups exacerbate the formation of 
hydrogen bonding and polar interactions, which was 
reflected by the contribution of RP and δh.

These results demonstrated that the introduction of 
carboxymethyl groups impacted not only the cellulose 
supramolecular arrangement but also the interactions 
with solvents. Therefore, playing with the degree of 
functionality and various solvent provides the control 
of actuation.

Conclusion

In this work, we combined carboxylated and non-
modified cellulose nanofibers to fabricate bilayer 
films that bend when immersed in water. The 

Table 1   Selected correlations of nSw of the CNF film with two solvent parameters

R2 is the correlation coefficient of the linear regressions and ΣQ2 the sum of the residues on two solvent parameters

Coupled parameters Linear regressions R2 ΣQ2

CNF βs; log Ps nSw = − 0.01 (± 0.10) + 4.52 (± 0.14) βs − 2.37 (± 0.05) log Ps 0.9992 0.0024
βs; Лs* nSw = − 3.43 (± 1.28) + 5.24 (± 1.33) βs + 6.07 (± 1.16) Лs* 0.9752 0.2140
Vs; δHildebrand nSw = − 24.36 (± 8.59) + 0.10 (± 0.04) Vs + 0.88 (± 0.30) δHildebrand 0.9226 0.6684
δHildebrand; δd nSw = − 38.48 (± 0.93) + 0.93 (± 0.41) δHildebrand + 0.49 (± 0.49) δd 0.8639 1.1743
Vs; Лs* nSw = − 3.73 (± 4.79) + 0.07 (± 0.07) Vs + 5.27 (± 3.30) Лs* 0.7976 1.7464
εr; VW nSw = − 3.38 (± 4.96) + 0.06 (± 0.07) εr + 2.41 (± 1.88) VW 0.7162 2.4493

Table 2   Selected correlations of nSw of the CMCNF9 film with two solvent parameters

R2 is the correlation coefficient of the linear regressions and ΣQ2 the sum of the residues on two solvent parameters

Coupled parameters Linear regressions R2 ΣQ2

CMCNF9 δHildebrand;RP nSw = − 32.86 (± 0.36) + 1.18 (± 0.01) δHildebrand + 0.21 (± 0.00) RP 0.9999 0.0014
δHildebrand; δh nSw = − 31.33 (± 14.53) + 1.40 (± 0.57) δHildebrand + 0.12 (± 0.06) δh 0.9052 2.3796
δHildebrand; δd nSw = 11.86 (± 28.70) + 1.07 (± 0.67) δHildebrand – 0.80 (± 0.49) δd 0.8741 3.1602
δHildebrand; δp nSw = − 25.26 (± 17.77) + 1.43 (± 0.70) δHildebrand – 0.12 (± 0.08) δp 0.8540 3.6654
βs; δd nSw = 44.56 (± 26.17) + 6.39 (± 7.20) βs – 1.06 (± 0.67) δd 0.7515 6.2397
βs; δHildebrand nSw = − 27.45 (± 28.97) + 3.93 (± 9.01) βs + 1.28 (± 1.15) δHildebrand 0.6141 9.6913
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presence of carboxylate groups favored the water 
uptake, and the greater expansion of this layer 
compared to the unmodified CNF layer facilitated 
film bending. Actuation was achieved even if the 
CMCNF was weakly charged (DS of 0.02); how-
ever, rapid liquid exchanges between water and the 
organic solvent (IPA, EtOH, DMSO, ACN), and 
high deswelling of the active layer were required to 
achieve reversibility. Films immersed showed irre-
versible behavior in cyclohexane and partial revers-
ibility in DMSO and EtOH. In ACN and IPA, films 
completely recovered their original shape. This 
work opens the road for all-cellulose soft actuators 
and brings new opportunities to develop program-
mable materials from CNF for soft robotics, build-
ing materials, and electronic applications.
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