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Abstract 7 

In this work, we have prepared cellulose-based actuators taking advantage of the pH-sensitive 8 

solubility of chitosan (CH) and the mechanical strength of CNFs. Bilayer films were prepared by 9 

vacuum filtration inspired by plant structures that exhibit reversible deformation under pH changes. 10 

The presence of CH in one of the layers led to asymmetric swelling at low pH, thanks to the 11 

electrostatic repulsion between charged amino groups of CH, and the subsequent twisting with the CH 12 

layer on the outside. Reversibility was achieved by substituting pristine CNFs with carboxymethylated 13 

CNFs (CMCNFs), that are charged at high pH and thus competed with the effects of amino groups. 14 

Swelling and mechanical properties of layers under pH changes were studied by gravimetry and 15 

dynamic mechanical analysis (DMA) to quantify the contribution of chitosan and the modified CNFs 16 

on the reversibility control. This work evidenced the key role of surface charge and layer stiffness to 17 

achieve reversibility. Bending was triggered by the different water uptake of each layer, and shape 18 

recovery was achieved when the shrunk layer shower higher rigidity than the swollen layer.  19 
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1. Introduction 24 

Actuators are hierarchical structures that undergo shape changes triggered by external stimuli, such as 25 

temperature, light, humidity, or pH. These materials respond to the current demand for engineering 26 

multifunctional assemblies that adapt to their environment, as similarly observed in Nature (Erb et al., 27 

2013; Ganewatta et al., 2021; Rüggeberg & Burgert, 2015; Y. Wang et al., 2020). By actuation, 28 

biological systems such as the pinecones or wild wheat awns release their seeds in response to 29 

humidity uptake and associated cell wall swelling, which guarantees plant survival (Dawson et al., 30 

1997; Elbaum et al., 2007). Nature is therefore a source of inspiration for the fabrication of actuators 31 

triggered by water swelling, and over the last few years, the use of natural polymers has shown a 32 

growing interest in the scientific community. Among the myriad of natural polymers, cellulose 33 

nanofibers (CNFs) revealed a great potential for this purpose (Chen et al., 2022; Liu et al., 2021). 34 

CNFs have been used for decades in the papermaking industry, coatings, optical films, foodstuffs, 35 

pharmaceutics, and cosmetics (Abdul Khalil et al., 2012; Y. Zhang et al., 2013). CNFs are obtained by 36 

mechanical lamination of the cellulose fiber, and the fibrillation to the nanometer scale provides 37 

attractive properties, including high aspect ratio, high strength and stiffness, low density, transparency, 38 

high hydrophilicity, high surface area, and low thermal expansion (Dufresne, 2013; Eichhorn et al., 39 

2010; Moon et al., 2011). Furthermore, cellulose is highly abundant and biodegradable, which makes 40 

it an excellent candidate to fabricate novel materials (Huber et al., 2011). One of the main drawbacks 41 

of cellulose in the fabrication of materials is the interaction with water due to the presence of a high 42 

number of hydroxyl groups in the cellulose chain (Kuang et al., 2019; M. Wang et al., 2015; Wei et 43 

al., 2021; Yang et al., 2021; L. Zhang et al., 2016). The water uptake is the main cause of the low 44 

stability of cellulose materials, with a substantial loss of mechanical properties. Nevertheless, the 45 

cellulose-water interaction can be exploited to design cellulose-based water-responsive actuators. By 46 

carefully designing multilayered structures with different functionalities in each layer, water uptake 47 

can be controlled to display asymmetrical expansion of the layers, and therefore to perform actuation. 48 

Indeed, the hydroxyl groups along the skeleton of cellulose enable to extend CNF versatility by 49 

chemical modification resulting in “tailor-made” specific properties (Habibi, 2014).  50 

In previous studies, we prepared pH-responsive bilayer films based on functionalized CNFs (Chemin 51 

et al., 2020). The first layer contained carboxylated CNFs and the second layer was composed of 52 

aminated CNFs. When the film was subjected to high pH, the deprotonation of carboxylic acid groups 53 

caused electrostatic repulsion between the negative charges, which facilitated water adsorption. 54 

Therefore, the different water uptake and expansion of the negatively charged carboxylated layer 55 

compared to the aminated layer resulted in film bending. Then, the inverse mechanism was obtained at 56 

low pH because of the protonation of the aminated layer, which adsorbed more water by a similar 57 

mechanism. Despite the controlled bending at high and low pH, the actuation of these bilayer films 58 

was not reversible, and the film remained bent when it returned to the initial conditions. Therefore, in 59 

this work, we focused on the interaction between water and the functional groups grafted on the 60 

cellulose surface to understand the mechanism of actuation, and the parameters required to achieve 61 

reversibility.  62 

We succeed in fabricating a new bilayer actuator displaying reversible shape-changing under pH 63 

variation. First, CNFs were combined with chitosan (CH) to form a pH-sensitive film (CH-CNF) with 64 

promising mechanical properties by physical interlocking between CH and CNF networks without 65 

chemical cross-linkers. CH protonates in acid environments due to the formation of non-bonding pairs 66 

of electrons in amino groups, allowing its solubilization. Above pKa of 6.5, approximatively, CH 67 

chains at their neutral form associate together and consequently aggregate (Rosca et al., 2005; 68 

Vleugels et al., 2018). Hence, CH can be considered for designing responsive structures thanks to its 69 



pH-dependent solubility properties. We studied the behavior of CH-CNF films in terms of adsorption 70 

of CH on CNFs, polymer amount and distribution, and pH-associated structural changes. In the second 71 

stage, we fabricated bilayer actuator films by combining CH-CNF layers with CNF-based layers (non-72 

modified or carboxymethylated) and we monitored the actuator properties in terms of swelling and 73 

mechanical properties. This work presents polysaccharide actuators fabricated by their tailored 74 

combination and provides a better understanding of the polysaccharide-water interactions that gives 75 

more insight into the requirements to achieve reversible actuation. 76 

 77 

2. Materials and Methods 78 

2.1. Materials 79 

CNFs Exilva P 01-V (10% w/v) were kindly provided by Borregaard (Sarpsborg, Norway). Chitosan 80 

(medium molecular weight, 75-85 % deacetylated) (CH), monochloroacetic acid (MCA), hydrochloric 81 

acid (HCl), rhodamine B isothiocyanate (RBITC), and sodium hydroxide (NaOH) were purchased 82 

from Sigma Aldrich. Dimethyl sulfoxide (DMSO) was purchased from Merck, isopropanol from 83 

VWR, and poly(allylamine hydrochloride) (PAH) from Polysciences. A Spectra/Por dialysis 84 

membrane, MWCO 12–14,000 Da, was purchased from Spectrum Laboratories Inc, and 85 

polyvinylidene fluoride (PVDF) membranes (pore size 0.22 µm, diameter 47 mm) from Merck. Water 86 

was purified by the Millipore Milli-Q purification system (18.2 MΩ). 87 

2.2. Fluorescence labeling of chitosan (CH) 88 

A CH solution was prepared at 1% (w/v) in 0.1 M HCl.  Then, RBITC, dissolved in 20 mL of DMSO, 89 

was added to the CH solution. The reaction was stirred for 3 h, in dark, at room temperature. RBITC-90 

labelled chitosan (RBITC-CH) was precipitated by addition of NaOH. RBITC-CH was purified by 91 

centrifugation until no free RBITC was detected in supernatant. RBITC-CH was solubilized at 1 % 92 

(w/v)  in 0.1 M HCl and dialyzed against ultra-pure water for 3 days in dark. 93 

2.3. Carboxymethylation 94 

Carboxymethylated CNFs (CMCNFs) were synthesized by the reaction between hydroxyl groups and 95 

MCA, as previously described (Lopes da Costa et al., 2023). CNFs (500 mg) were impregnated with 96 

MCA dissolved in isopropanol. Two MCA/anhydroglucose (AGU) molar ratios were performed (0.50 97 

and 0.70) to achieve different degrees of substitution (DS). In parallel, NaOH was dissolved in 98 

isopropanol at 60°C for 1 h. Impregnated CNFs were added to the NaOH solution and the mixture was 99 

stirred at 70°C for 1 h. The resultant CNFs were purified by filtration through PVDF membranes with 100 

ultra-pure water, then 0.1 M HCl, and finally ultra-pure water. 101 

2.4. Film fabrication 102 

Cellulose films were fabricated by Büchner filtration through PVDF membranes. Before filtration, all 103 

polymer dispersions (CNFs, CH-CNF mixture, and CMCNFs) were prepared at 2.5 g·L
-1

. For the 104 

single-layer films, the dispersion was poured into the membrane and filtrated for 30 min under 50 105 

mbar at room temperature. For the bilayer films, after filtrating the first dispersion, the second 106 

dispersion was added to the first layer and filtrated again under the same conditions. All films were, 107 

then, dried between Whatman filter paper under a weight of 500 g for 48 h at room temperature. 108 

Afterward, the disc-shaped films (diameter = 36 mm) were weighted and their thickness was measured 109 

with a Mitutoyo digimatic micrometer. The density (d) was calculated as represented below: 110 

  
 

    
 (1) 111 



where m, r, and t are respectively the weight, radius, and thickness of the dried films.  112 

The films were then cut into different shapes depending on the conducted analysis; rectangles (6 x 24 113 

mm
2
) for actuation tests (2.5.6) and dynamic mechanical analysis (2.5.8) and squares (24 x 24 mm

2
) 114 

for swelling ratio quantification (2.5.7). 115 

2.5. Characterization 116 

 117 

2.5.1. Quartz crystal microbalance with dissipation monitoring (QCM-D) 118 

QCM-D equipment (E4, Q-Sense instrument, AB, Sweden) using a piezoelectric AT-cut quartz crystal 119 

coated with gold electrodes on each side (QSX301, Q-Sense) was employed to assess the adsorption of 120 

CH on CNFs. The quartz crystals, cleaned in a piranha bath for 5 min, were set up into the cells and 121 

ultra-pure water was injected at a flow rate of 0.1 mL·min
-1

 at 20 °C for at least 1 h until reaching a 122 

stable baseline. A PAH solution (0.1 g·L
-1

) was first injected for 15 min before the adsorption of 123 

biopolymers. Then, CNF dispersion (0.1 g·L
−1

) and CH solution (0.2 g·L
−1

, pH 1) were successively 124 

injected into the cells for 15 and 20 min respectively. A rinsing step with Milli-Q water or 0.1 M HCl 125 

was done before the subsequent injection of polymer solutions.  126 

Frequency (Δfn/n) and dissipation (ΔDn/n) changes were simultaneously registered at 5 MHz 127 

fundamental resonance frequency and its several overtones as a function of time. (Δfn/n) can be related 128 

to the hydrated mass of the adsorbed polymers while (ΔDn/n) provides information about 129 

conformational changes and softness/rigidity of the system studied. QCM-D experiments were carried 130 

out at least twice. The third overtone (15 MHz) was used in the evaluation of the QCM-D data.  131 

2.5.2. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy 132 

ATR-FTIR spectra were recorded with a Nicolet iS50 FTIR spectrometer (Thermo Fisher, Waltham, 133 

Massachusetts, USA) with the accumulation of 200 scans between 800 and 4000 cm
-1

 with a 134 

resolution of 4 cm
-1

. The single-layer films composed of CNFs, CH-CNF, or CH were analyzed. A 135 

band decomposition of CH film spectra was performed in the 1800-1500 cm
-1

 region to determine the 136 

exact positions of the peak related to C=O stretching from amide I and the two peaks associated with 137 

N-H deformation. OriginPro 8.5 software was used for the band decomposition. The spectrum was 138 

first normalized with the peak at 1150-1085 cm
-1

 (ether bonding) with a linear baseline made by 139 

interpolation. The decomposition was done in Gaussian peaks with the minimum number of peaks and 140 

was considered valuable when R ≥ 0.99. For CH-CNF spectra, the characteristics of the peak at 1536 141 

cm
-1

 (N-H deformation) were measured to follow the CH amount in CH-CNF films (wavenumber, 142 

area, full width at half maximum, and area contribution). The spectra were also normalized with the 143 

peak at 1150-1085 cm
-1

 with a linear baseline made by interpolation. 144 

2.5.3. Elementary analysis 145 

To quantify the percentage of CH in the CH-CNF films, the atomic composition (carbon, hydrogen, 146 

and nitrogen content) of freeze-dried CNFs, single-layer CH and CH-CNF films was determined using 147 

a Thermo Fischer Scientific Elemental Analyzer (Model Flash 2000). Each sample was measured 148 

twice. 149 

2.5.4. Confocal laser scanning microscopy (CLSM) 150 

Single-layer films containing RBITC-CH and CNF (weight ratio 1:4) were observed by confocal 151 

microscopy (Leica TCS-SP2) to visualize the distribution of CH within the film. Confocal images 152 

were acquired with a LSM-510 UV-Vis microscope equipped with 63 × 1.2 water immersion 153 

objectives (Zeiss, Germany). Excitation/emission wavelengths were 530/566 nm. 154 



2.5.5. Conductometric titration 155 

CMCNFs (20 mg) were firstly acidified with HCl (0.1 M) and titrated with NaOH (0.1 M) by a 156 

TIM900 titration manager (Metrohm). The conductivity was measured simultaneously during the 157 

titration by a CDM749 conductivity cell. 158 

The degree of substitution (DS) was calculated as (Abitbol et al., 2013; Beck et al., 2015): 159 

   
                   

                   
   (2) 160 

Where Veq1 and Veq2 are the equivalence volumes of NaOH (L), CNaOH is the concentration of NaOH 161 

(mol·L
-1

), m is the dried weight of CNFs (g), M is the molecular weight of the carboxymethyl group, 162 

and 162 is the molecular weight of AGU (g·mol
-1

). 163 

2.5.6. Actuation tests 164 

Actuation was monitored by immersing the bilayer films under different pH conditions (acidic, 165 

neutral, and basic). Bilayer films were cut into rectangles (24 x 6 mm
2
) and were fixed in a clamp that 166 

was held by a stand. A glass vessel containing 0.01 M HCl (pH 2), Milli-Q water, or 0.01 M NaOH 167 

(pH 12) was placed on the moveable platform. Then, a SVS-vistek EXO camera and the camera 168 

software from BIA unit were used to capture the film movement. Therefore, the moveable platform 169 

was driven up to dip the bilayer film into the liquid in the glass vessel and start the actuation test. The 170 

test steps were the following: the bilayer films were first immersed for 10 min in 0.01 M NaOH, then 171 

5 min in 0.01 HCl, and 20 min in 0.01 M NaOH. Each actuation test was repeated three times. 172 

2.5.7. Swelling ratio quantification 173 

Disc-shaped films were cut into squares of 24 x 24 mm
2
. The dry films were weighed, then immersed 174 

in Milli-Q water, or aqueous solutions of 0.01 M HCl (pH 2) or 0.01 M NaOH (pH 12) for 1 min and 175 

weighed again. The swelling ratio expressed as the weight of absorbed water per the weight of the dry 176 

film (SW) was calculated following this equation: 177 

    
       

  
  (3) 178 

where mw and md are respectively the weight of the wet and dry film (mg).  179 

Each sample was measured five times. 180 

2.5.8. Dynamic mechanical analysis (DMA) 181 

The dynamic mechanical properties as a function of pH for CNF, CH-CNF, or CMCNF films were 182 

determined with a Dynamic Mechanical Analyser (DTMA MkIV, Rheometric Scientific, US). The 183 

DMA system was flipped from bottom to top in order to measure the samples immersed in pH-184 

controlled aqueous solutions at 20°C. Tests were conducted on rectangular-shaped strip samples (10×6 185 

mm
2
) in the tensile mode with a dynamic strain amplitude of 0.1%, and a constant load force of 0.1 N. 186 

Recordings of the specimens were taken following this procedure: 10 min air equilibrium, then 10 min 187 

immersion in the liquid (HCl 0.01 M, Milli-Q water, or NaOH 0.01M). 188 

 189 

3. Results and discussion 190 

3.1.  Structure and pH-sensitive behavior of chitosan-cellulose films (CH-CNF) 191 

 192 



In this work, we took advantage of the pH-responsive properties of chitosan (CH) to fabricate all-193 

polysaccharide actuators. CH contains amino groups that make the polymer pH-responsive. In acidic 194 

conditions,  the charged amino groups favor the hydration and dissolution of CH chains due to the 195 

higher hydrophilicity and electrostatic repulsion between the positive charges. Above its pKa (~ 6),  196 

the neutralization of the amino groups drives CH aggregation by the association between the CH 197 

chains (Rosca et al., 2005; Vleugels et al., 2018). However, CH-based actuators require cross-linking 198 

of the polysaccharide chains, to avoid the dissolution of CH at low pH. Therefore, in this work, CH 199 

was combined with cellulose nanofibers (CNFs) to form a physically cross-linked network within the 200 

film. The first step was therefore to demonstrate the irreversible association between CH and CNF. 201 

For this purpose, the interaction between CH and uncharged CNFs were investigated by quartz crystal 202 

microbalance with dissipation monitoring (QCM-D). 203 

Fig. 1 shows the normalized frequency (Δfn/n) and dissipation (ΔDn/n) signals as a function of time for 204 

the successive adsorption of CNFs and CH. (Δfn/n) shifts can be related to the change in mass of 205 

adsorbed polymers (hydrated mass) and (ΔDn/n) shifts give information on the viscoelastic properties 206 

of the adsorbed polymers. The studied concentrations and injection times of the polymer solutions 207 

were chosen according to our previous studies (Lombardo et al., 2021). Each polymer adsorption stage 208 

was followed by a rinsing step to remove excess and loosely bound polymers. Polymer adsorption was 209 

considered complete when a plateau of frequency and dissipation was reached. A layer of positively 210 

charged PAH was first deposited to facilitate the adsorption of CNFs on the gold substrate. The first 211 

CNF injection led to a decrease in frequency of –41 ± 4 Hz, evidencing the polymer adsorption. An 212 

average frequency shift between −20 and −50 Hz has been previously reported for CNF adsorption 213 

(Ahola et al., 2008; Aulin et al., 2010; de Castro et al., 2018), depending on adsorption conditions and 214 

the CNF nature. In order to demonstrate the surface saturation after each adsorption step, we injected 215 

twice CNF dispersions after the rinsing step to guarantee that no more CNFs were adsorbed. The 216 

signals of frequency and dissipation in Fig. S1 remained unchanged after the second CNF injection, 217 

meaning that the maximum CNF adsorption was reached during the first stage. Then, when CH was 218 

adsorbed on the CNF layer, the frequency decreased to –54 ± 4 Hz, and the dissipation increased to 219 

about (17 ± 2)·10
-6

  units (Fig. 1). During the rinsing step, the change from 0.1 M HCl to water 220 

resulted in an increase in frequency signal and dissipation during the five first minutes. Then, the 221 

frequency remained stable at -43 ± 9 Hz while the dissipation signal decreased until attaining stability. 222 

This type of signal can be associated with the phenomenon of dewatering occurring when CH is 223 

subjected to pH changes and the binding is entropy-driven (Leray et al., 2022; Lombardo et al., 2021; 224 

Lombardo & Thielemans, 2019). The subsequent injection of CNF on the CH layer resulted in a 225 

frequency decrease at –70 ± 10 Hz, which demonstrated the irreversible adsorption of CH on the first 226 

CNF layer, which allowed the adsorption of the second CNF layer. 227 



 228 

Fig. 1.  Δfn/n and ΔDn/n changes for the third overtone during the adsorption of CNFs and CH on the 229 

gold surface of the QCM-D sensor as a function of time. Arrows indicate the injection of the polymers 230 

and the asterisks or points indicate the rinse steps in between with water or 0.1 M HCl, respectively. 231 

Once demonstrated the association between CNFs and CH, in order to design CH-CNF films with the 232 

optimal loading of CH, we prepared mixtures of CH (1 g·L-1
) and CNFs (2.5 g·L-1

) at different weight 233 

ratios: 5, 10, 20, 30, and 40% wt of CH (CH05%, CH10%, CH20%, CH30%, and CH40%, 234 

respectively). We prepared CH-CNF films by vacuum filtration following the protocol in section 2.4. 235 

When the CH concentration was above 50% wt, the films were stickered to the membrane hindering 236 

their potential use. Films exhibited average thicknesses of 24 ± 4 µm with an apparent density of 0.77 237 

± 0.01 g·cm
-3

. A film of only pristine CH (CH100%) was prepared by casting for comparison with the 238 

CH-CNF films. Firstly, films were examined by ATR-FTIR to demonstrate that CH was not eluted 239 

from the CNF matrix during the filtration. 240 

ATR-FTIR spectra of films are presented in Fig. 2a-b. In Fig. 2a, the CNF film spectrum displayed 241 

bands at 3500-3300 cm
-1

 (-O-H stretching vibration), 2874-2922 cm
-1

 (C-H stretching), 1634 cm
-1 

242 

(adsorbed water), 1380 cm
-1

 (CH3 deformation), and 1150-1085 cm
-1

 (ether bonding) (Oh et al., 2005; 243 

Schwanninger et al., 2004). CH100% film spectrum differed from CNF due to remarkable bands at 244 

1630 cm
-1

 (C=O, amide I), 1555 and 1516 cm
-1

 (N-H deformation) (Da Róz et al., 2010; Rosca et al., 245 

2005) (Fig. 2a). The exact position of these three peaks was determined by deconvolution of the broad 246 

band between 1800 and 1450 cm
-1

 (Fig. S2). For CH05% and CH10%, the bands corresponding to the 247 

amide groups from CH were slightly detected, probably due to a low CH concentration (Fig. 2b). 248 

Starting from the CH20% spectrum, a band at 1536 cm
-1

 indicated the presence of CH in the film, 249 

corresponding to the merging of the two N-H bands at 1555 and 1516 cm
-1

 (Fig. 2a-b). A peak fitting 250 

between 1800 and 1450 cm
-1 

was done to quantify the evolution of the band area at 1536 cm
-1

. Fig. S2 251 

and Table S1 report the peak fitting of the CH20%, CH30%, and CH40%; and the respective results. 252 

An area of 0.62 was obtained for CH20%; then was amplified for CH30%, with a value of 0.96; and 253 

finally, for CH40%, the band decreased to a similar area to CH20% (band area of 0.46) (Fig 2b). In all 254 

cases, the band associated with the C=O stretching from the amide group at 1630 cm
-1

 was overlapped 255 



with the band of adsorbed water at 1634 cm
-1

 (Zhao et al., 2020). ATR-FTIR results suggested that, at 256 

a CH loading above 30%, excess CH was not retained by the CNFs during filtration and was eluted 257 

through the membrane. This result was consistent with the limitations encountered during film 258 

preparation at CH content above 50% wt by vacuum filtration. 259 

 260 

Fig. 2. (a) ATR-FTIR spectra of CNF, CH20%, CH100% films and molecular structures of CH and 261 

CNF. (b) ATR-FTIR spectra of CNF, CH05%, CH10%, CH20%, CH30%, CH40% and CH100% films 262 

in the 1800 – 1450 cm
-1

 region. The whole spectra are presented in Fig. S3. 263 

The CH20% film was selected for the fabrication of actuators to prevent CH loss during film 264 

preparation. To get more insight into the composition of the CH20% film, the atomic percentage of 265 

carbon (%C), hydrogen (%H), and nitrogen (%N) of the CNF, CH100%, and CH20% films were 266 

measured by elementary analysis. The percentage of CH (%CH) in the film could be calculated as the 267 

ratio between the %N of CH20% and CH100% films: 268 

     
            

             
     (4) 269 

Table 1 shows the results of the elementary analysis. The CNF film was composed of 40.9 %C and 6.2 270 

%H, and witnessed any presence of nitrogen in agreement with the composition of cellulose 271 

(Kulpinski et al., 2022; Missoum et al., 2012). The CH film also fitted the common values with 5.3 272 

%N, 30.8 %C, and 5.8 %H (Gupta & Jabrail, 2006; Qian et al., 2018; Sarwar et al., 2015). In the 273 

CH20% film, 0.83 %N was detected asserting the successful CH incorporation within the film during 274 

film preparation. Therefore, a %CH of 15.6 ± 0.1 % was obtained which correlated well with the 275 

theoretical value of 20% CH. 276 

Table 1. Elemental analysis results of CNF, CH100%, and CH20% films. 277 

 CNF CH100% CH20% 

%C 40.9 ± 0.0 30.8 ± 0.2 39.8 ± 0.2 

%H 6.2 ± 0.0 5.8 ± 0.7 6.3 ± 0.0 

%N 0.0 ± 0.0 5.3 ± 0.0 0.8 ± 0.1 

 278 



The protonation of the amino groups of CH20% films in response to pH was monitored by ATR-279 

FTIR. Fig. 3a shows the ATR-FTIR spectra of CH20% films at pH 2 and 12. The whole spectra are 280 

shown in Fig. S4. The deprotonation of the amino groups from CH was demonstrated by the shift from 281 

1543 cm
-1

 to 1574 cm
-1

 of the band corresponding to the N-H deformation. Then, the CH20% film at 282 

different pHs was observed by confocal laser scanning microscopy (CLSM) to evaluate the 283 

distribution of CH within the film depending on pH. CH was labeled with rhodamine B isothiocyanate 284 

(RBITC-CH) and was mixed with the CNF dispersion to prepare RBITC-CH mixed CNF at 20% wt 285 

(RBITC-CH20%). Then, films were prepared following the same procedure as described above. Fig. 286 

3b-e shows CLSM images of the film after vacuum filtration and when the films are immersed in 287 

different pH solutions. For the starting dry film, a homogenous distribution of CH was observed (Fig. 288 

3b). When the film was immersed at pH 7 (Fig. 3c), the distribution profile changed compared to the 289 

starting film, and a network of CH aggregates appeared. Then, at pH 2 (Fig. 3d), the distribution 290 

pattern observed at pH 7 was amplified, and the film showed regions with a high CH concentration 291 

(highly colored) and regions with low CH content. Surprisingly, when the film was at pH 12 (Fig. 3e), 292 

the CH distribution seemed more homogeneous with a similar pattern to the dry film. We 293 

hypothesized that under acid conditions, CH is highly swollen, as the QCM-D results suggested, so it 294 

can diffuse within the CNF network creating a second network that expanded due to electrostatic 295 

repulsion between amino groups. Differently, under alkaline conditions, CH shrinks, and the layer 296 

dewaters forming aggregates that provide a more compacted structure. This was confirmed by the 297 

dissipation decrease when the CH layer was rinsed with water (Fig. 1). Therefore, CH20% film 298 

exhibited strong structural changes depending on the pH. 299 

 300 

Fig. 3. (a) ATR-IR spectra of CH20% film after immersion at pH 2 and 12 in the 1800 – 1450 cm
-1

 301 

region. The whole spectra are presented in Fig. S4. Confocal images of RBITC-CH20% film after 302 

vacuum filtration  (b), and wet state for different pH values (c) 7, (d) 2, and (e) 12. 303 

 304 



3.2. Reversible actuation of bilayer films controlled by CH and charge CNFs 305 

We fabricated bilayer films combining a first layer of CH20% and a second layer of CNFs or 306 

carboxymethylated CNFs (CMCNFs). Two molar ratios between MCA and AGU (MCA/AGU: 0.50, 307 

and 0.70) were investigated to achieve different degrees of substitution (DS) based on a calibration 308 

curve performed in previous studies (Lopes da Costa et al., 2023). The DS were determined by 309 

conductometric titration following equation (2) (a representative titration curve is presented in Fig. 310 

S5). CMCNFs with DS of 0.10, and 0.20 (CMCNF10, and CMCNF20) were obtained for the 311 

respective MCA/AGU ratios of 0.50, and 0.70. CMCNF20 formed very stable dispersions so it was 312 

mixed at 80% wt with CNFs to avoid film dispersion in aqueous media. The CH20%/CNF film 313 

exhibited an average thickness of 34 ± 2 µm with an apparent density of 0.71 ± 0.05 g·cm
-3

, whereas 314 

the CH20%/CMCNF films showed an average thickness of 28 ± 5 µm with an apparent density of 0.75 315 

± 0.07 g·cm
-3

.  316 

Fig. 4a-c shows the actuation performance of the CH20%/CNF and CH20%/CMCNF films under pH 317 

changes. The films were first immersed for 10 min at pH 12 (NaOH 0.01M), then 5 min at pH 2 (HCl 318 

0.01M), and back to pH 12 for 20 min. In Fig. 4a, the CH20%/CNF film bent with the CH20% layer 319 

on the outside at pH 12. The presence of CH in the CH20% layer already entailed a difference in water 320 

uptake between the CH20% and CNF layers at high pH, and subsequently a differential expansion 321 

within the film. Then, the immersion of the CH20%/CNF film in the pH 2 solution resulted in 322 

twisting, because of higher expansion of the CH20% layer. The protonation of the amino groups from 323 

the CH20% layer created repulsions between the positively charged groups, further enhancing the 324 

difference in water uptake and expansion between CH20% and CNF layers. Back to pH 12, the 325 

CH20%/CNF film did not show any change from low pH, and the film remained twisted. Now in their 326 

basic form, the amino groups should induce a layer shrinkage, however, the shape recovery did not 327 

operate.  328 

Differently, when CH20% was combined with CMCNFs, the presence of carboxymethyl groups 329 

influenced the behavior (Fig. 4b and c). The expansion of CH20% and CMCNF layers at the different 330 

pH was illustrated in Fig. S6. CH20%/CMCNF10 and CH20%/CMCNF20 bent with the CMCNF 331 

layer on the outside at pH 12. The carboxylic acid groups were deprotonated, creating the electrostatic 332 

repulsion between negative charges within the CMCNF layer, which yielded the layer expansion and 333 

the film bending. Moreover, CH20%/CMCNF20 was more bent than CH20%/CMCNF10, as the DS 334 

increased. The inverse mechanism was noted at pH 2 in which the CH20% layer is on the bending 335 

outside; in this case, due to the protonation of the amino groups. Back to pH 12, CH20%/CMCNF10 336 

reached an almost straight shape while CH20%/CMCNF20 achieved complete backward movement to 337 

the other side. This meant that the difference in water uptake between CMCNF10 and CH20% layers 338 

was not sufficient to fully reverse bending compared to CH20%/CMCNF20. Therefore, the DS was 339 

revealed to be a critical parameter influencing the reversible actuation.  340 



 341 

Fig. 4. Photographs showing the actuation tests under pH changes of (a)CH20%/CNF, (b) 342 

CH20%/CMCNF10, and (c) CH20%/CMCNF20 films. 343 

To give more insight into the mechanism of actuation, the swelling of each layer was studied by 344 

fabricating single-layer films of CH20%, CNF, or CMCNFs. Swelling ratios (SW) of single-layer 345 

films immersed at pH 2, 7, and 12 are reported in Fig. 5a. Comparing CH20% and CNF films, the 346 

difference in SW turned out to be weak. In neutral and basic conditions, CH20% and CNF films had 347 

an average SW of 3.4 ± 0.4 and 2.4 ± 0.2, respectively. A slightly greater difference was obtained at 348 

pH 2 (SW of 4.0 ± 0.5 for CH20% and 2.0 ± 0.4 for CNF films). As the CH20% film had in any case a 349 

superior SW than the CNF film, which justified that bending only occurred with the CH20% layer on 350 

the outside. Moreover, this fact explained the difficulty in achieving shape recovery at pH 12 after film 351 

twisting at pH 2. Regarding the CMCNF films, the water uptake depended on the number of 352 

carboxymethyl groups on the cellulose surface. CMCNF10 film showed higher water uptakes, 353 

compared to the CNF film, but still a low dependency on pH (average SW of 3.4 ± 0.2). Differently, 354 

CMCNF20 film displayed an increasing water uptake from pH 2 to 12 (4.5 ± 0.5, 6.7 ± 0.4, and 8.0 ± 355 

0.8 for pH 2, 7, and 12, respectively). Hence, the introduction of carboxymethyl groups ended up 356 

competing with the behavior of the CH20% layer. The increase in DS allowed bigger changes in SW 357 



and thus, enabled reversible movements of the film. Therefore, when the films were again in an 358 

alkaline environment, the shape recovery can be completed only if a consequent swelling of the 359 

CMCNF layer is reached. This was the case of CH20%/CMCNF20, where both layers showed a 360 

significant difference in SW at high pH.  361 

 362 

Fig. 5. (a) SW of single-layer CH20%, CNF, CMCNF10, and CMCNF20 films. (b) E’ and (c) ε of 363 

single-layer CH20%, CNF, and CMCNF20 films as a function of pH. 364 

Dynamic mechanical analysis (DMA) measurements were conducted on the single-layer CH20%, 365 

CNF, and CMCNF20 films to provide more detailed information on the changes in mechanical 366 

properties of layers at the different pHs. The storage modulus (E’) of the films was recorded as a 367 

function of pH (Fig. 5b). The CNF film presented relatively the same mechanical properties for all the 368 

studied pHs, with an average E’ of 276 ± 4 MPa in agreement with previous studies (Lopes da Costa et 369 

al., 2023). The CH20% film displayed lower E’ when immersed in aqueous solutions and an increase 370 

at high pH (E’ of 58 ± 2 MPa, 65 ± 6 MPa, and 155 ± 36 MPa for pH 2, 7, and 12, respectively). It has 371 

been reported that the incorporation of CH enhanced water uptake within the film destroying 372 

interfibrillar hydrogen bonding (Wu et al., 2020), which justified the lower E’ values of CH20% 373 

compared to CNF. The differences in E’ determined the reversibility of bending upon pH changes. 374 

Thus, the lower E’ of the CH20% layer facilitated its expansion compared to the CNF layer, and thus 375 

drove the bending of the CH20%/CNF film. However, the higher stiffness of the CNF layer prevented 376 

the shape recovery. Regarding the CMCNF20 film, E’ was significantly lower compared to the CNF 377 

film (average E’ of 26 ± 6 MPa). The introduction of carboxymethyl groups drastically changed the 378 

cellulose-water interaction, which resulted in a lower stiffness. Moreover, this indicates that both 379 

layers of the CH20%/CMCNF20 film displayed low E’. At pH 12, the CMCNF20 layer was less rigid 380 

than the CH20% layer, which facilitated the reversibility. Thus, flexibility is a key factor influencing 381 

the reversibility properties of the films. 382 

DMA measurements also allowed the determination of changes in the film length () upon immersion 383 

in the liquid (Fig. 5c). CNF layer presented low ε regardless of pH (average ε of 5.5 ± 0.3 %). The 384 

CH20% layer showed a strong decreasing ε from pH 2 to 12 (ε of  9.1 ± 0.0 %, 7.7 ± 0.4 %, and 5.5 ± 385 

1.0 % for pH 2, 7, and 12, respectively). Inversely, CMCNF20 film exhibited increasing ε from pH 2 386 

to 12 (5.5 ± 0.0 %, 9.7 ± 0.0 %, and 10.6 ± 0.2 % for pH 2, 7 and 12, respectively). These changes in 387 

dimension reflected the actuation behavior of the different bilayer films. Especially for the change 388 

from pH 2 to 12, a strong difference in ε at pH 2 for both couples is noted (CH20% & CNF and 389 

CH20% & CMCNF20) while, at pH 12, only CH20% and CMCNF20 layers exhibited a significant 390 

difference in ε. 391 



This work demonstrates that polysaccharides can be combined into bilayer films to achieve pH-392 

responsive movement. The presence of charged groups, negative carboxymethyl or positive amino 393 

groups, increases the water uptake, mainly due to the electrostatic repulsion between charges, which 394 

facilitates the separation and the interaction with water. The higher swelling also decreases the storage 395 

modulus of the charged layers compared to unmodified CNFs. Actuation can be achieved by 396 

assembling layers showing different expansions; however, reversibility requires specific mechanical 397 

properties of the layers. Therefore, actuation is not only driven by the different water uptake of each 398 

layer, higher flexibility of the expanded layer is required to achieve reversibility. The role of the 399 

storage modulus of each layer forming the film on the actuation performance has been previously 400 

described for fiber composites, and wood bilayer strips (Le Duigou et al., 2019; Rüggeberg & Burgert, 401 

2015). Our results evidenced that, when changing the environment, the layer shrinking must provide 402 

enough rigidity to drive backward movement. Therefore, by carefully selecting key polysaccharides or 403 

combinations of them, we can tune the film bending and/or twisting, and the reversibility of the 404 

actuation. 405 

4. Conclusion 406 

In this work, we demonstrated that CH, unmodified, and carboxymethylated CNFs together can give 407 

rise to pH-responsive bilayer actuator films with controlled reversibility. The presence of functional 408 

groups sensitive to pH and the assembly of multilayered structures permitted to generate variations of 409 

expansion within the film responsible for shape-changing. In this case, the control of reversibility was 410 

achieved by the chemical pathway to obtain carboxylic acid groups at the CNF surface and their 411 

degrees of substitution. Functionalization opens the route to control the reversibility of pH-responsive 412 

actuators. Our results demonstrated that actuation was not only driven by water uptake but also by the 413 

mechanical properties of the layers. We provided fundamental information in terms of CH-CNF 414 

interactions, structural arrangement, swelling behavior, and mechanical properties of the different 415 

layers contributing to the mechanism of actuation. Therefore, this study enables to enhance the 416 

understanding of polysaccharides for the development of programmable materials in various 417 

applications such as soft robotics, biomedical, food, and electronic applications. 418 
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