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Abstract Exploiting materials with the ability to

respond to the environmental stimuli is experiencing

an enormous research interest. In particular, polymers

that are sensitive to the changes of humidity levels

attract great attention as self-actuators. The sensitivity

of these materials to the level of moisture is expressed

by their hygroscopic properties, namely, the coeffi-

cient of hygroscopic expansion. In this context, this

study details the effect of moisture absorption on

cellulose acetate membranes, as potential material for

humidity-responsive self-actuators. The aim is two-

fold. The first deals with the evaluation of the

coefficient of hygroscopic expansion (a) through the

determination of the absorbed moisture concentration

at saturation (Csat) and the relevant moisture absorp-

tion induced strain (ehygro). The second assesses the

accuracy of a finite element modeling in describing the

coupling of moisture absorption in cellulose acetate

membranes and the corresponding dimensional vari-

ation, using the material properties experimentally

measured. The experimentally measured Csat and

ehygro resulted a non-linear dependency on relative

humidity. Also the coefficient of hygroscopic expan-

sion (a = Csat /ehygro) resulted to have a non-linear

dependency on the relative humidity, as well. By this

input, numerical simulations were performed for

different relative humidity levels, showing accurate

description of experimental data.

Keywords Humidity responsive materials �
Cellulose acetate � Coefficient of hygroscopic
expansion � Finite element modeling �
Thermomechanical analysis

Introduction

Hygroscopic expansion, which is defined as dimen-

sional variation due to moisture absorption, can be a

double-edged sword. For decades, the hygroscopic

behavior of materials has been considered a drawback

that influences product performance (Wong 2010). In

recent years, the application of hygroscopic materials

as self-actuator or humidity responsive products has

been continuously exploited in different industries.

The products integrating this feature have ranged from

the small scale of humidity-sensitive self-actuators for
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sensor application (Taccola et al. 2015; Heibeck et al.

2015; Rivadeneyra et al. 2021) to the larger scale of

environmentally responsive building facades (Menges

and Reichert 2015; Bridgens et al. 2017; Abdelmohsen

2019). Moreover, some wearable textile (Wang et al.

2017) and energy harvesting application (Chen et al.

2014, 2015) have employed this feature.

Most of these research studies consider a bi-layered

composite that couples a hygroscopic material layer

with a layer of a non-hygroscopic material. These

studies exploit the different dimensional variation of

the two layers induced by a change in the environment

humidity to obtain a self-actuator device. The actua-

tion in these bi-layered composites is a function of

changes in environmental conditions (relative humid-

ity and/or temperature), of the device geometry (layers

thickness), as well as the intrinsic properties of each

layer materials.

For a proper design of these actuators, the most

important material property to be determined is the

hygroscopic expansion coefficient (a). a is defined as

the ratio of the relative linear expansion induced in a

dried material by moisture absorption (ehygro), and the

moisture concentration at saturation Csat, namely a ¼
ehygro
Csat

(Wong 2010). In this definition, ehygro, often

referred to as the hygroscopic strain, and Csat are

estimated with respect to the dry condition

(ehygro ¼ Lsat�Ldry
Ldry

;Csat ¼ Msat�Mdry

Vdry
),where, L, M, and

V are the length, mass and volume of the body under

consideration, and the subscripts ‘sat’ and ‘dry’ refer

to saturation and dry conditions, respectively.

Different experimental methods have been used for

the evaluation of a material coefficient of hygroscopic

expansion. Some methods are based on a direct

warpage measurement of bi-material beams, some

on a direct strain measurement using Moiré interfer-

ometry (Stellrecht et al. 2003; Changsoo Jang et al.

2010) or Digital image correlation (DIC) analysis

(Changsoo Jang et al. 2010). In some works, volume

variations induced by material drying have been

evaluated by Archimedes Principle (Wong 2010),

while other researches exploited a parallel Thermo-

mechanical (TMA) and Thermogravimetric analysis

(TGA) (Jiang Zhou et al. 2005; Shirangi et al.

2008, 2009b, a; Park et al. 2009; Zhang et al. 2010).

TGA is the most used technique for the determination

of Csat. It measures the weight loss of a specimen,

preliminarily saturated at a certain value of relative

humidity and temperature, during the desorption

process, till dry condition is reached.

Each of the above mentioned methods or tech-

niques has its own limits to some extent. For instance,

warpage measurement of bi-material beams is not

suitable for the materials that show a non-reversible

hygroscopic expansion or bi-layered composites in

which the moisture absorption can cause micro-cracks

or delamination between two layers (Jiang Zhou et al.

2005; Shirangi et al. 2009b, a). The parallel TMA/

TGA method is not suitable when the drying temper-

ature passes the glass transition temperature of the

material (Jiang Zhou et al. 2005; Shirangi et al.

2008, 2009b, a; Park et al. 2009; Zhang et al. 2010).

The strain measurement in thin films based on Moiré

interferometry method needs meticulous attention to

the applied external force, as it can cause unforeseen

deformation (Stellrecht et al. 2003; Changsoo Jang

et al. 2010). It has to be noticed that, irrespective of the

adopted method, both the concentration at saturation

(Csat) and the hygroscopic strain (ehygro) are mostly

measured during a moisture desorption process, that is

by comparing the initial (humid) and the final (dry)

values of a body mass and dimensions.

Given the complexity of moisture absorption/des-

orption processes, overlapping data from experiments

based on different techniques based on different

assumptions, lead often to measurements with not

negligible errors. For example, the mentioned meth-

ods assume identical hygroscopic behavior during the

absorption and desorption process and evaluate the

diffusion coefficient during the desorption process,

despite it has been demonstrated the diffusion kinetics

during moisture absorption and moisture desorption

are completely different (Crank 1979; De Wilde and

Shopov 1994; Mensitieri and Scherillo 2012). Another

approximation is the linear relation between hygro-

scopic strain and moisture concentration with relative

humidity, so that the coefficient of hygroscopic

expansion results to be constant and independent of

relative humidity (Stellrecht et al. 2003; Jiang Zhou

et al. 2005; Shirangi et al. 2008, 2009b, a; Park et al.

2009; Changsoo Jang et al. 2010; Zhang et al. 2010).

These two assumptions can lead to a considerable

discrepancy between the measurements and real

hygroscopic behavior, especially, for highly hygro-

scopic materials during the absorption. These

hypotheses might be suitable for materials having a

very slow absorption process, getting the
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concentration at saturation after several months or

even years. While, for highly hygroscopic materials,

reaching the saturation in less than an hour, these

assumptions are questionable. For highly hygroscopic

materials, considerable attention must be paid to the

measurement of the hygroscopic strain by Thermo-

mechanical Analysis (TMA) using membranes. The

measurement of the dimensional variation through the

thickness can lead to poor accuracy in the obtained

values for hygroscopic strains.

To overcome some of the mentioned drawbacks, in

this study, the concentration at saturation of a cellulose

acetate has been evaluated by direct gravimetric

measurements of membranes during the absorption

process. Despite this technique is time consuming, it is

more suitable for highly hygroscopic materials having

a different absorption and desorption kinetics (Crank

and Park 1951; Crank 1953; Alfrey Jr et al. 1966;

Roussis 1981; De Wilde and Shopov 1994; Mensitieri

and Scherillo 2012).

The dimensional variation induced in a dried

membrane is independent of both moisture absorption

and diffusion kinetics; when the material reaches a

moisture concentration at saturated state. Therefore,

the hygroscopic strain can still be determined referring

to the desorption process by Thermomechanical

analysis (TMA) using a proper tool, as presented in

this study. Dealing with very thin membranes (thick-

ness lower than 500 lm), a tensile loading configura-

tion was adopted using the film/fiber probe of a

Thermomechanical Analyzer.

The obtained results, detailed in the experimental

section, were used to define a correlation between the

hygroscopic strain (ehygro) and the concentration at

saturation state (Csat) with the environment Relative

humidity (RH). The experimental data of moisture

concentration at saturation and hygroscopic strain

have been used, among the other inputs, for the finite

element modeling of coupled moisture diffusion and

hygroscopic expansion. The numerical model has

accurately predicted the effect of moisture absorption

on the mechanical deformation of the considered

cellulose acetate membranes.

Material and membrane preparation

Cellulose acetate (CA) powder (53.3% acetylation)

was kindly provided by Mazzucchelli 1849 S.p.A. As

it was described in a previous study (Khoshtinat et al.

2021), a 20% w/w solution of Cellulose Acetate (CA)

in ethyl lactate (purity C 98%, purchased from

Sigma-Aldrich) was first prepared (Fig. 1a) for the

production of cellulose acetate membranes. A layer of

about 500 lm thickness of the solution was casted by

K Control Coater at room temperature. Drying of CA

film was carried out in several steps (Fig. 1b) to

optimize the whole evaporation of the solvent

(Khoshtinat et al. 2021). Membranes with a thickness

ranging from 66 ± 1.5 to 70 ± 4.5 lmwere obtained

(measured by micrometer). Thicker membranes with a

thickness between 145 ± 2 and 200 ± 10.5 lm have

been obtained repeating the same procedure using a

dried CA membrane as substrate in the solution

pouring process instead of a glass plate. The CA

membranes, pealed from the glass substrate, were then

dried in an oven (Mazzali Thermair) for 24 h at

125 �C to ensure the complete evaporation of the

residual solvent, if any. During the drying process, the

membrane was placed between two metal frames to

allow equal evaporation at both surfaces. Specimens

were cut from the central part of each membrane at

least at a distance of 1 cm from the metal frames: this

area was considered free from any clamping system

influence and thus eligible for obtaining specimen for

moisture absorption and membrane expansion mea-

surements. Specimens for gravimetric measurements,

with dimensions of 30 9 30 mm2, and for Thermo-

mechanical Analysis, with dimensions of 20 9 4

mm2, were respectively punched and cut from the

obtained films (Fig. 1c).

Experimental procedures and measurements

Concentration at saturation

The concentration at saturation (Csat) has been deter-

mined during the absorption process via gravimetric

measurements. Most of these measurements are

reported in (Khoshtinat et al. 2021), where data of

CA membrane mass variation in time, monitored at

25 ± 1 �C and at different values of relative humidity

(RH in the range 21 7 53%), are detailed. In the

present work new tests have been performed at higher

relative humidity values, up to 76%. The 30 mm9 30

mm (900 mm2) specimens had been previously dried

at 125 �C for 24 h in an oven (Mazzali Thermair), then
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placed and kept for 2 h at the room temperature in a

desiccator before performing moisture absorption

measurements. For weight measurement, an

AS310.R2—RADWAG balance with a limit of read-

ability of 0.1 mg was used. As reported previously

(Khoshtinat et al. 2021) the ‘‘variable surface con-

centration’’ model was adopted to describe the

sigmoidal moisture absorption of the cellulose acetate

membrane and to predict the concentration at

saturation (Csat) for different values of relative

humidity. Figure 2 summarizes the obtained Csat

values (at least 3 measurements) for different levels

of Relative humidity (RH) by the best fitting of the

variable surface concentration model interpolating the

experimental data.

Figure 2 shows that the hypothesis of a linear

dependence of Csat on the relative humidity (Csat =

S 9 psat 9 RH), where psat and S are the water partial

Fig. 1 Schematic representation of: a solution preparation procedure; b membrane production and drying process; c specimen

dimensions
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vapor pressure at saturation and the water vapor

solubility, respectively) (Fan et al. 2009; Wong 2010),

is valid in a limited range of RH. As reported (Lauri

et al.; Shrestha et al. 2017), cellulose-based materials

deviate from this linear prediction, showing a consid-

erable discrepancy starting from a certain level of

relative humidity. This RH level (about 53% in this

study), as well as the increase of the slope of the Csat

vs. RH curve, depends on several parameters, such as:

the type of cellulose and its degree of crystallinity, the

acetylation process, and the presence of plasticizers or

other chemical elements (Gibbons 1953).

For the considered cellulose acetate, the concen-

tration at saturation at a relative humidity of 74–76%

is about 1 9 10–5 g mm-3 higher than the value

extrapolated from the linear fit of the experimental

data below 53% of relative humidity. The experimen-

tal data show a trend similar to that of other cellulose

based materials (Lauri et al.; Shrestha et al. 2017) and

thus they have been interpolated in the same way with

a polynomial function. Assuming Csat = 0 g mm-3

forRH = 0%, the concentration at saturation was fitted

with a third-order polynomial function (Eq. 1), with

R2 of 0.996.

Csat ¼ 1:19� 10�10 � RH3 � 7:97� 10�9 � RH2

þ 8:09� 10�7 � RH

ð1Þ

Hygroscopic strain

The hygroscopic strain (ehygro) was determined by

Thermomechanical Analysis. A Discovery TMA 450

(TA instruments�) with the film/fiber probe was used.

To assess the anisotropic behavior of the CA mem-

brane due to the manufacturing process, specimens

were cut both in the longitudinal and transversal

directions with respect to the K Coater control blade

movement direction: at least three specimens for each

direction were tested. The specimens were precondi-

tioned at 25 �C and at different levels of relative

humidity (RH = 31 7 76%) for at least 24 h, to reach

saturation conditions in a climatized cabinet. Since the

mounting of the specimen between the jaws took some

minutes and the material may have desorb moisture in

this period, each specimen was mounted between the

jaws and kept one more hour inside the climatized

chamber to regain the lost moisture, if any. Then, it

was moved to TMA. The whole process of specimen

moving and closing the cell of TMA took less than

20 s. Standard ASTM E831-6 which refers to test

using expansion probes, foresees the application of a

force between 1 and 100 mN to guarantee the contact

of the specimen and the probe. In this work, the

applied force was varied in each test to have an applied

pre-stress of 1 MPa, which causes a negligible

mechanical deformation during the whole test (see

Fig. 3) and as expected considering the experimental

values of the Young’s modulus of 1.1 ± 0.09 and

0.7 ± 0.09 GPa for the cellulose acetate measured by

Fig. 2 Average moisture concentration at saturation (Csat) as a function of relative humidity (RH) (bars represent the standard

deviation)
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uniaxial tensile test (strain rate 6 9 10–3 1/min) in two

considerably different conditions, namely: room tem-

perature (25 ± 1 �C) and RH = 35–41%; immersed in

water.

All the TMA tests started at 25 �C, that is the

temperature CA moisture saturation was reached for

each level of relative humidity. The TMA test

procedure was:

(i) Measurement of the initial length (L0);

(ii) Application of the force to get a pre-stress of

1 MPa to keep the specimen in tension

through the whole process;

(iii) Heating at 5 �C/min from 25 to 125 �C to

allow moisture desorption;

(iv) Keeping isothermal conditions at 125 �C of

one hour to ensure the complete specimen

drying;

(v) Cooling at 5 �C/min from 125 to 25 �C to

recover the thermal expansion.

The specimen dimensions (length, width and

thickness) have been measured both before (humid

condition) and after the TMA test (dry condition).

For the sake of brevity, Fig. 3 shows experimental

data and its analysis for one test (specimen

Fig. 3 Thermomechanical Analysis procedure: a thermal

profile and relative dimensional change vs. time, b dimension

variation recorded at short time, c hygroscopic strain evaluated

by Thermomechanical Analysis (bars represent data semi-

dispersion for 3 measurements) and the polynomial best fitting
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conditioned at RH = 75% and T = 25 �C). Fig-

ure 3(a) depicts the thermal profile together with the

total variation of the specimen length DLTot and a

sketch reproducing the specimen in each step of the

test. The specimen dimensional change is the result of

the superposition of three phenomena, and thus it is the

sum of three components (Eq. 2), namely the mechan-

ical (DLmech), the thermal (DLtherm), and the hygro-

scopic (DLhygro) one.

DLTot ¼ DLmech þ DLtherm þ DLhygro ð2Þ

In Fig. 3a, P0 indicates the starting condition, while

P1 shows the sudden elongation in the early stage of

the test, due to the applied force (F ! r ¼ 1MPa).

Figure 3b provides an enlargement of Fig. 3a in this

stage. The applied force caused a mechanical elonga-

tion of about 4 lm for the considered specimen

(corresponding to the mechanical strain of 0.03%).

Starting with the heating ramp from P1, one would

expect an increase in the length due to thermal

expansion, while a decrease of length can be observed.

This is consequence of the hygrothermal deformation,

which is the superposition of a thermal expansion due

to the increase of the temperature and a hygroscopic

shrinkage due to the moisture desorption. For the

considered RH saturation levels, the hygroscopic

contraction is much higher than the thermal expansion

occurring in the first 15 min of the test. This trend

continues up to a temperature of about 85 �C, at which
the specimen shrank of about 100 lm with respect to

its P1 length. Afterwards the specimen length slightly

increases till the temperature reaches the set point of

125 �C, suggesting that the thermal expansion is

overtaking the hygroscopic shrinkage.

During the isothermal step of one hour at 125 �C, a
negligible variation of elongation can be observed.

These results suggest that the specimen is completely

dry and the applied force does not induce any creep in

the specimen. At the end of this step (P2), the cooling

to 25 �C of the completely dry specimen induces only

a thermally contraction. The length variation mea-

sured in this step is thus DLtherm. P3 indicates the dry

specimen equilibrated at 25 �C.
Since, in this experimental procedure, the whole

moisture desorption occurs under the application of a

mechanical load, the length of specimen at P1 has to

be considered as the length in saturated condition

(Lsat), and the length at P3 as the length in dry

condition (Ldry).

Figure 3c shows the evaluated hygroscopic strain

(ehygro = (Lhumid—Ldry) / Ldry) as a function of relative

humidity for tested specimens extracted in the two

directions. No orientation dependency has been

observed, which confirms the isotropy of the mem-

brane. As observed on RH dependency of CAmoisture

concentration at saturation (Fig. 2), the hygroscopic

strain experiences a sharp increase when relative

humidity exceeds 53%. In analogy to Csat (Fig. 2), the

trend of hygroscopic strain (ehygro) plotted versus

relative humidity has been fitted by a third order

polynomial function (Eq. 3), with R2 of 0.997.

ehygro ¼ 8:03� 10�8 � RH3 � 5:14� 10�6 � RH2

þ 1:16� 10�4 � RH

ð3Þ

Coefficient of hygroscopic expansion

The coefficient of hygroscopic expansion (a) has been
estimated considering the two functions describing the

concentration at saturation (Csat) and the hygroscopic

strain (ehygro) in relation to the relative humidity (Eq. 1

and 3). The difference between the evolution with the

relative humidity of the moisture concentration at

saturation and of the relative induced hygroscopic

strain (Fig. 4a) can be explained, from a physical point

of view, with the porosity of the membrane as also

explained in (Wong 2010). At relative humidity levels

lower than 40%, the moisture absorbed by the material

just fills the membrane nanopores (Xuejun Fan 2008).

No water molecules interaction with the hydroxyl

groups of the CA molecular chains which are respon-

sible for the material expansion occurs. This interac-

tion, instead, takes place at higher values of RH.

According to definition in introduction, the coeffi-

cient of hygroscopic expansion (a) is reported as the

ratio between the hygroscopic strain and the relevant

moisture concentration at saturation (Eq. 4).

a ¼ ehygro
Csat

¼ 803� RH2 � 51400� RH þ 1:16� 106

1:19� RH2 � 79:7� RH þ 8090
ð4Þ

As a common assumption, for many materials the

hygroscopic expansion is considered a single value,

that can be evaluated as the slope of the line fitted to
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the graph of hygroscopic strain (ehygro) as the function
of relevant concentration at saturation (Csat), inter-

cepting at zero (Wong 2010). Figure 4b depicts the

mentioned graph for our study, using Eq. 1 and 3. It

also demonstrates that the experimental data available

for both gravimetric and thermomechanical analysis

(Csat and ehygro) for the same level of relative humidity

are in a good agreement with polynomial functions

(Eq. 1 and 3) that have been obtained, separately.

Using the common approach in the literature of linear

fit to the curve in Fig. 4b, intercepting at zero,

provides the constant value of a = 138 mm3/g (R2 of

about 0.89). Figure 4c, on the other hand, shows the

nonlinear variation of a, for the considered cellulose

acetate, by plotting Eq. 4 as the function of relative

humidity. The trend of evolution of a as the function of
relative humidity in this study is similar to the

behavior detailed by Teverovsky (Teverovsky 2002).

Finite element modeling

For the prediction of the strain induced by moisture

absorption, finite element simulations by COMSOL

Multiphysics� 5.6 were performed. A multiphysics

approach coupling transport of diluted species and

solid mechanic has been used to predict the induced

hygroscopic strain. To reduce the computational time,

a time-dependent analysis for absorbed moisture

concentration and then a stationary analysis for

mechanical response have been implemented.

A 3D prismatic geometry has been used to

discretize each specimen with the dimensions of the

dry condition. The dry specimen length, width and

thickness (measured at the end of the thermomechan-

ical analysis test) have been used to discretize one

fourth of the prism (
Ldry
2
� Wdry

2
� hdry) exploiting the

symmetries to reduce the calculation time (Fig. 5). A

Fig. 4 a Relative humidity dependence of hygroscopic strain

and concentration at saturation state as predicted by Eq. 1 and 3;

b hygroscopic strain as a function of moisture concentration at

saturation; c coefficient of hygroscopic expansion (a) as

function of relative humidity
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user-defined material has been adopted to apply the

intrinsic properties of the cellulose acetate in this

study. The physical and mechanical properties defined

for the cellulose acetate in dry condition were: density

1.3 9 10–4 (g /mm3) (Wypych 2016), Young’s mod-

ulus 1.1 GPa and Poisson’s ratio 0.39 (Wypych 2016).

A relaxation factor of b = 0.026 s-1 and a diffusion

coefficient of D = 3.35 9 10–06 mm2/s have been

used (Khoshtinat et al. 2021). The coefficient of

hygroscopic expansion (a) has been defined as a

function of relative humidity (RH) according to Eq. 4.

The adopted time-dependent model for the non-

Fickian behavior is the one detailed in the previous

work (Khoshtinat et al. 2021). The concentration at

saturation (Csat) has been defined as function of

Relative humidity (RH) according to Eq. 1, and has

been applied to the specimen top and bottom faces.

A user-controlled, general physics swept mesh with

quadrilateral face through a straight-line path has been

applied from one lateral surface to the other, which

generates a discretized volume by 10 9 5 9 10

hexahedral elements (total of 500 elements exploiting

symmetries). After performing the simulation, the

length at humid condition (direction X) have been

considered to estimate the induced hygroscopic strain.

Numerical results and discussion

The numerical analysis results allowed to discuss two

aspects:

• The accuracy of the finite element model compar-

ing the predicted numerical hygroscopic strains

(ehygro) to experimental measurements;

• The inappropriateness of the assumption of con-

stant value for the coefficient of hygroscopic

expansion (Wong 2010) comparing the numerical

results to those get with the non-linear relative

humidity dependency (Eq. 4).

For the comparison purpose, the experimental

results obtained from specimens conditioned at RH

levels of 31, 52 and 74% were considered. The

dimensions of the specimens at dry conditions (mea-

sured at the end of TMA tests) were used as input to

create the solid model of each numerical analysis

(Table 1). Two sets of numerical simulation have been

done: first, using the dependency of the hygroscopic

expansion coefficient on the level of relative humidity

as calculated by Eq. 4, considering a constant value of

a = 138 mm3/g, from Fig. 4b.

The comparison between the predicted hygroscopic

strain by the finite element simulation for each

humidity level and the experimental data (Fig. 6)

shows, as expected, very good agreement. This

indicates that the coupling of non-Fickian moisture

diffusion and the corresponding induced mechanical

deformation due to the absorption is able to provide

the value of final induced hygroscopic expansion with

a good level of accuracy.

The comparison between simulation of hygro-

scopic expansion by constant (138 mm3/g) and RH

dependent coefficient of hygroscopic expansion (a) is
detailed in Fig. 6. As expected, by considering a

constant value of a, the hygroscopic strain predicted

by the model shows a steady increase by the increase

of the relative humidity, which leads to a considerable

discrepancy to the experimental measurements. The

predicted hygroscopic strain simulated by the constant

a coincides with the real value in just one level of

relative humidity (RH = 62%), where the a calculated

by Eq. 4 is equal to the evaluated constant a
(138 mm3/g). All the other simulations performed

with a constant value of a lead to an overestimation or

an underestimation of the hygroscopic strain. This

comparison demonstrates that the effect of relative

humidity on the coefficient of hygroscopic expansion

(a) is not negligible. Moreover, it highlights that for a

highly hygroscopic material, such as cellulose acetate,

the coefficient of hygroscopic expansion (a) cannot be
considered neither constant, nor linearly dependent on

relative humidity.

Fig. 5 Schematic representation of the finite element model
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Conclusions

The relative humidity dependence of the coefficient of

hygroscopic expansion (a) of a cellulose acetate

(53.3% of acetylation) has been evaluated at constant

temperature of 25 ± 1 �C. The concentration at

saturation (Csat) at room temperature and different

relative humidity levels (RH = 21 7 76%) has been

determined via gravimetric measurements performed

during moisture absorption. The hygroscopic strain

(ehygro) of pre-conditioned specimens

(T = 25 ± 1 �C, RH = 31 7 76%) has been mea-

sured during the desorption via Thermomechanical

analysis (TMA). Despite the common assumptions, at

constant temperature (25 ± 1 �C), concentration at

saturation (Csat) and hygroscopic strain (ehygro) did not
show a linear relation with relative humidity. Nonlin-

ear dependencies have been observed, fitting by third

order polynomials, resulting in nonlinear coefficient of

hygroscopic expansion with the relative humidity.

The experimental results for moisture concentra-

tion at saturation (Csat) and hygroscopic strain (ehygro)
have been considered as input of a finite element

model coupling moisture diffusion and hygroscopic

expansion. The simulations were performed for

different relative humidity levels. The comparison

between the FE simulation and experimental data

confirmed the validity of the simulation method,

which must consider the proper nonlinear dependency

of the coefficient of hygroscopic expansion on the

relative humidity. The knowledge collected by the

present study is the background for further investiga-

tion aiming to the development of a self-actuator

humidity responsive layered material exploiting the

obtained features of cellulose acetate. This is also the

proper context to investigate the response to cyclic

variations of the humidity.
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dicted hygroscopic strains, assuming value or a RH dependent

coefficient of hygroscopic expansion
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