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Abstract 

This project aims to develop and characterize a low-cost humidity-responsive self-actuator that exploits the 

dimensional variation mismatch between a hygroscopic material (used as an active layer for coating) and a non 

or less-hygroscopic substrate, due to changes in the humidity level of the environment. For this goal, a cellulose-

based polymer, namely a cellulose acetate (CA), was chosen as a highly hygroscopic material. A systematic 

investigation of cellulose acetate membrane fabrication to produce the appropriate membrane for the project's 

intended purpose was performed. The effect of the type of solvent adopted for CA solution preparation, CA 

concentration, casting process, and solvent evaporation method was analyzed. 

After optimizing the manufacturing process of cellulose acetate membranes, surface morphology, thermal, and 

mechanical properties of the membranes are studied. The hygroscopic behavior of this material and the 

parameters governing the moisture diffusion process and the relevant material expansion are investigated. 

Material properties such as moisture diffusion coefficient, moisture concentration at saturation and moisture 

absorption induced expansion were evaluated. 

The moisture diffusion in cellulose acetate membranes has been investigated via gravimetric measurements and 

the dependency of the CA moisture concentration at saturation on the environment's humidity level was 

characterized. The non-Fickian behavior of moisture diffusion in cellulose acetate membranes was 

characterized using an analytical model, which enabled the influence of both membrane thickness and relative 

humidity level to be considered across a wide range of the experimental campaign. A finite element model has 

been developed to predict this non-Fickian behavior. 

The moisture absorption induced expansion of cellulose acetate membranes has been characterized as a 

function of relative humidity via Thermomechanical Analysis (TMA). A finite element model that combines 

the moisture diffusion process and the hygroscopic mechanical deformation induced in the membrane is 

presented. Finally, the response of a humidity-responsive bilayer self-actuator consisting of the characterized 

cellulose acetate membrane as active layer and a non-hygroscopic substrate was investigated. The bending 

curvature induced in the bilayer composite by an environment humidity variation was compared to a generally 

used analytical model, which is complemented by a finite element model. 
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Thesis Structure 

The study intends to develop a model to describe the manufacturing process and the hygroscopic behavior of 

a cellulose acetate based humidity-responsive layered self-actuator. The path to achieve the project's goal may 

be divided into three main steps: 

 Offering a systematic procedure for the fabrication of hygroscopic membranes, 

 Determining and defining the inherent properties of these membranes that are important in the material's 

hygroscopic behavior, 

 Development of a comprehensive finite element model that can take advantage of the known intrinsic 

properties of the hygroscopic membrane in order to predict the reaction of a bi-layered self-actuator to 

changes in relative humidity. 

In this context, the structure of this thesis is as follow: 

 Chapter 1 discusses the inspiring idea and specified major purpose of this research. The state of the art 

on smart materials for self-actuator and a brief overview of conceptual solutions are presented. Finally, 

the potential use of hygroscopic material for the humidity-responsive self-actuator is discussed. 

 Chapter 2 outlines the theory of hygroscopic behavior and the material properties involved in 

sensitivity to variations in relative humidity of the environment. A brief review on the experimental 

techniques commonly adopted for hygroscopic materials’ characterization are summarized and 

compared. The main modeling approaches adopted in the last decade for the description of this 

behavior are reviewed. Moreover, the framework for the experimental characterizations and numerical 

modeling that have been carried out through this research is presented. 

 Chapter 3 offers an introduction to the structural and physical properties of cellulose acetate. The 

experimental method optimized to generate a pure cellulose acetate membrane starting from the 

cellulose acetate powder is described. The morphological, thermal, and mechanical characterization of 

the membrane produced through such a process are presented. 

 Chapter 4 introduces the moisture diffusion anomaly in hygroscopic materials. The analytical model 

for interpreting the non-Fickian sigmoidal behavior of moisture diffusion in cellulose acetate membrane 

is reviewed in depth. An experimental characterization has been carried to evaluate the moisture 

absorption process in CA membrane in relation to environment relative humidity and membrane 

thickness. A detailed finite element model using experimentally determined material properties such as 
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relaxation factor (𝛽), diffusion coefficient (𝐷), and moisture concentration at saturation (𝐶𝑠𝑎𝑡) as a 

function of relative humidity at constant temperature is presented. 

 Chapter 5 discusses the experimental methodology adopted to perform the Thermomechanical 

Analysis on cellulose acetate membranes to quantify the induced hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) by 

moisture absorption at equilibrium condition (saturation state) for different values of humidity levels. 

Furthermore, the dependency of the coefficient of hygroscopic expansion (𝛼) as a function of relative 

humidity is described, and a numerical model predicting CA membrane hygroscopic behavior at 

different relative humidity values has been presented. 

 Chapter 6 offers a study of the response of a humidity-responsive bi-layered self-actuator created by 

the coupling of the characterized cellulose acetate membrane and a non-hygroscopic substrate to 

environmental humidity variations. The adopted experimental setup, test procedure, and result analysis 

technique are presented. The finite element model for the prediction of the self-actuators' behavior is 

provided. The outcomes of experimental, numerical, and analytical model for the bending movement 

of the self-actuator in response to variation in environment relative humidity are compared. 
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1 From Emergency Shelters to Humidity-responsive Self-actuator 

 

 

 

 

 

 

 

 

 

 

In this chapter, the origin and the problem definition of the research topic are discussed. State of the 

art on smart textiles and a brief overview of possible solutions for the defined problem are presented. 

After evaluating the opportunities and obstacles of each solution, hygroscopic materials have been 

selected as the most suitable one. Finally, the possible application of hygroscopic materials for a 

humidity-responsive self-actuator is described. 
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1.1 Introduction 

The inadequacy of comfort and insulation in currently used emergency shelters, primarily in terms of respiratory 

difficulties, has been highlighted repeatedly by emergency supporting organizations (NOGs). This issue stems 

from the textiles used to cover the tents, which are inefficient in response to changes in the environment.  The 

study reported in this thesis evolved from the idea of empowering these textiles with the ability of automatic 

response to environmental stimuli. Recently, the development of these so-called smart textiles have received a 

lot of interest in different industries 1–21. Production of these textiles requires a meticulous design from the 

microscopic to the macroscopic scale. The smart textile's features depend on many factors such as materials, 

production method, scale of application (micro to macro), and level of application in the production process 

(weaving 16,22,23, coating 24–27, knitting 2,28,29).  

Smart Textiles that are defined as textile products such as fibers and filaments, yarns together with woven, 

knitted or non-woven structures, which integrate a high “level of intelligence” to interact with the environment 

or user 30. In their review article, Stoppa and Chiolerio 30 divided the level of intelligence of smart textile into 

three subgroups.  

 Passive smart textiles are only able to sense the environment/user with sensors but are not able to 

respond. 

 Active smart textiles, on the other hand, can sense the stimuli from the environment and react to the 

changes based on the designed response from the actuator.  

 Very smart textiles are able to sense, react and adapt their behavior to the given circumstances 

simultaneously without the need of sensors or processor devices.  

Among the materials that could be augmented to currently used textiles, piezoelectric 1,22,29–38, conductive 2,13,23,28–

30,36,39–44, and hygroscopic 25,27,45–75 materials have been considered as possible choices for the design of an 

environmentally-responsive smart textile to enhance the level of comfort in emergency shelter tents.  



From emergency shelters to humidity-responsive self-actuator   | 3 
 ____________________________________________________________________________________  

1.2 Possible solutions 

The most profitable application of piezoelectric materials, which are able to transform mechanical energy into 

electrical energy and vice versa, for the goal of this thesis project is energy harvesting 22,31,32. Woven textiles 

produced by piezoelectric filament or fibers, or piezoelectric membrane can provide the possibility of harvesting 

energy when the textile is under tension (e.g. in windy conditions, see Figure 1. 1). The most convenient 

piezoelectric materials for the limits of this project are piezoelectric polymers such as Poly (vinylidene fluoride) 

(PVDF), due to its low density, high tensile strength, and flexibility.  

 

Figure 1. 1. Possible solutions by exploring piezoelectric fibers or membrane 

 

Regarding conductive materials, the produced Joule heat by the electrical current could be a good resource for 

heating the tents. Compared to piezoelectric materials, applying conductive materials on textiles seems to be a 

more facilitated manufacturing process. Figure 1. 2 depicts the potential use of conductive materials in textiles 

for this project. Since conductive fibers used for textiles are typically expensive and heavy, a woven textile made 

only of conductive fibers cannot fulfill the cost and weight constraints for these tents. Therefore, a more 

suitable application of conductive fibers can be the use of a weaving pattern for these fibers in combination 

with another type of fiber that can take the structural role. In addition to conductive fiber, dip-coating and 

inkjet printing techniques can add conductivity to an already fabricated textile. In comparison to dip-coating, 

inkjet printing allows for more flexibility in textile design. By applying the conductive layer on one side of the 

textile, it is possible to create a product with differing indoor (heating) and outdoor (waterproof) properties. 

Although, mechanical and structural criteria are no longer a concern with these manufacturing processes; 
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delamination and electrical circuit discontinuity can raise some issues. Furthermore, a power generator at the 

refugee camp is a key requirement that must be considered. 

 

Figure 1. 2. Possible solutions using conductive fibers or coating 

 

In terms of energy usage, a mix of conductive and piezoelectric materials is likely to be a more appropriate 

design in the context of emergency scenarios (Figure 1. 3). A conductive core surrounded by a piezoelectric 

substance and a protective sheath as the fibers or yarns of a woven textile can provide a closed-loop energy 

consumption, to a certain extent. The piezoelectric component of these fibers can generate energy from 

deformation caused by environmental conditions (rain, wind); this energy can then be stored in electrical 

storage, and the same electricity can be used to charge the conductive core of the fibers, thereby heating the 

tent via the Joule heat in the created textile. By including a wind sensor into the system, the product may also 

function in reverse, providing resistance and stiffness to the wind via the applied electrical charge. 

 

Figure 1. 3. Possible solutions combining piezoelectric and conductive materials for textile fiber 
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Finally, hygroscopic materials that are able to readily absorb moisture from the environment and deform as a 

result of the moisture absorption can provide some valuable aspects in the design of an environmentally-

responsive smart textile. Although, humidity has only a minor impact on overall thermal comfort, but a 

significant impact on respiratory comfort, air quality, and perceived temperature 76. Within the context of 

emergency shelter tents, the use of a hygroscopic material with adequate engineering may favor or reduce the 

exchange of air between the inside and the outside, providing humidity regulation and user comfort.  

Recently, researchers have learned how to exploit the materials' sensitivity to external humidity to develop 

humidity-responsive self-actuators capable of controlling the indoor humidity level 25,27,46,51,73,74,77,78. Since the 

rigidity of these materials may be compromised when relative humidity rises 69, they cannot be used as fibers of 

the structural textile in an emergency tent. But they can be applied on a textile that can meet the mechanical 

requirements for the tents. Vast majority of the recent development of exploiting hygroscopic materials employ 

a bi-layered composite of a hygroscopic material layer paired with a non-hygroscopic material layer and take 

advantage of the different dimensional variation caused by a change in the humidity of the atmosphere 25,27,53–

62,45,63–72,46,73–75,47–52.  

The non-hygroscopic layer can be also a composite product such as woven textiles with external coating used 

for tents. By applying a hygroscopic membrane on a prefabricated textile and applying suitable apertures in a 

bi-layered composite, different opening can be achieved based on the relative humidity (Figure 1. 4). Another 

application of hygroscopic materials for the aim of this project might be as a sheath for fibers with greater 

mechanical characteristics and the ability to meet the structural demands of the textile. In this situation, by 

adjusting the fiber count of the textile, it will be possible to create a textile that is breathable in a dry climate. 

As the hygroscopic sheath absorbs moisture from the environment (fog, rain, humid air), it expands and closes 

the porous between the warp and weft strands, rendering the textile waterproof. 
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Figure 1. 4. Possible solutions exploiting hygroscopic materials as fiber sheath or membrane 
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1.3 Decision-making criteria and project's goal 

The decision-making criterion for selecting the optimum solution from the above-mentioned concepts may be 

separated into two groups. One is the limits set by supporting organizations of NGOs for criteria such as cost, 

weight, and the structural properties of the textile. Another is connected to physical conditions and sources in 

the refugee camp, such as access to power and the availability of skilled and equipped technicians. 

The key drawbacks of piezoelectric (Figure 1. 1) and conductive (Figure 1. 2) proposals are related to 

maintenance and cost-efficiency. Apart from the extra weight to be carried by the refugee, the additional cost 

for the manufacturer and the presence of an expert technician in the refugee camp to maintain the device are 

points of concern. Although the energy harvesting capability of piezoelectric materials combined with 

conductive materials can be a great advantage in emergency camps for heating purposes (Figure 1. 3), the 

concept does not appear feasible when viewed through the realistic lens of skilled technician availability and 

economic resources. 

These criteria are not an issue for proposals that use hygroscopic materials. Hygroscopic polymers, which are 

primarily bio-based, are relatively cheap. Moreover, the proposed concepts' response to changes in the 

environment is derived from the intrinsic properties of the materials. This implies no maintenance or additional 

device is required for these solutions, placing them in the previously defined “very smart textile” category. What 

affects the selection of the best solution among the presented concepts for hygroscopic material application, 

instead, is related to the manufacturing process limitation. Considering that the turning point for utilizing 

hygroscopic materials as humidity-responsive self-actuators began about a decade ago, the technology of mass 

manufacturing for the use of these materials is not well explored. Pipetting, inkjet printing, and 3D printing are 

the methods explored to apply a hygroscopic layer to a non-hygroscopic substrate to create bi-layered self-

actuators. To the best of the author's knowledge, no record of using a hygroscopic material as a fiber sheath 

and optimizing the fiber count for the concept shown in Figure 1. 4 has been published. Although the concept 

of woven textile using fibers with hygroscopic sheath is original and more effective, the manufacturing process 

for exploring this idea is not available. Moreover, the textile production for the emergency shelter tents is 

restricted to exclusive suppliers with predefined manufacturing process. 

At this stage, the bi-layered composite consisting of the lamination of the hygroscopic membrane to a 

prefabricated textile that already satisfies the mechanical and economic criteria appears to be the most realistic 

concept among all the provided options. Taking into consideration all the production and manufacturing 
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process limits for these suppliers the application of hygroscopic membrane on the textiles used for the 

emergency tents must sit within their production line. This suggests that a hygroscopic material can be used as 

a coating throughout the manufacturing process of these textiles without disrupting the production line. 

Therefore, this thesis aims to provide a model that can describe the hygroscopic behavior to be used as the 

designing tool for the manufacturing process toward the optimization of humidity-responsive bi-layered self-

actuator using these textiles. The ideal strategy to reach the aim of this project is: 

 providing a systematic process to produce membranes of a hygroscopic material (Cellulose Acetate) 

 identifying and characterizing the intrinsic properties of these membranes involved in the hygroscopic 

behavior of this material 

 developing a detailed finite element model that can employ the characterized intrinsic properties of the 

hygroscopic membrane to predict the response of a bi-layered self-actuator to relative humidity variations 

The experimental procedure and the numerical model provided for achieving the described aim will be the 

design guidelines for the fine tuning of the performance of the manufactured products. 
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2 Hygroscopic Materials: Applications and Characterization 

 

 

 

 

 

 

 

 

In this chapter, theoretical background on hygroscopic materials response to changes in the 

environment relative humidity and the related material properties are introduced. An overview of recent 

attempts for exploiting this behavior for the production of self-actuators is presented. Different 

categories of hygroscopic materials will be described. The main fields of application and production 

processes and technologies will be briefly presented. Experimental characterization techniques will be 

summarized and compared. The main modeling approaches adopted in the last decade for the 

description of this behavior will be reviewed. At last, but not least, the framework for experimental 

characterization and numerical modeling for the conduction of this research will be presented. 
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2.1 Introduction 

Hygroscopicity refers to a material capability to attract and hold water molecules from the surrounding 

environment. This phenomenon occurs in polymeric materials whose chemical structure contains polar groups 

like “OH” or “COO−” functional groups and can cause their deformation 1. In this context, cellulose-based 

materials are one of the most well-known categories of materials for their hygroscopic expansion tendency.  

Figure 2. 1 depicts, as an example, a schematic representation of cellulose molecules before and after interaction 

with water molecules. As shown, in the absence of water molecules, the hydrogen and oxygen of each hydroxyl 

group of cellulose can form a hydrogen bond with the surrounding oxygen and hydrogen, respectively. When 

the material is exposed to a higher level of relative humidity, the presence of water molecules, the intermolecular 

interaction, and the previously described hydrogen bond are all disturbed. Water molecules' small size enhances 

their diffusivity through cellulose chains and the establishment of new hydrogen bonds with cellulose's hydroxyl 

groups 1. This mechanism causes cellulose chains to take distance from each other, which leads to the expansion 

of the material on a mesoscopic scale. 

 

Figure 2. 1. Hygroscopic behavior of cellulose in presence of water molecules 

 

Considering a product made of an isotropic hygroscopic material , depending on its  geometry (1D, 2D or 3D), 

this induced expansion will manifest as a linear, planar, or volumetric expansion, as shown in Figure 2. 2 (a). 

The vast majority of recent attempts to take advantage of materials' hygroscopic behavior have focused on 

using these materials as an active layer in a bilayer composite, exploiting linear or planar expansion 2–34. Using a 

bi-layered composite made of a thin layer of a hygroscopic material and a layer of a non-hygroscopic or less 
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hygroscopic one, these investigations employed the difference in dimensional variation caused by changes in 

humidity in the environment. A change in the humidity level of the environment produces a large change in 

the length of the hygroscopic material thin layer (active layer), but the substrate (passive layer) deforms less 

(Figure 2. 2 (b)). If the active layer is constrained on one side to the passive layer, the mismatch of deformation 

causes the bi-layered composite to bend. This “deformational” behavior is similar to that occurring  in bi-

metallic strips under heating described by Timoshenko's 35 model based on Stoney's 36 work on stresses 

generated in metallic films. Similarly, the moisture-induced deformation in a bilayer composite may be described 

using Timoshenko's bi-metal strip bending theory, as demonstrated by Berry and Pritchet 37. Details on these 

theories will be reported in Section 2.6. 

 

 

Figure 2. 2. (a) Schematic representation for the geometrical deformation of an isotropic hygroscopic material based 

1D, 2D or 3D product, (b) Schematic representation of humidity-induced bending of a bi-layered composite 
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2.2 Progress in exploiting hygroscopic materials 

For more than half a century, the hygroscopic behavior of a material was regarded as a defect in products made 

of such a material. The performance of epoxy molding compounds in microelectronics 38 or timber structures 

in building constructions 39 are significantly affected by moisture over time. Since the early 2000s, researchers 

began to take advantage of this behavior for the purpose of design and manufacturing products that have the 

ability to respond to external stimuli in an autonomous manner. Looking at this behavior through a new lens 

led to the manufacturing of products ranging from the large scale of environmentally responsive building 

façades 2–9,14,25,29–34 to the medium scale of environmentally responsive wearables 10,11 and the small scale of 

humidity-responsive self-actuators 12,13,15–24,26–28. Figure 2. 3 shows the number of peer-reviewed publications in 

the field of building construction and sensors from the turning page for the exploiting of hygroscopic materials 

(2009) till 2021, with a significant change since 2015, which highlights the novelty of this topic. 

 

 

Figure 2. 3. Number of publications in the area building construction and sensor exploiting the hygroscopic behavior of 

materials 

 

In these researches, a variety of organic materials such as wood 2–9,14,25,29–34, cellulose-based materials 
12,13,15,16,20,21,40,41 , superabsorbent hydrogels 16,42,43, conjugated polymers 12,23,24,28,44 has been explored; even bacteria 
3,45,46 and microbial cells 10,11 have been used to design bio-hybrid wearables. Different manufacturing 

technologies have been utilized or even built from scratch for the fabrication of prototypes of the designed 
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products. Various characterization techniques and modeling strategies for the description of moisture induced 

deformation have been investigated. The materials, manufacturing technologies, experimental procedures, 

descriptive or numerical models adopted in the areas of building construction and sensor development are 

summarized in Table 2. 1 and Table 2. 2 , respectively.  

From a first glance at Table 2. 1, it can be noticed that wood, due to the existence of cellulose in natural fibers, 

is the predominant employed hygroscopic material in the field of building construction. In these investigations, 

a wood veneer or a layer of wood fibers was used with a non-hygroscopic material or with a less hygroscopic 

wood. Although different materials such as polyimide, aluminum, and CFRP were employed as passive 

substrates for these researches, a significant portion of these investigations concentrated on coupling two types 

of wood as bilayer self-actuators. The production technology utilized for layer coupling is separated into two 

basic approaches: employing adhesive tape or glue and 3D printing a low or non-hygroscopic material on wood 

veneer, or vice versa, 3D printing of a wood fiber containing polymer on a low or non-hygroscopic film. The 

experimental procedures for the characterization of these products limited to image analysis and the measured 

bending curvature of the bi-layered was compared to the bending cantilever analytical predictive model 

presented by Berry and Pritchet 37. Only a few of these studies characterized the evolution of bending curvature 

as a function of time 7,30,48. Holstov et al. 7 studied the reaction of a bilayer (consisting of 1 mm rotary-cut silver 

birch, Betula pendula, as active layers and 0.2 mm stiff laminated epoxy-glass passive layers) coupled with 

different methods to cyclic changes in the humidity level of the environment. Despite several errors in the 

experimental setup and process, the comparison of the overall curvature of bilayers demonstrated the predicted 

pattern by the variation of humidity level. For specimens submerged in water, RH = 41 %, submerged in water 

for the second time, and RH = 39 %, values of curvature around 48, -20, 52, and -21 (m-1) were reported, 

respectively. 

In the field of sensors, however, different types of hygroscopic materials, varying from cellulose-based materials 

and electrically conductive conjugated polymers to composites based on these materials have been used. 

Furthermore, different production technologies and experimental techniques for characterization of the 

materials' behavior were adopted (Table 2. 2). In contrast to the building construction sector, which is primarily 

focused on analytical and numerical modeling for the description of behavior at the macroscopic scale, the 

focus in sensors development is on the production process and characterization of material properties at the 

microscopic scale. 
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Table 2. 1. Details of publications in building construction area exploring hygroscopic materials 

Year Material 
Production 

technology 
Experimental techniques 

Descriptive 
model 

Ref. 

2009 Paper Adhesive Image Analysis Bending cantilever 30 

2015 wood grain 
Multi-material 3D 

printing 
Image Analysis Bending cantilever 9 

2015 Silver Birch wood 3D Printing Image Analysis Bending cantilever 29 

2015 Beech wood  Image Analysis FEM (ANSYS) 33 

2015 Beech wood    4 

2016 Bacillus Pipetting   3 

2017 Spruce Adhesive Image Analysis  47 

2017 Silver Birch wood 3D Printing   2 

2017 Silver Birch wood 3D Printing   7 

2018 Beech wood Adhesive 
Image Analysis / 

 Flex sensor 
Grasshopper/ firefly 48 

2018 wood   Bending cantilever 32 

2018 Beech wood Adhesive Image Analysis Built-in code 34 

2018 Wood fiber Mixing Indoor air quality control  6 

2019 Beech wood Adhesive  FEM (COMSOL) 49 

2019 Beech wood 3D Printing   14 

2019 Beech wood Adhesive Image Analysis Bending cantilever 25 

2019 Beech wood  Image Analysis  31 
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Table 2. 2. Details of publications in sensors development area exploring hygroscopic materials 

Year Material Production technology Experimental techniques Descriptive model Ref. 

2011 PEDOT:PSS * Spin coating Atomic Force Microscopy  24 

2013 Polypyrrole Dispersion Quartz Crystal Microbalance  18 

2013 Cellulose acetate off-the-shelf   21 

2015 PEDOT:PSS Spin coating  Bending cantilever 23 

2015 UHMW PE ** Inkjet printing   26 

2016 Polyimide    19 

2016 Paper    22 

2017 
cellulose 

nanocrystal 
Dispersion 

Dynamic vapor sorption, 
Digital Image Correlation (DIC) 

FEM (Abaqus) 20 

2018 CNF ***  Thermogravimetric Analysis  16 

2019 CNF Dispersion   13 

2019 Cloisite Dispersion   17 

2019 CNF Screen printing Atomic Force Microscopy  27 

2020 Cellulose Dispersion   15 

2021 CNF Screen printing Atomic Force Microscopy  12 

2021 PEDOT:PSS Spin coating 
Image correlation 

Quartz Crystal Microbalance 
Bending cantilever 28 

* PEDOT= Poly(3,4-ethylenedioxythiophene, PSS=Poly(styrene sulfonate),  ** UHMW PE= Ultra-High Molecular 

Weight Polyethylene, *** CNF= Cellulose NanoFibers,    
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2.3 Hygroscopic materials 

Although a vast range of materials, have been investigated for exploiting hygroscopic behavior. in this thesis 

three major groups will be considered: wood, cellulose-based materials and synthetic polymeric materials. 

 Wood is the hygroscopic material predominantly used in the building construction sector for the 

production of humidity-responsive façades. For centuries, building engineers have overcome the 

challenges of wood bending, curling, and custom forming through the labor-intensive and complex 

techniques of steam bending and lamination 9. In 2011, Achim Menges' project "HygroSkin: 

Meteorosensitive Pavilion 50," co-created with Oliver David Krieg and Steffen Reichert, exhibited for the 

first time a novel use of wood in kinetic architecture (Figure 2. 4). 

 

 

Figure 2. 4. HygroSkin: Meteorosensitive Pavilion, 2013, Achim Menges, Permanent Collection, FRAC Centre 

Orleans 50 

 

Cellulose, the primary substance of all plants, is responsible for the wood's sensitivity to variations in the 

humidity levels of the environment. Nevertheless, the reaction of wood is strongly dependent on the type 

of wood and the direction of its grain 48. In this context, woods can be classified in two categories of 

hardwoods and softwoods with different intrinsic properties dictating whether they should be used as an 

active or passive layer in laminated hygroscopic wooden systems. Hardwoods are porous, with open-

ended wood cells or pores. Therefore, water molecules can be absorbed and move through the pore 

walls, causing the wood to expand significantly. Softwoods, on the other hand, lack pores, and water 
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sorption or flow occurs in tiny tracheids that have a lower tendency to volume variations than hardwood 

structures. Hardwoods are thus suitable as the active layer in bi-layer laminates, while softwoods may be 

used for the passive layer 51. Therefore, beech 4,14,25,31,33,34,48,49, silver birch 2,7,29 and spruce 47 are the hardwoods 

used as the active layer and maple 4,33 and fir 48,49 are the ones used as the passive layer in building 

construction area. 

Another characteristic that influences wood hygroscopic behavior is the grain orientation 8,25,29,48. 

According to Abdelmohsen's research 25,48, the degree of bending, twisting, deflection, as well as reaction 

speed to an external stimulus, are highly dependent on both grain orientation and wood layer thickness. 

This dependence is due to wood orthotropic structure and to difference in the moisture diffusion 

coefficient of wood in different directions. The diffusion coefficient is the only characteristic that effects 

the moisture absorption process through the thickness and to the ultimate moisture concentration, and 

hence the response speed. Obviously, the thicker the layer, the longer it takes to attain saturation. As a 

result, the hygroscopic behavior of wood varies in the axial, radial, and circumferential directions. The 

hygroscopic behavior in these directions is also affected by whether the veneer was extracted 

from earlywood or latewood, heartwood or sapwood. Wood cell walls do not expand along their length 

in the axial direction, hence they have a very low hygroscopic expansion in this direction. According to 

Holstov et al. 7, the hygroscopic expansion is almost 0.1 % in the axial direction and about 4–7% in the 

radial direction, depending on the wood specie. Along the circumferential direction, due to the expansion 

of the wall cells along their thickness and radius, the highest values of hygroscopic expansion have been 

observed (8-12%). 

 

 Cellulose-based materials in forms of Cellulose Nanofibers (CNF) 12,13,15,16,27 or cellulose Nanocrystals 
20, as well as cellulose derivatives like cellulose acetate 21, have been studied for the production of humidity 

sensors or automated engines throughout the last decade. Rivadeneyra et al. 12 developed a transparent 

and biodegradable moisture sensor based on cellulose nanofibers/ PEDOT:PSS electrode that operates 

over a wide range of relative humidity (RH) from 20 to 85%. The sensing layer is made of CNF film, 

which does not require any additional processing to function as a sensor. Zhu et al. 13 presented a flexible 

cellulose nanofiber/carbon nanotube humidity sensor which showed a linear expansion of 69% for a 

relative humidity  variation from 11 to 95%. Wang et al. 15 reported a transparent and flexible 

cellulose/KOH composite ionic film (CKF) as a humidity sensor for skin moisture and breath detection 
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with the same value of hygroscopic expansion with a humidity range of 11 to 97%. A cellulose nanofibril 

film was employed as a substrate for screen-printing carbon electrodes by Syrovy et al.27 The effect of 

plasticizers (40% PEG) on the cellulosic substrate was investigated in this study. The plasticizer had an 

effect on sensor external stimulus reaction kinetics. While the biocomposite film sensors had a slightly 

longer reaction time, the recovery time of plasticized sensors was two times faster than that of sensors 

that did not include PEG. An off-the-shelf cellulose acetate adhesive tape was employed as a humidity-

responsive material for the fabrication of automatic underwater grip 21. 

 

 Synthesized polymers such as (PEDOT) 23,24,28 and polypyrrole (PPy) 18 have been used in this area: 

they have a proclivity to absorb moisture from their surroundings, but moisture desorption and regaining 

the initial shape does not occur easily. Thus, researchers primarily take advantage of these materials' 

electrical conductivity ability to desorb water by the heat generated from the flowing current to establish 

a reversible reaction or even multi-responsiveness. In this context, bi-layered composites of PEDOT:PSS 

as a hygroscopic layer and PDMS as the non-hygroscopic substrate were investigated 23,24. A 

straightforward and versatile method for fabricating bioinspired soft actuators was presented by Taccola 

et al. 23. The effect of testing parameters such as current voltage, environment humidity, layers’ thickness 

on the response of the bilayer composite was investigated both experimentally and theoretically. Dingler 

et al28 studied the effect of relative humidity variation on the Young modulus and expansion of 

PEDOT:SS, both of which affect actuator movement. Okuzaki et al. 18 fabricated a biomorphic origami 

robot exploiting the hygroscopicity and the conductivity of polypyrrole. As a flexible carrier for copper 

clad with a polyimide Kapton®, Heibeck et al. 26 employed a composite of Ultra-High Molecular Weight 

Polyethylene (UHMW PE) and Pyralux®. They managed to take advantage of the mismatch between 

hygroscopic and thermal expansion to produce shape-changing products for possible application of lamp 

shading, responsive bookmark light, dynamic electronic device cover. 
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2.4 Bilayer composite production  

A significant part of recent attempts to exploit materials' hygroscopic behavior have centered on employing 

these materials as an active layer in a bilayer composite, taking advantage of the linear expansion induced by 

changes in the environments’ humidity levels. Despite the fact that several manufacturing procedures have been 

investigated for the creation of these bi-layered composites, a pattern may be detected based on the research 

field (See  Table 2. 1 and Table 2. 2).  

In the sector of building construction, the manufacturing method is restricted to 3D printing or the use of 

adhesives. While in sensors or wearable production sectors, fabrication methods vary based on the materials 

used in the passive and active layers. In certain studies, alternative production technologies have been 

recommended for the same materials. Regardless of context of research or materials used, the manufacturing 

method for the bi-layered self-actuator may be split into four major categories: 

 Liquid adhesives are widely used for the production of bilayered composites. Reyssat et al. 30 ,who were 

the first to observe the aspect of bi-layered bending in pine cones, employed epoxy glue to join a cellulosic 

paper to a non-hygroscopic polymer to mimic the response of pine cones to changes in environment 

relative humidity. Vailati et al.47 used a Henkel® polyurethane glue (Purbond HB-S709) to adhere two 

layers of beech and spruce. Similarly, in other investigations, polyurethane glues were used to join layers 

of wood 32,34,48,49 or one layer of wood to aluminum 25. Holstov et al. 29 addressed different aspects of using 

glue as a bonding technique for coupling two wood veneer layers, pointing out the issues related to the 

mechanical properties of the glue, namely: proper flexibility (enough to withstand repeated bending 

without failure) and rigidity (enough to transfer shear stress between the layers), stating epoxy resins as 

the most suitable type of adhesive for this purpose. 

 

 Printing techniques, including 3D printing, inkjet printing, and screen printing, have been used to 

create humidity-responsive bi-layered self-actuators. For the majority of the studies, the printing 

material was the passive layer that was deposited on a thin film of a hygroscopic material as the 

substrate. The choice of printing technique type, however, was dominated by the nature of the passive 

layer material. A mixture of wood filament with low moisture-sensitive polymers such as nylon, ABS, 

or PLA was 3D printed for responsive elements of the "HygroSkin: Meteorosensitive Pavilion 9,50"  

project. Later on, Vazquez et al.14 focused on formalizing the effect of the printing pattern of a mixture 
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of wood filament and PLA on the deformation and response of 3D printed humidity-responsive self-

actuators for architectural applications. On the other hand, inkjet and screen printing were used when 

a metallic thin film of copper 26 or carbon-based interdigitated electrodes (IDEs) 12,27 needed to be 

deposited as a passive layer on a hygroscopic substrate. Various printing techniques were used, in 

particular, to couple a hygroscopic polymer and a metallic layer where the mismatch between the 

hygroscopic and thermal expansion of the layers was employed to develop multi-responsive products. 

Some studies even extended the edge to deposit biological samples such as cell suspensions or biological 

solutions on a latex substrate using an inkjet printer, where the concentration or suspension density of 

the biological sample was determined based on the printing thread width, printing time, and needed 

thickness 10,11. 

 

 Coating technologies such as spin coating or atomizing have shown to be one of the most suitable 

ways for applying a thin layer to a substrate for offering good control over the application thickness as 

well as acceptable surface morphology and uniformity. Spin coating has mostly been employed for the 

deposition of thin films with the thickness in scale of nanometer. In particular, this method has been 

used for application of PEDOT:PSS on PDMS substrates. Since PEDOT:PSS is commercially 

accessible as a ready-to-use aqueous dispersion, the production of homogenous films by spin coating 

with highly repeatable thickness in the tens to hundreds of nm range have been reported 23,24,28. 

Atomization coating, on the other hand, was successfully utilized to deposit a single layer of cells with 

a thickness ranging from 1 to 3 micrometers 10,11. 

 

 Dispersion technique is commonly used to create one-layer composites made of a mix of hygroscopic 

and non-hygroscopic elements. For example, the vacuum filtration of dispersed cellulose nanofibers 

and carbon nanotubes in 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized/water solution, 

formed a monolayer of highly humidity sensors 13. The water evaporation of dispersed cellulose pulps 

in aqueous solution of BzMe3NOH resulted in a cellulose hydrogel film which was exploited for  skin 

moisture detectors 15. This approach has been also explored for Electrochemical synthesized 

polypyrrole (PPy) 18 or Graphene/Cloisite hybrid 15 films. 

 

 Other techniques have been also explored. Pipetting was adopted for the deposition of hygroscopic cells 
10,11 and bacteria’s 52. Electrospinning has been utilized as a manufacturing method for self-actuators 

although it does not produce a completely homogenous thin layer of material. For example, Alexander 
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et al. 42 introduce the potential of a synergistic interface of electrospun nanofiber mats and self-assembled 

nanofiber networks to create hygroscopic behavior, investigating the influence of procedure and 

composition on properties, such as water transport, layer thickness, and material modulus. 
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2.5 Hygroscopic properties and governing parameters  

As can be seen in the selection of hygroscopic materials (wood) and manufacturing technologies (adhesive and 

3D printing), the building construction industry is centered on a specific framework. There are no exceptions 

when it comes to the experimental characterization of hygroscopic behavior. In this sector that is interested in 

the behavior on a macro scale, the characterization of the behavior is mostly accomplished using image 

correlation 9,25,29–31,33,47,48 of the bent bilayer, with reference to the Berry and Pritchet et al. 37 model for bending 

cantilever, see Table 2. 1. Whereas in other areas like sensor development, product design, or wearable, the 

experimental approaches for characterization of behavior vary greatly depending on the subject material (e.g. 

cells, nanofibers, particles) and the identified governing parameters (e.g. concentration, hygroscopic expansion, 

etc.), see Table 2. 2. For the determination of governing parameters and the characterization of these properties, 

material engineering studies that investigate the popcorn cracking failure for the moisture sensitivity of 

polymeric materials for plastic packages of integrated circuit (IC) devices are probably the finest references 38.  

In this context, the coefficient of hygroscopic expansion (𝛼), which is defined as the ratio of the relative 

hygroscopic expansion produced in a dry material by absorbed moisture (𝜀ℎ𝑦𝑔𝑟𝑜) and the moisture 

concentration at saturation (𝐶𝑠𝑎𝑡), is the most important governing parameter to be determined. In this 

formulation, 𝜀ℎ𝑦𝑔𝑟𝑜, also known as the hygroscopic strain, and 𝐶𝑠𝑎𝑡 are calculated in relation to the dry state, 

where 𝐿, 𝑀, and 𝑉 represent the length, mass, and volume of the body in question, and the subscripts 'sat' and 

'dry' denote saturated and dry conditions, respectively (Equation (2.1)). 

𝛼 =
𝜀ℎ𝑦𝑔𝑟𝑜

𝐶𝑠𝑎𝑡
 , 𝜀ℎ𝑦𝑔𝑟𝑜 =

𝐿𝑠𝑎𝑡 − 𝐿𝑑𝑟𝑦

𝐿𝑑𝑟𝑦
 , 𝐶𝑠𝑎𝑡 =  

𝑀𝑠𝑎𝑡 − 𝑀𝑑𝑟𝑦

𝑉𝑑𝑟𝑦
 (2.1) 

 

In terms of experimental methods, they may be split into two broad categories. One is to characterize the 

hygroscopic behavior or bending of bi-layered as a whole, utilizing methodologies such as Warpage 

Measurement of Bi-material Beams or image analysis of the bilayer using the beam cantilever bending curvature, 

and the other is to characterize all of the controlling factors that impact the process, specifically hygroscopic 

strain, saturation concentration, and diffusion coefficient. Table 2. 3 summarizes the most recent research on 

the characterization of hygroscopic behavior for the use of self-actuators, as well as fundamental investigations 

in microelectronics. 



Hygroscopic Materials: Applications and Characterization   | 31 
 ____________________________________________________________________________________  

Table 2. 3. A summary of the experimental techniques adopted for the characterization of hygroscopic behavior as 

reported in literature 

Field Material 
Diffusion 

Coefficient 
Concentration 
at saturation 

Hygroscopic 
Expansion 

Hygroscopic 
Expansion 
Coefficient 

Ref. 
S

e
n

so
rs

 D
e
ve

lo
p

m
e
n

t PEDOT:PSS     24 

Polypyrrole  QCM   18 

cellulose 
nanocrystal 

DVS DVS DIC  20 

CNF  TGA/DTA   16 

CNF     27 

CNF     12 

PEDOT:PSS  QCM  Image analysis 28 

P
ro

d
u

c
t 

D
e
si

g
n

 Bacillus   SEM  52 

Natto cells   AFM Image analysis 11 

Escherichia 
coli cells 

  AFM  10 

M
ic

ro
e
le

c
tr

o
n

ic
s 

EMC* 

 Weighing Moire´ interferometry  53 

Sorption 
Analyzer 

TGA DMA  54 

 TGA TMA Warpage 55 

Weighing Weighing DIC  56 

  DIC  57 

Weighing TGA DMA  58 

   Warpage 59 

Other 
CFRP  Weighing Laser interferometry  60 

Bamboo   DIC  42 

 Cellulose  DVS   61 

*EMC = Epoxy molding compound, AFM: Atomic Force Microscopy, QCM: Quartz Crystal Microbalance, DVS: 

Dynamic Vapor Sorption, DIC: Digital Image Correlation, TMA: Thermomechanical Analysis, TGA: 

Thermogravimetric Analysis. 
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Regarding the most suitable method for the determination of the material properties defining its coefficient of 

hygroscopic expansion, there has been considerable debate and contradiction between the researchers 62. The 

main methods used to determine the material moisture concentration at saturation  (𝐶𝑠𝑎𝑡) and the induced 

hygroscopic expansion (𝜀ℎ𝑦𝑔𝑟𝑜) are here reported. 

 The evaluation of moisture concentration at saturation (𝑪𝒔𝒂𝒕) has been investigated using a variety 

of techniques including Themmogravimetric Analysis (TGA) 16,54,55,58 , Quartz Crystal Microbalance 

(QCM) 18,28 , Dynamic Vapor Sorption (DVS) 20,61, and weighing 53,56,60 . 

Thermogravimetric Analysis (TGA) is one of the most extensively used method to determine the 

absorbed moisture mass, where the weight loss of a saturated sample due to moisture desorption at a 

constant temperature is quantified. The sample geometry constraints imposed by equipment 

requirements make it difficult to link TGA measurements with those of hygroscopic strains. Therefore, 

in some studies as an alternative for TGA, a finite element analysis of the desorption process is used for 

the mass loss calculation during the desorption38,55. 

A Quartz Crystal Microbalance was used by Okuzaki et al. 18 to evaluate mass increase due to moisture 

sorption in a dry PPy polymerized on the balance gold electrode and exposed to ambient air (𝑅𝐻 = 40%) 

at room temperature. An instantaneous mass uptake was detected which reached the equilibrium value 

of 4.3% within 3 minutes. 

Dynamic Vapor Sorption (DVS) has been used to characterize the kinetics of moisture sorption by 

employing a parallel exponential kinetics (PEK) 61 model or simply comparing the durations of sorption 

until the saturation 20,61. This approach is appropriate for very sensitive materials with a fast response like 

cellulose. Balances have been widely used to characterize materials with a slower rate of moisture 

absorption, such as epoxy molding compounds, which achieve saturation in months 53,56,58. 

 

 Hygroscopic expansion (𝜺𝒉𝒚𝒈𝒓𝒐) evaluation have been performed using different techniques including 

the Thermomechanical Analysis (TMA) 38,55, the  Atomic Force Microscopy (AFM) 10,11, the Scanning 

Electron Microscopy (SEM) 52, through methods based on interferometry 53,60, or Digital Image 

Correlation (DIC) analysis 20,56,57. 

Thermomechanical analysis is one of the most often used technique for hygroscopic strain determination 

via measurement of the dimensional changes of a saturated material sample during the heating induced 

desorption. In some cases, to differentiate the impacts of thermal expansion and hygroscopic shrinkage 
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(hygrothermal deformation) during desorption, a dry sample must be specified as a reference, allowing 

the pure hygroscopic strain to be extracted from the hygrothermal deformation 55. Then, this result will 

be accompanied by a parallel TGA (concentration characterization) analysis using the same thermal 

history to determine the coefficient of hygroscopic expansion from the slope of a fitted line to the curve 

of hygroscopic strain as a function of concentration 38,55. The coefficient of hygroscopic expansion 

determined it this manner demonstrated to be  in the same order of magnitude as the value determined 

using the warpage analysis 55.  When the drying temperature exceeds the material's glass transition 

temperature, the results must be carefully evaluated due to a considerable change in the material's 

stiffness. Moreover, due to the great difference in sample geometries for TGA and TMA tests, correlating 

these two data seems to be problematic 55,56,62–65.  

Interferometry is another technique used to assess the in-plane displacements produced by moisture 

absorption, particularly in epoxy molding compounds used in microelectronics 53,60. Because of its 

capacity to overcome the constraints of conventional point-measurement methods, this methodology 

can be an excellent tool to reach a high degree of accuracy in hygroscopic swelling assessment for 

materials with low rate of moisture absorption or desorption. Despite the complicated specimen 

preparation and measurement technique, it often substitutes thermomechanical analysis for the 

characterization of hygroscopic expansion. However, strain measurement in thin films using this 

technique requires careful attention to the applied external force since it might produce an unexpected 

deformation 53,57. 

Digital Image Correlation (DIC) analysis uses a random pattern for the correlation of two images before 

and after deformation. Changsoo et al. 57 developed an experimental setup to use this technique for the 

measurement of hygroscopic strain in microelectronic packaging, specifying the measures to be taken 

with regard to the paint type and application of speckles in order to generate a suitable pattern for the 

test. The Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) techniques, on 

the other hand, were employed to determine the volumetric expansion of a single cell or bacterium in the 

equipment with a controlled relative humidity chamber 10,11,52. 

 

 Other methods for the holistic characterization of hygroscopic behavior are: measurements based on 

Archimedes principle where the volume and weight of the sample in two conditions of saturation in 

moisture and after baking at high temperature are measured 38, Flex sensor 48 placed between the two 
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layers to obtain the induced bending curvature, and silicon-based microforce sensors 23 for the 

determination of the blocking force applied by the actuator on one end are reported in literature too. 

The video recording of specimens exposed to several environment conditions differing in the relative 

humidity in a controlled setting until they reach the equilibrium has been widely adopted to define the 

bending curvature of a bi-layer composite. In this simple method, images perpendicular to the specimen 

are acquired. A polynomial curve or an arc of a circle is used to fit the bending boundary. The bending 

curvature will be calculated by the formula for the bending cantilever of beams 9,25,29–31,33,47,48. Software 

such as Grasshopper and Firefly have been also used for the analysis of pictures obtained and for tracking 

the reaction and to monitor the response of specimens 31,34,48. 

In particular, warpage measurement of bi-material beams is used to evaluate the direct impact of the 

hygroscopic swelling on the plastic packages at elevated temperatures. A rectangular bi-material beam is 

manufactured in a similar manner to that of semiconductor packing. It is necessary to employ an empirical 

approach to explore the so-called "stress-free" temperature of the package, which is determined by 

measuring the warpage of the beams at increased temperatures. When the bi-material beams are subjected 

to a humid environment, their warpage is seen to alter as a result of moisture absorption. Cure shrinkage 

and the Coefficient of Hygroscopic Expansion (CHE) are calculated using warpage measurements and a 

viscoelastic FE analysis 38,55,59. This method , however, is not appropriate for materials with non-reversible 

hygroscopic expansion or bi-layered composites without a certain adhesion properties, where moisture 

absorption might induce micro-cracks or delamination between two layers 55,62,63. 
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2.6 Descriptive models 

The model developed by Berry and Pritchet 37 for the bending movement caused by the deformation of a 

hygroscopic layer in a bi-layered structure has been adapted from Timoshenko's 35 model for the bending of 

bimetal strips, relying on the discoveries of Stoney 36 for in-plan stress induced by thermal variation in bimetal 

strips. Consequently, the computational models for this phenomenon have fallen into three main paths: in-

plane stress in the bi-layered, leveraging analogies between heat transfer and diffusion kinetics, and the analytical 

model known as bending cantilever. Apart from these main categories, some individual personalized built-in 

codes34, scripts in the Grasshopper and Firefly plugins48, and nonlinear spring-based simulation model with 

ANSYS 33 have been investigated as well. 

The direct reference to the conventional Stoney formula for in-plane tension has been used for the description 

of the behavior of bi-layered products that utilized humidity-sensitive cells as active layers 10,52. Similarities 

between the governing equations of heat transfer and diffusion, on the other hand, have been used for many 

years as a computational analysis solution for the prediction of hygroscopic behavior of epoxy molding 

compounds in microelectronics 38,66. This method makes use of heat transfer codes, that are already accessible 

in commercial softwares such as Abaqus (SIMULIA™ by Dassault Systèmes®) to simulate hygroscopic 

behavior replacing the thermal conductivity (𝑘), temperature (𝑇), and coefficient of thermal expansion (𝛽) by 

a constant diffusion coefficient (𝐷), equilibrium moisture concentration (𝐶𝑠𝑎𝑡), and coefficient of hygroscopic 

expansion (𝛼), respectively (see Equation (2.2)), where 𝑞 and 𝐽 are the heat and moisture flux respectively). 

 

𝑞 = −𝑘∇𝑇 →  𝐽 = 𝐷∇𝐶𝑠𝑎𝑡 (2.2) 

 

The bending cantilever model is mentioned within several papers in literature as an analytical paradigm for the 

design and description of bi-layered objects bending 9,23,25,28–30,32. This model can be used to describe the moisture 

absorption-induced bending of a bilayer composite containing a hygroscopic material layer 37 if the hypotheses 

of Timoshenko 35 and Stoney's models 36 still holds. These hypotheses are related to: (i) layers’ geometry where 

the thickness of the active layer has to be lower than the passive one (ℎ𝑎 < ℎ𝑝 << 𝑅); (ii) composite materials 

characteristics (they have to be homogeneous, isotropic and show a linear elastic behavior), and (iii) loading 

conditions in-plane stress state, negligible twist curvature, constant stress and curvature should be assured. 
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Equation (2.3) estimates the bending radius (𝑅) generated by a change in relative humidity by substituting 

Coefficient of Hygroscopic Expansion (𝛼) and moisture concentration variation (∆𝐶) for Coefficient of 

Thermal Expansion (CTE) and temperature variation, respectively.  

 

1

𝑅
= 𝜅 =

∆𝛼  ∆𝐶 𝑓(𝑚, 𝑛)

ℎ𝑡𝑜𝑡
 ,   𝑓(𝑚, 𝑛) =

6(1 + 𝑚)2

3(1 + 𝑚)2 + (1 + 𝑚𝑛)(𝑚2 +
1
𝑚)

 (2.3) 

 

In this equation, 𝛥𝛼 is the difference between the coefficient of hygroscopic expansion of the two layers (𝛥𝛼 =

 𝛼𝑎 −  𝛼𝑝  ≠  0) and ℎ𝑡𝑜𝑡 is the total thickness of the bi-layered composite (ℎ𝑡𝑜𝑡 = ℎ𝑎 + ℎ𝑝), where the 

subscripts 𝑎 and 𝑝 refers to active (hygroscopic material) and passive, respectively. 𝐶  is the moisture 

concentration of the active layer which depends on the level of relative humidity and 𝑓 is a function of the 

thickness ratio (𝑚 =  ℎ𝑝 /ℎ𝑎) of the layers and the stiffness ratio (𝑛 = É𝑝 É𝑎⁄ , where  É𝑝 =
𝐸𝑝

(1−𝜐𝑝)
 and É𝑎 =

𝐸𝑎

(1−𝜐𝑎)
) of the materials. Therefore, the induced bending curvature of a bi-layered composite is a function of 

environment Relative Humidity (𝑅𝐻, affecting 𝐶), of the materials’ characteristics (coefficient of hygroscopic 

expansion and Young’s modulus), and composite geometry (layers’ thicknesses).  

In 2015, COMSOL Multiphysics ® (5.1) included this feature as a subnode in the structural mechanics’ 

interfaces, which allows to evaluate the deformations and stresses induced by varying moisture concentrations 

in solids. Although COMSOL Multiphysics ® has been used to simulate the hygroscopic behavior of wood in 

literature 49, the multiphysics feature of linking the concentration and the relevant mechanical deformation has 

not been considered, to the author’s knowledge. 
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2.7 Project framework 

Material selection for this project benefits from the lesson learned by comparing the advantages and 

drawbacks of the three main material categories addressed in this chapter as potential hygroscopic materials 

serving as a guide for the development of humidity-responsive self-actuators with the most suitable material 

for the purpose of this project. Despite the fact that wood is the most sustainable material among the categories 

presented here, the significant variation in hygroscopic behavior of wood from one species to another, as well 

as the variation in direction and location of wood veneer within a single specimen, places this material at the 

bottom of the selection list. Furthermore, the combination of wood veneers and textile does not appear to be 

a viable answer for the goal of this project, originally aimed at the improvement of emergency tents 

performance. In the case of conductive polymers, the large difference in absorption and desorption tendencies, 

as well as the requirement of using an electrical circuit for moisture desorption and recovery of the initial form, 

make this category the second choice of the list, given the limited availability of electricity in the context of 

emergency camps. As a result, cellulose-based materials resulted to be a preferable option for the goal of this 

project due to their low cost and autonomous self-actuation. 

In terms of thin bilayer composite manufacturing, we must anticipate the appropriate approach for the 

application of cellulose-based materials as a thin layer added to the currently available textiles for emergency 

shelters. Considering the mechanical (flexibility) and safety (nontoxic) requirements, as well as controlling the 

applied thickness of the adhesive, using adhesives to couple a thin film of a cellulose-based material with the 

textiles does not seem appropriate. The printing technique, on the other hand, is not suitable for mass 

production on an industrial scale. The dispersion method is suitable for the production of multi-responsive 

mono-layer. Coating technologies appear to be the most appropriate method in the context of this project, 

since they are applicable on an industrial size as well as on a small scale of application. Another type of coating 

that hasn't been looked into so far in the studies that have been cited in this chapter is a type of coater that uses 

a solution of the coating material and applies it as a wet lamina. This coater is available for both industrial and 

research laboratory scales. Given that the initial step toward using hygroscopic materials as an active layer in 

humidity-responsive products is the characterization of a stand-alone homogeneous hygroscopic thin film, this 

technique appears to be the best fit for the project's goals. 

As presented in this chapter, the characterization of the hygroscopic behavior of materials have followed a 

different direction in different industries. Given that the interaction between the material and the water 
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molecules is the cause of hygroscopic behavior for all hygroscopic materials, a deep understanding of this 

phenomenon and the parameters that govern it is the priority. The hygroscopic behavior of a material is 

responsible for a product dimensional variation as the results of moisture absorption or desorption from and 

to the environment. This notion emphasizes two major phenomena: one, mechanical deformation, and the 

other, the amount of moisture in the material, which caused the relevant deformation. Therefore, the 

measurement of the moisture content in a material and the associated induced strain is required for the 

characterization of the hygroscopic behavior. Consequently, techniques such as warpage, image analysis of a 

bending curvature, Archimedes-based methods, or flex sensor that characterize this behavior in a holistic scale 

are not suitable for this research.  

The lesson learnt from various methodologies for characterization of these material properties is that selecting 

the most appropriate technique depends on factors such as subjected material, equipment limits, and even 

manufacturing process requirements. Apart from the limitation of each approach, regardless of the method 

used, both the hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) and the moisture concentration at saturation (𝐶𝑠𝑎𝑡) are often 

evaluated throughout a moisture desorption process by comparing the starting (humid) and final (dry) values 

of a body mass and dimensions, assuming identical hygroscopic behavior during the absorption and desorption 

process. But, if the diffusion kinetic has to be taken into account, as for the diffusion coefficient measurement, 

it has been demonstrated that the diffusion kinetics for the moisture absorption and desorption processes often 

are different 67–69. Given the complexities of moisture absorption/desorption processes, overlapping data from 

experiments based on various approaches based on different assumptions sometimes results in measurements 

with significant inaccuracies, especially, for thin films of highly hygroscopic materials during the absorption.  

Since one of the goals of this study is to design a self-actuator containing a layer of cellulose acetate and to 

characterize its behavior in response to variations in relative humidity over time, beside the evaluation of 

moisture concentration at saturation at different relative humidity values, the characterization of cellulose 

acetate diffusion kinetic is of interest. Referring to the techniques above reported, for the aim of this thesis 

thermogravimetric analysis (TGA) equipped with controlled humidity would be required for complete 

characterization of cellulose hygroscopic behavior. Although Quartz Crystal Microbalance (QCM) can provide 

accurate quantitative results for mass variation, the samples must be deposited as a thin film on the quartz slab 

before measurements, which is inconvenient for the cellulose acetate films considered in this project that are 

obtained by solvent evaporation from casted solution. Balances, on the other hand, are available in any 

laboratory, is not dependent on sample preparation, and does not require a certain shape or form of sample. It 
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can be used to measure the weight variation of a sample if placed in a controlled humidity environment. Despite 

the fact that weighing is time-consuming, and that multiple measurements may be necessary to provide an 

acceptable error margin depending on the precision and reliability of the balance, it appears to be the best 

technique for this project. 

The diversity of methodologies to measure the hygroscopic strain is more. Moreover, being interested just 

in the evaluation of hygroscopic strain in a moisture-saturated material, the expansion kinetics do not need to 

be characterized. Interferometry techniques could provide a reliable method for determination of hygroscopic 

expansion; however, it would not be appropriate for cellulose-based materials that respond quickly to changes 

in relative humidity, because the material gains or loses moisture during the test and is no longer at equilibrium. 

Furthermore, because a hygroscopic layer sample is in the shape of a thin film, some unintended force may 

interfere with the test findings. The digital image correlation technique shares the same drawbacks of the 

interferometry technique for the cellulose-based material. A sophisticated SEM, working in humidity-controlled 

conditions, would be required for a proper microscopy evaluation of moisture induced expansion of a thin film. 

Having a thermomechanical analyzer available for this project, the characterization of cellulose acetate 

hygroscopic strain was carried with a TMA. 

Regarding the descriptive model, none of the models briefly described in this chapter appear to be adequate. 

The traditional Stoney model for in-plan tension and the cantilever beam bending model offer no insight into 

the kinetics of deformation. In the case of highly hygroscopic materials, relying on the heat transfer governing 

equation instead of diffusion does not seem appropriate, as these materials do not follow Fickian behavior for 

diffusion. Herein, we aim to develop a detailed and well-structured computational model that not only predicts 

the behavior of hygroscopic materials as the relative humidity changes, but it also describes the bending of 

humidity-responsive self-actuators containing a hygroscopic material as active layer bend as a function of 

environment relative humidity. 

Figure 2. 5 displays the choices taken to proceed with this research in terms of hygroscopic materials selection, 

thin-film fabrication technology, and experimental procedures for the evaluation of material characteristics of 

which are utilized as inputs to a computational model. Cellulose acetate, a cellulose-based polymer, has been 

selected for this study. Solution preparation and solvent evaporation, have been chosen for the manufacturing 

of cellulose acetate membranes. The weighing technique will be used to estimate the diffusion coefficient (𝐷) 

and moisture concentration of the membrane at saturation (𝐶𝑠𝑎𝑡) will be evaluated through weight 

measurements on a balance in a humidity controlled environment. The thermomechanical analysis will be used 



40 |   Chapter 2 
 ____________________________________________________________________________________  

to evaluate the hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) induced in the cellulose acetate. Uniaxial tensile tests will be used to 

determine the membrane's Young's modulus. Finally, all measured properties, as well as other parameters, will 

be entered into the COMSOL Multiphysics ® software to describe the hygroscopic behavior of cellulose acetate 

membranes. Furthermore, the bending curvature of the humidity responsive self-actuator, made using cellulose 

acetate membrane as active layer, will be predicted by the numerical model and compared to tests and the 

bending cantilever analytical model. 
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Figure 2. 5. Project framework 
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3 Cellulose Acetate Membrane 

 

 

 

 

 

 

 

 

 

This chapter will provide a comprehensive introduction of the structural and physical features of 

cellulose-based materials, with a focus on cellulose acetate (CA). The optimum experimental approach 

for producing pure cellulose acetate membrane from powder is described. The produced membrane's 

morphological properties are shown. The characterization of thermal and mechanical properties are 

reported as well.  
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3.1 Cellulose-based materials 

Cellulose is the world's most abundant source of renewable polymer. Although the principal source of cellulose 

is wood, other plant components, agricultural leftovers, water plants, grasses, and even certain bacteria contain 

cellulose (Figure 3. 1). Cellulose and its derivatives' structure and characteristics are greatly reliant on the 

cellulose's source 1. Bacterial cellulose, for example, has an exceptional ultra-fine network structure with high 

crystallinity and a significant proportion of water that is rather stable contained in the structure 2,3. While, the 

structure and properties of plant-based cellulose vary depending on factors such as soil, climate, cultivation 

conditions, or even harvesting batch for the same species 1,3. 

For commercial cellulose synthesis, wood and cotton are the most often used raw materials. Cellulose may be 

transformed into a plethora of derivatives with various functions, which can contain esters of organic acids 

such as acetates, inorganic acids such as nitrates, ionic or nonionic ethers, or even a mix of these functional 

groups from the same (e.g., acetate/propionate and acetate/butyrate), or distinct (e.g., ether and ester like 

carboxymethyl cellulose acetate butyrate) chemical classes 1. As previously stated, the cellulose-based material 

under investigation in this work is a cellulose acetate. Hence, a brief overview of some structural features of 

this material would be beneficial in the context of its hygroscopic behavior. 

 

Figure 3. 1. Resources for different cellulose-based materials 
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Any acetate ester of cellulose, often cellulose diacetate, is referred to as cellulose acetate. Cellulose can be totally 

acetylated, which indicates that all three hydroxyl groups in the monomeric unit of the cellulose chain are 

acetylated, or partially acetylated if only one or two hydroxyl groups in the monomeric unit are engaged in the 

esterification reaction. 

The cellulose acetate is typically obtained by reacting the functional hydroxyl groups in the monomer units of 

cellulose chains with acetic anhydride in either homogeneous or heterogeneous conditions 4. The quantity of 

hydroxyl groups or acetyl groups that have replaced the hydroxyl groups is the most important factor in the 

hygroscopic behavior of cellulose-acetate, as hydroxyl side groups have a higher affinity for water than acetyl 

groups 4,5. Therefore, the cellulose acetate's hygroscopic characteristics decrease as the number of acetyl groups 

increases. It must be mentioned that, in literature, the number of acetyl groups for cellulose acetate is given by 

different terminology, such as the Degree of Substitution (DS) or the acetyl group content or the acetyl acid 

content in percentage. Zugenmaier presented a table that converted the values for these terminology for the 

most often discussed cellulose acetates 6. 

Due to the semi-crystalline structure of cellulose, cellulose acetate with a Degree of Substitution less than 2.9  

are not manufactured directly 1. Therefore, cellulose is always entirely transformed first to cellulose triacetate 

and subsequently to cellulose acetates with modest degrees of esterification by hydrolysis. The method used for 

the esterification or hydrolysis of cellulose has an impact on the characteristics of the produced cellulose acetate, 

such as its glass transition (𝑇𝑔) and melting temperatures (𝑇𝑚), as well as its solvent solubility 1. For example, 

cellulose acetate with a degree of substitution ranging from 2.8 to 3 is only soluble in chloroform. Acetone and 

2-methoxy-ethanol, on the other hand, are effective solvents for cellulose acetate with DS values of 2.2 - 2.7 

and 1.2-1.8, respectively 7. 

Mazzucchelli 1849 S.p.A. generously supplied the material used in this study, which is a powder of cellulose 

acetate made from cotton linter cellulose with 53.3 % acetic acid content. According to Zugenmaier's 

conversion table 6, this substance has a degree of substitution between 2 and 2.5. As a result, it can be dissolved 

in solvents such as acetone, according to the solubility categorization described by Heinze et al. 7. 
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3.2 Membrane Preparation 

A substantial amount of literature reporting on cellulose membrane production has been analyzed in detail: the 

type of the adopted solvent, the use of additive materials (secondary solvent or plasticizer), the casting 

procedure, the type of substrate as well the solvent drying method and the adopted drying conditions ( 

Table 3. 1). Since the hygroscopic behavior of cellulose acetate has been seen historically as a flaw, the great 

majority of these studies utilized a plasticizer to minimize the impact of material hygroscopic behavior on the 

generated membrane performance. Consequently, the suitable solvent to obtain the solution of cellulose acetate 

in the presence of plasticizers is not dominated by acetone. Instead, the appropriate solvent is selected in 

relation to the intermolecular interaction between the cellulose acetate and the adopted plasticizers. 

In terms of cellulose acetate concentration in solution, a range of 3% 8 to 17.5% 9 in weight has been recorded 

in relation to the quantity of the plasticizer. The viscosity of the solution, on the other hand, has a significant 

impact on the casting procedure. Solutions with a concentration of cellulose acetate lower than 10 % have been 

cast by pouring the liquid solution on the selected substrate 10–14. While for solutions with higher viscosity, CA 

concentration 10-17.5 %, casting knife 9,15,16 or Doctor Blade 17 have been used. 

Because of cellulose acetate's poor interfacial bonding/adhesion, due to its high wettability and naturally low 

surface energy 1, the selection of a suitable substrate is controlled by surface morphology rather than its 

constituent material. As a result, any smooth substrate that does not form a mechanical adhesion with the 

cellulose acetate solution can be used.  

A systematic experimental arrangement was established to evaluate the effect of various factors on the CA 

membrane fabrication process (Figure 3. 2). Two solvents with different evaporation rates, namely acetone 

(high volatility) and ethyl lactate (very low volatility), were taken into consideration. Using each of the 

aforementioned solvents, the concentration of cellulose acetate in the solution was narrowed down to 10, 15, 

and 20 % w/w. Initial attempts to mix the powder and solvent, introducing the powder to the solvent 

immediately, resulted in very fast sedimentation of the particles and a prolonged mixing time. As a result, all 

the solutions were made by gradually adding cellulose acetate powder to the stirring solvent. 
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Table 3. 1. Details of publications in building construction area exploring hygroscopic materials 

Solvent Additive materials 
Casting  
method 

Substrate 
Drying method  
and condition 

Ref. 

Aqueous NaOH glycerin pouring paper solvent evaporation 10 

Acetone 
Dioxane 

Acetic acid 
Methanol 

Doctor Blade glass phase inversion 17 

Tetrahydrofuran  casting knife glass 

solvent evaporation (RT*) 
15 phase inversion 

(water bath 5 or 25 °C) 

Dichloromethane   glass phase inversion 8 

Acetone polyaniline 

 glass 

solvent evaporation 

(air oven 60 °C- 48 h) 
18 

Aniline 
K2S2O8 

HCl 

closed chamber 

(air oven- 60 °C- 48 h) 

1-Methyl-2-
pyrrolidone 

polyethylene glycol casting knife glass phase inversion 9 

Acetone  pouring glass solvent evaporation (RT) 11 

Dimethylformamide PA-6 nanofiber  
Aluminum 

foil 

solvent evaporation 

(Vacuum- 25 °C-24 h) 
19 

Acetone organoclay suspension pouring glass 
solvent evaporation 
(Oven-40 °C - 4 h) 

12 

Acetone 
ε- caprolactone-

trimethylolpropane 
pouring PTFE 

solvent evaporation 
(Desiccator- RT) 

13 

Acetone AgNO3 /water electrospinning   20 

Acetone, 
Dimethylformamide 

polyurethane roller machine  
solvent evaporation 

(hot water- 70-90 °C) 
21 

N,N- 
dimethylformamide 

polyethylene glycol pouring glass 
phase inversion 
(water bath, RT) 

14 

methyl- (S)-lactate LiCl - CaCl2 casting knife glass 
phase inversion 
(water bath, RT) 

16 

* RT: Room Temperature 
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A magnetic stirrer (IKA ® RCT basic IKAMAG™) was used for the mixing. The procedure for preparing the 

solution differed depending on the solvent and the concentration of cellulose acetate. Regarding the influence 

of solution concentration, a more diluted solution required less time for the mixing, as expected. Even though 

electrospinning is used for membrane production, it was not considered in this study, because it produces a 

layer not sufficiently homogenous and containing a significant amount of pores 20,22. The method of pouring 

and using Doctor Blade coating were employed. Pouring was explored for casting solution with a 10 % 

concentration. For the application of a more viscous solution (15 and 20 % of concentration), a Doctor Blade 

with controlled velocity casting knife was employed. Regarding the substrates, in addition to a PVC, other 

substrates suggested in literature were tested.  

 

Figure 3. 2. Designed experimental layout for the optimization of membrane preparation procedure 

 

Despite the outcome presented in literature 9,15–17, several attempts to employ phase inversion with cold, room 

temperature, and hot coagulation baths resulted in immediate plasticization of the membrane, color change, 

extreme arbitrary deformation, and delamination of the membrane from the substrate. This is due to a lack of 

plasticizer in the solution, which affects the interactions between cellulose acetate and water molecules. 

Therefore, a proper solvent evaporation method was selected. Initially, a solvent evaporation in the oven at 

temperatures below the boiling points of the solvents, 50 °C for acetone solutions and 100 °C for ethyl lactate 

solutions, was contemplated but the formation of bubbles trapped through the thickness after solvent 

evaporation was observed. Therefore, other drying procedures were considered: a slower solvent evaporation 

was performed at ambient temperature under various environments, including under a hood, in a closed 
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chamber, in a climatized room, and in a vacuum oven. The systematic study performed highlighted how each 

of the considered parameters related to the solvent evaporation process affects the quality of the obtained 

membrane, evaluated simply by a visual analysis.   

 Solvent and solution concentration: The significant difference in evaporation rates of the solvents (1.9 

for acetone and 60.5 for ethyl lactate on the European scale that means the evaporation rate is normalized 

with respect to that of diethyl ether evaporation 23) had a direct impact on the solution preparation process 

as well as the drying time of the membranes. Since acetone dissolves cellulose acetate faster than ethyl 

lactate, for a constant concentration of CA in the solution, the mixing time for the solution using acetone 

was nearly half that of the solution using ethyl lactate as the solvent. However, experimental problems 

due to the high volatility of acetone were encountered during the casting process. When a CA/Acetone 

solution with a concentration of 10% w/w was poured into a Petri dish (poured thickness of 500 µm), 

the surface of the membrane dried immediately and prevented the evaporation of the solvent underneath 

layers. Lower applied thicknesses resulted in a very thin and fragile layer, making membrane peeling 

difficult. 

This draw back observed for casting of CA/Acetone solutions with higher concentration (15 and 20 %) 

by Doctor Blade as well. After pouring the solution in front of the casting knife, the upper surface dried 

instantly and transferred to the bottom layer (in contact with the substrate) by the movement of the knife, 

causing immediate delamination and bubbles. Furthermore, acetone-based solutions are considerably 

more fluid than ethyl lactate-based solutions, and after casting a specified thickness using a Doctor Blade, 

the cast solution would spread laterally, resulting in a considerably lower ultimate thickness. Overall, 

cellulose acetate acetone-based solutions are better suited for industrial applications requiring a high-

speed automated coating process. 

Ethyl Lactate, on the other hand, required more time and a more sophisticated dissolving operation, 

particularly for solutions containing 20% cellulose acetate. Initially, the time required for ethyl lactate to 

dissolve the cellulose acetate was approximately 6 hours of stirring at 200 rpm at room temperature for 

a 10% concentration solution, increasing to 10 hours for a 20% concentration solution. To speed up the 

dissolving process, the mixing temperature was raised to 80 °C (boiling point of ethyl lactate 154 °C).  As 

a result, the dissolving time for 10% and 20% concentration solutions was reduced to 1.5 and 3 hours, 

respectively. Among the ethyl lactate-based solutions (10, 15, and 20% w/w concentration of cellulose 

acetate), only the solution of 20 % concentration resulted to be suitable for casting. The following is the 
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optimized procedure adopted for preparing a 20 % concentration in weight solution of cellulose acetate 

in ethyl lactate: 

(i) heating 80 gr of ethyl lactate (≥98% purity, purchased from Sigma-Aldrich) to 80° C; 

(ii) stirring the solvent at 300 rpm (RCT basic IKAMAG™ magnetic stirrer); 

(iii) adding gradually 20 gr of cellulose acetate powder to the stirring solvent; 

(iv) closing the container to avoid solvent evaporation; 

(v) stirring the mixture at 300 rpm for 90 minutes; 

(vi) reducing the stirring speed to 200 rpm and stirring for 90 minutes; 

(vii)  cooling the solution to room temperature over the night. 

 

 Casting method: Pouring as a casting procedure has various disadvantages. The main one is that to 

minimize spreading of the liquid (low viscosity of 10% concentration solutions) and regulate the 

thickness, the utilized substrate must have vertical barriers, such as a Petri dish. Due to the adhesion of 

the solution to the border, after evaporation of the solvent, the final membrane was thicker around the 

border and thinner in the center (concave cross-section), resulting in a non-uniform thickness. As a result, 

utilizing a Doctor Blade that allows to adjust the thickness and casting velocity appears more suitable. 

 

 Substrate: Although the low surface energy of cellulose acetate was noted as a benefit for substrate 

selection, certain downsides were found throughout the experimental procedure of casting on PTFE 

substrate. Since the cohesive force between solution molecules was greater than the adhesive force 

between the solution and the substrate, the mixture shrunk and generated droplets after pouring. 

Aluminum foil was found to be insufficiently thin and delicate as a substrate, as the residual stress due to 

solvent evaporation induces deformation in the membrane throughout the drying process, resulting in a 

non-planar membrane. PVC substrate, on the other hand, demonstrated resistance to residual stress 

deformation. It also displayed adequate adhesion qualities during the casting process. During the drying 

process, however, the membrane peeled off from the substrate. Since none of these concerns were 

encountered while employing glass as the substrate, it was selected as the best alternative. 
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 Solvent evaporation: With temporal monitoring of the membrane weight, the time required for 

complete evaporation of the solvent in air was determined as the time when the no significant change in 

weight was recorded any more starting from a 500 µm thick of cast solution. Attempts to dry the 

membrane in a vacuum oven were unsuccessful since the vacuum condition promoted the formation of 

bubbles, resulting in a non-homogeneous membrane. Figure 3. 3 depicts the weight loss of a 500 µm 

thick film of the applied solution (20% concentration) as a function of time, normalized to its value at 

time zero, for the different drying methods listed in the experimental framework (Figure 3. 2). For the 

mentioned solution (20% concentration w/w), the membrane can be regarded dry when the applied 

solution has lost 80% of its original weight (corresponding to solvent content). Given that the Doctor 

Blade controlled thickness for the cast solutions was 500 µm, a thickness of maximum about 100 µm is 

expected for the dried membrane. 

As can be observed, the two solvent evaporation conditions of the closed chamber and the climatized 

room, show the same trend which is very slow. The membranes lost only roughly 65% of their initial 

weight after 72 hours. The solvent evaporation slows as the membrane dries and hardens at the surface, 

therefore the dry state (when the weight of the membrane is 20% of the applied solution) in these two 

environments would be unsuitable. The membrane dried in the climatized room and closed chamber 

were considered dry after reaching 22.5% (170 hours) and 24% (230 hours) of their initial weight, 

respectively.  Starting from applied solution thickness of about 500 µm, dry membranes of approximately 

75 µm were obtained in both situations, with a significant scatter of 17 µm. Moreover, a rough surface 

was obtained on membranes dried in the climatized room, see Figure 3. 4 (a). Membranes dried in a 

closed chamber, on the other hand, had a smooth surface. 

The membrane dried under a hood lost about 76% of its weight during the first four hours. Then, the 

weight loss rate leveled off and after 8 hours of drying the membrane the normalized weight reached the 

plateau value of 21.5 %. The obtained dry membrane had a thickness of 69 µm with a considerable scatter 

of 10 µm. In addition, it seems that the hood's air flow had a significant impact on the surface morphology 

of this membrane (Figure 3. 4 (b)). 
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Figure 3. 3. Variation in time for membranes weight, normalized to its value at time zero 

 

 

Figure 3. 4. Microscope image of dried membrane, a) in climatized room, b) under hood, (microscope: Olympus BX-60 

equipped with Infinity 2 camera) 
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The last drying technique used was based on the lesson learnt from the disadvantages of drying by vacuum and 

closed chamber. The production of large bubbles during vacuum drying suggested that the applied solution 

includes air bubbles that were not detectable by the naked eye. On the other hand, if the membrane's surface 

dries quickly, bubbles may be trapped beneath. As seen in the curves for the closed chamber and climatized 

room (Figure 3. 3 ), the applied solution loses approximately 2% of its weight every hour.  

A combination of these two drying conditions will be appropriate for optimizing membrane homogeneity and 

production time. First, the membrane was placed in a closed chamber for 3 hours to slow down solvent 

evaporation rate at the beginning of the drying process, giving time to micro-bubbles to reach the surface and 

burst while the surface is still fluid. Then, it was dried in a vacuum oven at room temperature for 4 hours to 

accelerate the solvent evaporation (Figure 3. 3 (a) triangle symbol). Using this procedure, membrane with 

thickness of 70 ± 4 µm was produced, with a final weight of 24 % of the initial weight. The satisfactory scatter 

of 4 µm across the thickness of the obtained membrane made this method the most appropriate for the next 

step of investigation. 

To assess the repeatability of the chosen drying procedure (closed chamber and vacuum), three different 

thicknesses of the casted solution (400, 500, and 600 µm) were employed and two specimens were tested per 

each thickness. Although it is reasonable to expect a decrease in drying time as the applied thickness is 

decreased, neither the normalized weight nor the time for drying were affected by the film thickness in this 

range. The average normalized weight plotted versus time and the standard deviation for six membranes dried 

using the closed chamber and vacuum method are presented in Figure 3. 5. A drying time reduction has been 

observed instead in extremely thin thickness (lower than 100 µm) that was completely dry after one hour in 

vacuum. The dry membrane thickness, on the other hand, as expected, resulted to be dependent on the cast 

solution applied thickness. Dry membrane thicknesses of 66 ± 2, 70 ± 4, and 84 ± 3 µm were obtained for the 

applied cast solution thicknesses of 400, 500 and 600 µm, respectively. 
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Figure 3. 5. Mean value of the normalized weight as a function of time and standard deviation for six membranes dried 

for 3 h in a closed chamber and then under vacuum 

 

A major drawback of this membrane production process was a rolling of the membrane after its peeling from 

the substrate. This effect could be related to internal stresses originated by solvent evaporation and solution 

solidification. During the solvent evaporation process, the applied membrane loses solvent from all the surfaces 

exposed to the air. Therefore, not only does it shrink through the thickness due to solvent evaporation, but it 

also shrinks across the latter. As it is constrained from one end to the glass substrate, shrinkage along length 

and width is limited, which causes an internal stress in the membrane 24,25. After the membrane has been 

separated from the substrate, it is free to deform, resulting in rolling of the obtained membrane where the top 

surface that was dried first compresses, putting tension on the side of the latter that was in contact with the 

glass substrate. Furthermore, as previously stated, the membrane has reached 24 % of its initial weight at this 

point, indicating that the solvent did not evaporate completely. Therefore, a 24-hour thermal treatment at 125 

°C (lower than both the boiling point of ethyl lactate, equal to 154 °C, and the glass transition temperature of 

cellulose acetate equal to 175 °C, as show in Figure 3. 8) was considered. 
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After comparing all the experimental results and taking into account the contribution of the various parameters 

presented in the framework (Figure 3. 2), the optimal procedure for preparation of the cellulose acetate 

membranes for experimental investigations is (Figure 3. 6): 

(i) pouring the prepared solution on a glass substrate at room temperature; 

(ii) casting a solution film (10 × 24 mm2) with thickness of about 500 µm with a K Control Coater at 

the lowest velocity (3 mm/s); 

(iii) keeping the solution film in a closed chamber (isolated from air flow) for 3 hours to assure a slow 

solvent evaporation and thus to avoid formation of bubbles;  

(iv) putting the membrane for 4 hours in vacuum oven (Vuototest Mazzali) to accelerate the solvent 

evaporation; 

(v) peeling the membrane from the glass substrate; 

(vi) putting the membrane between two metal frames with dimension of about 8 × 18 mm2 (equal 

exposure of surface to air); 

(vii)  drying in air oven (Mazzali Thermair) for 24 hours at 125 °C (thermal treatment). 

Membranes with thicknesses ranging from 66 ± 1.5 to 70 ± 4.5 µm were produced. Membranes with 

thicknesses between 145 ± 2 and 200 ± 10.5 µm, on the other hand, have been obtained performing the above 

detailed procedure from step (i) to step (iv) using the CA membrane at step (iv) as the substrate instead of glass. 

To avoid any unintended influence of the clamping system of the metal frame, the central part of each 

membrane, at a distance of 1 cm from the metal frames, was considered the eligible area to cut the specimens. 
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Figure 3. 6. Schematic representation of the optimized procedure for membrane production and drying process 
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3.3 Scanning Electron Microscopy (SEM) 

One of the most important aspects of the membrane is its surface morphology. In the context of this research, 

the surface morphology not only emphasizes the homogeneity of the fabricated membrane, but it also highlights 

the ability of interaction with water molecules. Since no specific drawbacks were observed under the 

microscope for the membrane produced by the optimized procedure for membrane preparation (Figure 3. 6), 

the surface morphology investigation was carried out on a smaller scale using scanning electron microscopy 

(SEM). Figure 3. 7 shows SEM images of the membrane with a thickness of 147 ± 4 µm (measured with 

micrometer) obtained by applying the second layer of 500 µm of solution on a dry cellulose acetate membrane 

casted on a glass substrate. Specimen was cut with a cutter. A SEM Zeiss Evo 50 EP in high vacuum 

configuration was used to obtain the image. 

As shown in Figure 3. 7 (a) the membrane has a smooth surface, and this justifies the low scatter in the 

membrane's thickness measurement equal to 4 µm. Since the membrane was applied in two steps, a line along 

the thickness, dividing the section into two layers, could've been expected. However, no separation line is visible 

along the membrane thickness. This implies that the ethyl lactate in the second layer of the applied solution 

may have dissolved the cellulose acetate in the top layer of the dried membrane, resulting in a proper interaction 

and adhesion with the underneath layer at the interface. This suggests that such a thick membrane can be 

considered as a homogenous body and the delamination between two layers of the membrane induced by 

hygroscopic strain caused by moisture absorption from one of the latter is not an issue. 

Figure 3. 7 (b) portrays a section of the membrane that is without pores. This result confirms the efficacy of 

the optimized procedure for membrane preparation, which produces a homogeneous membrane in comparison 

to those in the literature 22. This is a significant benefit for the hygroscopic behavior of cellulose acetate 

membranes. When a porous membrane of a hygroscopic material is exposed to higher humidity levels, the 

water molecules first fill the pores without engaging in intermolecular interactions. After filling the pores, they 

diffuse in the solid material, interact with the polymer molecules functional groups, causing an expansion 26. 

This phenomenon has a direct effect on two aspects: the time required for the material to respond to changes 

in the relative humidity level by changing its dimension and the material coefficient of hygroscopic expansion. 

Porous hygroscopic materials have a dual stage of moisture diffusion to reach the saturated concentration; as a 

result, they respond to changes in humidity starts with a delay and much slower rate 26. The measured moisture 

concentration in porous material includes also the moisture mass that fills the pores but does not participate in 
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hydrogen bonding. Being the denominator of the fraction of hygroscopic expansion coefficient (𝛼 =
𝜀ℎ𝑦𝑔𝑟𝑜

𝐶𝑠𝑎𝑡
), 

an increase in concentration at saturation results in a decrease of the coefficient of hygroscopic expansion for 

a constant value of hygroscopic strain. 

 

 

Figure 3. 7. SEM image of the membrane dried in closed chamber and vacuum a) a view of membrane surface and its 

cross section b) detail of the cross section.  
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3.4 Thermal properties 

3.4.1 Differential Scanning Calorimetry (DSC) 

Since the hydroxyl content in cellulose derivatives has a large influence on the glass transition and melting 

temperature 27, a comparison between the cellulose acetate tested in this research and the results provided in 

literatures with a different degree of substitution would not bring to light any aspect. Comparing the differential 

scanning calorimetric of CA powder and the membrane produced with the optimized drying technique, on the 

other hand, can offer information about the understudy cellulose acetate, influence of the membrane 

preparation procedure, and thermal limitations for further experiments. 

Differential scanning calorimetry analysis was carried out by DSC3 - METTLER TOLEDO. Specimens 

weighing around 5 - 6 mg of powder or membrane were placed in 40 µl aluminum pans. The specimens were 

heated in Nitrogen atmosphere (60 ml/min. furnace flux) at a rate of 10 °C/min from -50 °C to 330 °C and 

240 °C for powder and membrane, respectively. Previous attempts to heat the CA membrane to 330 °C were 

unsuccessful, as specimen pyrolysis was detected with onset at 260 °C. Thus, the maximum temperature for 

testing the membrane was set at 240 °C when a second heating ramp was carried out to compare the response 

of the dry material to that of the material equilibrated to a relative humidity of 50 % 

Figure 3. 8 depicts the results of DSC on the mentioned specimens. Within the temperature range of 25 °C and 

150 °C, all specimens exhibit an endothermic peak, that has been already observed for other cellulose derivatives 

membranes as well 15,22. The disappearance of this peak in the second heating curves (not presented in the 

graph) indicates that this phenomenon was driven by water evaporation. Compared to the CA powder, the 

domain of this endothermic peak for CA membranes shifts to a lower temperature range. For the CA powder, 

the onset temperature of water evaporation is 52 °C and the peak temperature is of 96 °C. These values are 

reduced to 27 °C and 74 °C for CA membranes, respectively. With the same approach as the reported literature 
15,22, glass transition midpoint temperature of approximately 212 °C was measured for CA powder, but this 

value drops to 175 °C for cellulose acetate membrane. The melting peaks of CA powder and membrane were 

found to be 280 °C and 190 °C, respectively.  

It is important to highlight that the amorphous fraction of the semi-crystalline CA (3.1) is responsible for water 

absorption. Therefore, a research on the degree of crystallinity may be of interest in the case of distinct types 

of cellulose acetate generated using different derivation methods. However, in this study, the cellulose acetate 
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and the membrane fabrication procedure are fixed, and the characterization of this element would not be 

necessary in this context. 

 

Figure 3. 8. Differential Scanning Calorimetry thermograms of CA powder and membranes 

 

 

3.4.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis allowed to provide information about the material's moisture absorption and its 

degradation temperature. A TA Instruments TGA Q500 analyzer with Alumina furnace was used for 

thermogravimetric measurements. CA powder and membrane specimens, with a weight between 6 and 16 mg, 

were first conditioned for 72 hours at a relative humidity of 51% (T = 25 °C). Then, they were put in 50 µl 

platinum pans and immediately after, weighed using the TGA balance to evaluate their initial weight. They were 

then heated from ambient temperature to 600 °C at a rate of 10 °C/min in Technical air (Air 0), with gas flow 

of 40 ml/min to the balance, constantly recording their mass. 
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Figure 3. 9 (a) illustrates the normalized residual mass of both CA powder and membrane (averaged on three 

specimens for each) as a function of temperature. The mass loss presented in this graph can be divided into 

three main stages. The first stage is from room temperature to 150 °C where both specimens showed a mild 

mass loss of about 4.5 %. This step is entirely consistent with the peak observed in DSC curves, and is correlated 

to the evaporation of physically bound water as well of water tightly bound to cellulose acetate hydroxyl groups. 

The second and the third stage of mass loss are attributed to a dual decomposition step in both specimens, 

with the same trend stated in the literature 22,27. The second stage is associated with CA chain breakdown and 

corresponds to the primary heat decomposition event. This stage for CA powder runs between 290 °C and 400 

°C, whereas for CA membrane it initiates at a lower temperature of about 200 and continues up to 400 °C, 

causing a mass reduction of about 80% for both powder and membrane CA. The decomposition starting 

temperature depends again on the degree of the substitution of cellulose acetate (chemical structure) and the 

preparation method of the membranes 1. The TGA curve for the CA membrane is consistent with the intensive 

degradation at about 260 °C mentioned commenting the differential scanning calorimetry results. The third 

stage of decomposition (the ultimate step of mass loss) from 400 to 600 °C is linked to sample carbonization, 

after which no material residue is present. 

Figure 3. 9 (b) depicts the mean value of the normalized mass loss due to water desorption in low temperature 

range, along with the standard error. At first glance, it is clear that the loss curves do not begin at exactly 100 

%, due to the rapid response of the cellulose acetate. Even though all of the specimens were maintained for 72 

hours in a climatized chamber under specific conditions (RH=51 percent and T=25 °C), the absorbed water 

begins to evaporate between the initial weight measurement of the specimen with TGA instrument balance and 

the beginning of the test. Furthermore, due to instrument cooling limitations, the test in air could not begin at 

25 °C. As a result, beginning from the temperatures shown in the graph (34.2 °C for CA powder and 35.7 °C 

for CA membrane), the cellulose acetate has already desorbed some moisture before starting the test data 

acquisition. In contrast to what observed in DSC test, TGA indicates that the CA powder dries faster than the 

membrane. This is related to the greater surface area exposed to air of the cellulose acetate powder, and the 

center of each grain achieve the intended temperature faster than a membrane with a thickness of roughly 150 

µm. Therefore, it would be reasonable if the CA powder loses the moisture easier than the membrane. 
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Figure 3. 9. Thermogravimetric analysis, a) the average normalized residual mass of CA powder and membrane (three 

specimens each), b) Detail of the normalized mass loss caused by water desorption together with standard error (semi-

transparent area). 
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3.5 Mechanical characterization 

In accordance with the project framework (Figure 2. 5), Young's modulus is one of the material's properties 

that must be used as an input for the numerical finite element model. Within the context of this research, two 

aspects of cellulose acetate membranes should be considered for the tensile mechanical behavior 

characterization. The first concerns the verification of an anisotropic behavior resulting from the membrane 

production procedure. Although the minimum velocity of casting knife movement was considered throughout 

the casting process of solution on glass with Doctor Blade (Figure 3. 6), yet, some unintended orientation may 

be possible. The second consideration, on the other hand, is related to the material's properties. Given that 

hygroscopic materials absorb moisture from their surroundings and that water molecules can plasticize 

polymeric materials 28–30, the humidity dependency of Young's modulus must be considered. 

To verify any unintended anisotropy, tensile tests were performed on specimens cut out from the membrane 

along two mutually perpendicular directions, parallel and perpendicular to the direction of movement of the 

Doctor Blade knife. At least four rectangular specimens of 30×5 mm2 were taken from the eligible region of 

the membranes in longitudinal and transverse direction. The thickness of the specimens varied in the range of 

100 to 130 µm. A Dynamic Mechanical Analyzer (Ares RSA III, TA instruments®, 35 N cell) in tensile quasi-

static mode was used to perform the tests. A gauge length of 10 mm has been considered for the tests. A 

constant linear displacement rate of 1 µm/s has been applied. Tests were conducted at 25 °C and at an almost 

constant relative humidity (𝑅𝐻 = 38 ± 3 %). The load cell capacity of  instrument is 35 N, tests were terminated 

when the axial force reached the value of  30 N which was before specimen failure as well. 

Figure 3. 10 depicts the results of uniaxial tensile testing in  longitudinal and transversal directions. For 

elongation more than 3%, a slight variation between the two directions can be observed. Within the 2 % 

elongation range in which the material behavior is linear, Young's modulus of 1.16 ± 0.06 GPa for the 

longitudinal direction and of 1.17 ± 0.09 GPa for the transversal direction has been determined. 
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Figure 3. 10. Uniaxial tensile test of cellulose acetate membranes (𝑅𝐻=38%) 

 

For the purpose of determining the effect of relative humidity on Young's modulus, a transparent 

polymethylametacrylate home-made water bath was used, which allows keeping the specimens immersed in 

water during the experimental procedure without interfering with the testing process. Specimens cut from 

membranes in two directions, transversal and longitudinal, were preliminarily submerged in distilled water at 

25 °C for 24 hours, to let them to reach their saturation level of absorbed water. They were then placed between 

the jaws, which were immersed in distilled water. The uniaxial tensile tests were carried out at 25 °C at the same 

rate (1 µm/s). 

Figure 3. 11 reports the average of four curves for the uniaxial tensile test, together with the standard error 

(semi-transparent shading), for cellulose acetate membrane in two conditions: saturated in water and in 

equilibrium at a relative humidity of 38%, in both directions (longitudinal and transversal).  There is a distinct 

variation in trend of the behavior from the test in room relative humidity to the test performed in water. The 

membrane saturated at RH = 38% exhibits a brittle behavior. While, after 24 hours of immersion in distilled 

water, due to the plasticization of the membrane by water molecules, the mechanical properties of the 
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membrane change dramatically. The effect of material anisotropy is more visible in the water saturated 

membrane. Within the same strain range consider for the tensile tests in 38% relative humidity (2 %), the 

membrane's Young's modulus reduces to 0.75 ± 0.04 GPa in the longitudinal direction and 0.55 ± 0.3 GPa in 

the transverse direction.  

The material anisotropy which is more evident in the results of the test performed in is the consequence of the 

membrane production procedure. Even though the casting knife of the Doctor Blade operated at the slowest 

possible speed, it seems the polymer chains aligned in the direction of the knife movement. This impact was 

not observed for the test in room condition. When membranes are saturated in water, they absorb the water; 

that plasticize the polymer leading to the observed loss of mechanical stiffness and strength. However, in this 

scenario, the water molecules change the distance between two polymer chains rather than modifying their 

conformation. As a result, the transversal modulus is smaller than the longitudinal one. Moreover, after 2% 

elongation, the plasticized membranes exhibit a long necking effect in both the longitudinal and transversal 

directions, which is explained by the orientation of the initially coiled polymer chains along the stress direction. 
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Figure 3. 11. Uniaxial tensile test of cellulose acetate membranes in different conditions (semi-transparent area indicates 

the standard error). 
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4 Moisture Diffusion  

 

 

 

 

 

 

 

 

 

The moisture transport in hygroscopic materials is presented in this chapter. The procedure for 

gravimetric measurements of moisture absorption in cellulose acetate membrane in variation 

of humidity level is provided. The non-Fickian sigmoidal diffusion observed in cellulose acetate is 

described analytically using the variable surface concentration model. Material properties such as 

relaxation factor (𝛽) and moisture diffusion coefficient (𝐷) are evaluated. The moisture concentration 

at saturation (𝐶𝑠𝑎𝑡)  is determined as a function of environment relative humidity at constant room 

temperature. The details of a sigmoidal diffusion finite element modeling are provided. 
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4.1 Moisture diffusion kinetic in hygroscopic materials 

As stated in Section 2.5, for the description of a material hygroscopic behavior, two key factors must be taken 

into consideration: the quantity of moisture absorbed by the material from the environment and the associated 

deformation. Herein, the fundamental aspects of moisture diffusion and concentration at equilibrium in 

hygroscopic materials are discussed. 

The majority of studies on the mechanism of moisture diffusion in polymeric materials conducted over the last 

seventy years confirm that for many polymers, the concentration-dependent form of Fick's law with constant 

boundary conditions and diffusion coefficient is ineffective in providing an appropriate interpretation of this 

complex process 1. The general solution of diffusion considers a wide range of initial and boundary conditions 

to simplify the mathematical and theoretical formulation required to calculate the constant diffusion coefficient.  

However, in some polymers, diffusive material penetration might produce chemical reactions, heat production, 

or alter the mobility of polymer molecules 1. In these scenarios, the formal Fickian solution is no longer valid, 

and alternative forms of boundary conditions must be created by introducing new variables. 

In this context, Crank and Park 2 explored several diffusion anomalies and offered analytical models to describe 

the experimental results, such as the diffusion process in glassy polymers with sharp observed boundaries 

through the thickness that occurs by vapor absorption between the glassy dried polymer and the softened 

polymer 1, which is related to the combination of mechanical and physical effects of the diffusive substance on 

the membrane. Based on the relative diffusion and polymer relaxation (induced by diffusive substance) rates, 

Alfrey et al. 3 categorized diffusion in polymers into three distinct behaviors: Fickian behavior, non-Fickian 

behavior, and Case II behavior. Mensitieri et al. 4 divided the mass transport phenomenology into four 

categories based on the same principles, which also defines polymer’s sorption ability. 

Figure 4. 1 depicts a schematic representation of mass transport phenomena in polymers, spanning from 

Fickian to case II behavior presented by Mensitieri et al. 4, as well as Crank's 1 absorption and desorption trend 

for each phenomenology. Based on the presented phenomenology for uptake property and the plasticization 

effect of the absorbed moisture in glassy polymers, inducing polymer relaxation and lowering the glass transition 

temperature 5, the polymeric materials can be subdivided into three categories from the hygroscopic behavior 

point of view:  
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 Non-hygroscopic materials: those in which the rate of moisture diffusion in the polymer is 

substantially slower than the rate of polymer relaxation. Thus, after a short period of exposure to a humid 

environment, the material glass transition temperature, 𝑇𝑔, is still greater than the environment 

temperature (𝑇𝑔 > 𝑇𝐸𝑛𝑣.). By completion of the diffusion process over a long period of time (reaching 

the saturation state over years), the 𝑇𝑔 reaches the environment temperature or even drops below it 1,4. 

These materials exhibit formal Fickian behavior with no deformation due to the moisture absorption. 

 Moderate-hygroscopic materials: these materials exhibit dual-stage 6–8, or pseudo-Fickian 1 behavior, 

depending on the porosity of the material’s structure and reversibility of the moisture absorption 

phenomena. They have a comparable moisture diffusion and relaxation rates, and the time required for 

these materials to attain saturation ranges from days to months. 

 Highly-hygroscopic materials: these materials have a diffusion rate significantly higher than relaxation 

and a very high level of mass absorption. Moisture absorption causes an instantaneous expansion in the 

borders of the material's body, resulting in sigmoidal diffusion behavior 2,9. Saturation time for these 

materials varies between minutes and hours. 

 

Figure 4. 1. Schematic representation of mass transport phenomenology for absorption and desorption in polymers, 

adapted from 1 and 4, where 𝑅𝐷 is the diffusion rate and 𝑅𝑅 is the relaxation rate. 
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It should be noted that a material's diffusion behavior is highly reliant on the diffusive substance as well. For 

instance, chloroform, water vapor and acetone demonstrate different absorption process by cellulose acetate. 

In the case of acetone, the sorption process has a two-stage diffusion as the polymer surface reached a quasi-

equilibrium condition, followed by a rise in surface concentration 6. In the case of chloroform 10 and water 

vapor 11,12 absorption, variations in surface concentration cause swelling at the surface. This phenomenon 

manifests itself as the variation (expansion) of the boundary condition of Fickian law in the context of diffusion 

and exhibits a sigmoidal trend. According to the presented classification and well-known hygroscopic properties 

of cellulose-based materials, a sigmoidal diffusion trend for moisture absorption of the cellulose acetate 

membranes is expected. 

For a Fickian behavior, the diffusion coefficient (𝐷) is approximated using a simplified version of the general 

Fickian law as 
𝐶𝑡

𝐶∞
=

𝑀𝑡

𝑀∞
= 4√

𝐷.𝑡

𝜋ℎ2
 , 𝐶 =

𝑀

𝑉
, where, 𝑀𝑡 and 𝑀∞ are the moisture mass at time 𝑡 and at 

saturation, respectively. This property may be evaluated graphically by a linear fitting of the experimental data 

generating the 𝑀𝑡 𝑀∞⁄  ratio plotted as a function of the square root of the absorption time (√𝑡𝑖𝑚𝑒), within 

the first half of absorption process (
𝑀𝑡

𝑀∞
< 0.5) 8. As seen in Figure 4. 1, this strategy is ineffective when dealing 

with sigmoidal and dual-stage diffusion trends. 

To characterize the moisture diffusion process of moisture-sensitive materials, various analytical models have 

been proposed. In some investigations, the kinetics of the absorption and desorption processes were believed 

to be the same, and the diffusion coefficient was calculated using desorption measurements and applied to the 

absorption process 8. However, the kinetics of moisture absorption and desorption are fundamentally different, 

in particular for highly-hygroscopic materials with sigmoidal diffusion behavior, as depicted in Figure 4. 1. 

Employing the rate of moisture-induced molecular relaxation, Roussis 11 established a model that was able to 

fit the experimental results for membranes based on thickness variation. Based on both Mensitieri 4 

classification and Cranks' theoretical investigations 1, De Wilde and Shopov 7 proposed a model to describe 

sigmoidal and dual-stage diffusion by dividing the diffusion process into short-time and long-time phenomena. 

In this context, the so-called "advancing boundaries" 1 refers to the condition that the diffusive substance 

penetration (moisture in this research) generates a deformation on the surface of the membrane, which might 

also modify the characteristics of the material at the surface. As previously depicted in Figure 2. 1, water 

molecule penetration in cellulose-based materials at the molecular level affects the distance between molecules 
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or polymer chains by forming hydrogen bonds with hydroxyl groups and disrupting the interchain connection 

in the polymer. The swelling of the surface layer imposes an internal stress between the plasticized surface and 

the membrane's dry glassy core 7. Moreover, water molecules play the role of polymer plasticizers lowering the 

glass transition temperature. As the molecular mobility at the surface of the membrane increases, the mechanical 

characteristics of the polymer vary within the membrane thickness. The relaxation generated by moisture 

absorption on the surface layer, as well as the required time for polymer molecule stabilization explain the 

sigmoidal trend of the moisture absorption in cellulose acetate 1,2,7. 

For "advancing boundaries” conditions, the “strain-dependent model” 1,2,9 offers a stepwise diffusion coefficient for 

the transition from a glassy state to a rubbery one in the membrane, by interpreting the diffusion process in 

terms of time and concentration. By assuming the same diffusion law but a different relaxation time for the 

material at the surface layer of the membrane in a specific initial condition of a completely dry membrane 

(𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 0), the concentration of this layer approaching its saturation exponentially can be represented 

according to Equation (4.1) Where 𝐶𝑡 , 𝐶𝑠𝑎𝑡 , and 𝛽 are the concentration at time 𝑡, concentration at saturation 

and the relaxation factor, respectively. 

𝐶𝑡 =  𝐶𝑠𝑎𝑡(1 − 𝑒−𝛽𝑡) (4.1) 

This concentration yields to the “variable surface concentration model” 1, presented in Equation (4.2) as detailed in 

literature 1,2,9 (𝛽 ≠ (2𝑛 + 1)2 (
𝐷𝜋2

4𝑙2 )), that describes the sigmoidal moisture diffusion of cellulose acetate 

membranes. 

𝑀𝑡

2𝑙𝐶𝑆𝑎𝑡
= 1 − 𝑒−𝛽𝑡 . √

𝐷

𝛽𝑙2
  . tan (√

𝛽𝑙2

𝐷
 ) − ∑

8

𝜋2
.

exp (−
(2𝑛 + 1)2𝜋2 𝐷𝑡

4𝑙2 )

(2𝑛 + 1)2  {1 − (2𝑛 + 1)2 (
 𝐷𝜋2

4𝛽𝑙2)}
 

∞

𝑛=0

 (4.2) 

In this model, 𝑀𝑡 and 𝑙 are the absorbed moisture mass per membrane unit area at time 𝑡 and membranes’ 

half-thickness (𝑙 = ℎ𝑎/2), respectively. It must be noted that, the constant diffusion coefficient 𝐷, here, is 

neither the slope of early stage of absorption nor the middle stage of absorption. For this analytical model 

(Equation (4.2)), a parametric analysis on the influence of each variable is provided in Appendix 4. 1 . 
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4.2 Gravimetric measurements  

As mentioned in the project framework (Section 2.7), gravimetric measurement technique or direct weighing 

has been selected for the characterization of moisture absorption in CA membrane. Membranes with thickness 

ranging from 66 ± 1.5 to 200 ± 0.5 µm were produced via the optimized membrane preparation procedure 

previously described. The resultant membranes were then punched into square specimens of 30 mm ×30 mm 

(900 mm²). 

Even though the standard protocol for moisture content determination of un-plasticized cellulose acetate (BS 

EN ISO 585:1999) recommends drying cellulose acetate (regardless of its physical form) for 3 hours at 105 °C, 

drying has not been completed even after 6 hours in the recommended settings. Hence, each specimen, together 

with its container, was dried in an oven at 125 °C for 24 hours (Mazzali Thermair). The container was then 

sealed and kept in a desiccator (containing dried silica gels) for two hours at room temperature. 

An AS310.R2 (RADWAG) balance with a resolution of 0.1 mg was used for all the gravimetric measurements. 

Even if the climatized room provides homogenous air conditioning with no direct airflow, the side doors of 

the balance were kept closed during the test to avoid further airflow influence if any. Instead, the top door of 

the balance was left open to maintain the humidity of the balance at the same level as the climatized chamber. 

To eliminate errors caused by the sample holder's weight, the dried specimens were placed directly in the middle 

of the balance weighing pan. 

The environmental conditions for the balance (RADWAG, AS310.R2) to provide an accurate read value are a 

relative humidity of below 80% and a temperature within the range of 10 to 40 °C. Therefore, measurements 

were performed in a climatized room at 25 ± 1 °C and at constant values of relative humidity ranging between 

21 and 76%. A polymethylametacrylate close chamber was designed and built to achieve a stable relative 

humidity beyond the range of the climatized room (RH = 40 – 50%). This closed chamber covered the balance 

and a container of dry silica gels (RH = 20 - 40%) or salt solutions of sodium chloride in distilled water (2/1 

w/w, RH = 74 - 76%) allowed to have various relative humidity levels. The moisture mass variation of 

preliminarily dried cellulose acetate membranes over time was monitored.  

Table 4. 1 details specimen thickness (ℎ𝑎), test humidity levels (𝑅𝐻), and the number of dry CA specimens 

tested measurements for each thickness and relative humidity. 
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Table 4. 1. Details of gravimetric measurement specimen and condition 

𝑅𝐻(%) 

ℎ𝑎  (𝜇𝑚) 
21 30 37 38 39 40 44 50 52 53 74 75 76 

66 ± 1.5 _ 2 1 3 _ 4 2 2 1 1 1 _ 1 

161 ± 7 1 _ _ _ 1 _ _ _ _ 1 _ 1 1 

171 ± 6 1 1 _ 1 1 1 1 1 1 _ _ 1 _ 

200 ± 10.5 _ 1 2 _ _ 2 1 1 _ 1 1 _ _ 

 

Regardless of the kinetics of diffusion (Fickian, non-Fickian, mode II), the time required for a sample to get 

the saturation concentration is a function of sample thickness. Thinner membranes attain saturation 

concentration faster than thicker membranes 8. Therefore, depending on the thickness of the specimens, the 

moisture absorption measurements monitoring time varied. The absorption process was regarded as completed 

when moisture gain rate was below 10-9 (g/mm3s). 

Figure 4. 2 shows the experimental outcomes for some gravimetric measurements to demonstrate repeatability 

and illustrate the influence of thickness and relative humidity. As expected, regardless of membrane thickness 

or humidity level, all curves follow a sigmoidal trend. The complete experimental data are available in Appendix 

4. 2. The experimental results on moisture absorption in two specimens with a thickness of 66 ± 1.5 µm and a 

relative humidity of 40% are shown in Figure 4. 2 (a), which was repeated twice on each specimen, after drying 

following the same procedure described above. The absorption rate of the dry membrane's is slow for the first 

50 seconds of exposure (√𝑡𝑖𝑚𝑒 ≈ 7), but rapidly increases until 10 minutes (√𝑡𝑖𝑚𝑒 ≈ 25) and then levels off 

after 15 minutes of exposure (√𝑡𝑖𝑚𝑒 ≈ 30). Figure 4. 2 (b), on the other hand, highlights the influence of 

membrane thickness on the trend, which is completely consistent with the pattern shown in Appendix 4. 1 (a). 

The thinner the membrane, the higher the moisture content for any exposure period before saturation. The 

comparison of the moisture concentration between Figure 4. 2 (a) and (b) for what concerns the membrane 

with a thickness of 66 ± 1.5 µm suggests that, starting from dry condition, the environmental humidity does 

not have an impact on the amount of moisture uptake for exposure times up to around 225 seconds (√𝑡𝑖𝑚𝑒 

≈ 15). However, by approaching the saturation state, the amount of absorbed moisture and its asymptotic value 

concentration at saturation increases by the relative humidity increment. For instance, the time required for this 

membrane to reach saturation at RH = 40 % is about 10 minutes (√𝑡𝑖𝑚𝑒 ≈ 25) with a value of 𝐶𝑠𝑎𝑡 = 3.2×10-
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5 g/mm3, while these quantities increase to 15 minutes (√𝑡𝑖𝑚𝑒 ≈ 30) and 𝐶𝑠𝑎𝑡 = 3.5×10-5 g/mm3 for RH = 50 

%. 

 

Figure 4. 2. Some experimental results for gravimetric measurements a) Repeatability of moisture absorption for a 

membrane with a thickness ℎ𝑎 = 66 ± 1.5 µm at 40 % relative humidity, b) The membrane's moisture absorption at 50 

% RH for various thicknesses. 
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4.3 Analytical model 

The so-called "variable surface concentration" model presented by Crank 1 (Equation (4.2)) is used to analyze the 

sigmoidal diffusion of moisture in cellulose acetate membranes. An algorithm using the least squared technique 

was developed to determine the parameters 𝐶𝑠𝑎𝑡 , 𝛽 , and 𝐷 using the best fitting of the gravimetric experimental 

data by the analytical model (Equation (4.2)), see Appendix 4. 3 . The fitted model's accuracy was assessed using 

the “R-scored” approach (𝑅2). The optimal parameters of 𝐶𝑠𝑎𝑡 , 𝛽, and 𝐷 with 𝑅2> 0.95 were determined by the 

best fitting of the analytical model to all the experimental data.  

Figure 4. 3 depicts the evolution of moisture concentration vs. the square root of time, resulted from the best 

fitting of the analytical model to the experimental data for the specimens presented in Figure 4. 2 (b). Although 

there is a slight discrepancy between the analytical model and the experimental data at the very early stage of 

the absorption process (√𝑡𝑖𝑚𝑒 = 5 √s) for the membrane with a thickness of 66 ± 1.5 µm, the analytical model 

accurately describes the sigmoidal trend of the absorption curve, also for other specimens. The analytical 

models' precise fitting can forecast a variety of aspects, including the time of the sigmoidal curve inflection 

point, the concentration at saturation, the time required to reach the equilibrium stage (saturation), and the 

slope of the long-term sorption phase (linear part). 

 

Figure 4. 3. Analytical model interpolation of moisture absorption experimental data obtained at RH=50% with three 

membranes different in their thickness. 



88 |   Chapter 4 
 ____________________________________________________________________________________  

Appendix 4. 4 provides a full table of the results (𝛽, 𝐷, 𝐶𝑠𝑎𝑡 , and 𝑅2) as a function of relative humidity and 

membrane thickness. Figure 4. 4 illustrates the material characteristics 𝛽 and 𝐷 resulted from by best fitting of 

the experimental data by the analytical model for each moisture absorption experiment as a function of relative 

humidity for different membrane thickness. The obtained values for relaxation factor (𝛽) vary from 0.009 to 

0.046 s-1 with a mean value of 0.026 s-1 and the standard deviation of 0.013 s-1 (Figure 4. 4 (a)). There is no 

discernible trend in the dispersion of the relaxation factor (𝛽), neither in terms of thickness variation nor relative 

humidity. Given the negligible effect of relaxation factor variation within the range 0.01 and 0.1 s-1 on the early 

stage of the sigmoidal trend (see Appendix 4. 1 (c)), the scatter of 0.013 s-1 is  not significant and we can consider 

𝛽 constant with the mentioned mean value. The obtained values for the diffusion coefficient (𝐷), on the other 

hand, are in a tighter fluctuation region than the relaxation factor (𝛽), varying within the range of 1.59×10-6 and 

4.15 ×10-6 mm2/s. The mean value of 3.35×10-6 ± 5.45×10-7 mm2/s has been considered for the diffusion 

coefficient (Figure 4. 4 (b)). 

 

Figure 4. 4. Determined values by the best fitting of the analytical model to the experimental data for, a) Relaxation 

constant (𝛽), b) Diffusion coefficient (𝐷). 
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Figure 4. 5 reports the average values of moisture concentration at saturation (𝐶𝑠𝑎𝑡), obtained by the best fitting 

of the experimental data from membranes with different thicknesses, as a function of relative humidity (𝑅𝐻). 

For most materials, it is believed that, at a constant temperature, the water partial vapor pressure at saturation 

(𝑝𝑠𝑎𝑡) and the water vapor solubility (𝑆) are not affected by the relative humidity. This means that the moisture 

concentration at saturation (𝐶𝑠𝑎𝑡) has a linear relationship with the relative humidity of the environment 

(𝐶𝑠𝑎𝑡 = (𝑆 × 𝑝𝑠𝑎𝑡) × 𝑅𝐻) 8,13. Figure 4. 5 shows, however, that this notion is not applicable to the cellulose 

acetate membranes studied. 

 

Figure 4. 5. Average moisture concentration at saturation (𝐶𝑠𝑎𝑡) as a function of relative humidity (𝑅𝐻) (bars represent 

the standard deviation). 

 

According to the literature, highly hygroscopic materials 14, in particular cellulose-based materials 15–19 diverge 

from this linear prediction, exhibiting a significant difference at a specific threshold of relative humidity. The 

rise in the slope of the 𝐶𝑠𝑎𝑡 vs. 𝑅𝐻 curve and the humidity level at which this increase occurs depend on a 

number of factors, including the kind of cellulose and its degree of crystallinity, the acetylation process, and the 

presence of plasticizers or other chemical components 20. For the considered cellulose acetate, this turning point 
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is at a humidity level of above 53%. For instance, the concentration at saturation at a relative humidity of 76% 

is about 7×10-5 (g/mm3), while the predicted value with the so-called linear relation estimates a value of about 

5.5×10-5(g/mm3), which is a considerable underestimation. 

The experimental results reveal a behavior comparable to that of other cellulose-based materials described in 

the literature 15–19, which can be interpolated using a polynomial function. Therefore, the experimental result 

presented in Figure 4. 5 was fitted by a third-order polynomial function assuming at completely dry condition 

(𝑅𝐻 = 0 %) the concentration 𝐶𝑠𝑎𝑡 = 0 g/mm3. Equation (4.3) describes the obtained function with R-scored 

value of 0.996. 

𝐶𝑠𝑎𝑡 = 1.19 × 10−10 × 𝑅𝐻3 −  7.97 × 10−9 × 𝑅𝐻2 + 8.09 × 10−7 × 𝑅𝐻 (4.3) 
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4.4 Finite Element Modeling 

Many studies, particularly those devoted to integrated circuit packaging for semiconductor device 

manufacturing 8, consider the diffusion process during absorption to be equivalent to the diffusion process 

during desorption. Consequently, the simulation of moisture diffusion is mainly confined to formal Fickian 

behavior. Few studies have attempted to replicate non-Fickian diffusion behavior 21,22. They have simulated 

diffusion during desorption and computed residual moisture content. Despite the typical sigmoidal diffusion 

of cellulose-based materials, the diffusion behavior was considered as a formal Fickian 19, which resulted in a 

simulation with a poor degree of accuracy. 

In this research, COMSOL Multiphysics ® 5.6 was used to build a finite element model. Figure 4. 6 (a) portrays 

the 3D prismatic geometry utilized for the discretization of three samples with dimensions of 1×1× thickness 

(mm3). From the “Chemical transport interface”, the time-dependent model "Transport of Diluted Species," 

which is diffusion based on Fick's law, has been used.  

This algorithm employs the convection transport mechanism with linear discretization of concentration and, 

to the best of the authors' knowledge, cannot simulate the sigmoidal non-Fickian behavior. Therefore, some 

values such as 𝛽 = 0.026 (1/s) and 𝐷 = 3.35×10-6 (mm2/s) obtained by fitting the experimental findings using 

the analytical model and 𝐶𝑠𝑎𝑡 (g /mm3) were employed as parallel inputs in the global definition 23. 

The initial value of moisture concentration in the membrane was set to zero (𝐶0= 0) since the experiments was 

started from a fully dry membrane. The concentration at saturation 𝐶𝑠𝑎𝑡 was defined as function of relative 

humidity (𝑅𝐻) according to Equation (4.3). The no flux boundary condition was applied to the membrane's 

four thickness surfaces, and the concentration boundary condition was applied to the membrane's two lateral 

surfaces. As previously stated in this chapter, the effect of sigmoidal behavior derives from the immediate 

expansion of the surface layer of the membrane by the absorption of moisture from the environment and the 

membrane reaches its ultimate concentration exponentially by the function of 𝐶𝑡 =  𝐶𝑠𝑎𝑡(1 − 𝑒−𝛽𝑡) 

(Equation(4.1)). Hence, for the simulation of sigmoidal behavior, this function was used for the concentration 

by referencing the parameters provided in the global definition, rather than a constant boundary condition with 

the value of 𝐶𝑠𝑎𝑡 like in Fickian behavior. 

From one lateral surface to the other, a user-controlled, general physics sweeping mesh with quadrilateral face 

over a straight-line path was applied, resulting in a discretized volume with hexahedral elements. This method 
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gave a sufficient distribution of elements, 20 along the thickness and 10×10 on the surface (total of 2000 

elements), while minimizing calculation time. The thickest sample achieved the moisture concentration at 

saturation after roughly 90 minutes (5400 s) based on the experimental results. Therefore, the diffusion process 

was modelled up to 6400 s with a time increment of 2 seconds. 

 

Figure 4. 6. Finite element model: (a) Specimen dimensions, discretization, and boundary conditions; (b) elements for 

monitoring concentration at each time increment. 

 

The concentration at each time increment was extracted for the elements shown in Figure 4. 6 (b) to gain a 

better insight into the development of concentration in time along the thickness. Finally, the average 

concentration in volume was calculated as a function of the square root of time for each time increment. 

The impact of the proposed exponential function on the diffusion process through the thickness provides a 

first insight into the quality of the numerical model. For this aim, a specimen with a thickness of 200 µm was 

simulated twice, once with Fickian behavior and once with the approach provided here for sigmoidal diffusion 

at a relative humidity of 50%. As the moisture diffusion is symmetric respect to the midplane, herein, the 

outputs were detailed using only half of the elements (10 elements), presented by the colored elements in Figure 

4. 6 (b)). 
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The short-time absorption process for the membrane with a thickness of 200 µm, as demonstrated in Figure 4. 

2 (b), is less than 100 seconds (√𝑡𝑖𝑚𝑒 =10). Therefore, Figure 4. 7 illustrates the development of concentration 

versus thickness over the first 100 seconds for both Fickian and non-Fickian diffusion with 5-second time 

intervals. From the beginning of the moisture absorption process (𝑡 = 0 s) the surface element in the Fickian 

behavior simulation reaches its concentration at saturation (3.45×10-5 g/mm3) immediately. As a result, 

moisture diffuses across the thickness beginning with this concentration at saturation. For the non-Fickian 

behavior simulation, at the beginning of the diffusion process the concentration is zero, as at time zero the 

Equation (4.1) yields zero. As can be observed, the concentration at the surface and across the thickness for 

non-Fickian diffusion rise concurrently with time. Even after 100 seconds, the surface element modelled with 

non-Fickian behavior has not reached saturation concentration. This delay has an impact on the entire process 

of moisture absorption and is responsible for the progressive shift in the slope of the sigmoidal curve that was 

seen experimentally in the first stages of the moisture absorption process. An example of the non-Fickian 

diffusion behavior across the membrane's thickness for different thicknesses is provided in Appendix 4. 5. 

 

Figure 4. 7. Simulation of moisture diffusion over thickness using Fickian (left) and non-Fickian (right) behavior, each 

curve represents a time interval of 5 seconds. 
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To ensure that the developed finite element model can accurately describe the sigmoidal diffusion of cellulose 

acetate membranes during the moisture absorption process, three specimens whose absorption curve are shown 

in Figure 4. 2 (b) were simulated twice, once with a model in which the values obtained for 𝛽, 𝐷 and 𝐶𝑠𝑎𝑡 from 

the fitting procedure for each experiment (Set 1) and once with their mean values (Set 2) evaluated across all 

experimental results see Table 4. 2.  

 

Table 4. 2. Finite element simulation inputs 

𝑅𝐻(%) ℎ𝑎  (𝑚𝑚) 𝛽 (1/𝑠) 𝐷 (𝑚𝑚2/𝑠) 𝐶𝑠𝑎𝑡 (𝑔/𝑚𝑚3) 

50 
 

0.066 0.026 3.14×10-6 3.41×10-5 

0.171 0.030 3.22×10-6 3.46×10-5 

0.2 0.011 3.55×10-6 3.01×10-5 

Mean Values 0.026 3.35×10-6 3.45×10-5 

 

Figure 4. 8. compares the experimental and the FEM simulated moisture concentration, plotted vs the square 

root of time for both input sets. The FEM results based on Set 1 for different membrane thicknesses agree 

with the experimental findings. Simulations using mean values (Set 2) reveal some noteworthy information 

about each optimized value and its impact on the trend. As discussed before (and reported in Appendix 4. 1(c)), 

the relaxation factor (𝛽) governs the curve's trend in the very early stages of moisture absorption. For 

membranes with 66 and 171 µm thickness, the two simulations (Set 2) are in good agreement with the 

experimental results, as their  relaxation factors (𝛽) are very close to the mean value, as shown in Table 4. 2. 

Despite the difference in the relaxation factor values for the 200 µm thick membrane, there was no discernible 

difference between the two simulations in this initial phase of absorption. This confirm again the discrepancies 

in Figure 4. 4 (a) and the wide scatter observed for relaxation factor are not significant within the order of 

magnitude. 

Diffusion coefficient (𝐷) and saturation concentration (𝐶𝑠𝑎𝑡), instead, are the two most important factors 

influencing moisture absorption in the later stages. The two simulated curves (Set 1 and Set 2) for the membrane 

with a thickness of 171± 6 µm are almost identical since 𝐷 and 𝐶𝑠𝑎𝑡 are quite close to their mean values. The 

prediction ability of the FEM simulation with mean values remains excellent even for the thinnest membrane 
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(ℎ𝑎 = 66 ± 1.5 µm). A mild swing to the left may be noted in this stage due to the higher mean diffusion 

coefficient in comparison to the one of this thickness. 

For the thickest specimen simulation results (ℎ𝑎 = 200 ± 10.5 µm), the mean diffusion coefficient is lower than 

the one for this thickness. The reduction in diffusion coefficient, as predicted by the parametric research in 

Appendix 4. 1 (d), should cause a rightward shift in the curve. Nonetheless, the simulation with the mean 

diffusion coefficient exhibits an evident shift to the left. This is mainly due to the higher value of concentration 

at saturation (𝐶𝑠𝑎𝑡) that governs this massive movement in the opposite direction. 

 

 

Figure 4. 8. Finite Element simulations and experimental data comparison 

 

The next stage is to investigate the finite element model's reliability for future predictions. For this purpose, 

additional experimental absorption curves obtained for further two membranes with different thicknesses (ℎ𝑎= 

70.5 ± 3 and 145 ± 2 µm) than the ones tested in the experimental section were compared to predictions. Since 
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the concentration at saturation was the most relevant parameter, the specimens were additionally weighted after 

90 minutes of exposure to the relative humidity as well. Considering that the number of experimental data 

points for thin membranes (ℎ𝑎 < 100 µm) is nearly half that of experimental data points for thicker membranes 

(ℎ𝑎>100 µm), tests were conducted twice for the membrane with a thickness of 70.5 ± 3 µm. The finite element 

simulations performed in advance for the new set of membranes together with the results of the corresponding 

moisture absorption experiments are depicted in Figure 4. 9. Three simulations were run for each of the two 

thicknesses with the 𝛽 and 𝐷 values (mean values from Table 4. 2) at three different relative humidity values 

(𝑅𝐻 = 20, 38, and 52 %). The average values of the concentration at saturation for this set of experiment at 

each relative humidity value are consistent with the results shown in Figure 4. 5. For the new set of experiment, 

the predictions of finite element simulation are in good agreement with experimental data (𝑅2> 0.98). This 

underlines the validity of the developed numerical model for the prediction of sigmoidal diffusion in the 

considered cellulose acetate membrane. 

 

Figure 4. 9. Finite Element Modelling validation: comparison between the experimental results (symbols) of moisture 

absorption tests carried out on CA specimens’ others than the ones used for model definition and the relevant FEM 

predictions (continuous lines). 
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Appendix 4. 1. The “variable surface concentration model” parametric 

study 

A parametric investigation for the provided model for sigmoidal moisture diffusion is offered here to highlight 

the influence of membrane’s geometry (ℎ𝑎), environmental condition (𝐶𝑠𝑎𝑡), and the material properties (𝐷, 𝛽) 

on concentration evolution over time. 

𝑀𝑡

2𝑙𝐶𝑆𝑎𝑡
= 1 − 𝑒−𝛽𝑡 . √

𝐷

𝛽𝑙2
  . tan (√

𝛽𝑙2

𝐷
 ) − ∑

8

𝜋2
.

exp (−
(2𝑛 + 1)2𝜋2 𝐷𝑡

4𝑙2 )

(2𝑛 + 1)2  {1 − (2𝑛 + 1)2 (
 𝐷𝜋2

4𝛽𝑙2)}
 

∞

𝑛=0

 

For a more accurate comparison of trends, the following default values for each parameter were used: 

ℎ𝑎 = 0.1 (𝑚𝑚), 𝐶𝑠𝑎𝑡 = 1 × 10−4 (𝑔 𝑚𝑚3⁄ ), 𝐷 = 1 × 10−6 (𝑚𝑚2 𝑠⁄ ), 𝛽 = 0.01(1 𝑠⁄ ) 

 

Figure AP4. 1 (a) depicts the impact of thickness (ℎ𝑎) variation. The default settings for 𝛽, 𝐷, and 𝐶𝑠𝑎𝑡 were 

used, whereas the thickness values ranged from 0.01 to 1 (mm). As expected, with a trend like Fickian behavior 

by variation of thickness, increases in membrane thickness lead to a decrease in slope and an increase in the 

amount of time required to attain saturation concentration. 

The effect of the concentration at saturation (𝐶𝑠𝑎𝑡) is presented in Figure AP4. 1 (b). Default values for 𝛽, 𝐷, 

and ℎ𝑎 were used, whilst 𝐶𝑠𝑎𝑡 values vary within the range 2 × 10-5 to 1 × 10-4 (g/mm3) with a step of 2 × 10-5 

(g/mm3) at a time. Since saturation concentration is proportional to relative humidity, this figure depicts the 

influence of relative humidity on the absorption curve trend, as well. As it can be seen, when the relative 

humidity is raised, both the slope and the time required to attain the saturation concentration increase. 

Figure AP4. 1 (c), on the other hand, shows the influence of the Relaxation factor (𝛽) variation. Default values 

for 𝐷, 𝐶𝑠𝑎𝑡 , and ℎ𝑎 were considered. Since a change in the order of magnitude is more effective for a clear 

understanding of the impact of parameter 𝛽, the values for this factor have ranged from 0.001 to 1 (1/s). As 

can be observed, parameter mostly influences the initial lag of the curve (short-term moisture absorption), 

which relates to the timeframe at which the membrane's surface level achieves saturation concentration. A huge 
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difference between the end of the short-time absorption for the curves with 𝛽 = 0.001 and 𝛽 = 0.01 (1/s) can 

be observed (𝛽 = 0.001 → √𝑡 = 25 , 𝛽 = 0.01 → √𝑡 = 10). This disparity diminishes as 𝛽 increases (𝛽 = 

0.01 and 0.1(1/s)). The curves for 𝛽 = 0.1 and 𝛽 = 1 (1/s) exhibit a minimal difference before 100 seconds 

and exactly overlap above this period. Moreover, when 𝛽 approaches infinity, the provided equation leads to 

formal Fickian law. 

Finally, Figure AP4. 1 (d) portrays the influence of diffusion coefficient (𝐷) variation. Default values 

for 𝛽, 𝐶𝑠𝑎𝑡 , and ℎ𝑎 were considered. Depending on the degree of substitution, a diffusion coefficient within 

the range of 1 × 10-6 to 1 × 10-5 (mm2/s) is expected. As a result, the values for this phase of the parametric 

investigation have been altered in this range with an increase for each 2 × 10-6 (mm2/s). 

These graphs show that the diffusion coefficient has the greatest influence on the long-time of the moisture 

absorption process. Like Fickian behavior, the slope of the curve in long-time absorption increases as the 

diffusion coefficient increases. 
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Figure AP4. 1. Parametric study of the “variable surface concentration model” 
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Appendix 4. 2. Complete gravimetric measurements 
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Figure AP4. 2. Complete gravimetric measurements 
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Appendix 4. 3. Python script developed for the best fitting of the 

experimental by the analytical model 

 Calling modules 

import numpy as np 
import math as mt 
import matplotlib 
import matplotlib.pyplot as plt 
import pylab 
import pandas as pd 
%matplotlib inline 
from pylab import * 
from sklearn.metrics import r2_score 
from scipy.optimize import curve_fit 

 

 Importing excel file of experimental data 

Myfile = pd.ExcelFile(r'Experiment.xlsx') 
T_list =list(Myfile.sheet_names) 
def readExp(sheets): 
    Test = pd.read_excel(r'Experiment.xlsx',sheet_name=sheets) 
    Test = Test.ffill().fillna(0)  
    list_col = Test.columns 
    Test = Test.rename(columns={list_col[4]:'RH', list_col[5]:'ha',list_col[6]:'T_srf',list_col[7]:'T_Temp', 
                               list_col[0]:'T_time', list_col[1]:'T_sqrt_t', list_col[3]:'T_Mt'}) 
        T_Temp=Test.T_Temp[0] 
    ha = Test.ha[0]  
    l = ha/2 
    Test.T_Mt = Test.T_Mt/Test.T_srf 
    Test['T_Csat'] = Test.T_Mt/Test.ha 
    return Test, ha, l 
Test, ha, l = readExp(T_list[5]) 
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 Defining the “variable surface concentration model”  

D = [] 

for sheet in T_list: 

     

    Test, ha, l = readExp(sheet) 

    print(ha) 

    def sum_4_30(N,t,B,D): 

        z=0 

        for n in np.arange(N+1): 

            don1pi2= ((2*n+1)*np.pi)**2 

            Expo_4_30 = np.exp((-D*t * (don1pi2)) / (4*(l**2))) 

            Makhraj_4_30 = ((don1pi2) * (1-(don1pi2)*D/(4*B*(l**2)))) 

            z = z+((8* Expo_4_30)/Makhraj_4_30) 

        return z 

    def Mt_4_30(t,B,D,C0): 

        turns=100 

        mt_2l_c0= 1-(np.exp(-B*t) * np.sqrt(D/(B*(l**2))) * np.tan(np.sqrt((B*(l**2))/D)))- 

sum_4_30(turns,t,B,D) 

        mt_calc= mt_2l_c0* ha*C0 

        return mt_calc 

 

    def predict(t,B,D,C0): 

        smt = []     

        for temp in t: 

            smt.append(Mt_4_30(temp,B,D,C0)) 

        return smt  
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 Best fitting of the model to the experimental data and obtaining 𝑪𝒔𝒂𝒕, 𝜷 , and 𝑫 

    g= [2.3e-2,3e-6,6e-6] #*Test.RH[0] 

    bnds= ([0,1e-6,0],[np.inf,1e-5,np.inf]) 

    c,cov= curve_fit(predict,Test.T_time,Test.T_Mt,g,bounds=bnds) 

     

    yopt= predict(Test.T_time,c[0],c[1],c[2]) 

    tm=np.arange(0,14401,2) 

    sqrt_tm=np.sqrt(tm) 

    yopt_plot= predict(tm,c[0],c[1],c[2]) 

    Mt2lc=yopt_plot/(Test.ha.values[0]*c[2]) 

    PyC=Mt2lc*c[2] 

    fit=(Test.RH[0], ha,c[0],c[1],c[2],r2_score(Test.T_Mt,yopt),Test.T_Temp[0]) 

    print ('[\u03B2 (1/s), D (mm^2/s), Csat(gr/mm^3)]=', [c]) 

 

    from sklearn.metrics import r2_score 

    print('R^2=', r2_score(Test.T_Mt,yopt)) 

    ymax = Test.T_Mt.max() 

    yoptmax= yopt_plot[-1] 

    d.append(fit) 

 

Fit_Output=pd.DataFrame(d,columns=('RH(%)', 'Thickness (mm)','\u03B2 (1/s)','Diffusion 

(mm^2/s)','Concentration (gr/mm^3)','R^2', 'T_Temp(C)'))     
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Appendix 4. 4. Complete set of material characteristics by best fitting 

𝑹𝑯 (%) 𝒉𝒂 (𝒎𝒎) 𝜷 (𝟏/𝒔) 𝑫 (𝒎𝒎𝟐/𝒔) 𝑪𝒔𝒂𝒕 (𝒈/𝒎𝒎𝟑) 𝑹𝟐 

21 
0.161 0.0280 3.07 E-06 1.45 E-05 0.9966 

0.171 0.0460 3.27 E-06 1.48 E-05 0.9444 

30 

0.066 
0.0314 3.01 E-06 2.02 E-05 0.9926 

0.0203 3.01 E-06 2.08 E-05 0.9947 

0.171 0.0141 4.11 E-06 2.01 E-05 0.9988 

0.2 0.0136 4.03 E-06 1.93 E-05 0.9991 

37 

0.066 0.0460 2.97 E-06 2.46 E-05 0.9733 

0.2 
0.0131 3.89 E-06 2.31 E-05 0.9988 

0.0166 3.59 E-06 2.22 E-05 0.9990 

38 
0.066 

0.0460 3.02 E-06 2.78 E-05 0.9755 

0.0177 2.82 E-06 2.58 E-05 0.9801 

0.0146 3.53 E-06 2.51 E-05 0.9887 

0.171 0.0460 3.09 E-06 2.56 E-05 0.9941 

39 
0.161 0.0308 3 E-06 2.48 E-05 0.9980 

0.171 0.0460 3.08 E-06 2.94 E-05 0.9897 

40 

0.066 

0.0305 2.95 E-06 2.99 E-05 0.9931 

0.0460 3.17 E-06 3.4 E-05 0.9778 

0.0460 3.02 E-06 2.97 E-05 0.9789 

0.0409 3.07 E-06 2.75 E-05 0.9670 

0.171 0.0182 3.12 E-06 2.7 E-05 0.9983 

0.2 
0.0166 4.15 E-06 2.2 E-05 0.9991 

0.0099 3.32 E-06 2.56 E-05 0.9984 

44 

0.066 
0.0460 3.04 E-06 3.43 E-05 0.9727 

0.0408 3.01 E-06 3.3 E-05 0.9738 

0.171 0.0157 3.12 E-06 2.94 E-05 0.9967 

0.2 0.0100 3.43 E-06 2.93 E-05 0.9981 

50 

0.066 
0.0344 2.95 E-06 3.45 E-05 0.9894 

0.0361 2.98 E-06 3.09 E-05 0.9776 

0.171 0.0373 3.03 E-06 3.54 E-05 0.9969 

0.2 0.0157 3.06 E-06 3.14 E-05 0.9981 

52 
0.066 0.0332 2.98 E-06 3.95 E-05 0.9866 

0.171 0.0142 3.3 E-06 3.62 E-05 0.9993 

53 0.066 0.0183 2.91 E-06 4.27 E-05 0.9967 
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0.161 0.0133 3.52 E-06 3.62 E-05 0.9995 

0.2 0.0155 3.38 E-06 3.86 E-05 0.9993 

74 
0.066 0.0215 1.59 E-06 6.37 E-05 0.9974 

0.2 0.0092 2.86 E-06 6.37 E-05 0.9996 

75 
0.145 0.0111 1.85 E-06 6.53 E-05 0.9995 

0.171 0.0118 2.32 E-06 6.42 E-05 0.9992 

76 
0.066 0.0263 1.6 E-06 6.84 E-05 0.9991 

0.161 0.0116 2.48 E-06 7.05 E-05 0.9998 
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Appendix 4. 5. Simulation of the non-Fickian Diffusion for two CA 

membranes differing in their  thicknesses  

 

 

Figure AP4. 3. Finite element Simulation of the non-Fickian Diffusion for different thicknesses 
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5 Hygroscopic Strain and Coefficient of Hygroscopic Expansion 

 

 

 

 

 

 

 

 

 

This chapter introduces the definition of hygroscopic expansion as well as experimental procedures for 

its measurement. The Thermomechanical Analysis (TMA) approach to characterize the induced 

hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) on a cellulose acetate membrane caused by moisture absorption at different 

humidity level is discussed. A polynomial function is used to represent the non-linear relationship 

between hygroscopic strain and the environment’s relative humidity. The coefficient of hygroscopic 

expansion (𝛼) is determined as a function of relative humidity by the estimated moisture concentration 

at saturation (𝐶𝑠𝑎𝑡) and the related induced strain (𝜀ℎ𝑦𝑔𝑟𝑜). Numerical simulations of hygroscopic strain 

at various relative humidity levels are provided and compared to other approaches in the literature.  
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5.1 Introduction 

As previously described in Section 2.5, the most significant property to characterize the hygroscopic behavior 

of a material is the hygroscopic expansion coefficient (𝛼). Following the characterization of moisture diffusion 

and concentration at saturation (𝐶𝑠𝑎𝑡) for cellulose acetate membranes, the related mechanical deformation 

(hygroscopic strain 𝜀ℎ𝑦𝑔𝑟𝑜) is detailed here.  

Initially, a digital image analysis was utilized to evaluate the hygroscopic strain using the approach described by 

Changsoo Jang et al. 1. Despite all efforts to maintain the membrane intact, the fast response of the cellulose 

acetate and the sealing procedure had an impact on the measurement, resulting in not negligible errors. 

Appendix 5. 1 describes the details of image analysis experiments and the obtained results the hygroscopic 

strain. 

Referring to the definition of hygroscopic strain (Section 2.5), this property is independent of moisture 

absorption and diffusion when the material achieves a saturation state. Therefore, the hygroscopic strain may 

be calculated based on the desorption process, starting from saturated specimen at equilibrium stated and drying 

the specimen, using Thermomechanical Analysis (TMA) within certain circumstances. As mentioned before, 

when the drying temperature exceeds the glass transition temperature of the material, the parallel TMA/TGA 

approach is ineffective 2–7. Given that the glass transition temperature of the cellulose acetate membranes in 

this study was determined to be roughly 175 °C (Section 1), at temperatures considerably lower than this level 

(125 °C in this study) as drying temperature during the experiments, this potential downside will not be an issue 

for Thermomechanical Analysis performed. Another point of concern for employing parallel TMA/TGA 

experiments was the overestimation of coefficient of hygroscopic expansion 8. This drawback stems from 

overlapping data from Thermogravimetric analysis data during desorption, which leads to results with 

significant inaccuracies in relation to the absorption. Since the concentration at saturation in this research is 

measured by direct gravimetric measurement (weighing), this issue will not arise in the context of this study. 

The characterization of hygroscopic strain for highly hygroscopic materials via Thermomechanical Analysis 

requires meticulous attention. In particular, for membranes with thickness lower than 500 µm, measuring the 

dimensional variation across the thickness using a macro-expansion probe might result in inaccurate estimates 

for hygroscopic strains 9. Appendix 5. 2 presents the results of the experimental data for thermomechanical 

study done on membrane for hygroscopic strain characterization through the thickness utilizing a macro-

expansion probe. The macro-expansion probe covers a wide area (about 30 mm2) of a sample surface and thus 
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provides more representative measurements. However, even when the instrument's maximum applied force is 

employed (1 N), out of plane deflection of the thin membrane due to moisture desorption cannot be avoided. 

Therefore, a tensile loading arrangement was used by a Thermomechanical Analyzer's film/fiber probe. 
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5.2 Thermomechanical Analysis 

The Thermomechanical Analysis was performed using a Discovery TMA 450 (TA instruments®) with a 

film/fiber probe. 25 × 4 mm2 specimens (suitable for the gauge length of about 11 mm) were cut in both 

longitudinal and transversal directions to the K Coater control blade movement direction, to analyze any 

anisotropy in the CA membrane caused by the production process. For at least 24 hours, the specimens were 

preconditioned at 25 °C in climatized cabinets and at several levels of relative humidity (𝑅𝐻 = 31-76 %) to 

achieve moisture absorption saturation conditions. As mounting the specimen between the jaws required a few 

minutes and the material may have desorbed moisture during this time, each specimen was put between the 

jaws and stored for an additional hour within the climatized chamber to restore any lost moisture. It was then 

rapidly put in the TMA testing chamber. The entire procedure of transferring the specimen and locking the 

TMA cell took less than 20 seconds. 

The ASTM E831-6 standard, demands for the application of a force ranging from 1 to 100 mN to ensure 

contact between the specimen and the probe. The applied force to each specimen was modified in each test to 

achieve an applied pre-stress of 1 MPa, which results in little mechanical deformation throughout the test, 

considering the Young's modulus of cellulose acetate membranes (1 GPa, Section 3.5). Since the goal of this 

study is to investigate the hygroscopic behavior of cellulose acetate membranes at room temperature (𝑇 = 25 

°C), all specimens attained saturation state at this temperature and all TMA tests started and terminated at 25 

°C. Before (humid condition) and after (dry condition) the TMA test, the specimen's length, width, and 

thickness were measured. The test procedure for Thermomechanical Analysis is as follows: 

(i) initial length measurement (𝐿0); 

(ii) applying the force to achieve a pre-stress of 1 MPa; 

(iii) heating from 25 to 125 °C with 5 °C/min rate to promote moisture desorption; 

(iv) maintaining isothermal conditions at 125 °C for one hour to achieve fully dried specimen; 

(v) cooling from 125 to 25 °C at a rate of 5 °C/min, to restore the thermal expansion. 

Figure 5. 1 (a) depicts, in the plot, an example of the specimen thermal history, and the variation of the specimen 

length (∆𝐿𝑇𝑜𝑡) for a specimen conditioned at relative humidity of 75 % and T = 25 °C; and above the plot, a 

schematic representation of the specimen in each phase of the test. The complete set of experimental results is 
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reported in Appendix 5. 3. The dimensional variation (∆𝐿𝑇𝑜𝑡) of the specimen in Figure 5. 1 (a)  is the outcome 

of the superposition of three mechanisms, namely the mechanical (Δ𝐿𝑚𝑒𝑐ℎ), thermal (Δ𝐿𝑡ℎ𝑒𝑟𝑚), and 

hygroscopic (Δ𝐿ℎ𝑦𝑔𝑟𝑜), see Equation (5.1).  

Δ𝐿𝑇𝑜𝑡 = Δ𝐿𝑚𝑒𝑐ℎ + Δ𝐿𝑡ℎ𝑒𝑟𝑚 + Δ𝐿ℎ𝑦𝑔𝑟𝑜 (5.1) 

 

The mechanical deformation (Δ𝐿𝑚𝑒𝑐ℎ) is caused by the applied force (𝐹 → 𝜎 = 1 𝑀𝑃𝑎) at the beginning of 

the experiment. The value of Δ𝐿𝑇𝑜𝑡 at the starting point (𝑃0) is zero. By initiating the test and applying the set 

force, instantaneous elongation can be seen (𝑃1), which has been observed in all experiments. Figure 5. 1(b) 

shows an enlargement of mechanical deformation of this specimen at beginning of the test. The imposed force 

resulted in a mechanical elongation of about 4 µm for this specimen, which corresponds to a mechanical strain 

of about 0.03%, which is negligible. 

By the beginning of the heating process (𝑃1), an increase in length attributed to thermal expansion can be 

expected. However, a dramatic decrease in length is evidently observed here. The specimen is experiencing a 

hygrothermal deformation at this point, see also Figure 5. 1(b). Which is the result of a thermal expansion 

caused by temperature increase and a hygroscopic shrinkage caused by moisture desorption. For the first 15 

minutes of the test, the hygroscopic contraction is significantly greater than the thermal expansion for the 

specified specimen. Therefore, the superposition of the thermal and hygroscopic deformations results in an 

overall shrinkage, hence a negative deformation. This trend lasted until the temperature reached 85 °C, at which 

point the specimen shrunk by roughly 100 µm compared to its length at 𝑃1. After this point, the length of the 

specimen starts to increase until reaching the set point temperature of 125 °C. This switch in trend indicates 

that thermal expansion is dominating hygroscopic shrinkage. It should be noted that the duration of the 

descending trend and the temperature at which the turning point occurs are both affected by the humidity level 

at which the specimen was equilibrated. The higher the humidity level, the longer it takes to desorb the acquired 

moisture from the membrane, and the turning point happens at higher temperatures (Appendix 5. 3). 

A negligible difference (less than 20 nm) in elongation may be detected throughout the one-hour isothermal 

step at 125 °C. It implies that the specimen is totally dry and that the applied force does not cause creep in the 

specimen. 𝑃2 denotes the dry specimen under thermal expansion at 125 °C. The only deformation generated 

by cooling the completely dry specimen at this point from 125 °C to 25 °C is thermal contraction (Δ𝐿𝑡ℎ𝑒𝑟𝑚), 
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which is equal to the thermal expansion of the dry cellulose acetate membrane from 25 °C to 125 °C (Appendix 

5. 4). Finally, the point 𝑃3 represents the dry specimen that has been equilibrated at 25 °C. 

 

Figure 5. 1. a) Specimen thermal history and relevant length change as measured in a Thermomechanical test, b) 

Mechanical deformation of the membrane due to applied force at the beginning of the test 
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Because the whole moisture desorption process happens while mechanical load is applied in this experimental 

approach, the length of the specimen at 𝑃1 must be regarded as the length in the saturation state (𝐿𝑠𝑎𝑡), and 

the length at 𝑃3 as the length in dry condition (𝐿𝑑𝑟𝑦). The hygroscopic strain must be calculated with respect 

to the dry condition (𝜀ℎ𝑦𝑔𝑟𝑜 =
𝐿𝑠𝑎𝑡− 𝐿𝑑𝑟𝑦

𝐿𝑑𝑟𝑦
). 

Figure 5. 2 depicts the hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜 ) as a function of relative humidity for tested specimens cut 

from a CA membrane in both transversal and longitudinal directions with respect to the Doctor Blade direction 

movement.  The lack of orientation dependency in the experimental results validates the membrane's isotropy 

for the tested range of relative humidity, as observed in the membrane mechanical characterization reported in 

Section 3.5. Following the same relative humidity dependency pattern seen for moisture concentration at 

saturation (Figure 4. 5), the hygroscopic strain increases sharply when relative humidity exceeded 53%. 

Therefore, like 𝐶𝑠𝑎𝑡 , the hygroscopic strain function of relative humidity was fitted by a third order polynomial, 

yielding Equation (5.2) (𝑅2 = 0.997). 

𝜀ℎ𝑦𝑔𝑟𝑜 = 8.03 × 10−8 ×  𝑅𝐻3 − 5.14 × 10−6 × 𝑅𝐻2 + 1.16 × 10−4  ×  𝑅𝐻 (5.2) 

 

Figure 5. 2. Thermomechanical Analysis and the best-fitting polynomial for hygroscopic strain (bars represent data 

semi-dispersion of measurements) 
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5.3 Coefficient of Hygroscopic Expansion (𝜶) 

The hygroscopic expansion coefficient (𝛼) is defined as the ratio of the relative linear expansion caused by 

moisture absorption in a dry material (𝜀ℎ𝑦𝑔𝑟𝑜) to the moisture concentration at saturation (𝐶𝑠𝑎𝑡) 10. Many studies 

on hygroscopic behavior, particularly in integrated circuit packaging, assume a linear relationship between 

hygroscopic strain and moisture concentration as a function of relative humidity, resulting in a constant and 

relative humidity independent coefficient of hygroscopic expansion 1,3,7,8,11–15. In some studies, despite an 

obvious non-linear trend for hygroscopic strain and moisture concentration, as well as a variable coefficient of 

hygroscopic expansion, a constant value has been considered for the coefficient of hygroscopic expansion 2,4. 

Two polynomials were utilized in this research to describe the concentration at saturation (Equation (4.3)) and 

the hygroscopic strain (Equation (5.2)) as a function of the relative humidity. Figure 5. 3 (a) depicts the relative 

humidity dependence of hygroscopic strain and concentration at saturation as predicted by the two mentioned 

equations. The different trend of the moisture concentration at saturation and the relative induced hygroscopic 

strain with relative humidity may be explained by the membrane porosity, as discussed in literature 10. When 

the relative humidity is below 40%, the moisture absorbed by the material simply fills the membrane nano-

pores; no water molecules interact with the hydroxyl groups of the CA molecular chains to cause an expansion 

in the material. This interaction, on the other hand, occurs at greater relative humidity levels. 

As a common assumption of several studies 1,3,7,8,11–15, a constant coefficient of hygroscopic expansion can be 

determined by the slope of the linear fitting to the graph of hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) vs. concentration at 

saturation (𝐶𝑠𝑎𝑡), intercepting at zero. Figure 5. 3 (b) illustrates the mentioned graph together with experimental 

data available for both gravimetric and thermomechanical analysis (𝐶𝑠𝑎𝑡 and 𝜀ℎ𝑦𝑔𝑟𝑜) for the same level of 

relative humidity. The observed trend is similar to the behavior detailed by Teverovsky 16, Park et al. 2, and 

Zhang et al. 4, who however, assumed a constant value for the coefficient of hygroscopic expansion, despite 

the obvious trend. Considering the linear fitting in Figure 5. 3 (b) (green line), the constant value of 138 mm3/g 

is obtained for 𝛼 (𝑅2 = 0.89). The resulting constant value for 𝛼, with a low R-scored value, does not look 

suitable when compared to the polynomial function, which is in strong agreement with the experimental data. 

Therefore, this aspect will be studied further by finite element modeling of hygroscopic expansion, comparing 

the experimental results and finite element models by constant value of 𝛼 and variable as a function of relative 

humidity as in Equation (5.3) and depicted in Figure 5. 3 (c). 
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𝛼 =
𝜀ℎ𝑦𝑔𝑟𝑜

𝐶𝑠𝑎𝑡
=  

803 ×  𝑅𝐻2 − 51400 ×  𝑅𝐻 + 1.16 × 106 

1.19 × 𝑅𝐻2  −  79.7 × 𝑅𝐻 +  8090  
 (5.3) 

 

Figure 5. 3. (a) hygroscopic strain (Equation (5.2)) and concentration at saturation (Equation (4.3)) as a function of 

relative humidity, (the domain containing experimental data and extrapolation of the polynomial fit are shown by the 

continuous and dashed lines, respectively), (b) hygroscopic strain as a function of moisture concentration at saturation, 

(c) coefficient of hygroscopic expansion (α) as function of relative humidity  
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5.4 Finite Element Modeling 

Finite element simulations with COMSOL Multiphysics 5.6 were used to determine the hygroscopic strain. A 

multiphysics approach combining transport of diluted species (diffusion) and solid mechanics (hygroscopic 

expansion) was applied. A time-dependent analysis for absorbed moisture concentration and subsequently a 

stationary analysis for mechanical behavior were implemented to reduce the computational time. 

Figure 5. 4 provides a schematic representation of details of the finite element model. To discretize each 

specimen with the dimensions of the dry state, a 3D prismatic geometry was considered. The dry specimen 

length, width, and thickness (measured after the thermomechanical analysis test) were utilized to discretize one-

fourth of the prism (
𝐿𝑑𝑟𝑦

2
×

𝑊𝑑𝑟𝑦

2
× ℎ𝑑𝑟𝑦), exploiting symmetries to reduce the computation time even further. 

From one lateral surface to the other, a user-controlled general physics sweeping mesh with quadrilateral face 

along the straight-line path has been applied, resulting in a discretized volume by 10 × 5 × 10 hexahedral 

components (total of 500 elements exploiting symmetries). 

A user-defined material with intrinsic physical and mechanical properties of the cellulose acetate in dry 

condition such as, density 𝜌 = 1.3×10-4 (g /mm3) 17, Young’s modulus 𝐸 = 1.1 GPa (Section 4.3), Poisson’s 

ratio 0.39 17, relaxation factor (𝛽) 0.026 1/s (Section 4.3), and a diffusion coefficient 𝐷 = 3.35×10-6 mm2/s 

(Section 4.3) was adapted. The relative humidity dependent coefficient of hygroscopic expansion (𝛼𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) is 

defined according to Equation (5.3). The time-dependent model for non-Fickian behavior and the 

concentration at saturation (Csat) as function of relative humidity (RH) described in Section 4.4 was adopted. 

The length at humid conditions (direction X) was used to calculate the induced hygroscopic strain. 
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Figure 5. 4. Finite element model’s details 

 

The experimental data obtained from specimens conditioned at RH values of 31, 52, and 74% were used for 

comparison. The dimensions of the specimens in dry conditions (measured at the conclusion of the TMA tests) 

are listed in Table 5. 1. Two sets of simulations were performed. Set 1 used the variable coefficient of 

hygroscopic expansion coefficient (Equation (5.3)). The second set, on the other hand, considers the constant 

value of 𝛼 = 138 mm3/g, from Figure 5. 3 (b). 

Table 5. 1. Details and input parameters of the specimens simulated by finite element model. 

𝑅𝐻 (%) 𝐿𝑑𝑟𝑦 (𝑚𝑚) 𝑊𝑑𝑟𝑦 (𝑚𝑚) ℎ𝑑𝑟𝑦(𝑚𝑚) 𝐶𝑠𝑎𝑡  (𝑔 𝑚𝑚3⁄ )* 𝛼 (𝑚𝑚3 𝑔⁄ ) * 

31 11.054 3.9 0.116 2.1×10-5 50 

52 11.025 4 0.104 3.73×10-5 92 

74 11.886 3.8 0.110 6.44×10-5 201 

*) 𝐶𝑠𝑎𝑡  and 𝛼 are calculated by Equation (4.3)and Equation (5.3), respectively. 
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Figure 5. 5 reports a comparison of the hygroscopic strain estimated via finite element modeling with both 

input sets and the experimental results. A very good agreement between the prediction of hygroscopic strain 

and the experiments is exhibited for the first input set (variable 𝛼 according to Equation (5.3)). It shows that 

the combination of non-Fickian moisture diffusion and the resulting induced deformation by the absorption 

can offer a reliable estimation of the ultimate induced hygroscopic expansion as a function of environment 

relative humidity. Regarding the second set of simulations (constant 𝛼 =138 mm3/g), as expected, the 

hygroscopic strain predicted by the model shows a steady increase with the increase of the relative humidity, 

which leads to a considerable discrepancy with the experimental measurements. Clearly, the predicted 

hygroscopic strain by the constant coefficient of hygroscopic expansion matches with the real value for just 

one relative humidity level (𝑅𝐻 = 62 %), where the estimated by Equation (5.3) is identical to the assessed 

constant 𝛼 (138 mm3 /g). All other simulations with a constant value of 𝛼 result in an overestimation at relative 

humidity below 62 % and an underestimation for humidity level above 62%. 

This comparison shows that relative humidity has a significant influence on the coefficient of hygroscopic 

expansion. Furthermore, it emphasizes that the coefficient of hygroscopic expansion (𝛼) of a highly 

hygroscopic material, such as cellulose acetate, cannot be assumed constant or linearly dependent on relative 

humidity. 

These results bring into light two main aspects. 

(i) the precision of the finite element model by the comparison between the numerical estimation of 

hygroscopic strain and the experimental observations; 

(ii) the inadequacy of the constant-value assumption for the coefficient of hygroscopic expansion for highly 

hygroscopic materials, by comparing the results of simulations done by the constant value of 𝛼 to those 

obtained with the non-linear relative humidity dependency (Figure 5. 5) 
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Figure 5. 5. Comparison of experimental and finite element simulation for hygroscopic strains 
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Appendix 5. 1. Image correlation 

Figure AP5. 1 depicts a schematic representation of the specimen preparation and image analysis processes. 

The speckles needed for image analysis were created by spraying black paint from a distance of 50 cm on one 

side of a specimen while it was held inplane between two metal frames. An Alkyd (Alchide) base black paint 

(Talken ® A0031) with high surface hardness, resistance to scratches and peelings, and strong adherence to 

supports, which does not dissolve the cellulose acetate membrane, was employed. To decrease any potential 

sources of measurement error, such as paint droppings and/or migration, the dried painted membrane was 

cleaned with a soft tissue to remove poorly adhered speckles.  

Specimens with the dimensions of a microscope glass slide (25.4 × 76.2 mm2) were cut from the eligible area 

of the membrane. Early tests revealed that analyzing the whole specimen might produce considerable errors 

due to image distortion (perspective) and moisture absorption near corners. Therefore, square regions of (2 × 

2 mm2) were drawn near to the center, where image distortion and the likelihood of moisture absorption are 

the least. 

The specimens were dried for 24 hours at 125 ° C, then they were placed between two microscope glasses and 

sealed around the edges. The IM-5MET inverted microscope (OPTIKA ®) equipped with Optikam PRO6 was 

used to observe the 2×2 mm2 area of interest. Grayscale images of 2048 × 3072 pixels with the resolution of 

72 Pixels/Inch were obtained from the area of interests (drawn squares). Images were analyzed using Image J 

1.48 K software. Depending on the speckles in the obtained image a “default threshold” within the range of 

145 to 160 on grey level histogram was applied. The applied threshold was maintained constant for the same 

area of interest in dry and humid conditions, to avoid any error, caused by the analysis procedure. For each area 

of interest, the microscope's focus was maintained constant. At least 10 speckles for each area of interest have 

been considered (numbered in green in the bottom right image in Figure AP5. 1). The center of the speckles 

was the reference point for the calculation of the distance. The hygroscopic strain was calculated by measuring 

the relative change of the distance between different spackle with respect to the dry condition (𝜀ℎ𝑦𝑔𝑟𝑜 =
𝐿𝑠𝑎𝑡− 𝐿𝑑𝑟𝑦

𝐿𝑑𝑟𝑦
). 
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Figure AP5. 1. Illustration of the specimen preparation and image analysis procedures 

 

Figure AP5. 2 (a) shows the results of image analysis for the determination of hygroscopic strain component, 

in the transverse and longitudinal directions to Doctor Blade's knife movement, for one of the specimens at 

relative humidity of 38%, . There has been no apparent trend in terms of orientation. As can be observed, the 

resulting values exhibit a high scatter with no discernible trend depending on the location toward the center or 

boundaries. Fifteen specimens from five different membranes, with at least six areas of interest per each 

specimen, have resulted in different values of strain at a constant relative humidity level. 
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To assess the impact of human error during the membrane sealing procedure, image analysis was performed 

on the same specimen three times by opening and closing the sealing. Figure AP5. 2 (b) depicts the results of 

these three image analyses for the same specimen at the same level of relative humidity as in Figure AP5. 2 (a). 

Hypothetically, by opening the seal and exposing the cellulose acetate to the room humidity level, the membrane 

must absorb the moisture from the environment and tend to expand. Thus, an increase from the first analysis 

to the third one would be expected for all the areas of interest. However, as can be seen, no substantial uniform 

trend is observed. The first area of interest shows a decrease in strain from the first to the third measurement. 

The second area, on the other hand, shows a fluctuation, while the fourth area remained almost constant. This 

finding suggests that by sandwiching the cellulose acetate membrane between two microscope glasses and 

sealing the boundary, an unforeseen force is induced in the membrane, which significantly alters the 

measurement's results. Moreover, the obtained results for hygroscopic strain by this technique are about two 

orders of magnitude below expectation for cellulose-based materials and the results for thermomechanical 

analysis presented in this chapter. 
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Figure AP5. 2. a) Hygroscopic strain determined by image analysis of a membrane in its dry and saturated condition 

reached after exposure to a relative humidity of 38 %, b) Hygroscopic strain determined by the same image analysis 

procedure for 3 areas of interest repeated 3 time, where the numbers in the subscript of 𝜀 refer to the number of the 

area and the repetition time, respectively. Hollow squares inside the boxes and the bars represent the mean value and 

variation range within 1.5 of the interquartile range IQR, respectively. 
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Appendix 5. 2. Thermomechnical analysis with macro-expansion probe 

For this set of experiments, disk-shaped specimens were obtained from the CA casted membrane using a hallow 

punch. For 24 hours, several specimens differing in their thickness were submerged in distilled water. The 

thermomechanical investigation was carried out with the aid of a macro-expansion probe. As can be observed 

from Figure AP5. 3, each specimen's dimensional variation during the first heating ramp has a completely 

different trend. No trend correlated with the specimen thickness in the dimensional variation of the different 

specimens during the first heating ramp has been observed. Moreover, dimensional variation registered 

throughout the whole isothermal test period suggests that the specimens are still losing the absorbed moisture 

during this step of the test. The desorption process is slower than the one occurring under tensile loading 

conditions. This is due to the fact that the macro-expansion probe and the sample stage cover the upper and 

lower surfaces of the thin disk-shaped specimen, so that the moisture desorption occurs only through the lateral 

surface of the thin disk, taking more time. 

 

Figure AP5. 3. Thermomechnical analysis with macro-expansion probe 
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Appendix 5. 3. Thermomechanical Analysis experimental data 

The mean values of length variation as a function of time and the standard deviation (semi-transparent regions) 

of Thermomechanical analysis for specimens with a gauge length of about 11 mm equilibrated at different 

relative humidity levels are provided below.  
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Figure AP5. 4. Complete set of Thermomechanical Analysis 
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Appendix 5. 4. Thermal expansion of cellulose acetate membrane 

Thermal expansion of cellulose acetate membranes measured in longitudinal and transversal (with TA film-

fiber Probe), and along the thickness (with macro-expansion Probe). 

 

 

Figure AP5. 5. Thermal expansion of cellulose acetate membrane 
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6 Bending Deformation of Humidity-responsive Self-actuator 

 

 

 

 

 

 

 

 

 

In this chapter, a study of the response to the variation in humidity level of a bi-layered composite 

formed by coupling the cellulose acetate membrane characterized in this work and a non-hygroscopic 

substrate is presented. The experimental setup and procedure for characterizing the bending of such 

a bilayer self-actuator using an image analysis technique are described in detail. The multiphysics finite 

element model for predicting the self-actuators' deformation is provided. The evolution in time of the 

bi-layered shape predicted by the finite element simulation and the experimental data are compared. 

The final bending curvature measured experimentally is compared to prediction of the finite element 

model and the bending cantilever analytical model. 
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6.1 Introduction 

As discussed in the first chapter, the holistic idea of improving the level of comfort in currently used emergency 

shelters revolves around the development of humidity-responsive smart textiles by establishing layered self-

actuators composed of currently used textiles as a passive layer and a hygroscopic material (cellulose acetate in 

this study) as an active layer without interfering with the manufacturing process and as a coating.  

Due to the anti-adherent coating layer of these textiles, as well as the high wettability and inherently low surface 

energy of cellulose acetate 1, interfacial bonding between cellulose acetate and these textiles is weak. Although 

treatments such as chemical modification or plasma treatment can improve the adhesion of cellulose acetate, 

they may have an effect on the hygroscopic behavior by modifying the quantity or arrangement of the hydroxyl 

groups. However, the industrial manufacturing process is not the main objective of this research. 

Therefore, the emphasis in this chapter is on demonstrating the validity of the multiphysics finite element model 

for describing the bending curvature of a bi-layered self-actuator using cellulose acetate as the active layer. Once 

the precision of finite element modeling is confirmed, the coating of the adopted textiles can be replaced by 

cellulose acetate, during the design phases. 

For this purpose, a non-hygroscopic substrate that meets the geometrical and material criteria for the bi-layered 

substrate is employed. An image correlation approach adopted in literature 2–7 is used to track the change of 

bending curvature over time. It should be noted that only few studies examined the change of bending curvature 

over time 2,4,6 and compared the final deformation with bending cantilever analytical model (Equation (2.3)) 

considering a constant value for coefficient of hygroscopic expansion. Appendix 6. 1 provides a parametric 

study of this analytical model considering a humidity-dependent coefficient of hygroscopic expansion obtained 

in this thesis based on Equation (5.3).  
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6.2 Bending cantilever experiments 

6.2.1 Preparation of the bilayered 

According to the theoretical background described in chapter 2 (Section 2.6), for the validity of the bending 

cantilever analytical model, the geometry of the bi-layered composite and the substrate layer material properties 

must meet certain requirements .  Berry and Pritchet's 8 assumptions for the analytical model, in particular, must 

be taken into account. Therefore, the substrate must be thicker than the CA membrane (ℎ𝑝  > ℎ𝑎), have a 

negligible hygroscopic property (coefficient of hygroscopic expansion) compared to cellulose acetate (𝛼𝑝 ≪

𝛼𝑎), and be humidity resistant with good adhesion to the CA membrane. 

As for the substrate, an adhesive tape (Tesa ® 64621) that meets all the requirements was chosen. Tesa ® 64621 

is a double-sided adhesive tape with a polypropylene carrier and a synthetic rubber adhesive that is not 

hygroscopic and provides excellent adhesion to both polar and non-polar surfaces. The adhesive layer of this 

tape is transparent and has a very low stiffness. The low stiffness of the substrate in these bi-layered may lead 

to a non-reversible deformation if the induced deformation by the active layer in the substrate exceeds the 

linear elastic regime. To increase the rigidity of the substrate layer, the release liner (made of silicone-coated 

paper) was maintained. This improved also the visibility of the bi-layered composite for the image analysis. The 

adhesive tape, including its release liner (thickness ℎ𝑝 = 145 ± 1 µm) was treated as a homogenous substrate. 

Uniaxial tensile tests were performed on the adhesive tape at the same conditions adopted for the cellulose 

acetate membrane tensile testing (strain rate 6×10-3 1/min, T=25± 1 °C). A Young's modulus of 4.62 ± 0.03 

GPa was evaluated. 

Preliminary attempts to apply the adhesive tape to the CA membrane, soon after it was removed from the oven 

(24 h, 125 °C drying procedure), highlighted a curvature in the composite due to thermal shrinkage (cooling 

from 125 °C to room temperature) and hygroscopic expansion at the membrane's surface during the adhesion 

time (almost 30 seconds). This would be avoided if the composite was assembled in a dry environment, which 

is not available for this research. The most feasible strategy is to couple the layers in a climatized chamber at a 

specified relative humidity, with the cellulose acetate membrane at its saturation state. Therefore, the coupling 

of adhesive tape (ℎ𝑝 = 145 ± 1 µm including the release liner) with three different equilibrated cellulose acetate 

membranes (ℎ𝑎 = 86 ± 3 µm) was performed in the climatized room (𝑇=25 °C, 𝑅𝐻 = 35%). Then, three 

specimens of 60×12.5 mm2 were hollow punched. 
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6.2.2 Experimental setup 

A polymethylametacrylate close chamber (schematically depicted in Figure 6. 1) has been designed and 

fabricated to control the relative humidity of the environment. Different levels of relative humidity of 17, 77, 

and 80% were achieved within the closed chamber at room temperature (T = 25 ± 1 °C) using dry silica gels 

or salt solutions of sodium chloride in distilled water. The gels or salt solution were placed in the chamber 72 

hours in advance to stabilize the relative humidity. To examine reproducibility, three specimens were obtained 

from three distinct cellulose acetate membranes with the same thickness of 86 ± 3 µm. 

Table 6. 1. Bi-layered specimens’ geometry at 25 °C and RH = 35% and experimental conditions. 

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 
𝑂𝑣𝑒𝑟ℎ𝑎𝑛𝑔 

𝐿 (𝑚𝑚) 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠   ℎ (𝑚𝑚) 𝑊𝑖𝑑𝑡ℎ 

𝑤 (𝑚𝑚) 
𝑅𝐻 (%) 
 [from-to] CA  Tesa ® 64621 

𝑆1 50 

0.086 0.145 12.5 

[17-80], [35-80] 

𝑆2 40 [35-77] 

𝑆3 40 [17-77], [35-77], [35,80] 

 

The experimental setup for acquiring images at constant relative humidity and temperature (T= 25 °C) is 

depicted schematically in Figure 6. 1. The induced bending deformation of such a bi-layered self-actuator was 

measured by image analysis of digital images captured during the tests. A digital camera (Nikon D70) was placed 

perpendicular to the millimeter paper, about 50 cm away from the tested specimen. The acquisition frequency 

of 0.016 Hz (one image every minute) was set. The specimen (60 mm length) was clamped between two metal 

supports, leaving an overhanging length of 40 or 50 mm, and it was put with one side (corresponding to the 

continuous blue line in Figure 6. 2) close to the graph paper background, oriented in such a way that the 

cellulose acetate membrane always facing down. Approximately one minute was required to adjust the specimen 

within the chamber. The time for a 86 µm thick dry cellulose acetate membrane to attain saturation at a relative 

humidity of 80 % has been determined using finite element simulation (Section 4.4) to be roughly 60 minutes 

when absorption occurs from only one of its surfaces. Given the relative humidity of the climatized room (RH 

= 35%) which plasticizes the membrane, a longer time for the experimental observation was considered, and 

the evolution of bending of the bi-layered self-actuator was recorded for 100 minutes. 
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Figure 6. 1. Schematic illustration of the experimental setup 

 

Figure 6. 2 depicts, as an example, the picture of specimen S1 equilibrated at 80% relative humidity together 

with the adopted reference system for curvature measurement. Some of the obtained digital images of bending 

curvature for this specimen at different time are presented in Appendix 6. 2. The recorded digital images were 

imported in Rhinoceros® as a "picture frame". The images were rescaled to have a 1:1 scale in millimeters units 

of the program and millimeter paper in the imported image. Some minor unexpected twists were observed as 

the different curvatures of the two sides (continuous and dotted blue lines), which might be attributed to 

thickness variation of CA membrane (3 µm) or imperfection of CA membrane adherence to substrate during 

manual application. To avoid any error related to twist, the 𝑋 − 𝑌 reference frame's origin was placed at the 

closest location to the millimeter paper where the specimen is clamped between the metal supports (𝑃0). The 

specimen's bent curvature was approximated by an arc passing through point 𝑃0 to point 𝑃1 along the bi-

layered, with 𝑡𝑎𝑛(𝑃0)  =  0 (continuous blue line). Equation (6.1) was used to calculate the bending curvature 

(𝜅), where 𝑥 and 𝑦 are the coordinates of 𝑃1 (see Figure 6. 2). This procedure was carried out on all of the 

obtained frames for each specimen. 
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𝜅 =
1

𝑅
=

2𝑥

𝑦2 + 𝑥2
 (6.1) 

 

 

Figure 6. 2. A digital image of Specimen S1 after 100 minutes of exposure to relative humidity of 80 % in the closed 

chamber (continuous blue line is the considered arc for the calculation of the bending curvature and the dotted blue 

line is the effect of the slight twist).  

 

6.2.3 Experimental results 

Figure 6. 3 depicts the experimental findings of bending curvature (𝜅) progression in time caused by relative 

humidity variations for specimens initially equilibrated at RH = 35% and then put in the closed room at RH = 

77 or 80%. As expected, the ultimate generated bending curvature in the bilayer rises as a result of an increase 

in relative humidity. The first point on these graphs shows the bending curvature of the bilayer after one minute 

of exposure to the relative humidity (77 or 80 %), corresponding to the first image acquired by the camera. 
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The repeated values of the initial points of these trials, starting with a flat specimen in a climatized room 

condition (RH=35 %), show the repeatability of the procedure. The bending curvature develops fast over the 

first 20 minutes. Following this interval, the rate declines progressively up to 40 minutes. The curvature then 

approaches the plateau between 40 and 60 minutes. After 60 minutes, the curvature shows that the moisture 

absorption process is complete. It should be emphasized that the observed behavior is comparable to moisture 

diffusion as a function of time 9,10, highlighting the role of moisture absorption in bending curvature. 

 

Figure 6. 3. Experimental results of bending curvature of bilayer self-actuators in response to changes in relative 

humidity 

 

To evaluate the influence of initial relative humidity on bending curvature and the cyclic behavior of these self-

actuators, specimens were partially dried for 24 hours in a closed chamber containing silica gel (RH = 17 %), 

resulting in a negative bending curvature of -0.0199 (see Appendix 6. 3). They were then immediately placed in 

the closed chamber showed in Figure 6. 1 with a higher value of relative humidity. Figure 6. 4 reports the 

bending evolution of a specimen (𝑆1) preliminary equilibrated at RH = 35% that was (i) exposed to RH = 80 

% for 100 min (first step), (ii) dried for 24 h at RH = 17% and (iii) fast exposed again to RH = 80 % for further 

100 min (second step). Similar results are reported in Figure 6. 5 for the samples 𝑆3, that was exposed to a 
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humidity of 77 %. As expected, regardless of the starting relative humidity (17 or 35 %), the ultimate bending 

curvature is consistent for tests performed at the same relative humidity, RH = 80% for 𝑆1 and RH = 77% for 

𝑆3. The initial relative humidity, on the other hand, determines the first bending curvature obtained 1 minute 

after exposure as the first point produced by the first image. The bending curvature of the bilayer after 1 minute 

of exposure resulted in a lower value for both specimens for the lower initial humidity level 17 %. This effect 

is due to the difference in the initial bending curvature, as the initial bending curvature for the specimen 

stabilized at 𝑅𝐻 = 35% is 𝜅 = 0, but the starting bending curvature for the identical specimen stabilized at 𝑅𝐻 

= 17% is 𝜅 = -0.0199.  

 

 

Figure 6. 4. Evolution of bending curvature in time in cyclic variation of relative humidity for specimen S1 
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Figure 6. 5. Evolution of bending curvature in time in cyclic variation of relative humidity for specimen S3 
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6.3 Finite element modeling 

Figure 6. 6 illustrates some features of the multiphysics finite element model built in COMSOL Multiphysics  

5.6. Three geometric parameters were held constant in the numerical analyses: the composite width (𝑊 = 12.5 

mm) and the thickness of both active and passive layers (ℎ𝑎 = 0.086 mm, ℎ𝑝 = 0.145 mm). The composite 

length (𝐿) has been varied based on overhanging length of each tested specimen as presented in Table 6. 1. 

Two 3D prismatic layers, one for the cellulose acetate membrane (𝐿 ×  𝑊 × ℎ𝑎) and the other for the 

substrate (𝐿 ×  𝑊 ×  ℎ𝑝) have been defined. To ensure continuity at the interface, the two layers were regarded 

as perfectly connected by a tie constraint. Material properties such as density (𝜌), Young’s modulus (𝐸), 

Poisson's ratio (𝜈), relaxation factor (𝛽), and the diffusion coefficient (𝐷) were used to create two user-defined 

materials for the layers, see Table 6. 2. The mechanical properties are assumed unaffected by the environment 

relative humidity. The concentration at saturation (𝐶𝑠𝑎𝑡) and the coefficient of hygroscopic expansion (𝛼) for 

cellulose acetate membrane has been defined as function of relative humidity (𝑅𝐻) according to Equation 

(4.3)and Equation (5.3), respectively. 

Table 6. 2. Materials’ properties values used for the finite element simulations. 

Materials 𝜌 (𝑔/𝑐𝑚3) 𝐸 (𝐺𝑃𝑎) 𝜈 (−) 𝛽 (1/𝑠) 𝐷 (𝑚𝑚2/𝑠) 

Cellulose Acetate 1.3 11 1.112 0.39 11 0.026 13 3.35×10-6 13 

Tesa ® 64621 1.35 4.64 0.33   

 

The bending deformation in the bi-layered self-actuator is caused by a mismatch in the linear hygroscopic 

expansion of the active layer (cellulose acetate) and the passive layer (𝜀ℎ𝑦𝑔𝑟𝑜 (𝑝𝑎𝑠𝑠𝑖𝑣𝑒)= 0). The hygroscopic 

expansion in cellulose acetate, however, is the result of deformation by the moisture absorption. Therefore, a 

multiphysic approach considering two phenomena of moisture diffusion and mechanical deformation was 

adapted. The input parameters for the diffusion process were set only for the active layer (cellulose acetate 

membrane) considering a non-Fickian behavior 14. For the initial dry condition, a null initial moisture 

concentration (𝐶0 = 0 g/mm3) was considered. The concentration boundary condition as the function of time 
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( 𝐶𝑡  =  𝐶𝑠𝑎𝑡(1 − 𝑒−𝛽𝑡)) was imposed on the faces of cellulose acetate membranes that were exposed to humid 

environment. 

 

Figure 6. 6. Details of the finite element model 
 

To replicate the cantilever, an exterior face of the model was fixed along its width. A user-controlled sweeping 

mesh was produced from the top face of the passive layer (adhesive tape) to the bottom face of the cellulose 

acetate membrane, generating a discretized volume by 25 × 50 × 10 hexahedral elements (total of 12500 finite 

elements). 

To save computational time, two time-dependent multiphysics analyses, one for the diffusion process and the 

other hygroscopic swelling were established instead of a single one that incorporated all physical processes. A 

time range of 100 minutes was set for both analyses. First, the diffusion process was simulated. Then, by 
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referring to the output of the diffusion analysis and including geometric nonlinearity, the simulation for the 

hygroscopic swelling was performed. A built-in function that considers the displacement of one external node 

(𝑅𝑃 in Figure 6. 6) determined the evolution of the bending curvature of the modeled self-actuator over time. 

It should be noted that the influence of the specimen and absorbed moisture mass on bending deformation is 

neglected in the simulation. 

  



Bending Deformation of Humidity-responsive Self-actuator    | 149 
 ____________________________________________________________________________________  

6.4 Results and comparisons 

Figure 6. 7 (a) portrays, as an example, the prediction of finite element modeling for the deformation of the 

self-actuator due to the moisture absorption, simulated for a completely dried specimen (𝑅𝐻 = 0%) with the 

same geometry as 𝑆1 at a relative humidity of 𝑅𝐻 = 80%. The overlapping of the curves reproducing the self-

actuator shape at 60 and 70 minutes suggests that no more deformation is occurring in this period, implying 

that the moisture diffusion process in the cellulose acetate membrane has already ended. Additionally, it 

demonstrates the self-actuator's rapid response to variations in relative humidity. The actuator deforms 

significantly during the first two minutes of exposure to the greater relative humidity level, indicating that this 

self-actuator can be used for applications such as indoor humidity management, as reported in some literature 
3,4,15,16. 

The experimental and numerical final shape of the 𝑆1 specimen are compared in Figure 6. 7 (b). The 

discrepancy between the two final shapes is due to the fabrication of the bilayer at a relative humidity of 35%, 

which caused a hygroscopic expansion of the cellulose acetate membrane. As stated in section 4, it was not 

feasible to achieve a relative humidity of 0% in the laboratory, and the adhesive tape-based passive layer was 

connected to the cellulose acetate membrane at the room's relative humidity (𝑅𝐻 = 35%). Due to the fact that 

the bending curvature at equilibrium is independent of diffusion kinetics, the curvature induced by a variation 

in humidity from dry condition (𝑅𝐻 = 0%) to 𝑅𝐻 = 80 % is equal to the sum of the curvatures from 0% to 35 

% and 35 % to 80 % of relative humidity 4. Thus, the variation of bending curvature from the relative humidity 

of 35% to 80 % (∆𝜅𝑅𝐻(35−80)) can be retrieved by: 

 

∆𝜅𝑅𝐻(35−80) =  𝜅𝑅𝐻(0−80) − 𝜅𝑅𝐻(0−35) (6.2) 
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Figure 6. 7. (a) Finite element simulation of self-actuator deformation; (b) Comparison of final deformation between 

experimental data and numerical model for specimen equilibrated at 𝑅𝐻 = 80% (Staring relative humidity for the 

simulation and the experiment are 0%   and 35%, respectively) 

 

Figure 6. 8 compares the evolution of the bending curvature in time for the experiment and the numerical 

simulation for the specimen 𝑆1 equilibrated at 35 % relative humidity and placed at 𝑅𝐻 = 80%. Additionally, 

the analytical model prediction for the ultimate bending curvature (Equation (2.3)) is compared using the 

relative humidity dependent coefficient of hygroscopic expansion (Equation (5.3)) and the values n = 3.84, m 

= 1.69, and ℎ𝑡𝑜𝑡 = 0.228 mm (Table 6. 1 and Table 6. 2). Both the numerical and analytical predictions have 

been adjusted according to Equation (6.2). Figure 6. 8  illustrates that experimental bending curvature grows at 

a slower rate than finite element model. This finding might be attributed to the fact that the experiment's 

starting condition was 𝑅𝐻 = 35%. At his 𝑅𝐻 the cellulose acetate has a slightly lower diffusion coefficient than 

the dry cellulose acetate since it has been partially plasticized by the absorbed moisture. 

The experimental results and the finite element simulation agree very well in terms of the ultimate bending 

curvature. The finite element calculation anticipated a bending curvature of about 𝜅 = 0.0519 1/mm (𝑅 = 19.26 

mm), while the experiment exhibited a value of 𝜅 =0.0511 1/mm (𝑅 = 19.56 mm). The difference of merely 

0.3 mm tend to be relatively acceptable. In contrast, the analytical model provided a curvature of 0.0645 1/mm 
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(𝑅=15.5 mm), resulting in a 3.43 mm discrepancy in bending radius to the experiment. The analytical model's 

overestimation of curvature is due to its simplifications and assumptions. 

 

 

Figure 6. 8. Comparison of experimental data, analytical and numerical models. 
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Appendix 6. 1. Parametric study of the bending cantilever model  

A parametric study of Berry and Pritchet's 8 bending cantilever analytical model (Equation (2.3)) is presented 

here to provide a better understanding of the effect of layers' thickness ratio (𝑚), bi-layer composite overall 

thickness (ℎ𝑡𝑜𝑡), and materials stiffness ratio (𝑛) on both the function 𝑓 and the bending curvature 𝜅, 

considering a humidity-dependent coefficient of hygroscopic expansion (𝛼), see Equation (5.3). 

 

1

𝑅
= 𝜅 =

∆𝛼  ∆𝐶 𝑓(𝑚, 𝑛)

ℎ𝑡𝑜𝑡
 ,   𝑓(𝑚, 𝑛) =

6(1 + 𝑚)2

3(1 + 𝑚)2 + (1 + 𝑚𝑛)(𝑚2 +
1
𝑚)

 

ℎ𝑡𝑜𝑡 =  ℎ𝑎 + ℎ𝑝 , 𝑚 =
ℎ𝑝

ℎ𝑎
, 𝑛 =

É𝑝

É𝑎

 , É𝑎 =
𝐸𝑎

(1 − 𝜐𝑎)
 , É𝑝 =

𝐸𝑝

(1 − 𝜐𝑝)
   

 

Figure AP6. 1 (a) portrays the effect of materials stiffness ratio (𝑛) and layers’ thickness ratio (𝑚) on the function 

𝑓. Since the one of the main assumptions of this model is that the active layer must be thinner than the passive 

layer (ℎ𝑎 < ℎ𝑝), the minimum value of 𝑚 =
ℎ𝑝

ℎ𝑎
  has been assumed equal to 1. The values of 𝑚 were varied 

from 1 to 25, and seven distinct constant values of 𝑛 were studied. As can be observed, increasing the stiffness 

of the passive layer (raising 𝑛), the function 𝑓 reduces, which causes a decrease in bending curvature (𝜅) or an 

increase in bending radius (𝑅). 

Figure AP6. 1 (b) depicts the effect of materials stiffness ratio (𝑛) on bending curvature (𝜅). Default settings of  

1 GPa for É𝑎 and 100 µm for active and passive layers thicknesses (ℎ𝑎 = ℎ𝑝 = 100𝜇𝑚 → 𝑚 = 1) were used. 

Curvature dependence on relative humidity estimated for different 𝑛 values is insignificant for humidity levels 

below 40%. For humidity levels above 40 %, on the other hand, the bending curvature of the bilayer self-

actuator declines by the increase of stiffness ratio (𝑛). This figure indicates that, when the bi-layer composite 

constituents have the same thickness for the same hygroscopic material (constant  É𝑎 = 1 GPa), the stiffer the 

non-hygroscopic passive layer is, the less deflection is caused by a change in relative humidity. The distinct 
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trend of within the same curve below and above 40% relative humidity stems from the humidity dependency 

of the hygroscopic expansion coefficient. 

Figure AP6. 1 (c), on the other hand, highlights the effect of layers’ thickness ratio (𝑚) on bending curvature. 

A thickness of 100 µm for the active layer (ℎ𝑎) and a constant value of 1 for the materials stiffness ratio (𝑛 = 

1) were considered. This figure suggests that an increase in the non-hygroscopic substrate thickness (increasing 

𝑚), reduces the bending curvature. As expected, the thinner the substrate layer, the more deflection there will 

be. When the thickness ratio is doubled (from 𝑚 = 1 to 𝑚 = 2), the bending curvature is practically cut in half. 

Furthermore, the disparity becomes more pronounced when the humidity level rises. 

Last but not least, Figure AP6. 1 (d), shows the effect of the total thickness (ℎ𝑡𝑜𝑡). Constant values of 1 for 

both thickness ratio (𝑚 = 1)  and materials stiffness ratio (𝑛=1) were considered. The total thickness of the 

bilayer self-actuator, on the other hand, was varied in a range from 10 µm to 500 µm. Evidently by the increase 

of the self-actuator’s total thickness the bending curvature decreases. Even at humidity levels of less than 40%, 

a self-actuator with a total thickness of less than 50 µm exhibits much more deflection than a thicker bilayer. 
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   Figure AP6. 1. Parametric study of the bending cantilever model  
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Appendix 6. 2. Evolution of bending curvature of specimen 𝑺𝟏 in time 

 

Figure AP6. 2. Digital images of bending curvature evolution of specimen 𝑆1 in time  
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Appendix 6. 3. Curvature at RH = 17 % 

Figure AP6. 3 portrays the final form of the specimen S1 after 24 hours at the lowest relative humidity possible 

in the closed chamber (RH=17 %). For the deformation induced by the change of RH from 35% to 17%, a 

bending curvature (𝜅) of -0.0199 1/mm was measured. 

 

Figure AP6. 3. Bending curvature of the bilayer self-actuator at relative humidity of 17% 

 

 

 

 



 

 

 

 

7 Conclusions and Further Developments  
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Toward the development of humidity-responsive layered self-actuators, this thesis explored the possibility of 

exploiting the humidity sensitivity of hygroscopic materials. The primary objectives were to provide a 

framework for the fabrication of hygroscopic material membranes, to evaluate the material properties 

characterizing its hygroscopic behavior, and to develop a comprehensive finite element model for the prediction 

of a bi-layered self-actuator response to changes in the environment relative humidity.  

After a comprehensive review of current advances in the application and characterization of hygroscopic 

materials, cellulose acetate was chosen as a highly hygroscopic material suitable for this research. The systematic 

investigation detailed in this thesis for the production of membranes from a cellulose acetate powder 

highlighted the influence of employed solvent, solution concentration, casting and solvent evaporation methods 

on the obtained membrane characteristics. Based on: (i) the feasibility of preparing membranes from cellulose 

acetate solutions with different concentrations, (ii) the time required for the membrane drying, and (iii) the 

membranes surface quality (its homogeneity) the membrane production process was optimized. The obtained 

membranes exhibited a smooth surface and no pores at the micro level was visible across the thickness.  

The parameters considered in the systematic investigation performed for the optimization of the cellulose 

membrane preparation process may differ depending on the hygroscopic material's nature (e.g. degree of 

acetylation of cellulose acetate) or the fabrication technology adopted (e.g. coating of cellulose acetate solution 

in acetone at industrial level). Nevertheless, the type of experiments carried out, the characteristics considered, 

and the material properties evaluated (surface, thermal, and mechanical properties) which together define the 

procedure presented in this thesis can serve as a guide for future studies. It must be noted that, in the scenario of 

direct application of the hygroscopic coating on the non-hygroscopic substrate in fabrication process, one of 

the variables that may be included to the assessment step is the interfacial adhesion characteristics between the 

two layers, which was outside the scope of this thesis. 

The characterization of governing properties of hygroscopic behavior, on the other hand, revealed several 

aspects that had been overlooked in the literature. Gravimetric experiments performed at different values of 

environment relative humidity at constant temperature demonstrated that the high moisture sensitivity of 

cellulose acetate impacts the kinetics of moisture diffusion, leading to sigmoidal diffusion and a time-dependent 

diffusion coefficient (𝐷). On the other hand, due to the limitations of available numerical models, a single value 

of the moisture diffusion coefficient must be determined for finite element modeling of the diffusion process. 

The characterization of the non-Fickian behavior with a single value of the diffusion coefficient, required the 
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addition of a new parameter, namely the material relaxation factor (𝛽). The finite element simulation for non-

Fickian diffusion has been performed by COMSOL Multiphysics ® 5.6, considering the experimentally 

measured materials properties. The generated model's accuracy has been validated by a secondary experimental 

investigation. 

The finite element model for prediction of moisture absorption kinetic presented in this research appears to be 

the first numerical study successful to describe the sigmoidal moisture diffusion of cellulose acetate, which may 

be extended to other cellulose-based materials as well. It is very difficult to acquire an accurate result for 

characterization of the moisture diffusion properties of extremely hygroscopic materials due to their rapid 

reaction to changes in humidity level and the peculiarity of their non-Fickian moisture diffusion behavior. The 

contributions of this research to experimental, analytical, and numerical modeling lay the groundwork for future 

studies in the characterization of moisture-sensitive materials such as hydrogels. However, it must be mentioned 

that the cellulose acetate diffusion coefficient (𝐷) and relaxation factor (𝛽) are expected to vary with the degree 

of acetylation of the cellulose acetate and on the temperature as well. Due to instrumental and material 

availability limitations, this research was not able to address and assess the effect of these aspects on the 

characterized properties. 

Another unexpected finding of this research was that, despite conventional assumptions, both the 

concentration at saturation (𝐶𝑠𝑎𝑡) and the hygroscopic strain (𝜀ℎ𝑦𝑔𝑟𝑜) exhibit non-linear relationships with 

environment’s relative humidity at constant temperature for the studied cellulose acetate. Two third degree 

polynomial functions were used to interpolate the relative humidity dependency of these properties, that led to 

a humidity dependent coefficient of hygroscopic expansion (𝛼). A multiphysics finite element model coupling 

two phenomena of non-Fickian moisture diffusion and expansion induced by moisture absorption has been 

developed. Comparing the experimental results of hygroscopic expansion to the predicted values by the 

adopted numerical model highlighted that the hypothesis of a coefficient of hygroscopic expansion independent 

on the relative humidity cannot be considered valid for highly hygroscopic materials such as cellulose acetate. 

These outcomes underscored that for a highly hygroscopic material such as CA, a meticulous attention is 

needed for the characterization of its hygroscopic behavior. 

To the best of author’s knowledge, the multiphysics finite element model provided in this thesis for the 

prediction of the induced bending deformation in the humidity-responsive layered self-actuator due to the 

variation of humidity level is the first numerical model so far able to predict the evolution in time of the layered 

composite bending curvature with a good level of accuracy. Moreover, the comparison between the prediction 
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of the layered composite final bending curvature by the proposed finite element model and by the commonly 

used model known as the bending cantilever model and the experimental results put the stamp of validity on 

the numerical approach adopted in this research. 

Although the similarities between the experimental results and numerical predictions make the presented finite 

element model very promising, there are other aspects that may be added to the model to make it more 

comprehensive. Aspects such as the influence of temperature on the mechanical and hygroscopic characteristics 

of materials may broaden the use of the proposed model for the design and manufacture of humidity-responsive 

self-actuators in various industrial fields. 

In spite of its limitations, the study certainly adds to our understanding and description of the hygroscopic 

behavior of highly hygroscopic materials in response to the variation in humidity levels in terms of moisture 

diffusion, hygroscopic expansion, as well as, the induced bending curvature of bilayer self-actuators with a 

cellulose acetate as active layer. The model presented for the response of the self-actuator to humidity variation, 

on the other hand, can be used as a design tool before the fabrication process of these humidity-responsive 

layered self-actuators. This model can provide the manufacturer with a forecast of the response of the self-

actuator and aid in the optimization of the actuator's geometrical parameters (e.g. applied coating thickness). 

Regarding the development of humidity-responsive layered self-actuators, the next step would be experimental 

characterization of the hygroscopic behavior of the CA membranes after exposure to the ultraviolet light. 

Although emergency shelter textiles are expected to have a one-year service life, it would be interesting to 

investigate the effect of employing TiO2 or the cyclic variation of temperature on hygroscopic properties and 

the self-actuator performance. Ultimately, characterization and numerical modeling of indoor air quality using 

these actuators to monitor the performance of the presented solution.  

Concerning potential advancements in the utilization of hygroscopic materials, research on composites of 

hygroscopic and conductive or piezoelectric materials to produce multi-responsive sensors or energy harvesting 

devices may be of interest. A composite membrane made of hygroscopic and piezoelectric materials, for 

example, can be employed as a covering for outdoor surfaces in tensile membrane structures. In humid or rainy 

conditions, hygroscopic expansion causes mechanical deformation in piezoelectric materials, which results in 

electrical current. Furthermore, despite advancements in manufacturing methods, the use of hygroscopic 

materials as fiber sheaths in the design of breathable and waterproof woven textiles appears promising. 
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