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Abstract

Humidity responsive materials are attractive to the research community because of their

adaptive characteristics to the surrounding environment, without need of using external

devices to provide the stimuli. Natural fibre hygromorph composites are promising because

of their significant mechanical performance, low cost and environmental friendly charac-

teristics. However, current hygromorph composites have limitations in terms of adaptation

to the surrounding relative humidity, because of their one-to-one relationship between the

morphed shapes and the internal moisture they contain to trigger the actuation. This feature

limits the application scenarios, because the required motions will only occur at specific

humidity conditions. In other words, designed hygromorph composites will only work as

actuators when the humidity is at a certain value, which may not be available during practical

operational conditions.

To overcome the one-to-one relationship limitation, a shape memory polymer has been

here selected as the matrix of hygromorph composites reinforced with flax fibres. The

combined materials (called HyTemCs) are responsive to both moisture and thermal stimuli.

At room temperature, the HyTemC is sensitive to moisture like the existing hygromorph

composites. HyTemC do not show morphing over the glass transition temperature of the

shape memory polymer matrix, although they absorb the same amount of moisture as in the

room temperature case. In this thesis, the materials and mechanisms related to HyTemCs are

introduced. Their moisture diffusion, hrgroscopic expansion, hygro-elastic properties are also

modelled and tested, and the actuation performance of these biobased composites evaluated.

In this work, two prototypes using these novel hygromorph biobased composites have been

manufactured: one is a gripper with five fingers made using HyTemCs, and the other is an



x

active morphing electroadhesive metasurface actuated by HyTemC. The prototypes show that

the bending motion from flat to curvy state can be realised in both water and air environments;

this is something not provided by current state-of-the-art hygromorph biobased composites.

The HyTemCs can be also cut into small elements and distributed into an actuating pattern,

hence their potential use as platforms for programmable electroadhesive metasurfaces. These

metasurfaces change shapes from flat into several complex ones, like concave, convex, sine

wave, dual concave. The objects handled by these biobased metasurface can be fragile,

because of the high conformal matching between the contacting surfaces and the absence of

compressive adhesion.

Hygromorph composites absorb moisture, produce hygroscopic expansion and morph

because of the moisture-induced internal stresses. In order to understand the mechanism, a

new 3D moisture diffusion method has been also proposed in this thesis. Existing models

to design hygromorph composites are based on one-dimensional diffusion theories along

the thickness direction, rather than along the three spatial directions of the laminate. The

new method predicts the diffusion effects in different flax fibre laminates designs and

architectures, together with the internal stresses of the composites induced by the three-

dimensional hygroscopic expansion. This model, together with the actuation and adaptive

performance of the shape memory-based polymer hygromorphs developed in this PhD work,

can be useful to design the next generation of biobased and sustainable smart actuators and

materials.
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Chapter 1

Introduction

1.1 Thesis scope

Smart materials [31] and structures [32, 33] always offer exciting opportunities for develop-

ments in materials science and technology because of their structural bearing capabilities,

multiple sensing [34], controlling [35] and actuating [36] functions [37]. A multitude of

smart materials, including shape memory polymers (SMP) [38–40], shape memory alloys

(SMA) [41] (SMA), electroactive polymers [42], piezoelectric materials [43], and hydrogels

[44, 45], are used in applications such as aerospace [40], medical care [46], and general

engineering [47]. Researchers have explored various physical, chemical, and biochemical

stimuli in natural and synthetic materials [48]. Physical stimuli, such as temperature [49–51],

voltage [52], light-irradiation [53–55], and mechanical stress [56–58], are promising for re-

sponsive systems. Chemical stimuli involve changes in pH value [59, 60], ionic strength[61],

addition of chemical agents like gases [62], solvents [63] and redox-based reactions [64].

Biochemical stimuli represent a third category of stimulation, reacting to enzymes, antigens,

ligands, and other biochemical agents [49].

Current composites with hygromorphic properties are created using stacking sequences

that are not symmetrical, taking inspiration from those found in natural hydraulic actuators

such as pine cones [12, 65, 66]. When the natural fibers in the composite swell and there is

a difference in swelling between the layers, the actuation process is initiated [67, 68]. The
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actuators made of hygromorph composites are applied in soft robotics (like moving robots

[69] under water grippers [70], electroadhesive metasurfaces [71]), deployable structures [12]

and curved mass timber structures for architectural facades [72, 73]. Hygromorph composites

are selected as platforms for the rationale of this PhD work because of their self-adaptive

mechanical performance stimulated by the environmental humidity, and with no requirement

of any external source of energy [74–77]. The current hygromorph composites which are

made of long natural fibres exhibit significant mechanical properties. For examples, flax/

polylactic acid (PLA) composites possess 15.6 GPa [78] or 18.5 GPa [7] tensile modulus

in the fibre longitude direction, flax/ maleic anhydride (MA)-compatibilized polypropylene

(MAPP) composites have 31.0 GPa [79], jute/MAPP is 23.0 GPa [12], and 20.0 GPa of

bamboo/PLA composites [80]. The other hygromorph hydrogels triggered by the PH or

temperature which are made of polymers like N-isopropylacrylamide (NIPAM) do not

possess the same stiffness properties ranging from only 7-15 MPa [1, 2, 4, 5, 81, 82]. This

high decrease limits any application in which some load-bearing characteristics are required.

The hygromorph composite actuators are affordable, can be easily obtained locally, and do

not harm the environment [12]. However, current hygromorph materials process a one-to-one

only relationship between the humidity in which they are stored, and their final changing

shapes. The limitation of this feature is that the expected shape change is only shown within a

specific humidity environment (i.e., range of relative humidity values). A single final morphed

shape of the actuator is possible, and not a broad set of different autonomous configurations.

The availability of an hygromorph composite providing multiple final morphed shapes for

the same specific and limited values of relative humidity would provide a significant advance

to the use of these types of humidity-triggered materials. Currently, there are two categories

of materials that respond to stimuli: shape-changing materials that morph in response to

external stimuli without any intervention, and shape memory materials that have a memory

of their original shape and return to it after being stimulated externally [83]. A material

that has the ability to change its shape, revert to its original form, and maintain a fixed

position would be a highly advantageous and sophisticated functional mechanism. Yet, the

development of such multifunctional materials has proven very challenging [84]. In order to
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tackle the issue of the limiting one-to-one relationship between the surrounding humidity

condition and their morphed shapes, other stimuli-responsive materials should be considered

- for example, thermal responsive shape memory polymers (SMPs), as the matrix of the

hygromorph composites. The work in this PhD thesis has therefore focused on developing a

novel class of active hygro-thermo morphing shape-changing composites (HyTemCs) made

of natural fibres and SMPs that exhibit multifunctional shape transformations. The HyTemCs

enable the programming of the geometry and the effective spatial distribution of the internal

natural fibres (flax, in our case) used as reinforcement. This functionality allows to build up

new sets of shapes at various humidity conditions. The programmable HyTemCs provide

multifunctional, autonomous, repeatable, and reversible shape transformations, while also

locking the actuator made with these biocomposites on the morphed shapes.

1.2 Main findings

A summary of the milestones and main findings accomplished in this work follows.

• In this PhD work, we have proposed for the first time hygromorph composites with long

natural fibres and shape memory polymers matrix. The combination of the SMP matrix

and long natural fibres (flax) is sensitive to thermal and moisture stimuli and allows to

embed of programmable and reconfigurable features typical of a multifunctional shape

transformation. Compared to existing hygromorph composites, the multifunctional

shape transformation overcomes the traditional one-to-one relationship between the

humidity conditions and the changing shapes, and allows to pre-design required shapes

at any operational humidity conditions.

• The hygromorph composites developed in this PhD work feature autonomous actuation

simply triggered by the surrounding environment, with no extra devices. The fields

of applications are therefore broader than those of current hygromorph composites,

without the limitation of complementary equipment/facilities to provide external stim-

ulus like electric current, temperature, or magnetic fields. The deformations of the

HyTemCs are also reversible, repeatable and latchable at constant levels of humidity.
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• Load bearing characteristics and actuation authority: the HyTemCs have significant

mechanical properties (tensile modulus of 13.8 GPa in the longitudinal and 3.5 GPa

along the transverse directions at 20°C and RH 50%). Those values are much larger

than popular bulk-only shape memory polymers, dielectric elastomers made by silicone

and acrylic and electroactive polymers.

• Existing three-dimensional moisture diffusion methods have been here evaluated, and

a new formulation has been proposed that is relevant to hygromorph composites. The

moisture distribution through the three Cartesian directions of a laminate has been

analysed using a semi-empirical inverse identification from moisture absorption tests

on samples designed to measure the quantity along the different directions. The internal

through-the-thickness stresses inside the hygrmorph laminates have been processed

using Finite Element simulations, with inputs derived from the new methodology. This

new 3D diffusion methodology and its implementaion in Finite Element models would

help in the understanding of the internal microstructural behaviour of hygromorph

composites and the general design of hygromorph-based actuators.

• The PhD thesis also introduces new examples of hygromorph composites-based pro-

totypes: 1) a five-fingers gripper to pick objects in water and air; 2) smart bioframe

for an electro adhesive structure and 3) biobased and programmable electroadhesive

metasurfaces. All these examples show the potential of using the programmable and

biobased hygrmorph composites developed in this PhD for activities ranging from soft

robotics to morphing/adaptive shapes and gripping - all made using a sustainable class

of composite materials.

1.3 Content of the Thesis

This thesis is structured into three main parts. Firstly, the HyTemC, the combination of

flax fibres and SMP, is proposed and evaluated. The properties with multifuntional shape

transformation are suitable to a five-fingers gripper and actuators for an electro adhesive
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structures (Chapter 3). An array of HyTemCs are applied to achieve complex morphed shapes

for the biobased and programmable electroadhesive metasurfaces (Chapter 4). The existing

diffusion methods are evaluated and a new 3D diffusion method is proposed for hygromorph

composites in Chapter 5. The thesis structure is visualised as Fig. 1.1.

To summarize, the work carried out during this PhD project is described in six chapters

as follows.

Chapter 2 firstly explores background on hygromorph materials, their mechanisms,

major materials (polymers and natural fibres), applications and challenges.

Chapter 3 HyTemCs, combination of natural fibres and SMPs are introduced, the

multifunctional shape transformations are explained. It also displays the moisture and

thermal mechanical properties, the moisture transferring and attenuation by cycles. New

multifunctional shape transformations capabilities of HyTemCs are demonstrated in a bio-

robotic grasping hand and a bio-frame for electro-adhesive gripping.

(Li Q1, Sun R1, Le Duigou A, Guo J, Rossiter J, Liu L, et al. Programmable and

reconfigurable hygro-thermo morphing materials with multifunctional shape transformation.

Appl Mater Today 2022;27:101414.

https://doi.org/https://doi.org/10.1016/j.apmt.2022.101414.

Li Q, Sun R, Duigou A Le, Guo J, Rossiter J, Li L, et al. Large datasets of water vapor

sorption, mass diffusion immersed in water, hygroscopic expansion and mechanical properties

of flax fibre/shape memory epoxy hygromorph composites. Data Br 2022;43:108367.

https://doi.org/10.1016/j.dib.2022.108367)

Chapter 4 a novel metasurface is created using the programmable hygrothermal bio-

composite HyTemC actuators combining with surface electroadhesion. These HyTemCs are

architected around a structural configuration that provides the possibility of adapting to flat,

highly curved (concave and convex), waved, and bimodal adhesive shapes. The materials

and design methods are evaluated and various electroadhesion shapes are achieved.

(Li Q, Le Duigou A, Guo J, Thakur VK, Rossiter J, Liu L, et al. Biobased and Pro-

grammable Electroadhesive Metasurfaces. ACS Appl Mater Interfaces 2022.

https://pubs.acs.org/doi/10.1021/acsami.2c1039)
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Chapter 5 a new 3D diffusion model is proposed based on extracting the diffusion

parameters from each direction in hygromorph composite samples made of epoxy and aligned

long flax fibres. The model is then used to predict the diffusion effects in different flax fibre

laminate designs and architectures, together with the internal stresses of the composites

induced by the three-dimensional hygroscopic expansion.

Li Q, Le Duigou A, Kumar Thakur V, Liu L, Leng J, Scarpa F. Three-dimensional water

diffusion and modelling of flax/shape memory epoxy composites. Compos Part A Appl Sci

Manuf 2023;171:107574.

https://doi.org/https://doi.org/10.1016/j.compositesa.2023.107574.)

Chapter 6 the summary of this thesis is described, followed by some potential research

directions and future work in the field.
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Fig. 1.1 Thesis structure flow chart





Chapter 2

Background and literature review

2.1 Introduction

Smart materials [85], also sometimes called intelligent or responsive materials, feature one

of more transduction characteristics that convert external stimulus into forces or motions

[86]. In that sense, smart materials obey the statement: “The material is the machine” [87].

Smart materials are responsive to external stimuli, like temperature [88, 89], light [90],

magnetic fields [91], mechanical forces [92] and chemical triggers [93]. "Hygromorph"

is a name made from a combination of different terms: "hygro" means moisture or water

sensitive, while "morph" means shape-changing. Why does the research scope of this PhD

work focus on moisture-sensitive materials, rather than the above-mentioned smart materials

with different stimuli? Different from other types of stimulation, moisture-sensitive smart

materials have the potential to achieve autonomous morphing [74–77]. No matter the exact

quantity of humidity in the surrounding operational environment, hygromorph materials

will exchange moisture autonomously between themselves and the surroundings to create

corresponding actuation, until the moisture transfer is stabilized. The traditional set of stimuli

used in smart materials (temperature, light, magnetic fields, mechanical forces and chemical

triggers) are not present in the surrounding environment, unless the material is placed in

environmental conditioning situations [94–96] or within supporting facilities, like Nichrome

heating elements [97], drive electronics [98, 99] and pumps [100, 101]. The environmental
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Fig. 2.1 Examples of spatial heterogeneity responsive materials: a) The manufacturing
process of forming a gradient porous hydrogel [1]. The designable porosity gradient achieves
out-of-plane morphing. b) Programmed swelling ratios (Ω) generates 3D Gaussian curvature
deformation [2]. c) 2D hydrogel sheets with spatially swell ratios prepared by digital light
processing develop complex curvature [3]. Figure reproduced from [1–3]

conditioning or supporting facilities limit the practical applications of smart materials; in

theory, hygromorphs can help to overcome that limitation. The mechanisms underpinning the

behaviour of hygromorphs, together existing materials, manufacturing methods, applications

and related challenges will be introduced in the following parts.

2.2 Mechanism

Material systems that are sensitive to moisture are typically made from hydrophilic compo-

nents such as polymers [44, 102–104] and natural fibers [105–108], and they will expand
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in the presence of water or humidity. This expansion and contraction process is known as

a volume phase transition [109], and it can be triggered by transport-like stimuli. While

conventional hydrophilic materials undergo a uniform volume phase transition, if shape

change is desired, anisotropic swelling and deswelling is necessary [86]. The two primary

methods used for this are creating stimulus gradients in homogeneous materials or designing

and manufacturing spatial or through-the-thickness heterogeneity. Stimuli gradients are not

easily available in practical or operational scenarios, and most research works that appeared

in open literature choose to prepare moisture-sensitive heterogeneity by varying the location

of the deposition of the materials.

2.2.1 Spatial heterogeneity

Typically, crosslinking gradients within swollen hydrogels create in-plane stresses that

are countered by out-of-plane bending. By precisely manipulating the swelling ratios

of hydrogels, specific patterns can create a three-dimensional transformation (Fig. 2.1).

Hydrogels with definitive pore gradients have been developed to produce by utilizing a

hetero-bifunctional crosslinker seeing Fig. 2.1 a) [1]. High elasticity, fast responses to

stimuli, and programmable motion are achieved by control of the formation of the porosity

gradient. Combining polypyrrole nanoparticles as photothermal transducers have allowed for

the control of the direction and degree of movement, such as bending, twisting, and swimming

like an octopus, through near-infrared laser stimulation. A photopatterning method [2] for

polymer films has been developed where the films can morph between two-dimensional

and three-dimensional forms by adjusting cross-linking with differing irradiation doses (Fig.

2.1 b). Hydrogels consisting of hydroxyethyl (meth)acrylate and potassium 3-sulfopropyl-

methacrylate can also be modified by the duration and intensity of light exposure to precisely

tune their swelling [3]. This allows for an effortless adjustment of the radius of curvature

for the transformed hydrogel sheets by shifting from discontinuous to gradient cross-linking

densities (Fig. 2.1 c).
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Fig. 2.2 Through-the-thickness heterogeneity examples: a) Making use of linear contractile
elements that are oriented orthogonally, a bilayer configuration can be utilized to produce 3D
structures that are capable of executing programmed motions [4]. b) The composite gel sheet
creates a helix when subjected to an external stimulus if the fibre direction is orientated to 45◦

[5]. c) 3D printed scales with weave bilayer architecture. Different shape deformations have
been shown when fully wet because of the different laminate design [6]. Figures reproduced
from [4–6]
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2.2.2 Composite bilayers

A commonly used method to achieve local deformation is to create bimorphs using bilayer

materials. However, these systems may not have the precise local control required for com-

plex shape change applications (Fig. 2.2). i) Researchers have developed a technique using a

"fugitive carrier" that can selectively remove shear-thinning materials from the polymerized

hydrogel matrix [4]. Based on this technique, the composites combined with not thermally

responsive poly(ethylene glycol) (PEG) and responsive poly(N-isopropylacrylamide) (PNI-

PAM) are manufactured and multilayer hydrogels can react to heat and result in perpendicular

uniaxial contraction to create thermally responsive bends and twists (Fig. 2.2 a). ii) A PNI-

PAm hydrogel sheet has been swollen with 2-acrylamido-2-methylpropane sulphonic acid

(AMPS) and is exposed to UV photopolymerization through a photomask [5] to create shapes

that respond to changes in temperature and exposure to an ionic aqueous solution (Fig. 2.2

b). iii) Biomimetic hygro-responsive composites have been developed with polymer-based

scales inspired by Bhutan pine cone seed scales [6], to create bending deformation during

desiccation - see Fig. 2.2 c). Examples of the bio-inspired natural fibre reinforced com-

posites with the bilayer configuration that triggers an out-of-plane displacement are various

[7, 8, 12, 66, 78, 110–125].

2.3 Material and methods

The moisture sensitive material systems are from hydrophilic elements and the hydrophilic ele-

ments are mainly from polymers and natural fibres. The common polymer is N-isopropylacrylamide

(NIPAM) mixed with other polymers seeing the Table 2.1 [1, 2, 4, 5, 81, 82]. It is found that

the mechanical properties of these hydrogels are limited, and the actuation forces and the

generated stresses are also limited. The tensile modulus are only several MPa ranging from

7-15 MPa. The hydrophilic polymer is mixed with various chemicals which yields slightly

different mechanical performances. These works display bio-mimicking motions themselves

like bending, coiling and twisting rather than provide actuation in structures. Different from

hydrogels, natural fibre reinforced composites have shown significantly better mechanical
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performance in Table 2.2 [7, 8, 12, 66, 78, 110–125]. The modulus results range widely

because of the different types of reinforced natural fibres, fibre content, the manufacturing

method and the humidity and temperature condition when testing, etc. The selection of matrix

includes thermo-plastic Poly(lactic acid) (PLA) [7, 66, 78, 110, 113–119, 122, 124], maleic

anhydride (MA)-compatibilized polypropylene (MAPP), [12, 111], acrylonitrile butadiene

styrene (ABS) [112, 121, 123], polypropylene (PP) [122, 123, 125], and thermo-setting

Epoxy [126] and Polyester [127] which provides enhanced mechanical properties compared

to NIPAM mixtures. Also, reinforced natural fibres tend to feature composites with improved

modulus. Examples are continuous long fibres [7, 12, 78, 111, 113], which provide larger

stiffness than short fibres [8, 66, 110, 112, 114] and ground powders or cellulose networks

[115–125]. Because ground powder or short fibres have a random shape and dimensions that

are statistically equal in every direction, they do not add a significant boost to the tensile

modulus of the matrix polymer. [128].

Manufacturing methods related to composite hygromorphs with fibres/powder reinforce-

ments are traditionally related to hot pressing and 3D printing. The steps to be followed

for hot pressing are: i) production of the polymer films, ii) preparation of the stack of films

and unidirectional flax (or other natural fibres) tapes, iii) hot pressing, and iv) cooling ramp

[12, 111]. 3D printing techniques depend on the used fibre length size. In terms of short

fibres, raw materials are chopped and mixed with the polymer matrix (PLA, PP, MAPP

and ABS) to develop composite filaments [8, 66, 110, 114]. For long fibres, the filament

is prepared by extrusion and coating [7, 78]. Composites made using the traditional hot

pressing method show better mechanical performance than those from 3D printing. The

diameter of nozzle outlets in 3D printing typically falls within the range of 0.2 mm to 0.8 mm,

and it is essential to ensure that the fibres or powders used are smaller than the nozzle size

to prevent blockages [129]. The percentage of fibre fractions used for filaments is typically

between 5% and 20% in weight, and using a 20% weight fraction can lead to stick-slip effects

when extruded through a 1 mm nozzle [67]. With higher fibre fractions, there is a noticeable

increase in porosity, which ultimately results in a decrease in the tensile modulus of the final

printed part [129]. In contrast, traditional hot press methods allow for the production of
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Table 2.1 Materials, mechanical properties and methods of hydrogels

Mixed materials
Modulus
(GPa)

Methods Curing Ref

4-hydroxybutyl acrylate; 0.007 solution-cast 180 °C for 4h [1]

Benzophenone acrylamide;
Acrylic acid; Rhodamine B
methacrylate

Not given solution-cast UV light [2]

poly(ethylene glycol) 0.015 3D printing UV light [4]

2-acrylamido-2-
methylpropane sulphonic acid

0.011 solution-cast UV light [5]

acrylic acid-co-acrylamide Not given solution-cast UV light [81]

hyperbranched polyethylen-
imine

0.010 solution-cast UV light [82]
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Table 2.2 Materials, mechanical properties and methods of natural fibre composites

Fibre type Modulus (GPa) Methods Ref

long flax fibre 10-30 hot-press [111]

long jute fibre 9-23 hot-press [12]

long flax fibre 7-16 3D printing [7, 78]

short jute fibre 3-6 3D printing [112]

long jute fibre 4-6 3D printing [113]

short wood fibre 0.1-4 3D printing [8, 66, 110, 114]

cork powder 0.6-1.2 3D printing [115]

cellulose networks 3-8 3D printing [116]

cellulose nanofibrils 2-6 3D printing [117]

lignin 1.9-2.7 3D printing [118–120]

bamboo powder 0.5-4 3D printing [121, 122]

hemp powder 1-3 3D printing [123–125]

harakeke powder 1-3 3D printing [123]
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relatively higher fibre contents, up to 60% volume fraction and lower porosity 1.35% [130],

yielding enhanced mechanical properties.

In order to obtain larger actuated stresses and achieve both self shape changing and

actuation in adaptive structures, the research carried out in this PhD work narrows around the

use of continuous long natural fibres and traditional manufacturing methods, which guarantee

high reinforcement fibre contents and low porosity.

2.4 Performance evaluation

2.4.1 Moisture diffusion

Hygromorph laminates with asymmetrical and unidirectional properties are stored in an

initial state (such as 50% RH) to achieve the reference state. They are then submerged in

deionized water at room temperature as described in [12, 111]. Periodically, the samples are

taken out, weighed with a balance having an accuracy of 10−3 g, and characterized. The

moisture content percentage gain (C) at a given time (t) is computed:

C(t) =
Wt −W0

W0
∗100 (2.1)

At time t, the weight of the sample after being exposed to water is represented by Wt , while the

weight of the dry material before immersion is denoted as W0 for reference. The maximum

moisture absorption, Cs, is determined when the weight no longer increases.

Since the thickness of hygromorph samples is typically very small compared to their

in-plane dimensions (usually less than 1mm) [78, 131, 132], it is assumed that there is a

one-dimensional diffusion process, as described by Crank’s analytical solution for diffusion

in thin plates [133]. This provides a constant diffusion coefficient (Equation 3.3):

Cmean(t) = (1− 8
π2

∞

∑
n=0

1
(2n+1)2 exp(D(

2n+1
e

)π2t))∗Cs (2.2)
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where Cs represents the saturation moisture content in percentage, and D is the diffusion

coefficient in units of mm2/s [78, 79, 83, 134].

The previously cited works refer to the application of Fick’s one-dimensional law, which

is used due to the thickness of the samples being significantly smaller than their in-plane

dimensions. Besides the sample scale effect, the lumen of unidirectional single flax fibres

triggers imbibition, while moisture transport is promoted by capillarity along the longitudinal

direction of the long fibres [135]. Those effects, however, are not described by a simple

one-dimensional formulation of Fick’s law. A three-dimensional Fick’s law would however

potentially describe in a more exhaustive manner the mass diffusion behaviour of hygromorph

composites.

2.4.2 Hygroscopic dilatation

During moisture sorption, the hygroscopic dilatation of unidirectional biocomposites should

be periodically measured using a micrometer, both longitudinally and transversally to the

fibre direction. Square biocomposite samples of dimensions 20mm∗20mm have been cut

out for this purpose [78, 111, 134]. In order to guarantee that the swelling measurements are

always taken at the same point, the relationship between hygroscopic dilatation and moisture

content is then traced through the fiber longitude and transverse direction in the meantime.

2.4.3 Hygro-elastic properties

The mechanical properties of dry and wet unidirectional biocomposites with flax fibre

orientation at 0◦ (EL) and 90◦ (ET ) have been separately determined according to ISO 527-4

standards using an Instron 5566 universal testing machine at controlled temperature (23◦C)

and crosshead speed (1mm/min) [111, 131]. The samples are (width w): w0◦ = 15mm and

w90◦ = 25mm in dimensions. On samples that have reached saturation, mechanical tests have

been run. According to the recommended method, the tensile modulus is evaluated over a

range of strains between 0.05 and 0.1%. [136].
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2.4.4 Porosity

Porosity measurement in natural fibre composites is challenging owing to the diverse porous

features [137], and several techniques such as gravimetric in water [138], gravimetric in

ethanol [139, 140], optical microscope [141, 142], scanning electron microscopy (SEM)

[140] and computed tomography (CT) scanner [141] exist. Gravimetric measurement with

water involves weighing the dried specimen mdried , the saturated specimen with water

msat−H2O, and the Archimedes mass of the sample immersed in water after saturation

mimm−H2O, to determine the porosity Pv−Arch−w.

Pv−Arch−w =
msat−H2O −mdried

msat−H2O −mimm−H2O
∗100 (2.3)

Similarly, when using the ethanol, the technique involves the measure the Archimedean

ethanol density ρArch−etOH and the fibre volume fraction (FVF) density v f−density.

ρArch−etOH =
mair ∗ρetOH

mair −mimm−etOH
(2.4)

where mair represents composite mass at room humidity; the density ρetOH is referred to the

ethanol (0.789g/cm3), while mimm−etOH is the mass of the whole composite measured in the

ethanol.

v f−density =
ρArch−etOH ∗m f ibres

ρ f ibres ∗mair
(2.5)

In 2.5, m f ibres is the mass of the flax fibres calculated from the mass of the fibres measured

prior to manufacturing. The porosity Pv−etOH calculated by ethanol gravimetry can be

described as:

Pv−etOH = 1− v f−density −
ρetOH

ρmatrice
∗ (1−

m f ibres

mair
) (2.6)

where ρmatrice is the density of matrix.

Optical microscopy provides a visual measurement. The captured figures are transferred

into binary images and analyzed to obtain the proportion of the pores. Another visual

measurement technique consists in using images from scanning electronic microscopy. The

pictures are obtained from the machine’s back-scattered electron detector in a high vacuum



20 Background and literature review

with an electron beam of 15kV. The CT-scanner can also produce images by utilizing a 65kV

scanning voltage, a 135 µA scanning current, an exposure time of 708 ms, and a scanning

resolution of 8.26 µA [137]. Tensile testing is also used to detect porosity in natural fibre

composites, by considering the tensile modulus of the pure matrix Ematrix, single fibres E f ibre

and the composite EC. The porosity Pmech by mechanical testing is calculated as:

Pmech = 1−

√
EC

Vf ∗E f ibre +(1−Vf )∗Ematrix
(2.7)

where Vf is the fraction of fibres in the composite.

2.4.5 Curvature and twisting

The degree of bending in the asymmetrical biocomposites when placed in deionized water is

determined by taking periodic images of one side of the clamped sample. To measure the

curvature, the time progression of the sample was analyzed using a circular function, and the

radius of the resulting circle was used to calculate the bending curvature. The other motion

of twisting has also been measured by image analysis [5, 11, 143].

2.5 Applications

Applications of natural fibre-based hygromorph composites are currently at laboratory stage,

although the materials have potential to achieve actuation in practical scenarios. The most

common hygromorph-based actuation is the beam bending and twisting. The examples

includes:

i) Le Duigou et al [78, 111, 131, 134, 144–147] have designed unbalanced composites

architectures for flax composite beams that manage humidity responsive bending actuation.

The functional morphing behaviour of those prototypes is fully displayed, no matter which

matrix is used (MAPP [111, 131, 147], PLA [78, 146], PP [134, 145] or epoxy [144], and

also no matter which manufacturing method is adopted (3D printing [78] or hot pressing

[111, 131, 134, 144–147]). The actuation performance is evaluated in terms of actuating
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Fig. 2.3 a) A hygromorph with a leaf-shaped design printed using flax fibers that are continu-
ous [7]. b) An origami crane shape that is self-shaping and curved, transforming from a flat
state to a folded one [8]. c) A wrist-forearm splint prototype that uses a helix mechanism to
wrap around the body from the forearm to the finger [9]. d) An artificial waterwheel structure
that opens using a curved fold bending technique that incorporates kinematic amplification
[10]. e) Multiple intricate printed shapes are shown in both a top and side view, with their
corresponding 3D deformations [11]. Figures reproduced from [7–11]
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force [134] and changing shape over time [78, 111, 131, 134, 144–147]. The shape-changing

range is determined by the amount of fibre content, type of matrix (compliant matrix is more

helpful [78]), and the stacking sequence of the composite. The architectural design (numbers

of laminas, the fibres’ direction and the thickness of each lamina) have also a direct influence

on the curvature ranges. The exact relationship between the curvature and the architecture of

the hygromorph is theoretically and experimentally given. In order to thoroughly understand

the bending actuation, the hygroscopic expansion of each balanced lamina and the stresses

distribution through the thickness has been calculated [111, 147]. The lifetime of the natural

fibre actuators has also been characterized by aging in water [146] and a more general life

cycle assessment [145].

ii) It is possible to realise twisting actuation by changing the directions of the internal

fibres,in particular by modifying the fibre directions into ±45◦. Le Duigou et al [12]

choose jute fibres thermocompressed with MAPP matrix to manufacture planar hygromorph

composites. Kirigami technologies, which involve a specific cutting pattern and are named

after the Japanese words for "to cut" (kiri) and "paper" (gami), allow for the transformation

of 2D shapes into 3D ones. The cutting pattern is created using laser cutting technology,

with a width of 2 mm, and the angle between the cutting direction and fiber direction is set at

45◦. Lai et al [11] have used short methylcellulose fibres to make composite strips by 3D

printing, and then controlling the strip interspacing and angle. A prototype with a 1.4mm line

spacing and 45◦ printing angle for twisting actuation has been exposed to deionized water

and 0.1 M CaCl2 solution. To gain insight into how the shape morphing behavior occurs, the

surface morphology of both the dense and sparse regions of the cast films are examined using

SEM. Cheng and colleagues [9] take inspiration from the twining air potato plant (Dioscorea

bulbifera) to develop a concept based on its helix characteristic. This is achieved using a

long strip that is bent at a specific angle to produce a radius of curvature, allowing it to wrap

around a support structure. The degree of bending determines the depth of the twist as well

as its pitch, and its magnitude [148, 149]. The manufacturing has been also made by 3D

printing and filaments of wood-polymer composites and ABS. Bending angles ranges from

0°, 30°, 45° and 60° have also been evaluated.



2.5 Applications 23

Besides the beam shape at the initial state, more complex shapes are easily obtained and

produced using 3D printing (Fig. 2.3). Kergariou et al. [7] print continuous yarns of fibre

composites into leaf shaped hygromorphs - see Fig. 2.3a). A voxel-based approach has been

created to design 3D printed composites using continuous fibers. This approach has the

potential to analyze the geometric, material, mechanical and actuation properties of a wide

range of 3D printed structures. Tahouni et al [8] propose the development of self-curved

folding structures (Fig. 2.3b). Hygromorph actuators are positioned near the curved crease

as hinges. The authors propose a digital fabrication process that relies on 3D printing shape-

changing materials. They suggest a computational design workflow that involves correlating

the geometry of a crease pattern with the printing toolpaths and the arrangement of passive and

stimuli-responsive materials. This approach allows them to achieve a desired shape-change

in the final product. Complex multiple prototypes are produced and their shape-change upon

actuation is documented. The field of industrial design and architecture has highlighted

three application scenarios that are applicable: i) using curved folding for the design of

flat-packed products, ii) implementing self-shaping tessellations for enhanced structural

durability and iii) using motion amplification mechanisms in responsive architecture. Cheng

et al [9] have printed new types of adaptive concepts for wearable assistive technologies

and beyond (Fig. 2.3c). The printed strips have a gradient of bending directions, from

15◦ to 45◦. Those strips manage to squeeze the human body from the forearm to fingers.

Furthermore, Fig. 2.3d) showcases small models of waterwheel plants to emphasize the

potential of translating intricate movements into hygroscopic structures [10]. By utilizing

various printable deformation options, it will be feasible to create a collection of motion

patterns for tailored compliant mechanisms. Lai et al [11] print complex patterns (see Fig.

2.3e)) and show morphing shapes including double helix, open cage structures, flower shapes

and an orchid with a top rolling petal.

Moreover, hygromorph composites can create self-formed bent structures that have

notable mechanical capabilities (Fig. 2.4a) [8]. The capacity of the structure to stiffen itself

is analyzed by ascertaining the highest load it can endure while still being in its folded state.

To conduct the test, the structure is put on a level surface and weights are added on top until
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Fig. 2.4 a) Self-shaping curved pleated corrugated surface with 8 grams self weight can
bear 500 grams loading [8]. b) An origami model featuring active hinges made from the
hygromorph composite material [12]. c) A simple expandable design utilizing curved folding
techniques, and also activated by the hygromorph stripe [12]. Reproduced from [8, 12]
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it either collapses or opens up. A construction weighing 8 grams with a weight 500g to load,

as in Fig. 2.4a), stood up to a maximum load of 1990g.

Hygromorph composites with long fibres reinforcements have already exhibited a signif-

icant mechanical performance, which helps the actuation as a part of a complex structure.

Large actuation authority means higher actuating stresses, and hygromorph composites with

long fibre reinforcements provide both self-shaping and actuation. Le Duigou et al [12]

provide two examples of these capabilities. The first example i) depicted in Fig. 2.4b)

demonstrates the development of a prototype origami with a hinge-like structure that utilizes

an hygromorph composite as the active hinge and a PLA polymer as the passive matrix. The

folding of square sheets without hinges and with a curved crease pattern allow for the creation

of a specific 3D shape, both before and after water immersion. Another illustration ii) can be

seen in Fig. 2.4c), where the anisotropic behaviour of the hygromorph composites is utilized

on the backbone element of a flat plate to produce continuous bending during absorption.

The curved line constrains both elements of the sheets, resulting in a small uniaxial bending

that causes the thin shell element to flex with a reverse curvature.

2.6 Challenges

2.6.1 Actuation speed boosting

It is difficult to achieve practical durations of movement in sizable biomimetic hydraulic

constructs because of the time frame needed for water displacement. The common actuating

times last several hours [7, 8, 12, 66, 78, 110–125]. One solution to speed the actuation

rate is by creating a porous matrix for fast response times. Super porous hydrogels have

been indeed developed for that purpose, with less than 60 seconds actuating time [150–

152]. Limited cases have been however trialled on hygromorph composites. Different

matrices like MAPP, PP, PLA and epoxy produce different mass diffusion properties; their

porosity, however, generates a negligible improvement negligible of the actuation time,

because the main hygroscopic load transfer mechanism is here provided by the natural

fibres, while those matrices are essentially hydrophobic [7, 66, 111, 131, 147]. Increasing
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the surrounding environmental temperature also represents a way to boost significantly

the moisture desorption and actuation speeds together, by adding electro-thermo layers to

provide Joule heating [83]. The other method is to employ elastic instabilities as speed boosts

[153–156]. Nonetheless, these actions typically come with drawbacks such as diminished

mechanical endurance of the constructions and potential drawbacks when it comes to safety

and management, especially pertaining to elastic instabilities.

2.6.2 Fixed shapes at certain levels of humidity environments

Hygromorph composites have a one-to-one relationship between the morphed shaped and

the moisture they contain. In other words, the specific shape that originates from the design

of the hygromorph will only show at a certain humidity environment, which may be not the

one corresponding to the operational humidity environment. Also, the hygromorph may not

provide the same type of motion/actuation at different operational conditions. The one-to-one

relationship between hygromorph architecture and internal moisture content severly limits

the scope of practical applications.

2.6.3 Current practical applications

Hygromorph composites have been so far developed mostly at lab sscale. The majority of

the hygromorph designs are just based on beam bending [78, 111, 131, 134, 144–147] and

twisting [9–12]. More complex shapes are also available with the development of 3D printing

technologies. However, 3D printed specimens tend to be designed to provide an autonmous

morphing mimicking a leaf, a Origami folding crane and flowers [7, 8, 11]. Hygromorph

composites possess however a significant bending stiffness and could be used as structural

actuators, not just self-morphing displays. Practical applications as the actuators in structures

require however a multifunctional/multishape and programmable capability, that current

biobased natural long fibres hygromorph do not possess.
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2.7 Conclusion

Moisture responsive materials are attractive because of their autonomous potential and

self-adaptation, which is not readily observed in other responsive materials. Hydrogels

and natural fibre composite materials both represent major types of moisture-responsive

materials, with natural fibre reinforced composites having improved mechanical properties

but lower actuation speeds to stimuli. Considering their significant mechanical performance

(especially in terms of bending stiffness), the research scope of this PhD work focuses on the

development of natural fibre hygromorph composites. The common types of natural fibres

and matrices used in hygromorphs are summarised and the present manufacturing methods

are broadly described. The performance of the hygromorph composites is evaluated by

moisture diffusion, hygroscopic expansion, hygro-elastic properties, porosity and curvature.

The actuation speed is quite slow (in the order of several hours) and the morphed shape is fixed

at certain humidity conditions. The applications of hygromorph composites are currently at

the lab stage: beam bending and twisting, or 3D-printed complex shapes self-morphing. The

practical working scenarios are limited providing actuation in the structure.
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Abstract

Humidity responsive materials are increasingly attracting significant interest for soft robotics

and deployable structures. Their shape-changing behavior is based on differential hygroscopic

characteristics of the single components of their microscopic architecture. Although existing

moisture-induced materials achieve morphing in various humidity conditions, practical

operational environments involve the presence of uncontrolled humidity regimes, which

restrict those materials to reach broad ranges of shapes. Here we describe programmable and

reconfigurable composite material based on natural fibres and shape memory polymers that

extends the current one-to-one relation between external humidity and final actuated shape.

The heating of flexible polymer networks permits to program the architecture of the natural

fibres (flax) reinforcements and their spatial distribution within the composite when a moisture

gradient is present. Once cooled, the programmed materials create new sets of different

shapes, even when exposed to the same humidity conditions. These multifunctional biobased

materials also show large stiffness (>13 GPa) that make them suitable for structural load-

bearing applications. New multifunctional shape transformations capabilities of these bio-

based hygro-thermo composites are demonstrated in a bio-robotic grasping hand and a bio-

frame for electro-adhesive gripping. These examples show the full functionality, structural

integrity, programmability and remarkable mechanical properties of our multifunctional

hygromorph biocomposites.

3.1 Introduction

Reconfigurable solids are smart materials that can be programmed and transformed using ex-

ternal stimuli such as - amongst others – heat [157], light [158], water [132], electricity [159],
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and magnetic fields [160]. When used to design actuators and morphing (shape-changing)

structures, those materials can provide bending [96], twisting [161] and folding [162].

External devices/power inputs are however necessary to provide the relative stimulus. Piezo-

electrics rely on electronic integration [163, 164]; electroactive polymers are controlled

by external electric fields [165, 166] , while pneumatics and hydraulics are based on the

dynamic reconfiguration of fluids [167, 168]. Shape memory materials (polymers and

alloys) typically require a second stimulus to enable programming [169, 170] such as being

immersed in hot air/gas flow [96], hot liquid [171] or being actuated by electrothermal films

[172]. The development of most stimulus-responsive materials is limited to the laboratory

stage because the operational conditions to actuate those materials are not practical in many

engineering applications (i.e., very hot fluids [3, 172]. Pneumatics [169], and hydraulics)

[170]. Commonly used methods to provide stimulus are mainly based on the integration of

electrics/electronics via complex wiring and use of electrodes; this increases the complexity

and failure in the structural assemblies present, for example, in conventional robotics. Ther-

mal fields provided by hot fluids are not easy to handle during operations, and their working

may be affected by or influence the presence of other connected subsystems. Pneumatics and

hydraulics rely on the presence of pumps and fluid/air transformers, which are in general

large and heavy. The extra devices required to provide a stimulus for the actuation may limit

the feasibility of cost-effective practical industrial applications involving shape change and

morphing.

The stimulus provided by the surrounding environment is ideal for reducing the need

for external power/actuation devices. Moreover, autonomous materials tend to actuate most

effectively when their response is pre-programmed to respond to changes in the surrounding

environment. Higher energy density stimuli such as continuous current [69, 165–168],

pneumatics [169], hydraulics [170], and high temperatures [172] are difficult to obtain in

practical working environments. In contrast, mass transfer is an efficient manner to generate

response in autonomous materials. Existing examples are limited; those include hydrogels

that store 0.1 M NaCl solution and actuate via deionized water [3], autonomous pinecone

robots for outdoor natural environments [69] and hygromorph biocomposites as hinges of
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deployable structures to trigger autonomous self-snapping in water [12]. These moisture-

responsive materials perform shape change in an autonomous way if the humidity of the

surrounding environment is different from the one of stored conditions. These autonomous

materials also possess a one-to-one only relationship between their mass content and their

changing shapes. In other words, the expected shape change is only shown within a specific

humidity environment. However, this does not provide a broad set of autonomous actuations

and morphing conditions within various relative humidity situations.

To tackle the issue, we present here a novel class of active hygro-thermo morphing shape-

changing composite (HyTemC) made of natural fibres and shape memory polymers (SMPs)

that exhibits multifunctional shape transformations. The HyTemC enables to program the

geometry and the effective spatial distribution of internal natural fibres (flax, in our case) used

as reinforcement. This functionality allows to build up new sets of shapes at various humidity

conditions. The programmable HyTemC provides multifunctional, autonomous, repeatable,

and reversible shape transformations, while also locking the actuator made with these

biocomposites on the morphed shapes. This novel HyTemC concept will first be explored

through the measurements and analysis of the longitudinal curvature of actuated HyTemC-

made beams. The curvatures will be assessed as a function of various programming and

actuating cycles that are activated by combinations of moisture and temperature. We will also

provide two examples of applications illustrating the potential of the new thermal/moisture

absorption functionality: one application is related to a bio-robotic grasping hand with five

fingers, the other to an electro adhesive gripper with smart bio-frames. These two applications

involve the initial design of the final actuated shapes at specific operational relative humidity

values, followed by programming steps of the material based on the initial set conditions.

The two test cases feature autonomous actuations stimulated by the operational surrounding

environment, without the use of any external device. The bio-robotic grasping hand can lift a

ball more than 8 times its own weight in both water and 50% relative humidity (RH) at room

temperature, while the electro adhesive gripper conformally adapts to different object shapes

at room humidity conditions, providing sufficient adhesion to enable the lift.



34
Programmable and reconfigurable hygro-thermo morphing materials with multifunctional

shape transformation

3.2 Materials and mechanisms

3.2.1 The HyTemC concept – a biobased composite material with in-

trinsic augmented programmability

Symmetric unidirectional natural fibres composites are likely to swell significantly along the

radial direction of the fibres when absorbing moisture but undergo little expansion along the

fibres longitudinal direction [12, 132], 2.83% and -0.04% respectively in our case, from 0%

RH to immersed conditions - see Fig. 3.5c). When the fibres are embedded in a SMP matrix,

the hygroscopic expansion along the radial direction of the fibres at room temperature is still

remarkable, but it decreases considerably when heating over the glass transition temperature

(Tg) - from 2.83% to 0.78%, as also shown in Fig. 3.5c). After cooling down to room

temperature, the SMP/natural fibre composite contains the same the moisture content (MC),

but completely different hygroscopic expansions from direct absorption, which allows matter

programming features. Moisture-responsive hydrogels also present different significantly

swelling ratios (9.2) at room temperature, but only 1.5 over Tg temperature [173].

The HyTemC here has an internal asymmetric microstructure inspired by pinecone scales

and consists of stiff passive and compliant active layers. The passive layers have a low

axial swelling along the longitudinal (0°) direction, given by the flax fibres embedded in the

polymer matrix. The more compliant active layers possess a high swelling achieved by the

transversally (90°) placed flax fibres. Shape change is controlled by the large difference in

swelling or shrinking between the active and the passive layers - 2.83% and -0.04% from

0% RH to immersion. The samples developed here are marked as [0m90n], meaning that the

bilayer microstructure architecture has m laminas in the longitudinal direction as passive

layers, and n lamina along the transverse direction as active layers. A direct correlation

exists between the shapes of beams made with standard hygromorph solids and their MC.

This correlation can be predicted by using a modified version of the Timoshenko equation

for slender asymmetric beams [132]. As a significant departure from current hygromorph

composites [12, 132], the HyTemC makes however use of shape memory polymers that

create programmability of the internal geometry of the flax fibres bundles and their microscale
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Fig. 3.1 The HyTemC consists of stiff and low axial swelling passive layers, as well as
compliant and radial swelling active layers. Flax fibres tape and resin film are stacked and
cured into a [0m90n] composite. The geometry of the flax fibres varies with the internal
moisture content, which contributes to a very large differential hygroexpansion between the
active and passive layers in the longitude (x) direction - 2.83% and -0.04% from 0% RH to
immersion. Large bending therefore occurs when a moisture gradient exists. Temperature is
introduced to break the usual one-to-one relationship between changing shapes and inner MC.
The SMP epoxy matrix used here tends to keep the original shape of the composite when the
fibres swell or shrink (only 0.78% expansion compared to 2.83% of the standard polymer).
The significant reduction of the expansion of the active layers and the release of stresses
between layers promote negligible shape changes, although considerable variations of the
inner MC occur. The mechanism behind the programming functionality of the HyTemC
consists therefore in the control of the fibres geometry/distribution by absorption and desorp-
tion, while keeping the whole composite architectures and shapes nearly flat. Composites
with nearly flat shapes are more suitable as initial configurations for the programming; larger
differences between set of curvatures from room temperature and to above Tg imply much
broader available final shape changes during actuation.
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Fig. 3.2 The initial moisture content can be programmed in various ways within the composite.
Every defined initial MC level creates new sets of shape at different humidity conditions. Two
examples with their shape sets are here illustrated for initial MCs of 3.26% (50% RH) and
22.68% (immersed). The programming allows for a multifunctional shape transformation:
shapes can be initially designed for any humidity condition, the autonomous actuation is
stimulated by the environmental surrounding only. Reversible and repeatable morphing is
achieved with locking the shape at constant humidity.
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distribution. This allows to build a new mapping between actuated shapes and humidity

conditions (see Fig. 3.1). Although the geometry of the fibres architecture still changes

considerably from 0% RH to immersion above Tg, the overall expansion of the active layers

decreases sharply from 2.83% to 0.78%. Fibres expand or shrink based on their inner

moisture content, but the SMP matrix helps to maintain the original overall shape of the

composite. The expansion and/or shrinkage of the fibres generate new modified spatial

distributions/architectures of the fibres bundles themselves, as well as providing local tension

or compression on the matrix. At macro level, the compensating effects between fibres

and matrix deformations lead to hygromorph composites with negligible changes of their

hygroscopic properties. Besides the reduced expansion of the active layers, the release

of stress from the flexible epoxy SMP chains when heating above Tg between the active

and passive layers produces nearly flat shapes with negligible dimensional changes, even

when extensive moisture content transfers are present. These features allow to program

the biobased material. The HyTemC is programmed here by heating above the Tg and by

controlling the inner moisture content by absorption or desorption. When the programming is

finished, the biocomposite is cooled down to room temperature. Our programmed HyTemC

example ([02906]) provides a broad set of actuated shapes responding to different humidity

conditions (see Fig. 3.2). The programming is performed here at 3.26% inner MC (50%

external RH) and 22.68% MC (with the composite in full immersion).

Matrix selection is quite critical for both the actuation at various RH conditions, but also

for programming via the variation of the positions of the fibres. The ideal matrix should a)

provide enough stiffness at room temperature for acceptable mechanical performance during

actuation; b) have proper viscoelastic properties above Tg for local tensile or compressive

load transfers when the individual fibres shrink or swell (i.e., in the case of our SMP only

0.78% expansion in contrast to the 2.83% at room temperature); c) be compliant over Tg to

release internal stresses and d) suitable Tg temperature for the operational requirements of

the devices made with the biobased material. The matrix in this case is an epoxy based SMP

provided by Leng’s group [169]. The elastic modulus of the SMP matrix used here is 1.6

GPa at 20°C, but only 20 MPa at 100°C. The low modulus provides compliance to release
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the internal stresses between active and passive layers with a relatively low-temperature Tg at

60°C. The viscoelastic properties of the shape memory polymer are shown in Fig. 3.5d). The

shape memory effects of the matrix allow to keep the overall original external shape of the

composite, with matrix and fibres positions self-adjusting during the changes of temperature

and moisture. This is a functionality that state-of-the-art hygromorphs based on natural fibres

and standard matrices do not possess, because their shape change is only due to the expansion

of the fibres of the active layers when internal moisture variations occur. The self-adjustment

between matrix and fibres positions also allows to keep flat shapes during programming

within the asymmetric bilayer structures. The expansion properties at two temperatures are

verified by hygroscopic experiments at room temperature and over the Tg (Fig. 3.5c). The

verification is also performed via the use of a finite element model (Fig. 3.7).

3.2.2 The HyTemC working process for required curvatures in opera-

tional environment

In operational terms, the fundamental mechanisms for the actuation of the HyTemCs is shown

in Fig. 3.3. The material designer that aims at developing actuators with these biobased

materials needs first to consider the operational environment (either water immersion or

target operational humidity) and the set of shapes required by the actuator (step #1). Step

#2 consists in the programming, which is performed by heating up to Tg, while at the same

time drying or wetting the actuator made with the hygromorph composite according to the

operational requirements described in step #1. Small variations of shape changes occurring

during this programming step should also be considered for the design of the biobased

actuators. After the programming steps, the material is cooled until room temperature is

reached (step #3). Consequent shape changes of the material are obtained in an autonomous

way, when the hygromorph actuator is exposed to different operational environments. In the

examples shown later, our hygromorph programmable biobased materials are designed to

grasp, handle and release objects by controlling the internal humidity into a shape for the next

cycles. Programming for different applications is based on the initial MC level, controlled
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Fig. 3.3 Actuation working process: measurement of the operational RH conditions and
design of the required curvature; programming of the material to define its initial MC, while
maintain the structure of the hygromorph material actuator nearly flat; final autonomous actu-
ation within the operational RH environment. Two cases of shape transformation cycle: one
sample is set with an initial MC value of 3.26%, but bends significantly and autonomoulsly
when it is immersed, reaching an internal moisture content of 22.68%. The other sample is
nearly flat, with an initial MC value 22.68% during programming, but bends within a RH
50% environment to reach an internal moisture content of 4.71%.
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Fig. 3.4 a) Designed initial moisture content levels during programming, according to
operational RH conditions and required curvatures. Two redlines are displayed here for two
shape sets with initial MCs of 3.26% and 22.68%; those shapes show a good agreement with
those represented in Fig. 3.2. b) Actuating time of samples with initial MC levels to reach a
substantial dimensional stability in various environments. Substantial stability means here a
tranfer of 90% moisture with very small residual shape changes. c) and d) show the global
stresses distributions of the hygromorph composite actuators in the longtitudal direction
during absorbtion and desorption (3.26% to 22.68% and 22.68% to 4.71%).
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by the mass diffusion time. The materials are stored at 0% RH (heating upon 60°C), as the

reference state (MC at 0%). The targeted curvature of the actuator at any relative humidity

condition and initially programmed moisture content follows the relation shown in Fig. 3.4a),

in which the [02906] laminate is taken as an example. The two red lines in the figure indicate

two sets of shapes with initial MCs of 3.26% (the curvature ranges from -13.54 m−1 at RH

9% to 65.06 m−1 in immersed condition) and 22.68% (curvature from -68.23 m−1 at RH

9% to 16.02 m−1 in immersed condition) respectively; those moisture contents provide the

actuated shapes shown in Fig. 3.2. Here the changes of curvature have a linear relation

between the hygroscopic expansion mismatch provided by the active and passive layers, as

predicted by the modified Timoshenko equation [132]. The actuating times are of the order

of several tens of minutes (up to 150 mins – see Fig. 3.4b)). Fig.s 3.4c) and 3.4d) show

the distribution of the total stresses through the thickness of the selected [02906] HyTemCs

calculated via Finite Elements (FE). The case in Fig. 3.4c) involves full immersion in water

as the operational environment: the initial moisture content is programmed initially at 3.26%

and the actuator absorbs water up to a maximum of 22.68% MC, reaching a curved shape.

The other case (Fig. 3.4d)) is related to an operational surrounding environment of 50%

RH. Our hygromorph-based actuator with 22.68% initial MC first desorbs until the moisture

content stabilizes to a value close to 4.71% (the difference 1.45% is due to hysteresis). The

largest stresses of the passive and active layers occur near the interface and have opposite

signs: 29 MPa in tension (positive) within the passive layers but 10 MPa in compression

(negative) in the active ones (in absorption case – Fig. 3.4c)). During desorption (Fig. 3.4d)),

the maximum stresses are 60 MPa in compression in the passive layers, but 40 MPa in

tension with the active layers. The programmed initial shapes before actuation have lower

stresses than during the actuation phase (all cases are lower than 10 MPa) because of the

small deformations involved, no matter whether absorption or desorption occurs. Different

cases of absorption or desorption generate opposite stress modes, in tension or compression.

The significant stresses mismatch is due to the enhanced elastic properties of the actuators

made with our bio-based hygromorphs (see Fig. 3.6a), and the plasticizing effect of water.

From a material strength perspective, the stress state of the active layers is more critical
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than the one of the passive layers. The active layers are in compression during absorption

(Fig. 3.4c), but under a structurally critical tensile state during desorption (Fig. 3.4d). The

transverse strengths of the composites with MCs of 1.51% and 15.67% are 9.99±1.05 MPa

and 4.21±0.58 MPa – (see Fig. 3.6c). The calculated stresses are larger than the experimental

ones, and this indicates the onset of damage that makes the curvatures degrade with the

increasing number of cycles.

3.3 Experimental section

3.3.1 Material supplier and processing

Unidirectional flax fibre tapes (50g/m2) were supplied by Nat-up. Pure flax fibres are fixed

by tape on their boundaries and cut into 250mm*250mm size. Stacks of epoxy films and

unidirectional flax-fibre tapes (50g/m2) have been cured in autoclave with 0.69 MPa pressure

heating for 80°C 3 hours, 100°C 3 hours and 150°C 5 hours. The thickness of the active

and passive layers is determined by using a classical laminate theory approach mixed with

modified Timoshenko beam formulation which predicts the final curvature and stiffness of

the hygromorphs [132, 12]. We use an 8-layer flax tape overall. The passive and active layer

ratios are [01907], [02906] and [03905], respectively. The composite plates are cut into small

stripes of 70mm in length and 10mm in width.

3.3.2 Sample storage

All samples are stored in a sealed bag at room temperature (23°C) around 70% RH before use.

During the experiments the hygromorph biobased plates have been stored in chambers with

relative humidity (RH) controlled by a saturated solution of potassium hydroxide (KOH),

magnesium chloride (MgCl2), potassium carbonate (K2CO3), sodium chloride (NaCl), and

potassium chloride (KCl) so as to reach RH values of 9%, 33%, 44%,75%, and 85%,

respectively. The 50% RH conditioning has been performed using a Votsch climatic chamber
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which controls RH and temperature together. Samples were used after reaching saturation,

i.e., when the weight was stabilized, and more than 48 hours should be the safe time.

3.3.3 Diffusion experiment

Unidirectional and asymmetric laminates were stored at 50% RH and 23°C to allow the

attainment of the reference state. The materials were then immersed in deionized water at

room temperature. During immersion, the samples were periodically removed to be weighed

(using a balance with an accuracy of 10−3 g) and characterized. The percentage gain C (MC)

at time t is calculated as:

C(t) =
Wt −W0

W0
100 (3.1)

where Wt and W0 are the weight of the sample at time t after water exposure and the weight of

the dry material before immersion (for RH = 50% and T = 23°C), respectively. The maximum

moisture absorption Cs is calculated as the average value of five consecutive measurements

where each measurement has been performed on 5 samples and averaged arithmetically.

3.3.4 Expansion measurement

Hygroscopic expansion and moisture uptake have been evaluated on samples 70 mm (L)

× 10 mm (w) × 0.56 mm (t). The size is the same as the real used samples. Volumetric

measurements have been performed with a Mitutoyo micrometer IP65 and gravimetric

analyses using a Fischer Scientific PAS214C balance (10−3 g). The coefficient of hygroscopic

expansion (β ) was determined as the slope of the hygroscopic expansion over the MC. The

results are shown in Fig. 3.5c).

3.3.5 Elastic properties

The tensile properties of dry and wet unidirectional biocomposites with flax fibre orientation

set at 0° (EL) and 90° (ET ) were measured separately according to ISO 527-4 standards, using
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a Shimadzu universal testing machine (cell load 5 kN) at controlled temperature (23°C) with

a crosshead speed of 1 mm/min. The samples have the following dimensions (thickness t and

width w): t0 = 0.56mm and width w0 = 15mm; t90 = 0.56mm and w90 = 25mm. Mechanical

tests were performed on samples that had reached their saturation time. The samples were

wrapped with polymer film to prevent the loss of moisture. A heating chamber to control

setting temperature and thermocouples were also used to verify the temperature near the

samples. An axial extensometer with a nominal length of 25 mm (L0) was used to measure

the strain. The tensile modulus was determined within a range of strains between 0.05 and

0.1%.

3.3.6 Measurement of the curvature

To measure the radius of curvature, markers were tracked on the images captured using a

camera (1080P HD, 30fps). and image analysis was performed using Autodesk software.

The curvature was measured by fitting the time history of the sample profile to a ‘circle’

function. The bending curvature (K) was calculated with the radius of the fitted circle.

3.3.7 Maximum lifting weight measurement

The lifting objects are balls and pens for the grasping hand and flat, concave and convex

shapes for the electroadhesive structures. We have tied Blue Tack (adhesive putty) on the

objects to adjust the overall weights, which have been measured using a Fischer Scientific

PAS214C balance (10−3 g).

3.3.8 Prototypes manufacturing

Insulated Mylar film have been used as the adhesive face to bond to the hygromorph devices.

The films have a 0.075mm thickness and were procured from RS Components UK. The

same supplier provided a stretchable electrode with 8mm in width and 0.07 thickness. The

electronic circuitry was protected by a modified polyurethane coating (amber). The film was

combined with a stiff base through four low stiffness stainless steel springs (spring constant
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of 0.16N/mm, outside diameter 3.52mm and free length 29.3mm). The operational voltage

was 5KV, provided by an adjustable power supply and EMCO that can boost voltage 1000

times.

3.3.9 Evaluation of the material properties

Appendix A contains raw data related to four experiments associated to the flax fibre compos-

ites [174]: water vapor absorption, mass diffusion immersed in water, hygroscopic expansion,

mechanical properties. The water vapor absorption tests contain raw data of the four types

of laminate sample weights for the different relative humidity conditions, while the mass

diffusion experiments are associated with immersed sample weights over time. The hy-

groscopic expansion of unidirectional composites is also measured in the longitudinal and

transverse directions of the fibres. Additionally, the mechanical properties of flax composite

are provided at varying temperature and humidity environments (50% and immersed).

Diffusion kinetics Theory

Fick’s law, which enables us to predict the moisture diffusion according to time and space, is

given as:
∂M
∂ t

= div(−D ⃗gradC) (3.2)

where C is the moisture concentration and D the diffusion tensor.

In our work case, considerations related to the geometry of the samples (i.e., very small

thickness of the laminates (e = 0.56±0.05mm) compared to their in-plane dimensions) lead

us to assume the existence of a one-dimensional diffusion process. An analytical solution

is given by Crank for the diffusion in thin plates [133], which provides a constant diffusion

coefficient (Equation 3.3):

Cmean(t) = (1− 8
π2

∞

∑
n=0

1
(2n+1)2 exp(D(

2n+1
e

)π2t))∗C (3.3)
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Fig. 3.5 Experiments related to the base biocomposite material: a, b) Diffusion kinetics of
the unidirectional [908], asymmetrical [01907], [02906] and [03905] biocomposites after 10
cycles. a) shows the absorbing process while b) is related to desorbing. c) Evolution of the
longitudinal and transverse hygroscopic strains at 20 °C and 100 °C. Red, black and blue
dots represent the experimental data and the continuous refer to the theoretical results from
the model. d) DMA experiment results related to the pure epoxy resin, showing a Tg around
60°C.
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Table 3.1 Identification of the diffusion parameters of the first cycle according to Fick’s
model.

D(mm2/s) C(%)

Unidirectional [908] 1.77E−6 15.67±0.27

Asymmetrical [01907] 2.69E−6 19.78±1.33

Asymmetrical [02906] 2.70E−6 22.68±0.91

Asymmetrical [03905] 3.46E−6 24.53±0.30

In (Equation 3.3) C is the saturation moisture content (%) and D corresponds to the diffusion

coefficient (mm2/s).

The first cycle samples (with negligible hygrothermal fatigue effects) appear suitable

to be used within Fick’s model - see Table 3.1. The 10-cycle samples show a dual-stage

non-Fickian behavior because of the fatigue after the cycles. A rapid initial moisture uptake to

quasi-equilibrium (virtual saturation) is followed by a slower linear moisture uptake [175]. In

this case we have calculated two diffusion coefficient (mm2/s), D1 (before 150 mins) and D2

(after 150 mins) seeing Table 3.2. The porosity value is 15.58±1.51 (%) after manufacturing

and it will increase after cyclic loading. Swelling and shrinkage cycles of natural fibres create

more porous micro-structures around the fibres/matrix interfaces.

Porosity test

Porosity has been acquired via gravimetric measurements in water [137]. The porosity value

(V p) is 15.58±1.51 (%).

V p =
msat −mdried

msat −mArch
∗100 (3.4)

With msat the mass of the specimen saturated with water, mdried mass of the dried specimen

and mArch mass of the specimen immersed in water after saturation.
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Fig. 3.6 a) Evolution of the transverse and longitudinal Young’s moduli as a function of
moisture content. b) Evolution of the transverse and longitudinal Young’s moduli as a
function of temperature. b) The transverse strength with MC 1.51% and MC 15.67% are
9.99±1.05 MPa and 4.21±0.58 MPa. Optical images of a section of samples with two
different MC values and cracks are also shown. The cracks of dry samples with MC 1.51%
are tidy because the fracture occurs suddenly, and all fibres are separated into two parts by
cracks. The cracks of dry samples with MC 15.67% are messy because they propagated little
by little and some fibres near cracks are still connecting the two parts, although stretching
enough distances.
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Table 3.2 Identification of the diffusion parameters of the first cycle according to Fick’s
model.

D1(mm2/s) D2(mm2/s) C(%)

Unidirectional [908] 2.24E−6 1.87E−6 18.25±0.33

Asymmetrical [01907] 2.83E−6 1.96E−6 19.40±0.71

Asymmetrical [02906] 1.54E−5 6.81E−6 23.65±1.08

Asymmetrical [03905] 1.13E−5 5.13E−6 25.16±1.59

Curvature

Theoretical longitudinal curvature variation ∆k was theoretically calculated thanks to modi-

fied Timoshenko model shown as Equation 3.5 and 3.6 [65, 176].

∆k =
∆β∆C f (m,n)

t
(3.5)

f (m,n) =
6(1+m)2

3(1+m)2 +(1+mn)(m2 +
1

mn
)

(3.6)

where ∆β is differential of hygroscopic expansion coefficient between active and passive

layers, ∆C is water loss between wet and dry state, and t is the total sample thickness.

m = tp/ta and n = Ep/Ea where tp and ta represented the passive layer and the active layer

thicknesses. Ep and Ea are the Young’s modulus of the wet passive and active layers

respectively.

FE model to explain different expansions in actuation and programming steps

The FE model of biocomposites has been built displaying the hygro-thermo-mechanical

properties of flax fibres and matrix. The geometry is inspired by optical microscopy inspection
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Table 3.3 Flax fibres hygro-thermo mechanical properties.

Young’s modulus C(%) Temperature (°C)

32.10 0 20

19.26 5 20

15.58 10 20

14.22 20 20

29.25 0 40

17.12 5 40

13.65 10 40

12.36 20 40

30.72 0 60

15.41 5 60

12.96 10 60

12.05 20 60

17.97 0 80

10.12 5 80

7.87 10 80

7.04 20 80

13.97 0 100

8.80 5 100

7.32 10 100

6.77 20 100
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Fig. 3.7 a) optical microscopy of flax hygromorph composite. b) the calculated model
inspired by realistic optical microscopy figure and the green colour is represented the flax
and grey colour part is the surrounded resin. c) the overall mesh and local zoomed mesh and
contour figure of strains in longitude direction distribution at 20°C and 100°C and the overall
length changes during the absorption of flax fibres, which explains why overall lengths
is sensitive to MC at room temperature but insensitive over Tg. d) The modelling results
have a good agreement with the expansion experiment. The blue and red dots represent
the stimulated results while fitted lines are from hygroscopic expansion experiments. The
squared dots with 7.85% moisture content of the whole composite (19.42% of flax fibres part)
are stimulated on details in c). e) and f) The percentage of total volumes varying detailed
strains at 20°C and 100°C respectively of 7.85% moisture content condition.
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(Fig. 3.7 a)). The volume fraction of the fibres are around 40%. Single fibre with diameter

around 10 to 40um and a group of fibres are distributed randomly. The theoretical model size

is 500um in thickness and 8000um in longitude direction. The fibre green colour and flax

grey color geometry showing as Fig. 3.7 b). Circular shapes with diametre from 10 to 300um

are considered adequate to represent the macro mechanical properties of the composite.

The mechanical properties of flax fibres are shown in Table 3.3. Elastic parameters

include the overall composite, the pure resin and the single fibres. The composite samples are

tested as Fig. 3.6 a) and 3.6b) by varying MC and temperature, while the pure epoxy resin is

shown as Fig. 3.5d) and viscoelastic parametres are from the previous work [177]. Hence,

the hygro-thermo elastic properties of the fibres are calculated from the properties of the

overall composite and the pure resin. The resin is also affected by the inner moisture content,

but the absorbing time is less than 2 hours during a realistic actuation; this time laps is quite

rapid for the resin to part absorb water. The thermal and hygroscopic expansion coefficients

are also critical to build the model (Table 3.4). The hygroscopic expansion coefficient of

flax is 1.14 when the RH condition is less than 98% [106, 131]. Accordingly in hygroscopic

modelling, the moisture content of flax fibres part own and overall architecture is repectively

less than 19.42% and 7.85%, which means major moisture is absorbed by flax fibres.

The irregular resin part in the Finite Element model uses a 20um global size mesh, while

the flax parts are 40um. The elements are the C3D6, 6-node linear triangular prisms. The

overall mesh and local zoomed mesh are shown as Fig. 3.7b).

The analysis is Visco rather than static in Abaqus because of the viscoelastic properties

of shape memory polymers [177]. There is no extra mechanical boundary condition, except

for the thermal and moisture fields. The detailed full-field loading during the steps are shown

in Table 3.5.

The simulated results are shown as Fig. 3.7c). The major consideration here are the

strains in the two conditions when fibres absorb 19.42% and overall architecture 7.85%

moisture. One is the longitude strain distribution of the resin part when fibres absorb water

at 20°C, and the other is at 100°C over the Tg temperature. The obvious overall hygroscpic

expansion in longitude direction of two temperatures are different, expanding 1.98% at 20°C
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Table 3.4 Flax fibres and resin hygro-thermo mechanical properties.

Thermal(K−1) Hygroscopic

Flax fibres 77.2E−6 1.14 [131]

Resin 77.2E−6 0

and 0.53% at 100°C which are similar as the tested results in Fig. 3.5c). The modelling

results have a good agreement with the expansion experiment - see Fig. 3.7d). The blue and

red dots represent the stimulated results while lines are from the Fig. 3.5c). The resin is

tensile near the fibres (red color parts) and compressive between fibres (blue color parts -

see the red rectangle in Fig. 3.7c). The reason is that fibres expand when absorbing water,

so the resin close to the fibres is subjected to tension by the larger size fibres; the resin

between fibres is under compression by the expanded fibres. In order to explain why the

different overall swelling in the longitudinal direction occurs, the two temperatures (although

the fibres have the same sizes), the compressive strains over 0.315 are marked in red (see

- Fig. 3.7c). When we compare the red colour areas of two models (at 6.41% at 20°C and

21.93% at 100°C - when fibres absorbing water contribute to the same expansion), the resin

at 100°C is more likely to be compressed locally and decreases the overall expansion of the

composite. The resin at 20°C undergoes however a negligible local compression to transmit

the expansion of fibres to obtain larger size in length. This is the reason why there are two

modes: overall length is sensitive to MC at 20°C but insensitive at 100°C. The percentage of

total volumes varying detailed strains of two conditions has shown as Fig. 3.7e) and 3.7f)

which also displays that the total compressive strains of resin at 100°C condition is much

higher than at 20°C.
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Table 3.5 Finite element model steps and field parameters.

Initial step First Visco step Second Visco step Third Visco step

20°C 20°C - 0% 20°C - 19.42

100°C 20°C - 0% 100°C - 0% 100°C - 19.42% 20°C - 19.42

Fig. 3.8 Architecture design of asymmetric HyTemC considering curvature ranges, stiffness
and moisture diffusion. The thickness of active and passive layers is the main driver of
these three goals. a) Curvatures as a function of the two-layer thicknesses from RH 50% to
immersed states. b) and c) Plots of bending stiffness for flat and curved actuators (latched
at π rad) versus the two types of thicknesses. The three squares are related to a 0.56mm
overall thickness, with a ratio between active and passive layers following composite stacking
sequences of [01907] (38.3N/m), [02906] (92.1N/m) and [03905] (107.2N/m) respectively.
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Fig. 3.9 a) Curvature ranges for three different laminates after 10 cycles from RH 50% to
immersed states. b) Curvature changes during the programming and actuating processes after
10 cycles. The figure contains cases 1 and 2 together, showing the complete process to obtain
required bending curvatures at different RH conditions. c) Moisture conditions at various
RHs for different laminates. Slight differences between absorption and desorption are due
to hysteresis. d) Moisture diffusion from 50% RH to immersion. The variation of moisture
content is very small within the different actuators.
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3.3.10 Evaluation of the actuation performance

This section is about how to formulate the design of the programmable hygromorph biobased

materials actuators based on the available design space (curvature, stiffness and actuating

time), parametrized versus the thickness of the active and passive layers (Fig. 3.8). The

design space is explored by using modified Timoshenko equations [132]. The difference

in hygroscopic expansion between the active and passive layers used here is 2.83% (from

a moisture content of 0%, to one of 15.67% when immersed - 3.5c). The grey area in Fig.

3.8a) consists of laminates with extremely thinner layers and large curvatures, which are

beyond the current technical scope of the laminates. The three squared markers in the figure

are related to the 0.56 mm overall thickness used in our samples with laminate stacking

sequences of [01907], [02906] and [03905] from right to left, respectively. The HyTemCs have

coordinate systems (1,2), traditionally used to define composite stackings (1 - longitudinal

and 2 - transverse directions). Errors between experiments and analytical results are 0.6%,

3.3% and 46.3% for the three different types of laminates (Fig.s 3.8a) and 3.9a). The reason

for the large discrepancy related to the [03905] materials system is related to the fact that

the corresponding laminate architecture is nearly balanced; the analytical model used here

is suitable for biomaterials and composites with large numbers of active layers, but small

relative numbers of passive layers.

The bending stiffness is an important parameter to describe the actuation authority,

i.e., the generation of large actuating forces to displace objects and locking those in a

fixed configuration when the actuation is completed. All samples here have the same size

(70mm*10mm), but different thickness. Effective bending stiffness is computed in the fixed

state as a proxy to identify the holding force shown in Fig. 3.8b) for flat shapes, and 3.8c)

for a curved configuration. The displacement of the straight beam (∆y) due to an external

force of F can be expressed as:

Kbending =
F
∆y

=
3EI
l3 (3.7)
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where E is the bending modulus calculated based on the D11 term of the bending matrix

from classical laminate theory [178], l (70mm here) is the length of the beam and I the

moment of inertia. The curvature angle of the curved shapes is constant at π (180°)and taken

as the reference angle to design the bio-based materials active laminates. We have used the

usual form of Castigliano’s energy theorem to express the curvature of this device as:

∆y =
∫

π

0
(
M(θ)

Eili

∂M
∂F

)ds (3.8)

where M is the moment due to the force F , Ei Ii is the equivalent stiffness of all the layers

with Ei and Ii being the modulus and the area moment of inertia of ith layer, respectively.

The bending stiffness of this curved beam is Kbending = F∆y−1.

In the flat shape configuration of Fig. 3.9, the largest bending stiffness is obtained by

adopting thick HyTemCs. A high passive thickness helps to obtain larger values of stiffness,

albeit the overall thickness is here kept constant because the tensile modulus of the passive

layer is at least 5 times larger than the active layer (see Fig. 3.6a). This implies a trade-off

between the different design parameters: a thickness increase provides larger loading bearing

capabilities but lower achievable deformations during actuation, and lower reactivity due to

moisture diffusion. Since the in-plane dimensions of the HyTemCs are much larger than the

thickness, water diffusion mainly occurs here along the through-thickness direction.

In the case of curved shapes (Fig. 3.8c), the higher curvature implies a lower radius

and therefore shorter material strips to achieve the same 180° final bent shape. Aside from

thickness effects, shorter strips with larger curvatures have therefore more potential to bear

higher loads by a geometrically induced stiffening effect. The [01907] laminate is not the

optimal one in terms of actuator stiffness (38.3 N/mm), compared to the [02906] one (92.1

N/mm) (see Fig. 3.8c); the stiffness associated to the flat shape version is however adequate.

The reason behind this is the increased number of passive layers in the [02906] configuration

that leads to a larger overall bending (see in Fig. 3.8c) the lower stiffness of the [01907]

compared to the one provided by the [02906]).

In a real environment, actuators with our hygromorph bio-based material systems could

be subjected to cyclic variations of the moisture content. We performed cycles of immersion
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and desorption at 50% RH to ascertain the behaviour of these materials. Despite an almost

constant value of the actuated maximal curvature at wet state after 10 cycles, the different

laminates exhibit a loss of curvature between wet and dry states: 87.2% ([01907]), 75.0%

([02906]) and 55.7% ([03905]) after 10 cycles (see Fig. 3.9a). The [03905] laminate has a

more dramatic degradation of the actuated curvature, from 46.4 m−1 to only 25.8 m−1. Water

immersion is a severe environment for natural fibre biocomposites with multiple degradation

mechanisms occurring, such as fibre polysaccharide leaching, and severe modification of

fibre/matrix interface. An improvement of the durability of these bio-based actuators can be

however observed when using natural fibres with more lignin content (jute, for example) or

by applying variations of the relative humidity, rather than immersion.

In terms of programming and actuation processes, the actuated curvature ranges are

59.5 m−1 [01907], 49.0 m−1 [02906] and 18.5 m−1 [03905] respectively (Fig. 3.9b). The

programming curvature ranges are only 7.5 m−1 [01907], 5.5 m−1 [02906] and 2.5 m−1

[03905]- see Fig. 3.9b). The 2.5 m−1 is barely detectable, especially when the shape is nearly

flat. Fig. 3.9b) also shows that the moisture content between actuators varies only a little.

Moisture diffusion properties of the HyTemCs are shown in Fig.s 3.9c) and 3.9d). The

moisture content related to four types of architectures ([908], [01907], [02906] and [03905]) at

various RH values are shown in Fig. 3f). The moisture content of a specific architecture at

any RH condition can be calculated once the humidity environment is stabilized, even if a

hysteretic behaviour makes the MC during absorption slightly smaller than during desorption.

A diffusion kinetics experiment has been performed (Fig. 3.9d). The diffusivities (10−6

mm/s) of the four laminates are 1.77 of [908], 2.69 of [01907], and 2.70 of [02906] and 3.46

of [03905]. The actuating speeds are similar because of the similar diffusion coefficients.

In summary, the [02906] architected bio-based hygromorph actuator with two passive

layers possesses overall satisfactory properties in terms of stiffness and final curvature, and it

will be considered as the baseline for the activities further described in this work.
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3.3.11 Examples of Prototypes

Two applications of the HyTemC are here demonstrated: a gripper with five fingers working

in both the water and air, and smart frames for an electro-adhesive structure. Application #1

displays similar curvature shapes at different RH conditions (50% and immersion), a feature

that is not available in current hygromorph composites [132, 12]. Also, various shapes at the

same RH condition (50% RH) are shown for application #2. These two examples show the

characteristics of the HyTemC, like autonomous actuation without external power supply,

programmable actuated shapes and reversible and repeatable actuation. Remarkable stiffness

properties also allow the lifting of heavy objects in Application #1, and adjustable motions

when operating with structures within constrained spaces (see Application #2).

Gripping objects in the water and air

To illustrate the augmented functionality and versatility provided by actuators made with our

HyTemCs, we designed a five-fingers gripper to pick objects in water and air (Fig. 3.10 and

Video SV1).

The gripper has at first 5 HyTemC stripes. Case #1 of the application of the gripper is

to grasp a 60mm (curvature K = 33m−1) diameter ball immersed in water. The operational

humidity condition is immersion, and the required curvature is 60m−1; large curvatures help

grasping heavier objects because of the larger friction between the material and the objects

themselves. From the design map of Fig. 3.4a), the programmed initial moisture content

level should be 3.26%. We followed a similar method also for case #2, with operational RH

of 50% and same required curvature 60m−1, so that the programmed initial MC level for

this case is 22.68%. The process to set the initial MC levels involves heating upon 100°C

over the Tg temperature and then dry or wet the material until the desired moisture content

is achieved. The device flips from orange/white to white/orange because of the opposite

bending directions. After transferring the ball to other locations, the release of the ball

itself is done via moisture absorption or desorption of the hygromorph stripes induced by a

modification of the environment. The actuating speed in water is faster than in air because

moisture desorption is slower than absorption, as similarly observed in other works [132].
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Fig. 3.10 Gripping objects in water and air. The design of the grasping structure consists of a
stiff base and five connected strips of our hygromorph bio-based laminates. The evolution of
the shape in water and air (RH=50%) is displayed. The maximum lifting weight of the ball is
around 2.3g in the air condition, while the five strips are only 2.8g. 3 strips can hold six pens
at ease with around 40g weight in the air condition.

The high stiffness provided by our HyTemC makes it possible to carry relatively heavy

objects, even several times heavier than the weight of the 5 stripes gripper alone. The exact

lifting force in water is difficult to be assessed because of the buoyancy and additional added

mass to the ball. In the air, our 2.8 g (5 stripes overall) device however manages to hold the

23g ball easily, although the shape of the ball is quite complex to grasp. The device could

also be capable to carry larger weights at ease, by changing - for example - the ball with

a cylinder, or by adding some grooves that facilitate the grasp. Three HyTemC stripes of

1.70g can lift six pens (≈40g); this corresponds to 23 times their own weight. This example

confirms the ability of our materials system to be used for force generation, similar to a

natural hydraulic actuator (e.g., the pinecone). However, our materials system can provide

load-bearing capacity and adjustable working conditions (immersed, or RH 50% normal

room humidity), by following the programming method developed in this work.
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Fig. 3.11 Smart frames for electroadhesive structure. Manufacturing process of the adhesive
structure: stretchable electrodes are deposited in the insulated Mylar film, which is bonded
to the HyTemC. The film is connected to a stiff base via four springs. The evolution of the
shapes to conform to the objects’ surfaces is shown here. This adaptive structure can bond
flat, concave, and convex surfaces at room environment. The maximum lifting weight for
the three conditions are 1.434g, 1.128g and 1.053g. The relationships between the required
concave and convex curvatures and initial MCs are given in the charts. Fig. 3.10 shows
similar shapes in the air and water while this example presents various shapes for the same
RH condition.
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Smart frame for an electro adhesive structure

The previous application has shown that these HyTemCs can also be used as components

within a structural and load-bearing configuration. To this extent, an adaptive electro adhesive

structure has been designed to be used as a smart frame. The detailed description of how

the biobased HyTemC works and the design of the electro-adhesive structure including

the electrodes, material selection and whole structure assembly are given in Section 4.2 of

Chapter 4. If the upper part of the structure is the active layer, the actuated shape is convex.

An inverted architecture with the upper passive layer will generate a concave shape, although

the programming moisture comments are both at 22.68%. A pair of conducting electrodes

can be deposited on one side of the structure. An induced electro-adhesive force is developed

at the electrodes by applying high voltage that attracts objects to the gripper. The structure

can change its curvature to match different shapes (Fig. 3.10). The 90mm * 70mm size film

used here can bond to 1.40g flat-surface objects with 5KV voltage of input. In our case,

the setting directions of the laminates made with the HyTemCs can be designed into active

layers facing up or down. We can therefore decide in this way to generate either adhesive

convex or concave surfaces. Various surface configurations can be created (flat, concave, and

convex) by making the film and the spring to interact together. Our materials overcome the

limitations of traditional humidity-induced response composites by actuating at dry state until

the conformal shapes are obtained, and then activating an electric circuit to bond objects.

A curvature loss is however observed, likely due to the compliance and partial inelasticity

of the springs. At 20°C, our HyTemCs also become compliant with a high moisture content

and their behavior can be easily affected by boundary/edge effects during the actuation.

The curvature therefore assumes a value of 39.3m−1 when the device is bent to match the

concave surface – the analogous value predicted by the FE model is 30.6m−1. When the

convex surface is matched, the same type of curvature is however 26.7m−1 (19.4m−1 in the

FE model). The relations between initial MCs and predicted curvatures of the concave and

convex surfaces are conservative compared to the experimental values, and this feature could

be used as a baseline design approach for the programming and design of the HyTemCs

electro adhesive systems.
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Fig. 3.12 Actuation/generated stress (defined as the stress generated when the material
undergoes some defined actuation) and their activation time (time required to complete an
actuation cycle) [13]. Materials are classified by colour in terms of the mechanism of their
activation and include chemical (yellow) electrical (blue), hygroscopic (green) and thermal
(red) passive mechanisms. Our HyTemC is represented in purple. The generated stresses are
20.2 MPa actuating from RH 50% to immersed, and 88.6 MPa from immersed to RH 50%.
The stress values are comparable to those provided by SMAs and other biobased materials
like mimosa plants and spider silk. The unique programming feature of HyTemCs allows
however an actuation from immersed to RH 50% with larger stresses than other hygroscopic
natural materials, although the actuation stress from RH 50% to immersed is like those from
natural plant-based solids, for example.

3.4 Conclusion

Classical hygromorph composite materials provide large responsiveness, good mechanical

properties, autonomous actuation and low-carbon environmental impact. However, classical

hygromorphs feature a limited one-way relation between surrounding relative humidity and

the curvature of the actuator devices made from those materials. The present work proposes

novel programmable hygromorph biobased materials systems using shape memory polymer

matrices to produce actuators that provide various fixed and resettable bending shapes at
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Fig. 3.13 Typical stress and strain characteristics of smart materials [14] including SMPs
[15–17], SMAs [18–20], pneumatic artificial muscles [19, 21], DEAs [18, 22–26], IPMCs
[18, 27] piezoelectric materials [16, 19, 27] and soft artificial muscles [28–30]. Our HyTemC
is represented in dash line.
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constant RH environment, by combining thermal and moisture stimulus at programming and

actuation levels. The thermal programming method makes these proposed materials work at

both room humidity and water and at different designed curvatures.

The hygromorph biobased material systems proposed here possess the following qualities:

1. Autonomy: the actuating process is autonomous. Existing smart responsive materials

require extra devices to provide the stimulus needed for the actuation. Piezoelectrics

and electroactive polymers are dependent on electronic integration [163–166], while

pneumatics and hydraulics rely on pumps to force the dynamic reconfiguration of the

fluids [167, 168]. Shape memory materials (polymers and alloys [169, 170]) typically

require the immersion or contact with hot air/gas flow [96], hot liquid [171] or being

actuated by electrothermal films [172]. As a contrast, the HyTemCs are stimulated by

the surrounding humidity and thermal environments, and do not require extra devices

to improve their adaptability in limited conditions.

2. Wide operational environment: the designed shapes can be programmed and generated

under any humidity condition. The HyTemCs can be programmed in advance according

to different operational environments to obtain a required actuation, while existing

hygromorph composites [12, 132] are limited to only one shape at a constant humidity

level. The HyTemCs shown in this work can offer a material platform to design

grasping devices in both water and air with different programming steps that broaden

their operational capability.

3. Generated stresses: The comparative actuation stresses are shown in Fig. 3.12 and

3.13, and the values of other materials are from the other work [13, 14]. The gen-

erated actuation stress is calculated from the transverse hygroscopic expansion and

the longitudinal stiffness. The generated stresses are 20.2 MPa actuating from RH

50% to immersed but 88.6 MPa from immersed to RH 50%, corresponding the lowest

point and the highest point of purple area in the Fig. 3.12 and 3.13. The difference

is because HyTemCs display higher mechanical properties at RH 50% than when in

immersed state. The actuation stress of the HyTemCs is larger than more established
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smart materials (like SMPs, EAPs and partially piezoelectric materials); among nat-

ural fibres hygromorph composites [12], the HyTemCs provide a broader actuation

envelope because of the above mentioned wide operational environment, which allows

the generation of different actuation stresses.

4. Repeatability: actuation and programming could be repeatable without any external

force. Degradation is observed with cycles of changing curvatures from RH 50% to the

immersed state, however these hygromorphs show stability after 5 cycles (Fig. 3.9a).

5. Load bearing characteristics and actuation authority: our HyTemCs have significant

mechanical properties (tensile modulus of 13.8 GPa in the longitudinal and 3.5 GPa

along the transverse directions at 20°C and RH 50%). Those values are much larger

than popular pure shape memory polymers, dielectric elastomer made by silicone (1

MPa) [179], and acrylic (2 MPa) and electroactive polymers (0.1 and 1 GPa) [180].

Our bio-based hygromorphs feature values 13 times larger in longitude and 3 times

bigger in the transverse direction.

6. Shape stability: after actuation, the device made with our materials system maintains

the actuated shapes (zero-power).

7. Easy to make and environmentally friendly: the manufacturing method is easy and

based on traditional resin film infusion techniques for autoclave, rather than complex

chemical synthesis. Additionally, flax technical fibres are relatively inexpensive and

recyclable. The flax prepreg tapes with shape memory polymers are readily accessible

and can be applied widely at laboratory and industrial scales for applications involving

autonomous actuations using sustainable materials.

The drawback is represented by the actuation time of the devices made with our hygro-

morph biobased materials systems. Future work will aim to improve the speeds of moisture

absorption/desorption by increasing the fibre volume fraction, by 4D printing/additive manu-

facturing thinner hygromorph laminates that reduce the water transport distance and enhance

the moisture behaviour of the shape memory epoxy used in this concept.
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Abstract

Electroadhesion has shown potential to deliver versatile handling devices because of its

simplicity of actuation and rapid response. Current electroadhesion systems have however

significant difficulties in adapting to external objects with complex shapes. Here, a novel

concept of metasurface is proposed combining the use of natural fibres (flax) and shape

memory epoxy polymers in a hygromorphic and thermally actuated composite (HyTemC).

The biobased material composite can be used to manipulate adhesive surfaces with high

precision and controlled environmental actuation. The HyTemC concept is pre-programmed

to store controllable moisture and autonomous desorption when exposed to the operational

environment and can reach pre-designed bending curvatures up to 31.9 m−1 for concave

and 29.6 m−1 for convex shapes. The actuated adhesive surface shapes are created via the

architected metasurface structure, incorporating an electroadhesive component integrated

with the programmable biobased materials. This biobased metasurface stimulated by the

external environment provides a large taxonomy of shapes - from flat, circular, single/double

concave and wavy, to piecewise, polynomial, trigonometric and airfoil shapes. The objects

handled by the biobased metasurface can be fragile, because of the high conformal matching

between contacting surfaces and the absence of compressive adhesion. These natural fibre-

based and environmentally friendly biobased electroadhesive metasurfaces can significantly

improve the design of programmable object handling technologies and provide a sustainable

route to lower the carbon and emission footprint of smart structures and robotics.



70 Biobased and programmable electro-adhesive metasurfaces

4.1 Introduction

Electroadhesion (EA) is the electrostatic effect that generates bonding between two contacting

surfaces subjected to a controllable electrical field [181, 182]. EA technologies are attracting

wide interest in recent years because of several beneficial aspects. Electroadhesion can be

applied over many different substrates (including paper, glass, and metal) [183], and can be

operated in various working environments - from dusty terrestrial, to low-pressure outer space

[184]. Electroadhesive systems are simple to operate, and do not require energy-intensive

pumps or control-intensive electric motors [185]. EA technologies are characterized by

low energy consumption (i.e., currents on the order of µA) [183, 184], and are adapted

to handle and lift delicate objects through contactless or soft contacting pads [186, 187].

Electroadhesion has been used to deliver a range of end effectors for gripping, manipulation,

and assembly tasks [183, 188–194]. Current EA grippers can be classified into three different

types, according to their adhesive surfaces: rigid [188], flexible or compliant [183, 190–192],

and stretchable [189, 193, 194]. Examples of compliant EA grippers are represented by

layers of elastic foam [191], or semi-flexible mountings between the gripping surface and the

main substrate [190]; the latter offer enhanced adaptation to the surfaces of the rigid objects,

from flat to non-flat (concave and convex) exteriors. To fit a variety of object surfaces (flat,

curved and irregular), EA grippers have been designed to change shape using controllable

motors [192], pneumatic pumps (PneuEA gripper) [194], and dielectric elastomer actuators

(DEA-EA soft gripper [189], and EA-DEA soft composite gripper) [193]. These shape

adaptive EA grippers, however, cannot grasp flat, highly curvy surfaces and even wavy-

shaped and extremely fragile objects, without the application of external forces or use heavy

devices to control the adhesive surfaces.

In contrast to traditional heavy and high energy consumption mechanical motors, smart

stimuli-responsive materials provide an appealing option to develop adhesive surfaces that

are changeable and adaptive. Hygromorph natural fibre composites [12, 79], with bilayer

architectures are inspired from hydraulic actuators present in nature, such as pinecone

scales. Hygromorphs can generate remarkable actuation stresses (up to around 100 MPa

[13]) that are significantly higher than those of classical smart materials including shape
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memory polymers,[40] electroactive polymers [195], hydrogels [196], and liquid crystal

elastomers [197]. Hygromorph composites are stimulated by humidity gradients available

in the surrounding environment. In contrast, the high temperatures [40, 196, 197], and

electric fields [195], used to stimulate other classes of smart materials typically rely on

external devices such as electric heaters or electromagnetic coils. In addition, hygromorph

composites made of natural fibres, such as flax and hemp, are sustainable and environmentally

friendly. Limitations of the current available natural fibres hygromorphs are related to

their one-to-one relationship between changing shapes and humidity conditions, which

implies the use of a single and constant actuated shape in the operational environment. The

programmable and reconfigurable hygromorph composites presented here combine natural

fibres and shape memory polymers matrices to overcome the one-to-one limitation. This new

class of sustainable smart materials actuators allows various pre-defined and actuated shapes

to emerge in different working environments, by implementing different programming steps

[70]. Hygromorph composites with intrinsic material programming features constitute a

potential class of actuators that generate adhesive characteristics to match different surfaces

of objects. Quite importantly, the use of flax fibers in these biobased composites provides a

sustainable route to develop smart adaptive solids with load bearing capacity [198], and low

carbon footprint [199].

Flexible metasurfaces have been designed to manipulate the performance of terahertz

and optical metamaterials by bending, stretching, and rolling flexible substrates [200–202].

Examples range from thin conductive strips on flexible high permittivity pad [203], to ITO-

coated PET films on PVC substrates [204]. Metasurfaces based on EM modulation can

be made self-reconfigurable [205], patterned for surface-enhanced Raman spectroscopy

[206], and provide biomolecular sensing at the interface between chiral and hyperbolic

metamaterials [207]. One of the advantages of flexible metasurfaces is the miniaturization

of the “hard” metamaterial cells, because of the shape adaptability offered by ultra-thin

architected metallic substrates [208]. Metasurfaces are a critical design paradigm to harness

functionalities in nonlinear optical metamaterials [209]. The propagation of mechanical

and acoustic waves can also be tailored by using patterned and elastic substrates [210–213].
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Shape memory polymer (SMP) substrates have been also used to develop self-deformable

spatial modulation metasurfaces for realizing electromagnetic beam splitting and steering

capabilities [214]. Shape memory in alloy forms has also been recently used to develop

multifunctional thermos-mechanical anisotropy [215]. The flexible metasurface is therefore

a promising design paradigm to add functionalities associated to localized and global shape

change of substrates, and to develop adaptive structures for robotics and objects handling.

Here, we demonstrate a novel method to create ultra-complex shape electro-adhesive sys-

tems based on environmentally driven morphing via a metasurface design. The metasurface

here conforms to the surface of objects by using programmable hygro-thermal biocomposite

(HyTemC) actuators combined with surface electroadhesion. These biocomposites are archi-

tected around a structural configuration that provides the possibility of adapting to flat, highly

curved (concave and convex), waved and bimodal adhesive shapes. Adhesion is provided by

the electroadhesion force, and the minimal compressive pressure exerted suits the handling

of extremely fragile objects. The work here is organized as follows. The conceptual design

and fabrication of the sustainable biocomposite gripper is described first. The design of the

laminate HyTemC and the optimization of the electrode pattern for the electroadhesion is

then illustrated. The material programming process of the biocomposite metasurface bonding

with various geometrical objects, is evaluated in different cases. Conclusions and future work

are then presented in the final section.

4.2 Concept and materials for the biobased electro-adhesive

metasurface

4.2.1 Concept

The actuator developed using biobased and electroadhesive adaptive metasurface is the com-

bination of a flexible electroadhesive substrate embedded within an environmentally driven

material to control the contacting surfaces. The environmentally driven metasurface is made

of biobased hygromorph materials. The target complex adhesion surfaces are decomposed
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Table 4.1 Comparison of existing actuators with Electroadhesive surfaces.

Adaptive
shapes

Variable
stiffness

Actuation
method

DEA-EA soft
gripper [189]

flat, sphere, cylinder no electricity

EA-DEA soft
composite
gripper [194]

flat and concave no electricity

PneuEA
gripper [193]

flat, sphere, cylinder no pneumatic

Our work

flat, circular, single/double
concave and wavy, piecewise,

polynomial, trigonometric
and airfoil shapes

yes
autonomous desorption

at the operational
environment

into a series of circular curves with different curvatures (K) and arc lengths (Fig. 4.1). The

targeted adhesive geometry is achieved by programming the metasurface with a set of initial

moisture content parameters (MC), which correspond to the bending curvatures, length, num-

ber of strips/units and connectivity to the handled object (continuous or discontinuous). The

programmed metasurfaces are initially assembled with compliant electroadhesive double-side

tapes and actuated to obtain the designed complex shapes. Table 4.1 shows a comparison

of existing actuators available for electroadhesive grippers. Prior prototypes are based on

pneumatics and dielectric elastomer actuators (DEAs). The existing actuators are integrated

and allow for flat and bending shapes (all in one direction). On the contrary, the biobased

metasurfaces presented in this work can create more complex bonding surfaces due to their

multi-element architecture. The multiple shapes and environmentally stimulated metasurface

used in this work is based on the hygro-thermal morphing biocomposites [70].

The HyTemC is formed from an unbalanced stack of natural fibres (flax) in a shape

memory polymer (SMP) epoxy matrix (Fig. 4.2a). The actuation principle is inspired
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Fig. 4.1 a) Demonstrator of the biobased and programmable metasurface with electroadhesive
capabilities. The electroadhesive surfaces of the objects b) can be designed into several parts
with different curvatures when considering the target surface to bond c). The programmed
biocomposites substrates are assembled to metasurfaces d-e) with adhesive surfaces that
conform to the same shapes of the target objects f).
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by the closing and opening offered by the internal architecture of pinecone scales [216].

The bioinspired fibres architecture consists of compliant and high scopperlling ratio active

layers, and stiff and low hygroscopic expansion ratio passive laminas. The unbalanced

microstructure of the composite material causes the bending of the composite stack due to

the change of the moisture content, while the SMP matrix is sensitive to the environmental

temperature. Different from conventional single humidity stimulus hygromorph composites,

the hygro-temperature coupled fields here create new types of bending shapes (Fig. 4.2b).

The curvatures of the HyTemCs change in different ways at room temperature and over Tg,

while these composites absorb the same amount of moisture. One reason for this behavior is

the different hygroscopic expansion of the active layers (2.83% at room temperature), but

only 0.78% over the Tg temperature. The other reason for the numerous moisture-induced

curvature changes at different temperatures is the ability of the SMP matrix to resist bending

motions to reach highly curved shapes. Nearly flat shapes of the composite materials occur

over Tg; the HyTemCs can therefore be heated over the Tg temperature to absorb and store

specific moisture contents, and cool down to assume the pre-programmed shape. Those

metasurfaces possess moisture contents (MCs) that will desorb autonomously when exposed

to the working environment and will also morph into the expected shapes that correspond to

the pre-defined curvatures at those specific MCs (Fig. 4.2c). Via temperature, it is therefore

possible to create several new sets of shapes at varying humidity conditions.

The selection of the HyTemC hygromorphs and biobased composite materials as actuators

provides some significant advantages. The HyTemCs change shape without any external

device generating the stimulus (such as an electrical or a pneumatic power source). Our

autonomous metasurfaces maintain the operational simplicity of EA grippers. The integrated

HyTemCs can be also cut into virtually any dimension. Elements made with the hygromorph

materials can therefore provide complex shapes with high resolutions and minimum size,

because of the intrinsic dual shape memory and hygroscopic strain capabilities at microstruc-

ture material level. The HyTemCs also provide a large range of curvature deformations based

on different microstructure laminate designs, and high actuation stresses (up to 88.6 MPa)

[70]. The actuation process is based on the moisture desorption, with its tensile modulus
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Fig. 4.2 Concept and mechanism of the HyTemC as the biobased metasurface. a) HyTemC is
the combination of bioinspired unbalanced fibres architecture and SMP marked as [0m90n]
meaning that the bilayer microstructure architecture has m laminas in the longitudinal
direction as passive layers, and n lamina along the transverse direction as active layers.
b) The induced temperature stimulus creates two different moisture absorptions at room
temperature and over Tg temperature with totally different hygroscopic expansion of active
layers, 2.83% and only 0.78% at room and over Tg temperature respectively. Less swelling
of active layers and the ability of SMP to keep original flat shapes act together to make the
nearly flat shapes of HyTemC over Tg temperature, although absorbing similar amount of
moisture as the room temperature condition. c) Heated HyTemC can absorb and store specific
MC values but would maintain nearly flat shapes and then cool down as the pre-defined
metasurface configuration. When exposed to operational environment, the stored moisture
will desorb autonomously, and the metasurface will reach the designed curvature. The square
samples undergo the exact same environmental conditions but possess totally different shapes
because of the temperature stimulus.
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passing from 6.6 GPa at immersed state, to 13.8 GPa at 50% relative humidity (RH) - see Fig.

4.4e) and f). The adhesive surfaces are compliant during the shape changing process (i.e.,

the desorbing process) and then transition to rigid when actuated (desorbed). This prevents

peeling, especially when the lifted objected have weights above a certain threshold [217].

4.2.2 Details of the HyTemC biobased materials

The HyTemC composites consist of flax fibres and a thermoset shape memory polymer

(SMP) matrix (Fig. 4.2a). Unidirectional pure flax fibre tapes (50g/m2) have been supplied

by Nat-up France. Flax fibres are fixed by tape on the edges of the samples and cut into

250mm*250mm size by scissors. Stacks of SMP films provided by Leng’s Group [169]

and unidirectional flax-fibre tapes have been cured in autoclave at 0.69MPa pressure, heated

for 80°C (3 hours), 100°C (3 hours) and 150°C (5 hours). The unbalanced architecture

across the thickness results in laminates with stacking sequences equal to [908], [01907],

[02906] and [03905] ([0m90n], with m laminas in the longitudinal direction and n laminas

along the transverse one. The cured composites have 0.56mm total thickness, 40% fibre

content and 15.58±1.51 (%) porosity content [70], the latter being determined via gravimetric

measurements in water [137]. Other material properties critical for the actuation (mass

diffusion, hygroscopic expansion and mechanical tensile parameters along the longitudinal

and transverse direction with varying temperature and moisture) are reported [70]. The

composite plates are cut into small stripes of 10mm in width and variable length, based

on the classes of objects to be grasped. Unbalanced laminates like [01907], [02906] and

[03905] have passive layers in the longitudinal direction (0m), and active layers along the

transverse one (90n). Passive layers are stiff with low swelling ratios, while active layers

are compliant with high hygroscopic expansion ratios. The morphing via bending occurs

with the change of the environmental humidity that triggers different hygroscopic expansions

between active and passive layers. Once manufactured, the unbalanced biobased composites

have a one-to-one relationship between the environmental humidity and the actuated shapes.

Again, different from conventional unbalanced natural fibre composites, the SMP matrix in

our hygromorphs provides a programming capability to absorb and store specific controllable
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moisture levels over the matrix Tg and maintaining – at the same time - nearly flat shapes

for the composites (Fig. 4.2b). Swelling ratios of the active layers over the Tg decrease

dramatically from those at room temperature [70]. Once cooled, the nearly flat shapes with

specific moisture contents (0%-19.41% for the [02906] laminates) will desorb and morph

autonomously to reach various actuated shapes. More moisture to desorb corresponds to

larger deformations due to the actuation, which lead to a variety of actuated shapes that are

continuously available. Those different shapes can be pre-designed due to the controllable

initial MC values during programming, even when the operational environmental humidity

has a constant value.

4.2.3 The electradhesive metasurface structure

The electroadhesive films are produced by stacking a stretchable electrode and an insulated

film with size of 180mm*100mm. A stretchable electrode made of copper material with

6.4mm in width and 0.04mm thickness (procured from RS Components UK) is cut and

patterned like in Fig. 34.3. The electronic circuitry is protected by a transparent polyurethane

conformal coating (provided by Electrolube UK) and sealed by insulated Mylar film with

0.023mm thickness (RS components UK). The substrate base has the exact area size of the

electroadhesive surface, with four low stiffness stainless steel springs (spring constant of

0.16N/mm, outside diameter 3.52mm and free length 29.3mm) at the boundary. The more

rigid substrate is necessary, because the active morphing surface requires stable movements

and the facility to place and connect the metasurface to other devices. The low stiffness

springs also provide a flexible and adaptable connection to other supports; stiffer springs

or connectors would otherwise constraint the motion of the active morphing part of the

metasurface. To maintain the initial flat shape of the adhesive surface, a pre-tension is

provided by the 4 springs when they are tilted by 10mm towards the middle section along

the longitudinal direction (Fig. 4.3a and Fig. 4.3b the first case). The pre-tensile force is

needed to avoid the sagging of the metasurface due to gravity. The programmed HyTemC

materials are bonded to the top electroadhesive surface by a double-side adhesive tape and

positioned on the two sides to create an axial curved surface. The actuated shapes vary due
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Fig. 4.3 Layout of the design of the whole electro-adhesive metasurface with HyTemCs
and demonstration of the broad range of possible gripping shapes. a) The active shape
morphing surface is the combination of HyTemC materials and a flexible contact EA film.
HyTemCs can be programmed to one shape with different initial moisture contents that allow
to the desired autonomous morphing at different operational environments. The motion
of the flexible adhesive surface is facilitated by connecting low stiffness springs to the
rigid base. b) A wide range of gripping shapes are achievable, based on different initial
moisture contents used during the programming steps, and different HyTemC architectures,
lengths, and numbers of HyTemCs used in the configuration of the biobased electroadhesive
metasurfaces.
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to the inserted HyTemC units, all with different initial moisture contents. The programmed

actuation depends on the architecture of the biobased hygromorphs units (active layers on

top or bottom), and their different lengths and numbers over the adhesive surface. Broad

ranges of gripping shapes are shown in Fig. 4.3b).

4.3 Experimental Section

4.3.1 Moisture content characterization

Manufactured and cut samples were stored in reference state in a Votsch climatic chamber

which controlled the RH at 50% and the temperature at 23°C. The samples were weighed

using a balance with 10-3 g precision (PNS 600-3 Kern, Germany). Moisture contents at

various RHs (Fig. 4.4a) and immersion over time (Fig. 4.4b) were characterized as 5.1.

4.3.2 Expansion measurement

The hygroscopic expansion and moisture uptake have been evaluated on samples with

dimensions 70 mm (L) × 10 mm (w) × 0.56 mm (t). Geometry measurements have been

performed with a Mitutoyo micrometer IP65. Gravimetric analyses have been carried

out using a balance of 10−3 g precision (PNS 600-3 Kern, Germany). The coefficient of

hygroscopic expansion (β ) has been determined as the slope of the hygroscopic expansion

over the moisture content. The results are shown in Fig. 4.4c.

4.3.3 Elastic properties

The tensile properties of dry and wet unidirectional biomaterial composites (no EAs) with

flax fibre orientations set at 0° (EL) and 90° (ET ) have been measured according to ISO

527-4 standards, using a Shimadzu universal testing machine (cell load 5 kN) at controlled

temperature with a crosshead speed of 1 mm/min. The samples have the following dimensions

(thickness t and width w): t0 = 0.56 mm and width w0 = 15 mm; t90 = 0.56mm and w90 =

25 mm. Mechanical tests were performed on samples that had reached their saturation time.
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The samples were covered with polyethylene wrap to prevent the loss of moisture during

the tensile process. A heating chamber (TCE-N300A, Shimadzu, UK) controlled the setting

temperature, while thermocouples have been also used to verify the temperature close to the

samples. The tensile modulus was determined within a range of strains between 0.05 and

0.1%. The results are shown in Figures 4.4e and 4.4f.

4.3.4 Measurement of the curvature

To measure the radius of curvature, markers were tracked on images captured using a camera

(1080P HD, 30fps). The image data processing analysis was performed using Autodesk

software. The curvature was measured by fitting the sample profile to a ‘circle’ function. The

bending curvature (K) was calculated from the radius of the fitted circle.

4.4 Results and discussion

4.4.1 Design of the HyTemC

The HyTemCs architectures and stacking sequences are determined based on two specifica-

tions: the range of required actuating curvatures, and the bending stiffness. Three states of

the HyTemCs are possible during use: initial, programming and actuation. The initial state is

related to the flat biobased hygromorph after curing. The programming state corresponds to

a configuration with a small level of bent shape, which is related to the presence of internal

moisture content. The actuation state involves highly bent shapes that result from desorbing

all the pre-determined moisture contents - see Fig. 4.7. The calculated curvature ranges are

from programming to actuation states, with moisture contents from immersion in water, to

50% relative humidity. The prediction of the longitudinal curvature variation K is based on

the use of modified Timoshenko equations 3.5 and 3.6. The results related to the curvature

ranges are shown in Fig. 4.7b. The selected values of the overall passive layer thickness are

because of the average thickness of one lamina (0.07mm). If the passive layer thickness is

maintained constant, the curvature ranges increase sharply to a maximum value, and then



82 Biobased and programmable electro-adhesive metasurfaces

Fig. 4.4 Experiments related to the HyTemC material: a, b) Diffusion kinetics of the unidi-
rectional [908] and asymmetrical [02906] biocomposites. a) Moisture conditions at various
RHs for different laminates. Slightly differences between absorption and desorption are due
to hysteresis. b) Moisture diffusion from 50% RH to immersion. The variation of moisture
content is very small within the different actuators. c) Evolution of the longitudinal and
transverse hygroscopic strains at 20 °C and 100 °C. Red, black and blue dots represent the
experimental data and the continuous refer to the theoretical results from the model. d) DMA
experiment results related to the pure epoxy resin, showing a Tg around 60 °C. e) Evolution
of the transverse and longitudinal Young’s moduli as a function of temperature. Dry and
wet states are corresponding to 50% RH and immersed respectively. f) Evolution of the
transverse and longitudinal Young’s moduli as a function of moisture content.
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Fig. 4.5 The initial moisture content can be programmed in various ways within the composite.
Every defined initial MC level creates new sets of shape at different humidity conditions.
Two examples with their shape sets are here illustrated for initial MCs of 0% (50% RH) and
19.42% (immersed). The programming allows for a multifunctional shape transformation:
shapes can be initially designed for any humidity condition, the autonomous actuation is
stimulated by the environmental surrounding only. Reversible and repeatable morphing is
achieved with locking the shape at constant humidity.
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Fig. 4.6 a) Curvature ranges for three different laminates after 10 cycles from RH 50% to
immersed states. b) Curvature changes during the programming and actuating processes after
10 cycles.

decrease as the active layers become thicker. The maximum curvature for each passive layer

value is decreasing as the passive layers’ thicknesses become larger. The green square in

Fig. 4.7b is related to the values of the thickness for the active and passive layers chosen

for the design of the biobased hygromorph electroadhesive metasurfaces, with a resulting

curvature of 65.08 m−1; this value is deemed sufficient to cover the multiple shapes that the

metasurface must handle.

4.4.2 Design of the electroadhesion pattern

The electrode layer should possess a low bending stiffness for the HyTemC to actuate.

To maximize the surface bonding, the electroadhesion layer must generate high adhesive

forces at constant voltage. The geometry parameters of the electroadhesive film are shown

in Fig. 4.8. The patterned electrode can be aligned along the length (L_Type), or width

(W_Type) directions. The adhesive film has a three-layer sandwich structure (insulated

Mylar film/electrode/insulated Mylar film), with thicknesses equal to 23µm/40µm/23µm,

respectively. The length and width of the electrodes are marked as TL and Tw (6.4mm), and

the space between two electrodes is marked as Ts. The available perimeter length (LM)

and width (LN) for the electrode are 150mm and 70mm, an edge smaller than the overall

size 180mm ∗ 100mm of the whole surface to host the HyTemC actuators and the spring
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Fig. 4.7 Design of the HyTemCs based on ranges of actuation curvatures and their mechanical
properties. a) HyTemCs with unbalanced architectures consist of active and passive layers
of long flax fibers reinforcements embedded within the SMP matrix. Initial flat HyTemC
stripes absorb moisture above the Tg temperature to store pre-determined moisture levels but
maintain nearly flat shapes during the programming steps. Programmed HyTemCs achieve
autonomous bending when exposed to the room environment (50% RH) to reach highly
curved shapes. The ranges of the actuated curvatures and the mechanical properties of the
HyTemCs are designed by controlling separately the thickness of the active and passive
layers. The curvature ranges b) and bending stiffness at the initial state with flat shapes c)
and d) at actuation state with angle deflection vary with the different thickness of the active
and passive layers. The green square markers are related to the selected thickness values.
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connectors. We define here the electrode areal fraction (φA) as the ratio between the electrode

surface and the electroadhesive-device areas (150mm∗70mm). The boundary-edge ratio φB

is defined as the sum of the boundary-edge lengths divided by the perimeter of the device

size:

φB =
Sum o f boundary edge lengths

Perimeter o f the device
=

∑
N
i=1(TWi +TSi +2TLi)

2(LM +LN)
(4.1)

The results of φA and φB versus Ts are shown in Figures 4.8b and 4.8c. When Tw is

constant (6.4 mm in our case), the fractions φA and φB are positively related to the surface

adhesion force [183]. The fraction φA is not sensitive to the direction of the electrode

distribution (L_Type and W_Type). In the case of φB however, the L_Type shows a better

performance than the W_Type. Narrow spaces between electrodes help to reach higher

values of both φA and φB. To obtain higher electroadhesive forces, an efficient approach is

to use photolithography technology with slim electrodes and narrow spaces between them

[183], however this is not a focus of our work. The stiffness of the electrode sandwich

structure is analyzed via Fig. 4.8d by using finite element simulations. The ideal electrode

stiffness would be as small as possible, for the structure to bend to highly curved shapes. The

stiffnesses of the L_Type electrode configurations are significantly larger than those of the

W_Type, because the L_Type copper electrode is continuous along the longitudinal direction,

but discontinuous in the case of the W_Type. Values of Tw = 6.4mm and Ts = 5.6mm were

selected and a W_Type electrode was used on subsequent experiments, as marked by the

green squares in Fig. 4.8b, 4.8c and 4.8d.

4.4.3 Modeling the actuation of electro-adhesive metasurfaces

The finite element model of electro-adhesive metasurfaces has been built displaying the

structural stiffness for electrude pattern design in Fig. 4.8d) and the prediction of actuation

curvature, actuation time and internal stresses evaluation in Fig. 4.9b) to 4.9d).
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Fig. 4.8 Design of the electrode pattern for the biobased metasurface. The design is based
on the adhesive force and the bending stiffness. a) The electrode pattern is designed for
different configurations (W_Type or L_Type), electrodes lengths and widths TL and Tw, and
the space between two electrodes Ts. Equipotential field distributions generated by the two
in-plane electrodes propagating in the out-of-plane direction provide the maximum charges
accumulated in the areas of the object corresponding to the boundary edges of the electrodes,
so that higher φA and φB fractions help to achieve larger adhesive forces; their relationship
with Ts is shown in b) and c). Lower bending stiffness provides less resistance when the
biobased HyTemC is actuated. d) The W_Type configuration and wider space between
electrodes help to lowering the bending stiffness. The selected type of electrode positioning
and Ts value for the final design are indicated by the green squares.
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4.4.4 The stiffness evaluation by designing the electrode pattern

The overall structure has three parts: mylar film/electrode pattern/mylar film and the thickness

are 23µm/40µm/23µm. The electrode pattern are controlled by changing the distribution

type (W_Type or L_Type) and Ts, the space between two electrodes. The materials properties

have been shown in the Table 4.2. The analysis is Static in Abaqus 6.14. There is one boudury

to fix one side of the mylar film/electrode pattern/mylar film structure and the concentrated

force 0.01N has been applied on the other side. The relationship of applied force and the

corresponding displacement displays the bending stiffness of the structure.

4.4.5 The prediction of actuation curvatures and time and the evalua-

tion of internal stress

The whole structure contains electroadhesive surface: mylar film/electrode pattern/mylar

film, the inserted HyTemC, springs and basement made of Polylactic acid (PLA) by 3D

printing. The assembly has shown in the Figures 4.3 and 4.9. The insert HyTemC materials

properties are from Fig. 4.4c) hygroscopic expansion and Fig. 4.4f) elastic properties within

different moisture content and properties of other materials are from Table S1. The analysis

is Static in Abaqus 6.14. There is no extra boundary except for the moisture field, and the

loading is the exact designed initial moisture content to desorb at the working conditions.

The actuated curvatures of the free boundary of HyTemC, concave and convex conditions are

measured by calculating the coordinates of three points, Fig. 4.9b) and the desorbing time,

Fig. 4.9c). The internal stress of HyTemC at free, concave and convex through the thickness

is extracted and averaged seeing Fig. 4.9d).

4.4.6 The biobased electroadhesive metasurface in operation

The principle of operation of the biobased electroadhesive metasurface is shown in Fig. 4.9a.

The input geometry parameters are derived from the shapes of the target objects (concave,

convex or multiple shapes), their curvatures and widths. The programming and assembly

steps of the HyTemCs are based on the geometry parameters described above. The designed



4.4 Results and discussion 89

Table 4.2 Materials properties for the modelling.

Density (g/cm3) Elastic property (MPa)

Electrode (copper) 8.96 117000

Mylar film 1.38 2800

PLA 1.25 4000

Spring (steel) 8.00 300000

curvatures are controlled by the initial moisture content, and those correlations are shown

in Fig. 4.9b. The HyTemCs are stored at a temperature above Tg, while absorbing the

initial moisture until reaching the corresponding weight values. The programmed and cooled

HyTemCs are placed onto the target surface. The orientation of the positioning (active layers

on top or at the bottom) controls the type of actuated shape. If the active layers are on the

top, the morphed shapes are concave, the opposite otherwise. The curvatures provided by

the metasurface with free boundary joints only are significantly higher than those when the

EA grippers are placed (Fig. 4.9b). Curvatures produced by the metasurface via concave

or convex configurations differ very little (see also Fig. 4.9b). The assembled metasurfaces

are here placed at room condition (20 °C and 50%, in our example). The shape morphing

happens autonomously, because the initial moisture desorbs at room environment to reach the

pre-defined shapes. Desorption times to stability related to different initial moisture contents

without any moisture diffusion are shown in Fig. 4.9c. The effect of partial desorption (90%

and 80%) is also show in Fig. 4.9c; the final 10% - 20% of moisture loss takes significantly

more time than the same amount of moisture loss at the beginning. The final 10% - 20% of

moisture diffusion also contributes less to the deformation, but entails a significant portion

of time, so the most efficient method to improve the actuation time versus the moisture

content is at 80% relative desorption (blue line in Fig. 4.9c). The strain distributions along
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Fig. 4.9 a) The objects to be grasped have a broad range of shapes and sizes. The geometry
characteristics of the objects are collected as input parameters for the programming steps.
Strips store X% of moisture and maintain nearly flat shapes during programming and are
then assembled into the metasurface. The HyTemCs will desorb X% moisture autonomously
when exposed to room environment (50% RH, as an example), reaching the pre-defined
actuated shapes. The X% moisture for the designed shapes is found in b). The actuation time
varies with the desorption - see c). d) The strain distributions for the HyTemCs in the three
conditions (free, concave, and convex) through thickness from passive to active layers. The
results are obtained from Finite Element models.

the thickness of the HyTemCs (from passive to active layers) are shown in Fig. 4.9d. The

bending strains within the HyTemCs under free boundary conditions are slightly lower than

those related to the concave and convex conditions.

Example of the shapes that the biobased metasurface can provide are shown in Fig. 4.10.

Those shapes are representative of just five examples, and more shapes can be easily obtained

by controlling the different initial moisture contents, fibre directions, length, and number of

units. The five examples include (but are not limited to): flat, concave, convex, dual concave,

and convex-concave shapes. The maximum initial moisture content is at 19.4%; this means

that the examples of Fig. 4.10 b) to e) are those that possess the largest curvature. The values

of the radius obtained from the flat configuration are between 2.7 cm to 3.4 cm, depending

on the different boundaries. The error between the theoretical values shown in Fig. 4.7b
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and the measured curvatures are shown in the last column (red points are indicative of the

experimental positions, and the blue lines are the target design curves). The linear error ∆y is

calculated using the Euclidean norm - see equation 4.2.

∆y = (
n

∑
i=1

ABS( f (xi)− yi))/n (4.2)

In 4.2, f (xi) are the vertical (out-of-plane) values of the target design surfaces and yi

represents the measured positions after actuation.

Video of Fig. 4.10d) and e) are included in Video SV2 and have been captured at 1080P

HD, 30fps.

In addition to the above-mentioned circular curves, a wide variety of other forms can also

be constructed as target actuated curves, such as piecewise, polynomial and trigonometric.

An example of a more complex curve is the NACA 6412 airfoil (see Fig. 4.11). These higher

orders actuated shapes are well reproduced by our biobased electroadhesive metasurface.

4.5 Conclusion and future work

The biobased and programmable environmentally stimulated electroadhesive metasurfaces

described in this work have the following significant features:

1. Capacity to be programmed and to adapt to multiple and complex object shapes (flat,

concave, convex, dual concave, and wavy shapes (Fig. 4.10)). Good agreement is

observed between the experimental and the target functions representing the objects,

even when the shapes are complex.

2. No external contact forces are required. The active and autonomous shape changing

performances provided by the biobased HyTemCs used in the metasurface allow a

high-precision match between the actuated surfaces and the objects to be handled. Only

the electroadhesive force is applied to the objects to overcome gravity, with negligible
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Fig. 4.10 Five cases representing a wide variety of possible shapes that the biobased meta-
surface can reproduce and adapt to: a) flat, b) concave, c) convex, d) dual concave and e)
wavy shapes. The object surface functions are displayed in the first column of the table. The
initial moisture content during the programming steps and the assembly forms is shown in
column two. The experimental curvatures (third column) show some slight differences from
the design target. The experimental actuated positions are marked in red points (column four)
and the differences with the target object surface (blue lines) are calculated as ∆y.
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Fig. 4.11 Example surface profiles that can be adopted are not restricted to circular shapes,
but also extended to other functions such as, a) piecewise, b) polynomial, c) trigonometric
and even d) a NACA 6412 airfoil example. The red points in a) to d) are the experimental
structure coordinates, while the bluelines represent the object surfaces.

compressive forces. This feature makes the proposed biobased metasurface highly

suited to handle fragile objects.

3. Development of large curvatures after actuation. Actuator curvature can reach a

maximum of 31.89 m−1 for concave bending, and 29.63 m−1 for the convex flexural

deformation. These values can cater for a very wide ranges of curvatures, from flat to

highly curved shapes.

4. Autonomous morphing. The actuation process is autonomous and triggered by the

operational environment only. This avoids the use of large, heavy, and energy-intensive

actuation devices.

5. Variable stiffness. The biobased HyTemC is relatively compliant (6.6GPa) in an

immersed state, but rigid (13.8 GPa) during actuation - see Fig. 4.4e) and f). This

prevents the onset of peeling, especially when the HyTemC is required to lift objects

with weights.
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6. Biobased materials used for flexible and sustainable robotics. The hygromorph

HyTemCs are made of natural fibres (flax, in our case), which are sustainable and

environmentally friendly. The use of the HyTemCs within the metasurface concept

can contribute to develop smart structures and robotics applications that lower their

carbon and general emissions footprint.

The drawback is represented by the actuation time of the devices made with our

HyTemCs (approx. 3 hours, see Fig. 4.9c). The increase of fibre volume fraction and

thinner samples would improve the speeds of moisture absorption/desorption in future

works. Also, the gripper requires new metasurfaces to adapt to new surfaces, and the

whole efficiency of the system would be enhanced by programming and actuating

the metasurface units with local thermal and humidity fields. The actuator unit is the

environmentally friendly material, and the gripper structure will be bio-degradable or

recyclable if all elements are from the natural resources.
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Abstract

Current applications of mass diffusion in composite structures with natural fibres reinforce-

ments focus on the development of large thickness, balanced laminates, and long diffusion

times. Hygromorph composites are, however, thin in thickness and possess slender shapes

with unbalanced laminate designs, together with higher moisture diffusion speeds. The exist-

ing methods to design hygromorph composites are based on one-dimensional diffusion along

the thickness direction rather than along the three spatial directions of the laminate. This work

proposes a new three-dimensional diffusion method based on extracting the diffusion param-

eters from each direction in hygromorph composite samples made of epoxy and aligned long

flax fibres. The proposed method is particularly suitable for slender hygromorphs, because

the moisture diffusion in plane for those biobased composites is nonnegligible. It also helps

to understand the moisture diffusion behaviours and mechanisms in general hygromorph

composites and adaptive morphing structures made of natural fibre-reinforced composites.

The method is then used to predict the diffusion effects in different flax fibre laminates

designs and architectures, together with the internal stresses of the composites induced by

the three-dimensional hygroscopic expansion.

5.1 Introduction

Natural fibre composites have been extensively studied and evaluated during the last decades

because of their sustainability, low cost, low density, and interesting mechanical properties

[218–221]. Moisture absorption tends to degrade the performance of the fibres in a composite

[222]. This has motivated the development of several studies related to the water diffusion

behaviour and its effects on the mechanical properties of natural fibre-reinforced compos-
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ites, like those including flax [223–227], jute [228, 229], and even hybrid flax/glass [230],

flax/bamboo [231] and Kevlar/Cocos nucifera [232]. Most of the studies involving natural

fibre composites are focused on semi-structural materials with relatively large thickness

(3mm or more), balanced laminates, long water diffusion times (3 weeks or more), and

overall low levels of water uptake (less than 10%) [223, 224, 228–230, 232].

Natural fibre and moisture-responsive biocomposites are also promising as platforms for

smart morphing materials [12, 70, 79]. The morphing mechanism is based on the different

levels of hygroscopic expansion within the biologically inspired unbalanced laminates when

the humidity changes. The internal stresses created from the moisture-induced swelling of

the natural fibres through the thickness of the unbalanced laminate at different humidity

conditions contribute to the bending actuation [130, 147]. Natural fibre hygromorph com-

posites used for actuation and sensing tend however to be slender and limited in thickness

(around 0.5mm) [12, 70, 79]. The architectures of these hygromorphs mainly consist of

laminates with short diffusion times (around 3 hours) and high overall water uptake (more

than 10%) [12, 70, 79]. The differences in terms of adsorption, mechanical and hygroscopic

performance stem from the architectures and the composition of those composites: their

volumetric fraction of fibres and stacking sequences, type of matrix and size, especially the

thickness. Composites for morphing applications are designed with smaller thickness to

absorb more moisture at higher speed. In contrast, composites with load-bearing applications

(even secondary) aim to maintaining a structural integrity with improved protection from

degrading moisture absorption. Unbalanced slender and medium-thickness biocomposites,

however, require further analysis of their water diffusion behaviour, also to improve the

actuation authority performance in terms of the design of the actuation and the evaluation of

the residual and internal stresses.

Existing moisture diffusion studies applied to unbalanced biocomposites for actuation

are limited [12, 70, 79]. All those referenced works are related to the application of the

one-dimensional formulation of Fick’s law, which is adopted because the dimensions of

the samples along the thickness are significantly lower than the in-plane ones. Besides the

sample scale effect, the lumen of unidirectional single flax fibres triggers imbibition, while
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moisture transport is promoted by capillarity along the longitudinal direction of the long fibres

[233]. Those effects, however, are not described by a simple one-dimensional formulation

of Fick’s law. A three-dimensional Fick’s law would however potentially describe in a

more exhaustive manner the mass diffusion behaviour of hygromorph composites. The most

common approach to obtain the diffusivity parameters along each composite direction is

by using unsealed samples that absorb moisture from the three directions simultaneously,

and by mathematically fitting the experimental curves to calculate the diffusivity parameters

with minimum residuals [234–236]. However, the results of the diffusivity from the three

different directions may have wide scatters, even when the relative errors are minimised. The

minimum relative errors are obtained by changing D1, D2, D3 (i.e., the diffusivity parameters

from three directions) and M∞ (the saturated moisture content) [224, 235, 237], or changing

D1, D2, D3 but keeping M∞ is fixed [234, 238]. The coupling between the diffusion from

the different directions makes a precise inverse identification difficult. Another approach

followed in the open literature is to measure the diffusivity separately along each direction

and exposure condition [224, 237, 238]. The water diffusion in biobased composites is

however complex, and the diffusion parameters identified from the sealed samples do not

allow a direct description of the 3D water diffusion behaviour. The existing works show

results in an agreement between each other when related to the final absorbed moisture

content. Still, they are not conclusive about the time history of the 3D moisture absorption in

hygromorph composites.

In the present work, we perform one-dimensional water diffusion experiments along the

Cartesian directions of flax/epoxy hygromorph laminates to obtain diffusion coefficients for

the three directions (the flax fibre longitudinal, transverse in-plane and through-the-thickness

- see section 5.3.1). The diffusivity parameters obtained with this approach are related to

the whole laminate, and therefore incorporate additional effects, like those provided by the

porosity within the composites [137]. The relationship between the measured diffusivity is

extended to the unsealed 3D cases, although the measured diffusivity parameters themselves

cannot be directly applied to 3D cases, as other papers in open literature mention [234–236].

A 3D finite element model describing both balanced and unbalanced laminates is built
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and shows some significant agreement between the experimental and the numerical results

(section 5.3.2). The effects of the ply design and geometry are discussed (section 5.3.3) and

the advantages of the new 3D diffusion method are described (section 5.3.4). The moisture

distribution of those laminates is described using the benchmarked method and allows for a

parametric analysis involving sizes and aspect ratios of the composites (section 5.3.5). Based

on the calculated moisture distributions, the internal stress distributions through the thickness

direction of the unbalanced composites are also evaluated (section 5.3.6).

5.2 Materials and method

5.2.1 Materials and manufacturing process

Unidirectional flax fibre tapes (50 g/m2) have been supplied by Nat-up (Flaxtape FT50).

According to the manufacturer, no physical or chemical treatment has been carried out on the

fibres harvested in France, then dew-retted, scutched, and hackled. Pure flax fibre tapes are

fixed by blue tape (No.: 458-7141, RS Components, UK) on their boundaries and cut into

250 mm x 250 mm size seeing Fig. 5.1(a). Stacks of shape memory epoxy films provided

by Leng’s Group [169] and unidirectional flax-fibre tapes (50 g/m2) have been cured in

autoclave with 0.69 MPa pressure and heated for 80 °C and 3 h, 100 °C (3 h) and 150 °C for

5 h. The blue tape used can sustain temperatures more than 150°C. Eight-layer flax tapes

are made in balanced [908] and unbalanced [01907], [02906] and [03905] configurations. The

[0m90n] terms indicate m layers of laminas with fibres direction parallel to the X axis, and n

layers with fibres parallel to Y axis. A Guillotine Cutter Trimmer Machine cuts the composite

plates because of the thin thickness into small squares of 20mm by 20mm in size and stripes

of 70 mm in length and 10 mm in width. The cured composites have 0.56mm thickness

and 40% fibre volume content and 15.6 ± 1.5% porosity. Thickness has been performed

with a Mitutoyo micrometre IP65, fibre volume content is measured by analysing section

captures made by optical ZEISS microscope, and porosity is determined via gravimetric

measurements in water. The water gravimetric method is easy and inexpensive; however,

it overestimates the effective value of the porosity [137]. The samples cut from the [908]



5.2 Materials and method 101

laminate are sealed to assess the effects of the anisotropy of the flax fibres composites. The

samples (20mm x 20mm) cut from the laminate plates (250mm x 250mm) have been polished

and sealed with Ethylene-vinyl acetate (EVA) to privilege the intended diffusion directions

(1, 2 or 3 directions, with 1 being the fibre direction, 2 the transverse one and 3 the thickness

direction). Fig. 5.1(b) and Fig. 5.1(c) show images of the sealed and unsealed samples.

The EVA material has been used for sealing because of it is water-resistant performance; no

visible weight gain due to the presence of water was observable within 24 hours.

5.2.2 Diffusion experiments

Manufactured and cut samples were stored prior to testing in a Votsch climatic chamber with

controlled RH at 50% and temperature at 23°C. These conditions constitute the reference

state, at which no environmental loading occurs. All specimens have been totally immersed

in water at room temperature. The samples have then been removed from the water at regular

intervals of immersion time. Those are 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 14, 18, 24, 30, and 36

hours. The samples have been wiped dry to remove the surface moisture, and then weighed

using a balance with 10−3 g precision (PNS 600-3 Kern, Germany). It is important to note

that the specimens were weighed in a short time to minimize discontinuity effects during the

water diffusion process. After an immersion time t, the amount of absorbed water Wt in the

composite specimens was calculated using the following expression:

MC(%) =
Wt −W0

W0
∗100 (5.1)

In (5.1), Wt and W0 are the weights of immersion in water over time and the dry material

before immersion (for RH = 50% and T = 23°C).

The moisture content (MC) calculated for the sealed specimens covered by the EVA

material has however a slightly different formulation:

MC(%) =
Wt −WS

W0
∗100 (5.2)
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Fig. 5.1 (a) Preparation and manufacturing layout of the flax/SMP epoxy composites. (b)
Sealed and unsealed samples and principal directions of the water diffusion (1: fibre direction,
2: fibre transverse direction, and 3: thickness direction). (c) Sealed and unsealed specimens
used for the measurements.
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In (5.2), Wt , WS and W0are respectively the weights of immersion in water over time, the

weight dry material with the sealed covering before immersion and the weight of the unsealed

specimens without coverings.

It is worth noting that the results shown in section 5 represent the average values of at

least five samples and a ± max/min standard deviation is also indicated.

5.3 Results and discussion

5.3.1 One directional water diffusion

The aim of this part is to measure the diffusion parameters of flax fibre composites from the

experimental absorption curves and time history of the moisture content shown in Fig. 5.2.

For each principal direction, only one diffusion coefficient can be identified using Fick’s

model (i.e., D1, D2, D3). An analytical solution for the diffusivity is given by Crank [130]

for thin plates, which provides a constant diffusion coefficient Eq. (5.3).

Mt = (1− 8
π2

∞

∑
n=0

1
(2n+1)2 exp(D(

2n+1
e

)π2t))∗M∞ (5.3)

In (5.3), Mt indicates the time varying moisture content and t is the time. M∞ represents the

saturation moisture content (%) and D corresponds to the diffusion coefficient (mm2/s). The

term e represents the geometry parameter of the specimen through the diffusion direction.

The diffusion coefficients D along each principal direction of the unidirectional biobased

composites are calculated by fitting this equation to the experimental data and minimizing

the quadratic error q, sum of the difference between experimental and predicted values:

q = (
n

∑
i=1

(Ma(ti)−Mexp(ti))2 (5.4)

In (5.4), Ma(ti) is the moisture content at time ti evaluated from the analytical expression of

Eq. (5.3) and Mexp(ti) is the experimental moisture content at time ti.
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Fig. 5.2 Evolution of the water uptake for the sealed (along the 1, 2 and 3 directions) and
unsealed samples.
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Table 5.1 Experimental values of diffusivity parametres Di for the sealed samples along the
three directions (1, 2 and 3).

D1(mm2/s) D2(mm2/s) D3(mm2/s) R1 =
D1
D3

R2 =
D2
D3

(1.16±0.22)∗10−4 (3.09±0.65)∗10−5 (8.69±0.87)∗10−7 133.49 35.56

The saturation moisture content M∞ slightly varies within the four cases (1, 2, 3 and

unsealed cases). The initial diffusion speed affects the final sorption amount so that unsealed

samples absorb more moisture than sealed ones and low-sealing impact samples absorb more

than high-impact samples. Two options from methodologies available in open literature can

be selected to identify M∞ when fitting the corresponding D coefficients. The first consists

in applying the experimental saturated moisture contents from each case [237]. The second

involves the simultaneous identification of M∞ and D to minimize the quadratic error q [224].

In the latter cases, the coefficients about the diffusion directions 1 and 2, M∞ and D are fitted

together because the inverse identification of M∞ alone is computationally expensive, and

there is lack of accurate experimental results related to M∞. The diffusion experiments last

60 hours but are still far away from reaching a complete absorption; on the contrary, the

normal diffusion times to reach the complete diffusion in unsealed samples are just around

20 hours. The sealed material (EVA) and the interfaces between the composites and the

EVA films make the measured moisture growth larger than the one occurring. For the cases

related to diffusion direction 3 and the unsealed ones, the values of M∞ are taken directly

from the experiments. The terms D1, D2 and D3 are calculated based on the values of M∞ for

each case. The final results of the diffusion parameters from each direction and the saturated

moisture uptake are shown in Table 5.1.

The diffusion coefficient along the 1 direction is much larger than the diffusion in the 2

and 3 directions because direction 1 is related to the axis of the fibres. The term D1 is found

133 times larger than D3, and around 4 times greater than D2, which is similar to existing

results available for other epoxy and flax fibre composites [238]. The diffusion parameter

along the thickness direction D3 is selected as the baseline and the relationships between the
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other direction parameters and the baseline are indicated as R1 and R2; the latter coefficients

show how many times the diffusion parameters D1 and D2 are larger (or smaller) than D3.

The difference between diffusion parameters is related to the fibre direction. Most plant

fibres present a multi-scale porous structure with a main intrinsic porosity (lumen), which is

filled with nutrients and emptied after the demise of the plant [239, 240]. Smaller internal

cavities of a few µm in diameter are also present [241]. Luminal porosity in flax fibres range

from 1.6% to 6.8 ± 3.5% [239, 242], highlighting some variations existing within the same

type of flax plant fibres. Longitudinal direction allows the flax lumen to trigger imbibing and

thus promotes water transport by capillarity [234]. Rapid water diffusion also occurs along

natural fibres/matrix interfaces, which may be even faster than in the matrix itself [144, 243].

Indeed, fibre/matrix interfaces generate complex interactions with moisture because their

surface components (cellulose, hemicellulose and pectin) promote water diffusion along

the longitudinal direction of the fibre [144]. In addition, the matrix/fibre interface is also

a preferential area for porosity to be formed (i.e., lack of wettability), which can further

promote moisture transport and accumulation.

5.3.2 3D water diffusion

The full 3D solution to the Fickian diffusion behaviour with anisotropic diffusion coefficients

is [244]:

Mt = (1− (
8

π2 )
3

∞

∑
i=0

∞

∑
j=0

∞

∑
k=0

exp(−π2t(D1(
2i+1

a )2 +D2(
2 j+1

b )2 +D1(
2k+1

c )2))

(2i+1)2(2 j+1)2(2k+1)2 )∗M∞ (5.5)

In Eq. (5.5) Mt is the moisture content that varies with the time t. M∞ is the saturation

moisture content (%) and Di corresponds to the diffusion coefficient through the i direction

(mm2/s). a,b,c are the dimensions of the specimens through the 1, 2 and 3 diffusion directions.

The aim here of fitting the data to the full 3D model was to determine the values of the

diffusivities D1, D2, D3 and M∞ of the unsealed specimens when immersed in the water, by

minimizing the residuals in Eq. (5.4). To carry out the identification of the diffusivities, 4

different methods have been applied:
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I. Changing D1, D2, D3 and M∞ simultaneously to reach the minimum error [224, 235,

237];

II. Changing D1, D2, D3, but keep the measured M∞ to reach the minimum error [234,

238];

III. Changing D3, but maintain constant the measured M∞ and scaled factors R1, R2 to

reach the minimum error. This is the original method presented in this work;

IV. Use all parameters from the sealed experiments D1, D2, D3 [237, 238].

The fitting process is shown in the Fig. 5.3. The results of the identifications of the

diffusivity parameters from these four methods are shown in Fig. 5.4(a) and Table 5.2.

Method I) [224, 235, 237] shows the best agreement between experiments, providing the

minimum residual (3.55∗10−4) among all of them because of the most controlled parameters

(D1, D2, D3 and M∞). Method II) [234, 238] also provides a low residual (4.81∗10−4) to

control the fitting of D1, D2, D3. However, the physical relevance of the parameters extracted

from methods I) and II) are questionable. The fitted diffusion parameters are quite different

from those obtained from the experiments on the sealed samples: for example, the value

of D1 value from the sealed experiment is 11.6 ∗ 10−5mm2/s, while the analogous value

extracted from the method I) is 118.2∗10−5mm2/s. Also, values fitted following the same

method have vast differences seeing Fig. 5.4(b): the diffusion parameters from I(1) and

I(2) are completely different, but provide the exactly same overall moisture level. The same

situation occurs between II(1) and II(2). The solution of methods (I and II) is not unique,

because the moisture uptake evolution over time is dictated by the effect of coupling between

the three directions (D1, D2, D3) which has difficulty originating the separate contributions;

The results are counterintuitive: D3 should never be 0 and the coefficient D1 should never be

over 100∗10−5mm2/s [7,18,19,21,22]. In summary: identifying the terms D1, D2, D3 from

the fitting by using methods I and II is useful when considering the coupling between the

effects, but not anymore when the contributions between the terms are separated.

The results from IV exhibit the largest errors. Some of the moisture diffusion works

described in open literature [237, 238] confirm that the water diffusion in biobased composites

is complex and the diffusion parameters identified from sealed samples do not allow for a
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Fig. 5.3 Schematic flow diagram describing how the directional diffusion coefficients have
been determined for the four methods.
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Table 5.2 Fitting results related to the 4 methods. The shaded parts are the fitting parameters.

method D1(mm2/s)∗10−5 D2(mm2/s)∗10−5 D3(mm2/s)∗10−5 M∞(%) error(10−4)

I(1) 0.070 0.070 0.090 15.53 3.9007

I(2) 118.2 0.030 0.000 15.49 3.5514

II(1) 0.012 0.012 0.112 14.44 4.8120

II(2) 143.1 0.010 0.000 14.44 4.8145

III D3 ∗R1 D3 ∗R2 0.077 14.44 9.8537

IV 11.58 3.09 0.087 14.44 11.8266

Fig. 5.4 a) Results of the identification of the diffusivity parameters using the four methods
of this paper. b) Two set results of diffusion parameters D1, D2, D3 from method I) or II) are
significantly different. Those parameters however provide the same coupling effects during
the identification process.
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direct description of the 3D water diffusion behaviour. From the results of this work, method

III is recommended because the fitting of the terms D1, D2, D3 are controlled by the ratios R1

and R2 that relate to the physical values from sealed experiments and minimize the overall

error.

5.3.3 Effects of the ply design and geometry

Two types of samples with square (20mm∗20mm) and long rectangle shapes (70mm∗10mm)

have been cut. Each type of specimen has 4 different laminates ([908], [01907], [02906]

and [03905]). Sample L[01907] is indicative of long rectangle shape samples with 70mm

(x)*10mm (y) size. That sample also has 1 layer whose fibre direction is parallel to x axis

and 7 layers parallel to y axis.

Different from balanced [908] laminates, the x-axis and y-axis of the unbalanced speci-

mens have both layers with fibres in the longitudinal and transverse direction. The global

diffusion parameters Dx and Dy of the unbalanced samples mix the local diffusion parameters

D1 and D2. The global diffusion parameters Dx and Dy are calculated by using a finite

element approach in Abaqus 2018. The analysis type here is ‘Mass diffusion’. The size

of the model is 10mm∗10mm∗0.56mm, a quarter of the experimental samples because the

diffusion behaviours are considered symmetric. The model has been partitioned into two

parts because of the unbalanced design and the local diffusion parameters D1, D2 and D3

are derived from method III. The FE models are made of 6400 elements (20∗20∗16 from

x, y, z), with element type DC3D8. The loading method is like the one present in the 1D

experiments, i.e., by sealing the boundary and collecting the overall moisture content from

the specific direction (x, y and z) respectively, to fit the Dx, Dy and Dz values [235, 236]. The

loading at the boundary corresponds to the moisture concentration at saturation. The output

of the model is the moisture concentration (CONC) of every element and the normalized

concentration (NNC) of every node. The final fitting results of Dx, Dy and Dz and the relative

relationships Rx and Ry are shown in Table 5.3. The Dmix (i.e., the global diffusion parameters

D of the unbalanced samples from the mixing of D1 and D2) are larger if the percentage of

D1 is higher. Similar as other mixture theories, Dmix can be predicted as in Eq. 5.6. The
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Table 5.3 Fitting results related to the 4 methods. The shaded parts are the fitting parameters.

samples
D1(mm2/s)
∗10−5

D2(mm2/s)
∗10−5

D3(mm2/s)
∗10−5

Dx(mm2/s)
∗10−5

Dy(mm2/s)
∗10−5

Dz(mm2/s)
∗10−5 Rx Ry

[908]

D3 ∗R1 D3 ∗R2 D3

D2 D1

D3

R2 R1

[01907] 1.32∗D2 0.90∗D1 47.08 120.54

[02906] 1.63∗D2 0.80∗D1 58.03 107.33

[03905] 1.95∗D2 0.70∗D1 69.45 94.24

Fig. 5.5 Relationship between the global diffusion parameters Dmix of the unbalanced hygro-
morphs and the percentage of layers C1 containing fibres oriented at 0◦. The dotted points
are derived from the finite element simulation, while the continuous line represents Eq. (5.6)

predicted values of Dmix show a substantial agreement with the finite element results - see

Fig. 5.5.

Dmix = D1 ∗C1 +D2 ∗ (1−C1) (5.6)

In Eq. (5.6), Dmix is the global diffusion parameter of the unbalanced samples, while D1

and D2 are the local diffusion parameters along and transverse to the direction of the fibres;

C1 is the percentage of fibre direction layers.

After calculating the terms Dx and Dy related to the layers oriented at 0◦ and 90◦, the new

scaling factors Rx and Ry can be calculated. The new sets of diffusion parameters for different
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Table 5.4 Global diffusion parameters Dx, Dy and Dz for different laminates and the error
between the fitting results and practical experiments.

Laminates
Dx(mm2/s)
∗10−5

Dy(mm2/s)
∗10−5

Dz(mm2/s)
∗10−5 M∞(%)

Error
(10−4)

S[908]

Dz ∗Rx Dz ∗Ry

0.077 14.44 9.8537

S[01907] 0.093 18.03 2.3544

S[02906] 0.128 21.47 23.2464

S[03905] 0.140 22.14 18.4924

L[908] 0.095 14.18 3.7325

L[01907] 0.149 17.24 1.9681

L[02906] 0.152 19.42 3.4011

L[03905] 0.202 21.80 1.9388

Fig. 5.6 Experimental evolution of the water uptake for the square (S) and long rectangle (L)
shaped hygromorphs with different stacking sequences and the predicting results (lines) by
the 3D diffusion model. a) square cases and b) long rectangle cases.
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Fig. 5.7 Relationship between saturated moisture content M∞ and the diffusion parameter Dz.
Comparison of errors between experimentally measured Dz (orange) and linear fitting Dz
(green).

laminates and shapes are computed following method III in Table 5.4. The experimental

results and the simulations are shown in the Fig. 5.6; square shapes and long rectangle

samples are displayed in Fig. 5.6(a) and 5.6(b), respectively.

The experimental results show that the overall water uptake of the various cases is

different, especially for different laminates (Table 5.3). The unbalanced laminates absorb

more than the balanced ones. Composites with different fibre directions have a better moisture

transfer along the various directions, and architectures with stacking sequences including

fibres along multiple directions absorb more moisture than unidirectional ones [224]. In

the case of unbalanced samples, the bending during the shape change also induces internal

compression stresses, which may help to increase the amount of moisture diffused [245]. The

[03905] saturated moisture content is higher than [02906] and larger than the [01907] case, as

also happens for the Dz terms. A scatter chart shows the relationship between M∞ and Dz

and the linear fitting is applied (Fig.5.7 (a)). The scatters related to the S and L specimens

cluster around a line. The predicted Dz (transparent points in the line) matches well the

experimental results and the different errors within the fitting (orange colour) from method

c. The predicted values of Dz from the linear fitting are compared in Fig.5.7 (b). The small

error increase related to the identified Dz values indicates that the saturated moisture content
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M∞ is useful to predict the set diffusion parameters Dx, Dy and Dz within the same sample

shape and different laminates.

5.3.4 Advantages of the 3D diffusion model

The thickness of hygromorph composites used to achieve high curvature ranges is usually

very small compared to their planar sizes. Most of the current hygromorphs designed for

actuation are based on diffusion along the thickness because the small thickness dimensions

are mostly instrumental to the moisture transfer [12, 70, 79]. However, besides the effects due

to the geometry of the hygromorphs, the diffusion parameters along the fibres longitudinal

direction also play an important role that should not be overlooked. To highlight this point,

Fig. 5.8 shows a Venn Diagram about the evolution of the moisture content being transferred

along the planar and through-the-thickness directions for S[908] laminates with different

sizes. The data in the Venn diagram are based on the diffusion parameters shown in Table 5.4.

The values of the moisture gains in the plane of the hygromorph (i.e., the overall area without

the thickness absorption) and the overall moisture absorption (total area) are also marked.

During transient, a non-negligible amount of moisture comes from the length and width

directions, and this indicates the usefulness of adopting a 3D diffusion model for hygromorph

composites. In the case of square hygromorphs (20mm*20mm), the moisture along the y

direction is larger than along the x one, because the y axis is parallel to the longitudinal

direction of the fibres. For samples with rectangular shapes, the shorter the x and y directions,

the more significant role the in-plane effect plays. Existing published works on composite

natural fibre hygromorphs describe actuators that have widths exactly of 10mm [12, 70, 79],

which indicate that non-negligible in-plane diffusion effects do exist. If narrower samples are

designed with 5mm of width, the moisture from the fibre direction is larger than in the case

of the thickness one (Fig 5.8. 70mm*5mm case). It is important to notice that the in-plane

diffusivity effects are stronger during the transient phase of the actuation. During the first

0.25 h, the in-plane diffusivity for the 70 mm X 5 mm hygromorph accounts for 52% of the

total diffusion within the biobased composite, and this ratio decreases to 37% when the

width of the hygromorph is double (10 mm). After 4h, the planar diffusivity accounts for
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Fig. 5.8 Venn plots of the moisture distribution through the x, y and z directions for square and
rectangle-shaped hygromorph samples with a [908] stacking sequence. For each diffusion
time, the values a/b indicate the overall moisture absorption minus from the thickness
direction (overall area minus Z area); b is the overall moisture absorption (total area).

40% for the slenderest hygromorph, and to 26% for the 10 mm width one. Only a steady state

(16 hours), the final contribution of the planar diffusivity is minor ( 9% for the hygromorph

with 10 mm width).

The hygromorphs examined in this example all have a small thickness (0.56mm), com-

pared to their in-plane dimensions. Nonetheless, 3D-based moisture diffusion behaviours

appear more descriptive of the different phases of the moisture-induced actuation than

equivalent 1D models applied to the thickness direction only.
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5.3.5 Moisture distribution with the 3D model

Square versus long rectangle shapes

The moisture distribution along the 3 directions within balanced [908] laminates of square

(20 x 20mm) and long rectangle shapes (70 x 10mm) is computed using the Finite Element

model (Fig. 5.9). The simulations are carried out using the modified diffusivity parameters

shown in Table 5.4. Here the longitudinal direction of the fibres is along the y axis. The

selected time intervals are 0.25, 1, 4 and 16 hours. The moisture concentration in the model

is extracted at each node and averaged within the cross-sections normal to the x, y and z

directions. The moisture distribution results are not equal through the x or y directions,

reflecting the presence of edge effects within the Finite Element model. The position near

the in-plane edge absorbs higher moisture than in the middle part and the higher amount

of moisture would not be identified if the simple 1D diffusivity model is applied. For the

S[908] samples, the moisture absorption along the z direction is larger than in the y and the x

ones. The reason behind this behaviour is the very thin size along the z direction (0.56 mm)

and the highest diffusivity (Table 5.4) in the y direction. In the L[908] cases, the y direction

plays a more important role because of the shorter size (from 20mm to 10mm), while the x

direction effects are less important (increase of the length to 70mm). For example, during a 4

hours diffusion time, the moisture through the y direction in the S[908] laminate is small in

the middle part. This however does not occur for the L[908] laminate, which has a nearly flat

shape like the S[908] but possesses an evident curved behaviour.

Balanced versus Unbalanced architectures

Unbalanced laminates are not common architectures of natural fibre composites [223, 224,

228–230, 232], however the laminate with the [03905] stacking sequence is treated here as

an example. Like balanced laminates, the water distribution through the thickness increases

from the middle to the top or bottom laminae. The laminae of an unbalanced laminate are

numbered from 1 to 7 (Fig 5.10). The parts shown in the figure represent one-quarter of

the composite because the rest of the structure is symmetric. The diffusion time here is 1
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Fig. 5.9 Moisture distribution through x, y and z directions of square (S) and long (L – 70
mm X 10 mm) rectangle-shaped samples with the [908] stacking sequence.
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Fig. 5.10 The composite architecture of [03905] laminates and the colourmap of the normal-
ized concentration of moisture distribution through the thickness.

hour. The results shown are related to the normalized concentration of moisture at each

node (NNC) of the Finite Element model. The unbalanced stacking sequence also makes the

water diffusion unbalanced. The fibres in laminas 1 and 2 absorb more along the longitudinal

direction (i.e., the fibre directions), while laminae 6 and 7 absorb more along the transverse

direction (which also correspond to the uniaxial direction of the fibres); this behaviour is also

more evident in laminas 2 and 6. Lamina 3 is special, because it connects the reinforcing flax

fibres from two directions; that is why the amount of absorbed water is larger than the one in

lamina 5 in the longitudinal direction, but it is similar in the transverse one.

Balanced versus Unbalanced architectures

The distribution of the moisture content in slender rectangular flax/epoxy hygromorphs

with different stacking sequences ([01907], [02906] and [03905]) is shown in Fig 5.11. The

experimental results show that their amounts of water uptake are different (Fig 5.8) and that

also the diffusivity along the three main directions differ. The distribution of the moisture

content through the thickness is also slightly unbalanced. The overall moisture in the laminas

with fibres interfacing at the two orthogonal directions is always larger than in the case of the

symmetric laminates (Fig. 5.9).
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Fig. 5.11 Through-the-thickness moisture distribution in unbalanced [01907], [02906] and
[03905] hygromorph composites.

Fig. 5.12 Stress distributions through thickness for the unbalanced [01907], [02906] and
[03905] hygromorphs.
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5.3.6 Stress distribution

The distributed moisture contributes to the level of internal stresses in biocomposites. The

hygroscopic expansion relationship between moisture content and expansion ratio is found

in [70]. The same geometry and the same mesh are used for obtaining a static solution. The

moisture concentration at each node is the input loading, and the material properties contain

the expansion ratio and the values of the tensile moduli versus the moisture content. The

distribution of the internal hygroscopic stresses through the laminate thickness is shown in

Fig. 5.12. The largest stress (tensile or compressive) happens close to the interface between

the 0◦ and 90◦ plies, no matter the laminate architecture considered. The σxx stress close

to the interface of those laminae first increases, and then decreases over time. The reason

for this is due to the decrease of the tensile modulus of flax composite materials with the

moisture uptake [70, 12, 130] , although the hygroscopic strain increases continuously. In

the different types of laminates, the values of σxx stress in the steady state (green line) at the

interface decrease with the decrease of the number of 90◦ plies because 90◦ laminae create

hygroscopic differential strains, and ◦ laminae bear those generated hygroscopic strains.

5.4 Conclusion

In this work, flax fibres reinforced epoxy hygromorph composites have been manufactured

and subjected to diffusion experiments to identify the parameters D1, D2, D3 and M∞. Scaling

factors R1 = D1/D3 and R2 = D2/D3 have been used within the formulation of 3D diffusion

models. Agreement between experimental and analytical models is observed for both the

balanced and unbalanced architectures of the biocomposites when investigating two types

of samples shapes (20mm *20mm and 70mm *10mm) and four different laminates design

([908], [01907], [02906] and [03905]). The effects of the diffusion with the different laminates

designs and the geometry of composites are evaluated, with particular emphasis on the time

history of the moisture distribution through the thickness and the internal stresses distribution

by hygroscopic expansion.
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The proposed new method to obtain diffusivity parameters is discussed in comparison with

the existing 3D diffusion methods. The method proposed in this work is particularly suitable

for slender hygromorphs, because the planar moisture diffusion in those biobased composites

is non-negligible. The diffusion model proposed in this work also helps to understand

the moisture diffusion behaviours and mechanisms in general hygromorph composites and

adaptive structures derived from those natural fibre-reinforced composites.





Chapter 6

Conclusion and Future Work

Current existing hygromorph composites made using natural long fibre reinforcements

can provide large deformations and significant tensile/bending properties, constituting an

example of sustainable and low-carbon environmental impact material. However, classical

hygromorphs feature a limited one-way relation between the surrounding relative humidity

and the morphed shape. The work presented in this thesis overcomes this limitation by

combining natural fibres with shape memory polymers. The resulting smart biobased

composite (also called HyTemC) transforms classical hygromorph composites into both

moisture and temperature-responsive materials. Two possible states for these hygromorphs

are possible: a programming one, and an actuation state. The HyTemC is programmed when

heating over the Tg temperature; this heating provides the build-up of a new relationship

between moisture content and the morphed shape. At room temperature, the new type of

hygromorph is responsive to the humidity of the environment like common hygromorph

composites. The original and specific contributions of this thesis to the field of hygromorphs

are summarised in the following section.

6.1 Conclusions

The contributions are related to three main aspects: materials, structures and the analysis of

the model. The combination of natural fibres and shape memory structural polymers is a
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novelty that has been developed for the first time within our work. The new resulting biobased

materials are also applied as structural actuators for the first time. The material systems

described in this thesis have several features enhanced compared to existing hygromorphs:

the design space is significantly increased, encompassing moisture and temperature, while

higher fidelity 3D diffusion models provide a better understanding of different absorbing

moisture behaviours.

6.1.1 Materials

The hygromorph biobased material systems proposed in this PhD possess the following

qualities:

• Autonomy:the actuation process is autonomous. The stimuli for actuation come from

the operational surroundings so that the materials are actuated without any extra device

generating stimuli like temperature, electric and magnetic fields, or via the dynamic

reconfiguration of fluids.

• Programmable: the motions related to actuation can be programmed before the hy-

gromorph is exposed to the operational environment. The one-to-one relationship

between internal moisture content and the final shape is overcome, which means that

under a specific humidity environment the finial morphed shape is not fixed, and it is

programmable. The working condition is the information required as input, while the

required morphed shape is the output we want to achieve. The heating of the HyTemC

over the Tg temperature builds a new relationship between humidity (operational con-

dition) and the morphed shape (design requirement), which can significantly broaden

the range of applications.

• Significant mechanical properties: the tensile modulus of these flax-reinforced

composites is 13.8 GPa in the longitudinal, and 3.5 GPa along the transverse directions

at 20 °C and RH 50%). The HyTemCs developed in this thesis can also provide large

actuating stresses up to 20.2 MPa when actuating from RH 50% to immersed state,

and 88.6 MPa from immersed conditions to RH 50%.
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• Repeatability and shape stability: actuation and programming could be repeatable

without any external force, although degradation is observed. After actuation, the

device made with the HyTemC materials systems maintains the actuated shapes (i.e.,

zero-power configuration).

• Easy to manufacture and environmentally friendly: the manufacturing method is

easy and based on traditional resin film infusion techniques for autoclave, rather than

complex chemical synthesis and 3D printing technologies. Additionally, flax technical

fibres are relatively inexpensive and also recyclable. TFlax prepreg tapes with shape

memory polymers can be applied widely at laboratory and industrial scales.

6.1.2 For structures

The structures actuated by the biobased hygromorph systems developed in this PhD work

are a gripper with 5 HyTemC fingers and smart morphing frames with electro-adhesive

topologies.

• The gripper made of five HyTemC fingers can grasp objects in both water and air. The

same grasping actuation happens with different operational environments. This exam-

ple has shown how it is possible to overcome successfully the one-to-one relationship

between moisture content and the final morphed shape.

• The high stiffness provided by the gripper with the five HyTemC fingers makes it

possible to carry relatively heavy objects, even several times heavier than the weight of

the 5 stripes gripper alone. In the air, 5 stripes with 2.8 g self weight however manage

to hold the 23 g ball easily. The device could also be capable to carry larger weights at

ease, by changing - for example - the ball with a cylinder, or by adding some grooves

that facilitate the grasp. Three HyTemC stripes of 1.70 g can lift six pens (40 g); this

corresponds to 23 times their own weight.

• Smart morphing electro-adhesive frames manage to actuate the adhesive surface be-

cause of the large actuating stresses they can provide. Various surface configurations
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can be created: flat, concave, and convex. Although a curvature loss is observed, a

final curvature of up to 39.3 m−1 when the device is bent can be reached to match the

concave surface; similarly, a 26.7 m−1 curvature can be reached to match the convex

surface. The directions of the bending (concave/convex) are determined by the stacking

sequences of the laminates. Bending into convex shapes requires more actuation forces

than in the case of the concave ones for the same amount of curvature, because of

the different structural stiffness; that is the reason behind the difference in terms of

maximum curvatures between concave and convex shapes.

• A novel concept of the metasurface is created when HyTemCs are distributed in arrays.

Electro-adhesive metasurfaces are programmed and to adapt to multiple and complex

object shapes (flat, concave, convex, dual concave, and wavy shapes). Good agreement

has been observed between the experimental and the target functions representing the

objects, even when the shapes are complex.

• No external contact forces are required to activate the metasurfaces with the biobased

hygrmorph composites. The active and autonomous shape-changing performances

provided by the biobased HyTemCs provide a high-precision match between the

actuated surfaces and the objects to be handled. Only the electroadhesive force is

applied to the objects to overcome gravity, with negligible compressive forces. This

feature makes the proposed biobased metasurface highly suited to handle fragile

objects.

6.1.3 3D diffusion model

The design of state-of-the-art hygromorph composites involves the use of a 1D diffusion

model through the thickness direction, because those hygromorphs are quite thin in terms

of thickness. However, the moisture will also transfer quickly along the fibre direction,

and this is an important aspect to consider. A new method has been proposed in this

thesis to extract from hygromorph composites the diffusion parameters from each direction.

The method allows predicting the diffusion effects in different flax fibre laminates designs
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and architectures (balanced and unbalanced laminates). The moisture distribution of those

laminates, the corresponding hygroscopic expansion and induced stresses distribution have all

been described and benchmarked. The new 3D moisture diffusion model helps to understand

hygromorph composites absorbing moisture behaviour and consequential actuation.

6.2 Future work

One of the major drawbacks of long natural fibres hygromorph composites is the actuation

speed. To quick the actuation rate, several solutions could be tried. The increase of fibre

volume fraction and the production of thinner samples would improve the speeds of moisture

absorption or desorption. 3D printing technology could also help to increase at the local level

the fibre fraction and make thinner samples [7, 132]. For desorption actuation, the electric

current in the circuits creates higher operational temperatures because of Joule effects, which

also helps faster moisture desorbing. More porous matrix or fibres can also be applied to

boost moisture transfer; for hydrogels, the super porous structure can also boost actuating

time up to 60 seconds [150–152]. The increase of porosity would however definitely cause

a reduction in terms mechanical strength of the structures. The designer should therefore

balance the mechanical reduction and the faster actuating speeds. Also, the actuating speed

can be boosted by making use of elastic instabilities [153–156], with potential resulting

challenges in terms of control and repeatability of the actuation.

Parametric analysis should be performed to reach suitable curvature ranges and bending

stiffness in hygromorph composites at flat and curvy states. Models or metalmodels should

be built for different active and passive layer thicknesses, sample lengths and widths. The

relationship between the input like dimension of samples and output like curvature ranges

and bending stiffness will be easily displayed. The built model for parametric analysis would

be helpful to guide design of A machine-learning approach has been already developed by

Sadat [246] based on the raw data in Appendix A [174].

More evident experiments should be conducted and evaluated, like the tensile modulus,

longitude and transverse strengths over cycles and the internal stresses and curvatures can
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be predicted correctly during the cyclic loading. The Visual measurements like optical

microscope [141, 142], scanning electron microscopy [140] and computed tomography

scanner [141] should also be tested in future work and they help to understand moisture-

transferring and fatigue mechanisms.

For more complex composite designs and various shapes to make, 3D printing should

be further developed in the future. The direction and steering of the fibres will be more

controllable, and hopefully, samples would also be more to manufacture and study. Once the

printer is built, the 3D printing method could represent a more efficient way to make various

samples [7, 132].

Hygromoph composites are natural fibre based materials, but they can be made even

more environmental friendly. Biobased matrices should be more selected in future, like bio

Epoxy, Vinylester, and Polyester Resins. Other elements in the structure to be actuated will

be replaced using sustainable components, like substrates supporting the structures, and

connectors between substrates and hygromorph composites.

Hygromorph composites have great potential in terms of use in several shape-morphing

applications. They can morph without using extra devices to provide stimuli and they can

also provide large actuating stresses. Most of the current demonstrators are however at the

lab stage and used for prototype exhibitions. They should not just be made like self-folding

flowers, but actuators in practical working cases. Underwater grasping is an example of

future design, together with morphing underwater surface controls [12].

6.3 Other works

Except for the above-mentioned main stream research, there are also other works during my

PhD study:

• Study of tunable, multi-modal, and multi-directional vibration energy harvester shown

in Appendix B. (Sun R1, Li Q1, Yao J, Scarpa F, Rossiter J. Tunable, multi-modal, and

multi-directional vibration energy harvester based on three-dimensional architected

metastructures. Appl Energy 2020;264:114615.)
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• Worked as Research Assistant in the EU Bio-Based Industries SSUCHY project

dedicated to sustainable structural and multifunctional biocomposites from hybrid

natural fibres and bio-based polymers (https://www.ssuchy.eu/)
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Appendix A

Original experimental data description

This data article presents four experiment results of flax fibre composite: water vapor absorp-

tion, mass diffusion immersed in water, hygroscopic expansion, mechanical properties. The

water vapor absorption tests consists raw data of four types of laminate samples weights for

different relative humidity (0%, 9%, 30%, 44%,75%, 85% and 100%) while mass diffusion

experiments contains immersed samples weights over time. Unidirectional composite hy-

groscopic expansion is also tested in fibre longitude and transverse directions. Additionally,

mechanical properties of flax composite varies temperature (20°C, 40°C, 60°C, 80°C and

100°C) and humidity environment (50% and immersed). The data presented in this article

can be used as input data for models or for data processing during determination of other

properties experimentally.

Value of the data

• Natural fibres composites are promising materials because of their high performance

in mechanical properties and also environment friendly and low-cost characters. It is

highly important to study water vapor sorption, mass diffusion, Hygroscopic expan-

sion and tensile Young’s modulus varying different thermal and humidity conditions

to humidity sensitive biocomposites. The obtained data can be used as materials

parameters for the same kind of biocomposites, as benchmark for similar materials

and suggestions when designing materials. Detailed and complete parametres of flax



152 Original experimental data description

Subject Ceramics and Composites

Specific subject
area

Flax fibres composite

Type of data Table (comma separated values)

How the data
were acquired

For vapor water sorption:

• Samples: flax fibre composites with 4 different laminates
[908], [01907], [02,906] and [03905]. ([0m90n] means that
bilayer microstructure architecture has m laminas in the
fibre longitudinal direction and n lamina along the trans-
verse direction.)

• A saturated solution of potassium hydroxide (KOH), mag-
nesium chloride (MgCl2), potassium carbonate (K2CO3),
sodium chloride (NaCl), potassium chloride (KCl) and
water created relative humidity (RH) conditions 9%, 33%,
44%,75%, 85% and 100%, respectively.

• Weights of samples stored in created relative humidity
conditions for more than 48 hours were tested by a bal-
ance with an accuracy of 10−3 g.

For mass diffusion:

• Samples: flax fibre composites with 4 different laminates
[908], [01907], [02,906] and [03905].

• Samples stored at 50% RH condition were immersed in
the water. The absorbing weights over time are tested by
a balance with an accuracy of 10−3 g.

• Saturated samples were dried in the 50% RH condition
and the desorbing weights over time were also tested in
the same way.

For hygroscopic expansion:

• Samples: unidirectional laminates [908].

• Samples were stored at above-mentioned RH conditions.

• The dimensions of samples were measured by a Mitutoyo
micrometre.
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How the data
were acquired

For mechanical properties:

• Samples: unidirectional laminates [08] and [908].

• Samples were measured separately according to ISO 527-
4 standards, using a Shimadzu universal testing machine
(cell load 5 kN) with a crosshead speed of 1 mm/min.

• RH 50% and immersed samples were wrapped by poly-
mer film to prevent the loss of moisture during tests.

• A heating chamber to control setting temperature and
thermocouples were also used to verify the temperature
near the samples.

Data format Raw (weights and dimensions of samples, time temperature),
filtered (force-displacement diagrams) and analysed (moisture
content, diffusion parameters, hygroscopic expansion, stress-
strain diagrams, tensile modulus).

Description of
data collection • Samples at various RH conditions were weighted by a

balance with an accuracy of 10−3 g.

• The dimensions of samples were measured by a Mitutoyo
micrometre.

• Force-displacement diagrams of tensile condition were
tested by a Shimadzu universal testing machine (cell load
5 kN)

Data source loca-
tion

Institution: University of Bristol
City/Town/Region: Bristol
Country: UK
Latitude and longitude (and GPS coordinates, if possible) for
collected samples/data: 51.4584° N, 2.6030° W

Data accessibil-
ity

DOI: 10.17632/t7fr46vjcs.1 at [174]

Related research
article

Q. Li, R. Sun, A. Le Duigou, J. Guo, J. Rossiter, L. Liu, J. Leng,
F. Scarpa, Programmable and reconfigurable hygro-thermo
morphing materials with multifunctional shape transformation,
Appl. Mater. Today.
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composites are helpful in simulation works for understanding, predicting and designing

proper materials.

• Researchers who study natural fibres composite material properties that are influenced

by humidity can benefit from this data set. For examples, how much moisture contained

in biocomposites varying humidity environments and how much expansion and how

mechanical properties change of biocomposites containing moistures.

• Data from four experiments are analysed into widely applied materials parametres:

sorption moisture content, diffusivity, hygroscopic expansion ration and Young’s mod-

ulus. These parametres can be used directly for simulation models and as comparative

parametres for other kinds of natural fibres composites.

Data description

The file names start with the four experiment: 1-Water Vapor Sorption, 2-Mass diffusion, 3-

Hygroscopic Expansion and 4- Tensile Property.

1. Water Vapor Sorption

It contains two files: original weights of samples varying RH conditions (named

‘weight’)and analysed moisture content varying RH conditions (named ‘moisture

content’). For ‘weight’ file the data in the columns is the following:

• Column 1: Specimen index; ‘8-1’ means the [908] laminate number 1 sample.

• Column 2 to Column 12: weights of samples at 9%, 33%, 44%, 75%, 85%, 100%,

85%, 75%, 44%, 33%, 9%. The unit is mg.

For ‘moisture content’ file the data in the columns is the following:

• Column 1: Specimen index; ‘8-1’ means the [908] laminate number 1 sample.

• Column 2 to Column 12: moisture content of samples at 9%, 33%, 44%, 75%,

85%, 100%, 85%, 75%, 44%, 33%, 9%. The unit is %.
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2. Mass Diffusion

It contains six files: three of them are original weights of immersed samples over

time for 1st cycle absorption, 10th cycle absorption and 10th cycle desorption respec-

tively (named ‘1st_absorb_weight’, ‘10th_ absorb_weight’, and ’10th_desorb_weight’)

and the other three files are analysed moisture content over time (named ‘analy-

sis_1stcycle_absorb_massdiffusion’, ‘analysis_10thcycle_absorb_massdiffusion’ and

‘analysis_10thcycle_desorb_massdiffusion’). For ‘_weight’ files the data in the columns

is the following:

• Column 1: Specimen index; ‘8-1’ means the [908] laminate number 1 sample.

• Column 2 to end Column: weights of samples at over time. The unit is mg.

For ‘_massdiffusion’ files the data in the columns is the following:

• Column 1: Specimen index; ‘8-1’ means the [908] laminate number 1 sample.

• Column 2 to end Column: moisture content of samples at over time. The unit is

%.

3. Hygroscopic Expansion

It contains two files: 7 smaples’ original weights, length and width when absorbing

moisture. (named ‘length and width’) and analysed hygroscopic expansion with

different moisture contents (named ‘longitude and transverse expansion’).

For ‘length and width’ files the data in the columns is the following:

• Column 1 to Column 5 are: weights of samples (g), length of two positions and

width of two positions (mm).

For ‘longitude and transverse expansion’ files the data in the columns is the following:

• Column 1: moisture content (%)

• Column 2: longitude expansion (%)

• Column 3: transverse expansion (%)
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4. Tensile Property It contains three parts: in ‘force-displacement’ folder, in ‘strain-stress’

folder and the ‘Tensile modulus’ file.

In ‘force-displacement’ folder, there are 100 tested samples data named as ‘L-20-dry-1’

meaning longitude direction, 20°C temperature, 50%RH and the first tested sample and

‘T-100-wet-2’ meaning transverse direction, 100°C temperature, immersed condition

and the second tested sample. The data in the columns is the following:

• Column 1: force (N)

• Column 2: displacement (mm)

In ‘strain-stress’ folder, the file naming method is the same as ‘force-displacement’

folder. The data in the columns is the following:

• Column 1: strain

• Column 2: stress (MPa)

For ‘Tensile modulus’ file, the data in the columns is the following:

• Column 1: Specimen Index (1-100)

• Column 2: direction: longitude or transverse

• Column 3: temperature (°C)

• Column 4: Humidity: 50% or Immersed

• Column 5: Tensile modulus (GPa)
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Other research

Appendix B is based on the work presented in the paper:

Sun R1, Li Q1, Yao J, Scarpa F, Rossiter J. Tunable, multi-modal, and multi-directional

vibration energy harvester based on three-dimensional architected metastructures. Appl

Energy 2020;264:114615.

https://doi.org/10.1016/j.apenergy.2020.114615

Qinyu Li: Methodology, Investigation, Software, Writing -original draft, Writing - review

editing.
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Fig. S1 The positions of the concentrated unit force on the 3D metastructures. 
 

 
 

 
 

Fig. S2 The phase of structural transmissibility in four cantilever beams for the 3D buckled 
structure without Kirigami cuts 
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Fig. S3 The phase of structural transmissibility in four cantilever beams for the 3D buckled 
structure with Kirigami cuts. 
 

 
 
Fig. S4 The comparison of the structural transmissibility amplitudes between the 3D buckled 
structures with and without Kirigami cuts under vibrations in (a) x direction, (b) y direction, 
and (c) z direction. 
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Fig. S5 The comparison of the structural characteristics of the 2D planar structure with and 
without Kirigami cuts. 
 
 

 
 
Fig. S6 The comparison of the dynamic performances for the 3D energy harvesting system 
without Kirigami cuts under vibrations in (a) x direction, (b) y direction, and (c) z direction. 
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Fig. S7 The comparison of the dynamic performances for the 3D energy harvesting system 
with Kirigami cuts under vibrations in (a) x direction, (b) y direction, and (c) z direction. 
 
 

 
Fig. S8 The voltage output of the planar structure (a) without and (b) with Kirigami cuts under 

multi-directional vibrations. 
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Fig. S9 The comparison of the dynamic performances for 2D the energy harvesting system (a) 
without and (b) with Kirigami cuts under vibrations in z direction.  
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Fig. S10 The performance evaluation of the energy harvesting system without Kirigami cuts. 

The voltage outputs in wind directions of (a) in-plane 0
o
, (b) in-plane 45

o
, (c) in-plane 90

o
, and 

(d) out-of-plane with two wind speeds. 
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