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Abstract:

Hygromorph biocomposite (HBC) actuators make use of the transport properties of plant fibres to generate an
out-of-plane displacement when a moisture gradient is present. HBC actuators possess a design based on the
bilayer configuration of natural hygromorph actuators (like Pine cone, Wheat awn, Selaginella lepidophyll). In
this work we present a series of design guidelines for HBCs with improved performance, low environmental
footprints and high durability in severe environments. We develop a theoretical actuating response (curvature)
formulation of Maleic Anhydride PolyPropylene (MAPP)/plant fibres based on bimetallic actuators theory. The
actuation response is evaluated as a function of the fibre type (flax, jute, kenaf and coir). We demonstrate that
the actuation is directly related to the fibre microstructure and its biochemical composition. The jute and flax
fibres appear to be the best candidates for use in HBCs. Flax/MAPP and jute/MAPP HBCs exhibit similar actuating
behaviours during the sorption phase (amplitude and speed), but different desorption characteristics due to the
combined effect of the lumen size, fibre division and biochemical composition on the desorption mechanism.
During hygromechanical fatigue tests the jute/MAPP HBCs exhibit a drastic improvement in durability compared
to their flax counterparts. We also provide a demonstration on how HBCs can be used to trigger deployment of

more complex structures based on Origami and Kirigami designs.

Keywords: Natural fibres, biocomposite, actuator, moisture, morphing

1 Introduction

Deployable structures are in general actuated by using a mechanical or a multiphysics stimulus.
Researchers have recently investigated the feasibility of developing autonomous self-shaping

structures with integrated smart materials (such as shape memory alloys or polymers [1][2]) to reduce



the complexity of the systems. The change of temperature is an example of the stimulus used in these
shape memory materials to generate the morphing of the structure for deployment. Unlike metals,
shape memory polymers have low density and are easy to process and customize. To enhance the
deployment performance, Origami and Kirigami design strategies can be also adopted, as they enable
the transformation of 2D sheets into three-dimensional deployable configurations [3]. These two
design paradigms can also be used to produce deployable cellular materials, in which the final
honeycomb geometry can be well predicted from the folding and/or cutting pattern [4][5].

The natural environment is however complex, and a pure temperature variation may not be sufficient
to guarantee an actuation since temperature and humidity tend to superimpose their contributions.
Humidity is however rarely discussed as a potential stimulus for deployment systems [3][6][7], aside
from cases related to the self-folding of hydrogel-based micro-actuators [8], electrically activated

papers [9], or paper based respiration sensors [10].

In recent years different research groups have developed hygromorph biocomposites (HBCs), with
designs inspired by the bilayer microstructure of natural hydraulic actuators (e.g., pine cones [11][12]).
The bilayer configuration allows the triggering of an out-of-plane displacement response when a
moisture gradient is present. Contrary to synthetic actuating fibres [8], HBCs represent a disruptive
approach to use plant fibres and their natural actuation potential [11][13][14][15]. HBCs are also
inexpensive, locally available and environmentally friendly. The development and use of hygromorph
biocomposites also potentially opens different sets of applications for natural fibre producers, enabling
them to diversify the market share away from the traditional textile industry. Plant fibres exhibit high
water sensitivity and transverse swelling, which is currently considered as a major impediment to their
industrial development [16]. When plant fibres are used in asymmetric (bilayer-like) laminates, their
anisotropic swelling induces the formation of a curvature because of the formation of hygroscopic
stresses. Plant fibres function in this case as hygroscopically active building blocks, rather than as a
simple polymer reinforcement material.

The actuation of a moisture-induced actuator can be programmed through the swelling coefficient,
the moisture content, the stiffness or the thickness ratio [17][18]. Previous works related to flax
fibre/polypropylene (PP) hygromorph actuators have shown that the response not only depends upon
the fibre volume content, but also on the interfacial shear strength [15]. Nevertheless, the durability
of these actuators in severe environments like water immersion is limited by the mechanical
degradation. In this case, polysaccharides leachate and porosity are produced due to existing
swelling/shrinking processes and the delamination occurring between layers [14][15][19][20][21].

HBCs can also actuate in environments where the variation of moisture occurs with or without an



accompanying temperature change. HBCs can be therefore used as a deploying system as a whole, or

as building block for deployment, like an active hinge for self-shaping devices.

Natural reinforcements such as bast (e.g., flax, hemp, jute, or kenaf) and fruit fibres (coir) are derived
from local feedstocks, which feature a moderate environmental footprint [22] and potential
recyclability and compostability at their end of life. As a natural system, plant fibres have an intrinsic
complex and relation between hierarchical form and functionality. For example, bast fibres have a
primary role as stem reinforcement, but also possess a hierarchical structure with a low microfibrillar
angle (MFA) in their S2 sublayer, and this is to supply some lodging resistance [23][24] ( Table 1). Fruit
fibres like coir tend to protect seeds, so the germination could occur under optimal conditions. Their

MFA is naturally designed to be between 30° and 50° to enhance toughness [24].

Table 1 Biochemical composition and microstructure of different plant fibres

Fibres Cellulose [%] Hemicelluloses Lignin [%] | Pectins [%] | MFA (°) Ref.
[%]
Flax 64-85 11-17 2-3 1.8-2.0 10 [25][26]
Jute 61-75 13.6-20.4 12-13 0.6% 0.6 7-12 [27](28-30][26]
Kenaf 45-57 21.5 8-13 3-5 7-12 [27][29,32]
Coir 32-43 0.15-0.25 40-45 3-4 30-49 [271(33][26]

The biochemical composition of plant fibres also varies depending on their function and the
environmental conditions during harvesting. Hemicellulose-rich (~15%) and pectin-rich (~2%) cell walls
in flax are responsible for the major water sensitivity of those fibres, because of their amorphous
structure and their large number of available hydroxyl groups [26]. More lignin-rich cell walls such as
those presentin jute (~13% [26]) and coir fibres (~45% [24]) provide resistance to diseases and to water
[26][34][35].

The purpose of the present work is to establish a framework to design hygromorph actuators with
improved performance and durability, and to discuss the potential application of these materials in
simple smart assemblies. Here we present a plant fibre selection methodology based on their laminate
hygroelastic properties and their theoretical curvature predicted by adapting a bimetallic theoretical
model. The natural actuation ability of the fibres is discussed according to their microstructure and
biochemical composition. The two best fibre candidates are then compared on the basis of their
actuation performance. Mechanical and biochemistry tests are then used to investigate their durability
in a severe environment. Finally, the potential of using Origami and Kirigami designs to develop

hierarchical deployment systems based on HBCs is also discussed.



2  Materials and Methods

2.1 Materials selection

In this study flax, jute, kenaf and coir fibre composites have been selected as the actuating fibres,
because these natural reinforcements exhibit quite a wide range of microstructural and biochemical
properties. These fibres are also available as off-the-shelf industrial products in several countries,
which makes feasible the concept of producing HBCs using local resources.

Flax fibres (Linum usitatissimum) were harvested in France and then dew-retted before being scotched
and hackled. Unidirectional flax fibre tape (200 g/m? and 50 g/m?) was supplied by Lineo®. Jute fibres
(Corchorus capsularis L) of the Tossa variety were supplied by Gold of Bengal. Kenaf fibres (Hibiscus
cannabinus L.) were obtained from La Chanvriere de I'’Aube, whereas Coconut or Coir fibres were
provided by a car-seat padding manufacturer in Indonesia. The fibres were hand-hackled to form a
unidirectional tape without any transverse.

Extruded and film-cast PP (PPC 3660 from Total Petrochemicals, 70g/m?) and maleic anhydride (MA)-

compatibilized polypropylene (MAPP) have been used.

2.2 Manufacturing of laminates and HBCs

Composite laminates with flax, jute, kenaf and coir fibres were then manufactured using a custom
device that places fibre ribbons manually hackled and aligned before being hot pressed with MAPP
films (20 bar, 190°C for 8 min). This approach reduces the numbers of defects and misalignments [36].
The fibre content within the HBC was set at 60% of volume [15]. The cooling rate was 15°C/min. The
HBCs have been designed with a passive-to-active thickness ratio (n) of 0.2, which corresponds to the
best curvature range previously observed for flax/MAPP HBCs.

Because the selected plant fibres exhibit anisotropic hygroelastic properties, their orientation within
the HBC controls the global response. The orientation of flax fibres is 0° and 90° in the passive and
active layers, respectively. This stacking sequence mimicks the topology present in the sclerenchyma
fibres and and within the sclereids of a pine cone scale [37][38]. Five stripes with dimensions of 70 mm
x 10 mm were then cut for the bending actuation experiments. By shaping the HBC with an elongated
geometry (high length-to-width ratio) we were able to reduce the double (anticlastic) curvature [39].
In this way, we were also able to generate a cylinder as the actuated shape. The materials have then

been stored under equilibrium conditions (T = 23°C and RH = 50%).



2.3 Swelling measurements

For each case, three square biocomposite samples of 50 mm X 50 mm have been cut. We have traced
three lines longitudinally and transversally to the fibre orientation, to ensure that the swelling
measurements were always performed at the same point. The results were then averaged

arithmetically.

2.4 Water uptake

Bilayer samples have been immersed in deionized water until a constant weight was obtained (average
time 24 hours). The samples have been periodically removed to be weighed and characterized. The
percentage gain M, at any time t has been calculated as:

W —Ww
Ml(%)thOXIOO (Equation 1)

0

Where W; and W, are the weight of sample after water exposure and the weight of the dry material
before immersion, respectively. The maximum moisture absorption M. is calculated as the average
value of five consecutive measurements. The desorption of the saturated samples was measured
under laboratory conditions (RH = 50% and T = 23°C) by continuous recording the variations using a

weighing device with 10 g accuracy.

2.5 Characterization of mechanical properties

The tensile properties of the wet biocomposites with their flax-fibre orientation set at 0° (E,) and 90°
(Er) were measured separately on an MTS Synergie RT/1000 test machine at a controlled temperature
(23°C) and at a crosshead speed of 1 mm/min (ISO 527-5). The mechanical tests have been performed
only on samples that reached their saturation time. A 250-N force sensor was used to measure the

load, and an axial extensometer with a nominal length of 25 mm (L,) was used to measure the strain.

2.6 Analysis of the curvature

We estimated the bending curvature of the HBC during the immersion in deionized water by
periodically taking photographs of one side of the clamped sample (HD Pro c920 Logitech®, 15
Megapixels). The samples have been fixed with a binder clip on a very small length of the sample to
reduce the stress concentration over the bilayer. The image process analysis was performed using the
Imagel® software (National Institutes of Health, USA). Here, the deformed shape was assumed to be
an arc of a circle and the curvature has been therefore measured by fitting the time history of the
sample to a ‘circle’ function. The bending curvature (K) was calculated according to the radius of the

fitted circle. The curvature was then normalized by the total thickness (t).



2.7 Leaching products: carbohydrate analysis

Three square samples (20 mm x 20 mm) have been cut from each biocomposite and immersed
separately in 60 mL of water in an opaque container for 288 h. The samples have then been removed,
and the solutions concentrated using a rotary evaporator. The obtained solutions have been deep-
frozen for 12 h and freeze-dried for 24 h to recover the solid products. At the end of the process the
obtained products have been weighed.

Neutral and uronic monosaccharides have been identified and quantified using HPAEC following a
procedure described in [40], albeit with some slight modifications. The lyophilized extract fractions
(approximately 5 mg) from flax or jute have been directly hydrolysed in 1.5 M H,SO, for 2 h at 100°C.
Contrary to previous protocols, the samples were not subjected to a pre-treatment in 12 M acid. The
flax and jute samples have then been filtered, before being loaded onto an anion-exchange column.
Detection was performed, and the samples were then eluted. The monosaccharide composition was
analysed and quantified using 2-deoxy-D-ribose as the internal standard (100 pg/mL), as well as three
concentrations of standard solutions (50, 200 and 500 pug/mL) of neutral (L-arabinose, b-glucose, D-
xylose, D-galactose, and D-mannose) and uronic monosaccharides. The analyses were performed in

triplicate from for every sample.

2.8 Scanning electron microscopy (SEM) observations
The samples have been sputter-coated with a thin layer of gold in an Edwards sputter coater and then

inspected with a JEOL JSM 6460LV scanning electron microscope operated at an accelerating voltage

of 20 kV.

3 Results and discussions
3.1 Selection of the actuating fibre

Figure 1a presents the evolution of the water uptake from different plant fibre laminates (flax, jute,
kenaf and coir). Coir and kenaf fibres show a dramatic increase in water uptake compared to flax and
jute. If we assume that the MAPP matrix is H,O insensitive, the water could only enter through the cell
wall, the fibre/matrix interface [20] and the interfibre areas [41], as well as through the fibre internal
porous structure (lumen) [41]. As put in evidence by the SEM micrographs and by the image analysis,
the internal porosity (i.e., free volume) of the kenaf (v, = 13.8 + 0.23%) and coir (v, =39.1 + 0.7%) was
very high compared to the one present in the flax (v, = 0.1 £ 0.02%) and jute (v, = 6.4 + 0.17%) fibres.
In addition, the kenaf and coir reinforcements exhibited a microstructure mainly composed by bundles

of single fibres (Figure 1). These two features tend to promote large water transport characteristics



through the material, which may represent an advantage for the development of a moisture-induced

actuator.

On the opposite, the water uptake for the flax and jute laminates is explained by their biochemical

composition, with lower amounts of lignin (Table 1) and greater amounts of amorphous water-

sensitive pectins and hemicelluloses.

Flax/MAPP Transverse
Flax/MAPP Longitudinal
Jute/MAPP Transverse
Jute/MAPP Longitudinal
Kenaf/MAPP Longitudinal
Kenaf/MAPP Transverse
Coir/MAPP Longitudinal
Coir/MAPP Longitudinal

(o _NONONON NoX J

(o] J .~.‘.'
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Figure 1 Evolution of the water uptake (a) and longitudinal and transverse swelling (b) as a function of the time

and thickness for different plant fibre/MAPP biocomposites (Vf = 60%). (c) Influence of fibre topology on the
laminate microstructure (c).



As a consequence of the water uptake, the plant fibre laminates tend to swell. The hygroscopic strains
are in this case the drivers of the HBC actuation. For this reason it is important to carry out a careful
examination on how the hygroelastic properties of the plant fibres affect the overall behaviour of the
biocomposite actuators.

Flax, jute and kenaf laminates undergo a slightly negative or null longitudinal swelling deformation,
whereas the coir laminates exhibit a higher deformation value, approximately equal to 1.5 + 0.1%. The
measurements of the Transverse strain swelling carried out during the stationary regime show that
the flax and jute fibre composites feature the highest swelling ratios, with 3.3 + 0.2% and 3.6 + 0.6%
for flax and jute respectively, followed by 2.7 £+ 0.4% and 2.5 + 0.4% for the kenaf and coir
biocomposites. The differences in swelling between the laminates and their hygroscopic anisotropy
are explained by the particular fibre microstructure at the cell-wall scale, i.e. the orientation of the
microfibrils within the S2 cell-wall layer. The lower MFA in flax and jute leads to a higher radial swelling
potential compared to the one present in coir laminates, which possess a higher MFA (Table 1). The
biochemical composition also plays an important role in determining the swelling ability of fibres and,
in determining therefore their actuation property. A high lignin content inhibits swelling, especially if
a threshold of approximately 8% is reached [42]. Moreover, the fibre bundle division influences their
swelling potential (Figure 1c). A higher fibre division promotes swelling [42], particularly in the case of
flax. Thus, combination of microstructure, biochemical composition and fibre bundle division control
the swelling ability of biocomposites.

A proper selection of plant fibres as actuators enables the development of a large anisotropic swelling
strain required for the HBC design.

The transverse swelling kinetics highlights a clear peculiar behaviour in the flax fibre composites, which
exhibit the fastest swelling amongst all the investigated composites. Fast rates of swelling are then
featured by the kenaf, jute and coir composites (Figure 1a). A pectin-rich biochemical composition
(table 1) and a lower free volume due to the low lumen size and consequently higher fibre cell-wall

volume lead to faster swelling kinetics.

The plant fibre microstructural and biochemical composition, as well as the fibre bundle divisions, also
tend to affect the mechanical properties of the laminates. Because of their high cellulose fraction and
relatively low MFA, bast fibres (flax, jute and kenaf) show a greater longitudinal stiffness (or passive

layer) than fruit fibres, i.e., coir laminates (Table 2).



Table 2 Mechanical properties of laminates in the dried state (RH = 50%) and wet state (after water

immersion)
Materials Dried state (RH = 50%) Wetted state Loss (%) Loss (%)
EL (MPa) ET (MPa) EL (MPa) ET(MPa) | Eisec/Eisat | Ersec/Ersar
Flax/MAPP 30,950 £ 2107 1791 £ 180 10,144 + 1458 932 +£ 146 67.2 48
Jute/MAPP 23,035 + 2382 1786 £ 154 9304 + 1006 936+ 63 59.6 47.6
Kenaf/MAPP 11,477 + 1434 2191 +129 4742 £ 504 922 +£130 58.7 57.9
Coir/MAPP 3562 +514 1737 £ 63 1892 + 299 907 £ 78 46.9 47.8

In the case of the flax laminates, the high fibre division and their filling ratios provide the highest tensile
stiffness. The fibre effective properties were estimated by using a simple inverse rule of mixture; the
results are similar to those reported in open literature [43][44].

The transverse properties of the laminates (or their active layer) are more sensitive to the matrix and
fibre/matrix bond strength than to the topology of the fibre itself. Whatever their origin, these plant
fibres tended to provide a similar range of transverse properties, despite their differences in fibre
division and fibre surface chemistry.

The anisotropic ratio is known as the n-ratio (Et/E, or E,/E,) in Timoshenko equations [17], and it can
be used to estimate how the actuator response evolves significantly among different classes of fibres.
Flax exhibited the highest n-ratio (nqa. = 17.3) among the plant fibres considered in this work (njy. =

12.9, Nenar = 5.2 and N = 2)

Ak = M (Equation 2)
6(1+m)? .
yn) = Equation 3
f(m n) 3(1+m)2+(1+mn)(mz+ﬁ) ( quation )
In (2) and (3), m = i—p, where t, and t, represent the passive layer and the active layer thicknesses,
a

E
respectively. The parameter n is equal to E—p , Where E, and E, represent the Young’s modulus of the
a

passive and active layers, respectively. The differential hygroscopic expansion between the active S,
and passive f3; layer is represented by AS . The difference in water content between the immersion
and drying steps is AC.

Other important parameters to design and produce reliable HBCs are the wetted mechanical
properties, and the rate of loss between the dry and wet states. After water saturation the
biocomposites exhibit a decrease of their longitudinal and transverse stiffness, mainly because of the
plasticizing effect provided by the water on the fibres and the bond strength of the fibre/matrix

interface [45]. Again, one needs to notice that MAPP is assumed here to be insensitive to water. Flax
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fibre laminates appear to be the most sensitive, whereas their coir fibre counterparts exhibit a lower
degradation of the longitudinal properties because of their high lignin content. Kenaf and jute
laminates are here proposed as an intermediate solution, because the anisotropic ratios of the plant-
fibre laminates only changes slightly from their initial configuration.

To develop a general framework to design an optimized HBC, we have used the Timoshenko bilayer
theory because it provides a good approximation of the actuation curvature for the assumed strip
geometry [13][14][15]. The theoretical curvature was estimated from the hygroelastic properties
measured through the mechanical characterization, whereas the parameter B was expressed as the

swelling coefficient (e/Am) or swelling deformation (%) (Table 3).

Table 3 input parameters and theoretical actuation (curvature) of HBC with different fibre species

Materials AB=Ba-Bp | Enygro= Ehygro(a) n=Ep/Ea K K.thickness
(e/Am) - Ehygro (p) (%) (wet state) (mm™)
Flax/MAPP 0.107 3.55 10.9 0.095 0.044
Jute/MAPP 0.11 3.70 9.95 0.094 0.043
Kenaf/MAPP 0.07 2.80 9.1 0.088 0.040
Coir/MAPP 0.03 1.10 2.1 0.027 0.013

Compared to synthetic actuators, these biocomposites produce a specific actuation strain and stress
comparable to the one of SMAs, hydraulic and piezoelectric polymers, but lower than that of SMPs

and other pneumatic counterparts.
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Figure 2 Active materials specific performance based on ref [3][46][47][48], and this work.
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On the basis of the aforementioned results, the plant fibres exhibit strong potential for their use as
HBCs in shape morphing, and also to provide some blocking force as evidenced elsewhere [11].
Amongst the investigated fibres, flax and jute are the best actuating reinforcements in high-performing
HBCs with the highest curvature. The kenaf and coir/MAPP are clearly less promising, and have not
been further studied in this work. A following systematic actuation analysis (including the first
sorption/desorption cycle) and hygromechanical fatigue have been only carried out on the flax and

jute HBCs.

3.2 Actuation performance of the flax and jute HBCs

3.2.1 Analysis of actuation behaviour at the first sorption/desorption cycle

Before testing the initial water content of the HBCs was determined because a variation in the water
fraction triggers actuation. We also performed gravimetric analyses before and after the
thermocompression, and after storage at 50% RH. Because the MAPP is insensitive to water the initial
moisture content in the flax and jute fibres was relatively high (10.3 + 0.5% and 8.4 + 1.8%,
respectively). During the process the water content was greatly reduced because of vaporisation (5.3
+ 0.4% for the flax laminate and 1.7 £ 0.1% for the jute laminate). The moisture content at which the
bilayers are assembled influences the range of the actuation curvatures [49]; in the present case it
might be difficult to produce an increase of the amount of water within the fibres, as Hosltov et al. [49]
did by assembling moisturized wood layers. Nevertheless, in future works one may consider the use of
a mould to set the initial shape and widen the deformation capability of these HBCs. The storage at RH
=50% and 23°C until a constant weight was reached did not allow the recovery of the initial moisture
content in the single fibres ( the water % in flax was 8.7 £ 0.3 and in kenaf equal to 5.4 + 0.25). The lack
of recovery of the initial moisture content is due to the potential biochemical modification of the fibres,

and the stress state inside the laminate.

After immersion in the deionized water, the flax and jute MAPP biocomposite actuators absorbed
some substantial and similar amounts of water, and all exhibited similar kinetics. The water amount at
saturation in the actuators and the unidirectional laminates differs, because of the hygroscopic
stresses developed in the [0, 90] asymmetric laminates. This difference could reduce the free volume
available (Figure 1a). Both the flax and the jute MAPP actuators exhibited a hysteretic behaviour
between sorption and desorption, with faster desorption. A major difference between the flax and
jute fibres appears at the end of the desorption. The jute/MAPP actuator maintained a water content
of approximately 2%, whereas the flax/MAPP exhibited a weight loss with a negative weight variation

(Figure 3a).
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The actuation modes of the two actuators were quite similar during the sorption step (Figure 3b). In
this case we can observe two distinct phases: an initial quick response, followed by a stabilisation after
60 mins of immersion. The flax and jute fibres had similar maximal actuations (AK.thickness = 0.034 +
0.001 for jute/MAPP and 0.037 + 0.006 for flax/MAPP) in a similar time step of 60 minutes. Although
the curvature range was rather well predicted, the theoretical predictions slightly overestimated the

range by 10%-15%.
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Figure 3 Evolution of the weight variation during sorption/desorption of the flax and jute HBCs (a); evolution of
the curvature and reversibility (b); and actuation behaviour as a function of the weight variation (water content)

(c).

This overestimation of the curvature can be attributed to: (i) the boundary conditions, (ii) the presence
of a hygroscopic stress state, (iii) the accuracy of the measured B value and (iv) the layer thickness, and
(v) an incomplete description of the mechanical behaviour (i.e., the Poisson’s ratio and anisotropic
properties of the plies, which were not taken into account in the model).

The actuation speeds were of the flax and jute HBCs were similar, and varied from 5 x 10” to 8 x 10™

min™. Compared with other materials such as SMAs, the HBCs exhibit a slower morphing speed
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because of the water transport process; therefore, further improvement strategies such as enhancing
the mechanical instability [50][51][52][53][54] or identifying proper applications should be pursued.
During the desorption the flax and jute actuators showed both a hysteretic behaviour and a slower
straightening compared to the moisture-absorption-induced curvature case. This behaviour was
especially evident in the flax systems (Figure 3b). The jute/MAPP will therefore result in faster
actuators than the flax/MAPP. Both systems however reverted to their initial position within a similar
time scale, which is an important point for the design of an actuator. The reversibility remains indeed
a topic of considerable interest for the development of these actuators, and it is a potential drawback
for plant-fibre-based systems [14][15]. Our HBC actuators were actually more than reversible. A slight
negative curvature was observed for the jute/MAPP and the flax/MAPP, with3.1+1.1% and 8.1+ 1.8%
of the maximal curvature, respectively. A more substantial version (~50%) of this phenomenon has
been however observed in wood/glass fibre composites with thin active layers assembled under room
temperature and RH conditions [49]. The lower negative curvature values for the flax and jute could
be due to the low initial water content inside the plant fibres during the assembly of the HBC, because
of the melting of the polymer. Holstov et al. [49] have also reported that the active layer could shrink
to dimensions smaller than its initial ones after one wetting/drying cycle. This point must be further
investigated for the an improved and practical use of HBCs.

Apart from the immersion time, the moisture is another major driver for the actuation of HBCs, and it
depends on the water content (Figure 3c). The fibre morphology plays therefore an important role in
the HBCs response (Figure 1b), along with the lumen size and its biochemical composition (Table 1).
The jute and flax systems again exhibited similar responses as a function of the water content during
sorption, but a significant hysteresis loop was observed during desorption. This type of hysteresis may
be due to the lignin content [55] and the damage mechanism that modifies the water transport. This

point will be further discussed in the following section.

The diversity of the plant fibres with respect to the biochemical composition and the microstructure
enables to design HBCs by using local feedstocks (European or Asiatic, for instance). A proper selection
of fibres like jute and flax could supply an actuator with improved response and reversibility. In
addition, unlike coir and kenaf fibres, flax and jute are currently available in composite fabrics; this
would enable the efficient design of the HBCs by using more mechanically stable and technologically

refined natural reinforcements.

3.2.2 Effect on hygromechanical fatigue

In a real environment HBCs could be subjected to cyclic variations of their moisture content. To this

end, we have performed cycles of immersion/desorption at RH = 50% in order to assess the particular
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behaviour of the hygromorph composites. The flax/MAPP exhibited a loss of curvature return (—20%)

after 40 cycles (Figure 4a).
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Figure 4 Influence of the fibre nature on the curvature return (a) and on the actuation speed at
sorption (b) and desorption (c) as a function of sorption/desorption cycles.

Some previous work has however highlighted a more dramatic degradation of the actuation [15] (-40%
over 10 cycles) because of the boundary conditions. The clamping length in the present series of tests
was actually between 2 mm and 3 mm, and not the 10 mm used in previous works. This shorter
clamping length leads to stress concentration and overall loss of durability. This information might be
important to design future HBC assemblies. Unlike the flax/MAPP ones, the jute actuators however
exhibited some interesting durable performance in severe environments, by providing an almost
constant response during cycling (Figure 4a). The change in actuation speed was also influenced by the
type of plant fibre. The jute/MAPP systems exhibited a weaker increase in actuation speed by a factor
of 1.5, against the more remarkable factor of 5 observed in the flax/MAPP HBCs (Figure 4b). For the
two types of actuators, it is possible to observe that the initial speed increase is followed by a

stabilization at higher cycle numbers. This phenomenon can be attributed to the interfacial porosity
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that arises from the fibre swelling/shrinking cycles. The porosity will subsequently reduce the
permeability and will allow a faster water transport inside the laminate [56]. This behaviour has also
been observed in paper architectures for 4D deployment [57] and plant fibre composite laminates [56].
During the desorption the type of fibre selected strongly affects the behaviour of the actuator, and the

jute-based ones consistently exhibit a faster straightening actuation with a constant response.

The aforementioned results demonstrate a general weak dependency of the actuation speed for the
jute actuators. Contrary to what established previously, the formation of the porosity is not the major
degradation mechanism of the HBCs, as indicated by the jute/MAPP exhibiting a constant curvature

amplitude.

The analysis of the released matter—more specifically, sugar—highlights that the leachate amounts
differ for the flax and jute actuators (-3.6% for flax and -0.6 for jute/MAPP), and this is consistent with
data published elsewhere [24]. The jute fibre has higher lignin content than flax, and the lignin is well
known to be water resistant. The major difference between flax and jute released products is the
monosaccharide rhamnose content from rhamnogalacturonans (RGl and Il). These components belong
to the pectin family and explain the variation in intensity of the leaching process. In the case of flax,
these polysaccharides can be localized into the middle lamellae, the cellular junctions and the primary
cell walls. These parts correspond to the fibre/matrix and fibre/fibre interfacial regions (internal to the
bundles). This localization implies the creation of an interfacial porosity and split of the bundles of
fibres, which result in a reduced hygroscopic loading transfer [20]. In addition, rhamnogalacturonans
can also be localized in secondary cell walls and their leaching induces a loss of the cell-wall stiffness
[19]. Polysaccharide leaching is thus the first step of degradation, which explains the hygromechanical
fatigue behaviour of the flax/MAPP. In the case of the jute actuators, the concentrations of the leaching
products were very low, but their origin within the cell wall was far from straightforward to identify.
To the best of our knowledge, in open literature there is an evident lack of comprehensive
understanding about the precise microstructural and biochemical description of the jute fibres. An
appropriate knowledge of both the microstructure and the biochemical composition of these fibres is
important to enable their selection as a swelling agent for the design of HBCs. Plant fibres with a high
anisotropic ratio (E,/Et) and rich lignin composition must be selected to properly design HBCs capable

of being immersed in a severe environment.

3.3 How to use HBCs as building blocks for deploying structures

Planar HBCs are essentially produced by thermocompression. The question arises as to how to use and

develop HBC structures capable of complex deployment.
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Origamis (oru, ‘ fold’, and kami, ‘paper’) are widely employed to develop autonomous self-folding
systems [7]. If used within Engineering Origami, HBCs may be capable of massive folding, i.e., bending
[7]. A crease pattern would influence the complex deployment of the HBC sheet. HBCs with a 60% flax
or jute fibre/MAPP matrix have a maximal curvature that allows a minimal curvature radius of
approximately 12 mm. At curvatures beyond this radius, the crease represents a permanent
deformation that exceeds the elastic limit of the material, which corresponds to the onset of damage
for a laminate. In addition, HBCs have low strain at rupture (&rfaxmapr = 1.00 = 0.22% and &rjyte/marp =
0.74 + 0.14%), which reduces their magnitude of folding without damage and precludes their use in
such origami design processes. Another type of Origami engineering is the hinge-type one. In this case,
a hygroscopically active biocomposite can play the role of an active hinge that connects facets of
passive materials. Figure 5a presents the evolution of a hinge-type Origami prototype in which an HBC
is used as active hinges and PLA polymer is used as passive facets before and after water immersion.
Hinge-less square sheets with a curved crease pattern could yield a specific folding and create a 3D

shape [58].

RH=50%
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Immersion

Figure 5 Example of Hygromorph biocomposites used as : Hinge type origami (a) and a simple
deployable structure based on curved line folding (b)

Both elements of the sheets are constrained by each other because of the curved line. Thus, a small
uniaxial bending will force the thin shell element to bend with a reverse curvature. The exploitation of
the anisotropic behaviour of the HBCs and their placement on the backbone element during the planar
state the generation of a continuous bending of this element during sorption (Figure 5b, RH = 50%).
The forces and the moment are therefore transmitted through the crease to the adjacent face and

trigger autonomous self-snapping.

During actuation the HBC did not reach however a curvature comparable to the one present in stripes
systems previously tested (Figure 5b), because of the mechanical constraint induced by the crease
pattern. The viscoelastic behaviour of the PP matrix may have additionally promoted creep. The
blocking force and the bending moment of the HBCs must be therefore systematically characterized
so that the formulation and m-ratio (tactive/tpassive) Can be optimized. To this purpose, sets of useful data

can be found elsewhere [11].

Another geometrical effect is currently used to enhance the deployability of structures. The Kirigami
concept (kiri — ‘to cut’ and gami — ‘paper’), which involves a dedicated cutting pattern, enables the out-
of-plane deformation of 2D sheets so that 3D deployment is possible through a ‘Kirimimetic’ approach

(Figure 6) [6].

(a) (b) (c)
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Figure 6 Fundamental Kirigami out-of-plane deformations: bending into the 3rd dimension (a),
bucking out of plane (b), and whole-sheet bending by selective sectioning (c).[6]

Kirigami is often applied to passive materials; however smart materials (electro-active, SMA, SMP)
have been also recently used to develop self-deploying structures [1][6][59]. In a similar way, we have
generated laser-cut HBCs with different simple cutting patterns that exhibit bending and twisting
responses from a planar biocomposite sheet (Figure 7a and b). The laser cutting also enables the
creation of patterns with tiny cuts (2 mm in width), so that moisture-actuated membranes can be

manufactured (Figure 7c).

Before immersion Immersion Drying

Figure 7 Kirigami design for HBCs: simple longitudinal cut patterns (a), diagonal (b) and IRDL’laboratory

logos (c). [2]

4 Conclusions
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In the present article we have developed guidelines for the design of HBC actuators with improved
performance and durability in severe environments under cyclic loading and stimulus. Plant fibres
serve as naturally actuating fibres because of their moisture sensitivity. We have also proposed a plant
fibre selection methodology based on the Timoshenko bimetallic equations to evaluate the theoretical
actuating response (curvature) and characterized the hygroelastic properties of plant fibres (flax, jute,
kenaf, and coir)/MAPP laminates. Their actuation potential appears to be directly controlled by their
fibore microstructure (cellulose MFA and lumen size) and biochemical composition (pectins,
hemicelluloses and lignin). Plant fibres have been therefore used as natural actuating fibres, and their
selection will lead to a wide range of potential HBCs with low environmental footprints. Jute and flax
fibres appear to be the best candidates for the design and manufacturing of HBCs. Flax/MAPP and
jute/MAPP were tested in water immersion/drying cycles (RH = 50%) for over 40 cycles. The actuating
behaviours of the HBCs were similar during the sorption step (amplitude and speed), however differed
during desorption because of the combined effect of the lumen size, fibre division and biochemical
composition on the desorption mechanism. During the hygromechanical fatigue tests the jute/MAPP
HBC clearly showed an improvement in durability compared to flax HBCs, with a constant actuation
performance over the complete cycles. The higher lignin content of the jute reduces the amount of

sugar released and thus reduces the degradation kinetics.

Beyond stripe samples, HBCs were used to trigger the deployment of adaptive structures. Origami and
Kirigami techniques currently used to develop smart material systems were applied to design HBCs,
and confirmed their potential applications in moisture-induced self-shaping systems. Although
essentially triggered by a moisture variation, the HBCs and their actuating plant fibres are also sensitive
to temperature. Combining these HBCs with SMPs could therefore enlarge their response spectrum

and design envelope.
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