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a b s t r a c t 

Humidity responsive materials are increasingly attracting significant interest for soft robotics and de- 

ployable 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 pres- 

ence of uncontrolled humidity regimes, which restrict those materials to reach broad ranges of shapes. 

Here we describe programmable and reconfigurable composite materials based on natural fibres and 

shape memory polymers that extend 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 mois- 

ture 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 multi- 

functional hygromorph biocomposites. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Reconfigurable solids are smart materials that can be pro- 

rammed and transformed using external stimuli such as - 

mongst others – heat [1] , light [2] , water [3] , electricity [4] , and

agnetic fields [5] . When used to design actuators and morph- 

ng (shape-changing) structures, those materials can provide bend- 

ng [6] , twisting [7] and folding [8] . External devices/power in- 

uts are however necessary to provide the relative stimulus. Piezo- 

lectrics rely on electronic integration [ 9 , 10 ]; electroactive poly- 

ers are controlled by external electric fields [ 11 , 12 ], while pneu-
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E-mail addresses: lengjs@hit.edu.cn (J. Leng), F.Scarpa@bristol.ac.uk (F. Scarpa). 
1 Qinyu Li and Rujie Sun contributed equally to this work. 

t

a

fi

t

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

352-9407/© 2022 Elsevier Ltd. All rights reserved. 
atics and hydraulics are based on the dynamic reconfiguration 

f fluids [ 13 , 14 ]. Shape memory materials (polymers and alloys) 

ypically require a second stimulus to enable programming [ 15 , 16 ] 

uch as being immersed in hot air/gas flow [6] , hot liquid [17] or

eing actuated by electrothermal films [18] . The development of 

ost stimulus-responsive materials is limited to the laboratory 

tage because the operational conditions to actuate those mate- 

ials are not practical in many engineering applications (i.e., very 

ot fluids [ 18 , 19 ]. Pneumatics [15] , and hydraulics) [16] . Commonly

sed methods to provide stimulus are mainly based on the inte- 

ration of electrics/electronics via complex wiring and use of elec- 

rodes; this increases the complexity and failure in the structural 

ssemblies present, for example, in conventional robotics. Thermal 

elds provided by hot fluids are not easy to handle during opera- 

ions, and their working may be affected by or influence the pres- 

https://doi.org/10.1016/j.apmt.2022.101414
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:lengjs@hit.edu.cn
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nce of other connected subsystems. Pneumatics and hydraulics 

ely on the presence of pumps and fluid/air transformers, which 

re in general large and heavy. The extra devices required to pro- 

ide a stimulus for the actuation may limit the feasibility of cost- 

ffective practical industrial applications involving shape change 

nd morphing. 

The stimulus provided by the surrounding environment is ideal 

o reduce the need for external power/actuation devices. Moreover, 

utonomous materials tend to actuate most effectively when their 

esponse is pre-programmed to respond to changes of the sur- 

ounding environment. Higher energy density stimuli such as con- 

inuous current [ 11–14 , 20 ], pneumatics [15] , hydraulics [16] , and

igh temperatures [ 18 , 20 ] are difficult to obtain in practical work- 

ng environments. In contrast, mass transfer is an efficient manner 

o generate response in autonomous materials. Existing examples 

re limited; those include hydrogels that store 0.1 M NaCl solution 

nd actuate via deionized water [19] , autonomous pinecone robots 

or outdoor natural environments [20] and hygromorph biocom- 

osites as hinges of deployable structures to trigger autonomous 

elf-snapping in water [21] . These moisture-responsive materials 

erform shape change in an autonomous way if the humidity of 

he surrounding environment is different from the one of stored 

onditions. These autonomous materials also possess a one-to-one 

nly relationship between their mass content and their changing 

hapes. In other words, the expected shape change is only shown 

ithin a specific humidity environment. However, this does not 

rovide a broad set of autonomous actuations and morphing con- 

itions within various relative humidity situations. 

To tackle the issue, we present here a novel class of ac- 

ive hygro-thermo morphing shape-changing composite (HyTemC) 

ade of natural fibres and shape memory polymers (SMPs) that 

xhibits multifunctional shape transformations. The HyTemC en- 

bles to program the geometry and the effective spatial distri- 

ution of internal natural fibres (flax, in our case) used as re- 

nforcement. This functionality allows to build up new sets of 

hapes at various humidity conditions. The programmable HyTemC 

rovides multifunctional, autonomous, repeatable, and reversible 

hape transformations, while also locking the actuator made with 

hese biocomposites on the morphed shapes. This novel HyTemC 

oncept will first be explored through the measurements and 

nalysis of the longitudinal curvature of actuated HyTemC-made 

eams. The curvatures will be assessed as a function of various 

rogramming and actuating cycles that are activated by combina- 

ions of moisture and temperature. We will also provide two ex- 

mples of applications illustrating the potential of the new ther- 

al/moisture absorption functionality: one application is related to 

 bio-robotic grasping hand with five fingers, the other to an elec- 

ro adhesive gripper with smart bio-frames. These two applications 

nvolve the initial design of the final actuated shapes at specific op- 

rational relative humidity values, followed by programming steps 

f the material based on the initial set conditions. The two test 

ases feature autonomous actuations stimulated by the operational 

urrounding environment, without the use of any external device. 

he bio-robotic grasping hand can lift a ball more than 8 times its 

wn weight in both water and 50% relative humidity (RH) at room 

emperature, while the electro adhesive gripper conformally adapts 

o different object shapes at room humidity conditions, providing 

ufficient adhesion to enable the lift. 

. Materials and mechanisms 

.1. The HyTemC concept – a biobased composite material with 

ntrinsic augmented programmability 

Symmetric unidirectional natural fibres composites are likely to 

well significantly along the radial direction of the fibres when 
2 
bsorbing moisture but undergo little expansion along the fibres 

ongitudinal direction [ 3 , 21 ] (2.83% and -0.04% respectively in our 

ase, from 0% RH to immersed conditions - see Fig. S1 c of the Sup-

lementary Information). When the fibres are embedded in a SMP 

atrix, the hygroscopic expansion along the radial direction of the 

bres at room temperature is still remarkable, but it decreases con- 

iderably when heating over the glass transition temperature (T g ) - 

rom 2.83 to 0.78%, as also shown in Fig. S1 c. After cooling down 

o room temperature, the SMP/natural fibre composite contains the 

ame the moisture content (MC), but completely different hygro- 

copic expansions from direct absorption, which allows matter pro- 

ramming features. Moisture-responsive hydrogels also present dif- 

erent significantly swelling ratios (9.2) at room temperature, but 

nly 1.5 over T g temperature [22] . 

The HyTemC here has an internal asymmetric microstructure 

nspired by pinecone scales and consists of stiff passive and soft 

ctive layers. The passive layers have a low axial swelling along the 

ongitudinal (0 °) direction, given by the flax fibres embedded in 

he polymer matrix. The softer active layers possess a high swelling 

chieved by the transversally (90 °) placed flax fibres. Shape change 

s controlled by the large difference in swelling or shrinking be- 

ween the active and the passive layers - 2.83 and -0.04% from 

% RH to immersion . The samples developed here are marked as 

0 m 

90 n ], meaning that the bilayer microstructure architecture has 

 laminas in the longitudinal direction as passive layers, and n 

amina along the transverse direction as active layers. A direct cor- 

elation exists between the shapes of beams made with standard 

ygromorph solids and their MC. This correlation can be predicted 

y using a modified version of the Timoshenko equation for slen- 

er asymmetric beams [3] . As a significant departure from cur- 

ent hygromorph composites [ 3 , 21 ], the HyTemC makes however 

se of shape memory polymers that create programmability of the 

nternal geometry of the flax fibres bundles and their microscale 

istribution. This allows to build a new mapping between actu- 

ted shapes and humidity conditions (see Fig. 1 a). Although the 

eometry of the fibres architecture still changes considerably from 

% RH to immersion above T g , the overall expansion of the ac- 

ive layers decreases sharply from 2.83 to 0.78%. Fibres expand or 

hrink based on their inner moisture content, but the SMP matrix 

elps to maintain the original overall shape of the composite. The 

xpansion and/or shrinkage of the fibres generate new modified 

patial distributions/architectures of the fibres bundles themselves, 

s well as providing local tension or compression on the matrix. 

t macro level, the compensating effects between fibres and ma- 

rix deformations lead to hygromorph composites with negligible 

hanges of their hygroscopic properties. Besides the reduced ex- 

ansion of the active layers, the release of stress from the flexible 

poxy SMP chains when heating above T g between the active and 

assive layers produces nearly flat shapes with negligible dimen- 

ional changes, even when extensive moisture content transfers 

re present. These features allow to program the biobased mate- 

ial. The HyTemC is programmed here by heating above the T g and 

y controlling the inner moisture content by absorption or des- 

rption. When the programming is finished, the biocomposite is 

ooled down to room temperature. Our programmed HyTemC ex- 

mple ([0 2 90 6 ]) provides a broad set of actuated shapes respond- 

ng to different humidity conditions (see Fig. 1 b). The program- 

ing is performed here at 3.26% inner MC (50% external RH) and 

2.68% MC (with the composite in full immersion). 

Matrix selection is quite critical for both the actuation at vari- 

us RH conditions, but also for programming via the variation of 

he positions of the fibres. The ideal matrix should (a) provide 

nough stiffness at room temperature for acceptable mechanical 

erformance during actuation; (b) have proper viscoelastic proper- 

ies above T g for local tensile or compressive load transfers when 

he individual fibres shrink or swell (i.e., in the case of our SMP 
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Fig. 1. (a) The HyTemC consists of stiff and low axial swelling passive layers, as well as soft and radial swelling active layers. Flax fibres tape and resin film are stacked 

and cured into a [0 m 90 n ] 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 longitudal (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 desorption, 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. (b) 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 

3 
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nly 0.78% expansion in contrast to the 2.83% at room temper- 

ture); (c) be compliant over T g to release internal stresses and 

) suitable T g temperature for the operational requirements of the 

evices made with the biobased material. The matrix in this case 

s an epoxy based SMP provided by Leng’s group [15] . The elas- 

ic modulus of the SMP matrix used here is 1.6 GPa at 20 °C, 

ut only 20 MPa at 100 °C. The low modulus provides compli- 

nce to release the internal stresses between active and passive 

ayers with a relatively low-temperature T g at 60 °C. The viscoelas- 

ic properties of the shape memory polymer are shown in Fig. 

1 d. The shape memory effects of the matrix allow to keep the 

verall original external shape of the composite, with matrix and 

bres positions self-adjusting during the changes of temperature 

nd moisture. This is a functionality that state-of-the-art hygro- 

orphs based on natural fibres and standard matrices do not pos- 

ess, because their shape change is only due to the expansion of 

he fibres of the active layers when internal moisture variations oc- 

ur. The self-adjustment between matrix and fibres positions also 

llows to keep flat shapes during programming within the asym- 

etric bilayer structures. The expansion properties at two temper- 

tures are verified by hygroscopic experiments at room tempera- 

ure and over the T g (Fig. S1 c). The verification is also performed 

ia the use of a finite element model ( Fig. S2 ). 

.2. The HyTemC working process for required curvatures in 

perational environment 

In operational terms, the fundamental mechanisms for the ac- 

uation of the HyTemCs is shown in Fig. 2 a. The material designer 

hat aims at developing actuators with these biobased materials 

eeds first to consider the operational environment (either water 

mmersion or target operational humidity) and the set of shapes 

equired by the actuator (step #1). Step #2 consists in the pro- 

ramming, which is performed by heating up to T g , while at the 

ame time drying or wetting the actuator made with the hygro- 

orph composite according to the operational requirements de- 

cribed in step #1. Small variations of shape changes occurring 

uring this programming step should also be considered for the 

esign of the biobased actuators. After the programming steps, 

he material is cooled until room temperature is reached (step 

3). Consequent shape changes of the material are obtained in 

n autonomous way, when the hygromorph actuator is exposed to 

ifferent operational environments. In the examples shown later, 

ur hygromorph programmable biobased materials are designed to 

rasp, handle and release objects by controlling the internal hu- 

idity into a shape for the next cycles. Programming for differ- 

nt applications is based on the initial MC level, controlled by the 

ass diffusion time. The materials are stored at 0% RH (heating 

pon 60 °C), as the reference state (MC at 0%). The targeted cur- 

ature of the actuator at any relative humidity condition and ini- 

ially programmed moisture content follows the relation shown in 

ig. 2 b, in which the [0 2 90 6 ] laminate is taken as an example. The

wo red lines in the figure indicate two sets of shapes with ini- 

ial MCs of 3.26% (the curvature ranges from -13.54 m 

−1 at RH 

% to 65.06 m 

−1 in immersed condition) and 22.68% (curvature 

rom -68.23 m 

−1 at RH 9% to 16.02 m 

−1 in immersed condition) 

espectively; those moisture contents provide the actuated shapes 

hown in Fig. 1 b. Here the changes of curvature have a linear re-

ation between the hygroscopic expansion mismatch provided by 

he active and passive layers, as predicted by the modified Timo- 

henko equation [3] . The actuating times are of the order of sev- 

ral tens of minutes (up to ∼ 150 mins – see Fig. 2 c). Fig. 2 d and e

how the distribution of the total stresses through the thickness of 

he selected [0 2 90 6 ] HyTemCs calculated via Finite Elements (FE). 

he case in Fig. 2 d involves full immersion in water as the oper-

tional environment: the initial moisture content is programmed 
4 
nitially at 3.26% and the actuator absorbs water up to a maximum 

f 22.68% MC, reaching a curved shape. The other case ( Fig. 2 e)

s related to an operational surrounding environment of 50% RH. 

ur hygromorph-based actuator with 22.68% initial MC first des- 

rbs until the moisture content stabilizes to a value close to 4.71% 

the difference 1.45% is due to hysteresis). The largest stresses of 

he passive and active layers occur near the interface and have op- 

osite signs: 29 MPa in tension (positive) within the passive lay- 

rs but 10 MPa in compression (negative) in the active ones (in 

bsorption case – Fig. 2 d). During desorption ( Fig. 2 e), the maxi- 

um stresses are 60 MPa in compression in the passive layers, but 

0 MPa in tension with the active layers. The programmed initial 

hapes before actuation have lower stresses than during the actu- 

tion phase (all cases are lower than 10 MPa) because of the small 

eformations involved, no matter whether absorption or desorp- 

ion occurs. Different cases of absorption or desorption generate 

pposite stress modes, in tension or compression. The significant 

tresses mismatch is due to the enhanced elastic properties of the 

ctuators made with our bio-based hygromorphs (see Supporting 

nformation 1e), and the plasticizing effect of water. From a ma- 

erial strength perspective, the stress state of the active layers is 

ore critical than the one of the passive layers. The active layers 

re in compression during absorption ( Fig. 2 d), but under a struc- 

urally critical tensile state during desorption ( Fig. 2 e). The trans- 

erse strengths of the composites with MCs of 1.51 and 15.67% are 

.99 ± 1.05 MPa and 4.21 ± 0.58 MPa – (see Fig. S1 g). The calcu- 

ated stresses are larger than the experimental ones, and this indi- 

ates the onset of damage that makes the curvatures degrade with 

he increasing numbers of cycles. 

. Results and discussion 

.1. Evaluation of the actuation performance 

This section is about how to formulate the design of the pro- 

rammable hygromorph biobased materials actuators based on the 

vailable design space (curvature, stiffness and actuating time), 

arametrized versus the thickness of the active and passive lay- 

rs ( Fig. 3 a). The design space is explored by using modified Timo- 

henko equations [3] . The difference in hygroscopic expansion be- 

ween the active and passive layers used here is 2.83% (from a 

oisture content of 0%, to one of 15.67% when immersed - Fig. 

1 c). The grey area in Fig. 3 a consists of laminates with extremely 

hinner layers and large curvatures, which are beyond the current 

echnical scope of the laminates. The three squared markers in the 

igure are related to the 0.56 mm overall thickness used in our 

amples with laminate stacking sequences of [0 1 90 7 ], [0 2 90 6 ] and 

0 3 90 5 ] from right to left, respectively. The HyTemCs have coordi- 

ate systems (1,2), traditionally used to define composite stackings 

1 - longitudinal and 2 - transverse directions). Errors between ex- 

eriments and analytical results are 0.6%, 3.3% and 46.3% for the 

hree different types of laminates ( Fig. 3 a and d). The reason for 

he large discrepancy related to the [0 3 90 5 ] materials system is re- 

ated to the fact that the corresponding laminate architecture is 

early balanced; the analytical model used here is suitable for bio- 

aterials and composites with large numbers of active layers, but 

mall relative numbers of passive layers. 

The bending stiffness is an important parameter to describe the 

ctuation authority, i.e., the generation of large actuating forces to 

isplace objects and locking those in a fixed configuration when 

he actuation is completed. All samples here have the same size 

70 mm 

∗1 mm), but different thickness. An effective bending stiff- 

ess is computed in the fixed state as a proxy to identify the hold- 

ng force shown in Fig. 3 b for flat shapes, and 3c for a curved con-

guration. The displacement of the straight beam ( �y ) due to an 
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Fig. 2. (a) 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 actuation 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%. (b) 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. 1 b. (c) 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. (d) and (e) 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%). 5 
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Fig. 3. 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 

actuator (latched at π rad) versus the two types of thicknesses. The three squares are related to a 0.56 mm overall thickness, with a ratio between active and passive layers 

following composite stacking sequences of [0 1, 90 7 ] (38.3 N/m), [0 2, 90 6 ] (92.1 N/m) and [0 3, 90 5 ] (107.2 N/m) respectively. (d) Curvature ranges for three different laminates 

after 10 cycles from RH 50% to immersed states. (e) 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. (f) Moisture conditions at various RHs for different laminates. 

Slightly differences between absorption and desorption are due to hysteresis. (g) Moisture diffusion from 50% RH to immersion. The variation of moisture content is very 

small within the different actuators. 

6 
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xternal force of F can be expressed as: 

 bending = 

F 

�y 
= 

3 EI 

l 3 
(1) 

here E is the bending modulus calculated based on the D 11 

erm of the bending matrix from classical laminate theory [23] , 

(70 mm here) is the length of the beam and I the moment of 

nertia. The curvature angle of the curved shapes is constant at 

(180 ο) and taken as the reference angle to design the bio-based 

aterials active laminates. We have used the usual form of Cas- 

igliano’s energy theorem to express the curvature of this device 

s: 

y = 

π
∫ 
0 

(
M ( θ ) 

E i I i 

∂M 

∂F 

)
ds (2) 

here M is the moment due to the force F , E i I i is the equivalent 

tiffness of all the layers with E i and I i being the modulus and the 

rea moment of inertia of i th layer, respectively. The bending stiff- 

ess of this curved beam is K bending = F �y −1 . 

In the flat shape configuration of Fig. 3 b, the largest bend- 

ng stiffness is obtained by adopting thick HyTemCs. A high pas- 

ive thickness helps to obtain larger values of stiffness, albeit the 

verall thickness is here kept constant because the tensile modu- 

us of the passive layer is at least 5 times larger than the active 

ayer (see supplementary Fig. S1 d). This implies a trade-off be- 

ween the different design parameters: a thickness increase pro- 

ides larger loading bearing capabilities but lower achievable de- 

ormations during actuation, and lower reactivity due to moisture 

iffusion. Since the in-plane dimensions of the HyTemCs are much 

arger than the thickness, water diffusion mainly occurs here along 

he through-thickness direction. 

In the case of curved shapes ( Fig. 3 c), the higher curvature 

mplies a lower radius and therefore shorter material strips to 

chieve the same 180 ° final bent shape. Aside from thickness ef- 

ects, shorter strips with larger curvatures have therefore more po- 

ential to bear higher loads by a geometrically induced stiffen- 

ng effect. The [0 1 90 7 ] laminate is not the optimal one in terms

f actuator stiffness (38.3 N/mm), compared to the [0 2 90 6 ] one 

92.1 N/mm) (see Fig. 3 c); the stiffness associated to the flat shape 

ersion is however adequate. The reason behind this is the in- 

reased number of passive layers in the [0 2 90 6 ] configuration that 

eads to a larger overall bending (see in Fig. 3 c the lower stiffness

f the [0 1 90 7 ] compared to the one provided by the [0 2 90 6 ]). 

In a real environment, actuators with our hygromorph bio- 

ased material systems could be subjected to cyclic variations of 

he moisture content. We performed cycles of immersion and des- 

rption at 50% RH to ascertain the behavior of these materials. 

espite an almost constant value of the actuated maximal curva- 

ure at wet state after 10 cycles, the different laminates exhibit 

 loss of curvature between wet and dry states: 87.2% ([0 1 90 7 ]), 

5.0% ([0 2 90 6 ]) and 55.7% ([0 3 90 5 ]) after 10 cycles (see Fig. 3 d).

he [0 3 90 5 ] laminate has a more dramatic degradation of the ac- 

uated curvature, from 46.4 m 

−1 to only 25.8 m 

−1 . Water immer- 

ion is a severe environment for natural fibre biocomposites with 

ultiple degradation mechanisms occurring, such as fibre polysac- 

haride leaching, and severe modification of fibre/matrix interface. 

n improvement of the durability of these bio-based actuators can 

e however observed when using natural fibres with more lignin 

ontent (jute, for example) or by applying variations of the relative 

umidity, rather than immersion. 

In terms of programming and actuation processes, the actu- 

ted curvature ranges are 59.5 m 

−1 [0 1 90 7 ], 49.0 m 

−1 [0 2 90 6 ] and

8.5 m 

−1 [0 3 90 5 ] respectively ( Fig. 3 e). The programming curva- 

ure ranges are only 7.5 m 

−1 [0 1 90 7 ], 5.5 m 

−1 [0 2 90 6 ] and 2.5 m 

−1 

0 90 ]- see Fig. 3 e. The 2.5 m 

−1 is barely detectable, especially
3 5 

7 
hen the shape is nearly flat. Fig. 3 e also shows that the moisture 

ontent between actuators varies only a little. 

Moisture diffusion properties of the HyTemCs are shown in 

ig. 3 f and g. The moisture content related to four types of archi- 

ectures ([90 8 ], [0 1 90 7 ], [0 2 90 6 ] and [0 3 90 5 ]) at various RH values

re shown in Fig. 3 f. The moisture content of a specific architec- 

ure at any RH condition can be calculated once the humidity en- 

ironment is stabilized, even if a hysteretic behavior makes the MC 

uring absorption slightly smaller than during desorption. A diffu- 

ion kinetics experiment has been performed ( Fig. 3 g). The diffu- 

ivities (10 −6 mm/s) of the four laminates are 1.77 of [90 8 ], 2.69 

f [0 1 90 7 ], and 2.70 of [0 2 90 6 ] and 3.46 of [0 3 90 5 ]. The actuating

peeds are similar because of the similar diffusion coefficients. 

In summary, the [0 2 90 6 ] architected bio-based hygromorph ac- 

uator with two passive layers possesses overall satisfactory prop- 

rties in terms of stiffness and final curvature, and it will be con- 

idered as the baseline for the activities further described in this 

ork. 

.2. Examples of prototypes 

Two applications of the HyTemC are here demonstrated: a grip- 

er with five fingers working in both the water and air, and smart 

rames for an electro-adhesive structure. Application #1 displays 

imilar curvature shapes at different RH conditions (50% and im- 

ersion), a feature that is not available in current hygromorph 

omposites [ 3 , 21 ]. Also, various shapes at the same RH condi- 

ion (50% RH) are shown for application #2. These two examples 

how the characteristics of the HyTemC, like autonomous actuation 

ithout external power supply, programmable actuated shapes and 

eversible and repeatable actuation. Remarkable stiffness proper- 

ies also allow the lifting of heavy objects in Application #1, and 

djustable motions when operating with structures within con- 

trained spaces (see Application #2). 

.2.1. Gripping objects in the water and air 

To illustrate the augmented functionality and versatility pro- 

ided by actuators made with our HyTemCs, we designed a five- 

ngers gripper to pick objects in water and air ( Fig. 4 a and Video

V1). 

The gripper has at first 5 HyTemC stripes. Case #1 of the appli- 

ation of the gripper is to grasp a 60 mm (curvature K = 33 m 

−1 )

iameter ball immersed in water. The operational humidity condi- 

ion is immersion, and the required curvature is 60 m 

−1 ; large cur- 

atures help grasping heavier objects because of the larger friction 

etween the material and the objects themselves. From the de- 

ign map of Fig. 2 b, the programmed initial moisture content level 

hould be 3.26%. We followed a similar method also for case #2, 

ith operational RH of 50% and same required curvature 60m 

−1 , so 

hat the programmed initial MC level for this case is 22.68%. The 

rocess to set the initial MC levels involves heating upon 100 °C 

ver the Tg temperature and then dry or wet the material until 

he desired moisture content is achieved. The device flips from or- 

nge/white to white/orange because of the opposite bending direc- 

ions. After transferring the ball to other locations, the release of 

he ball itself is done via moisture absorption or desorption of the 

ygromorph stripes induced by a modification of the environment. 

he actuating speed in water is faster than in air because mois- 

ure desorption is slower than absorption, as similarly observed in 

ther works [3] . 

The high stiffness provided by our HyTemC makes it possible 

o carry relatively heavy objects, even several times heavier than 

he weight of the 5 stripes gripper alone. The exact lifting force 

n water is difficult to be assessed because of the buoyancy and 

dditional added mass to the ball. In the air, our 2.8 g (5 stripes 
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Fig. 4. (a) 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 2.3 g in the air condition, while the five strips are 

only 2.8 g. 3 strips can hold six pens at ease with around 40 g weight in the air condition. (b) 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 1.434, 1.128 and 1.053 g. The relationships between the required concave and convex curvatures and initial MCs are 

given in the charts. (a) shows similar shapes in the air and water while (b) presents various shapes for the same RH condition. 

8 
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verall) device however manages to hold the 23 g ball easily, al- 

hough the shape of the ball is quite complex to grasp. The device 

ould also be capable to carry larger weights at ease, by chang- 

ng - for example - the ball with a cylinder, or by adding some 

rooves that facilitate the grasp. Three HyTemC stripes of 1.70 g 

an lift six pens ( ≈40 g); this corresponds to 23 times their own 

eight. This example confirms the ability of our materials system 

o be used for force generation, similarly as a natural hydraulic ac- 

uator (e.g., the pinecone). However, our materials system can pro- 

ide load bearing capacity and adjustable working conditions (im- 

ersed, or RH 50% normal room humidity), by following the pro- 

ramming method developed in this work. 

.2.2. Smart frame for an electro adhesive structure 

The previous application has shown that these HyTemCs can 

lso be used as components within a structural and load-bearing 

onfiguration. To this extent, an adaptive electro adhesive structure 

as been designed to be used as a smart frame. If the upper part of

he structure is the active layer, the actuated shape is convex. An 

nverted architecture with the upper passive layer will generate a 

oncave shape, although the programming moisture comments are 

oth at 22.68%. A pair of conducting electrodes can be deposited 

n one side of the structure. An induced electro-adhesive force is 

eveloped at the electrodes by applying high voltage that attracts 

bjects to the gripper. The structure can change its curvature to 

atch different shapes ( Fig. 4 b). The 90 mm 

∗ 70 mm size film

sed here can bond to ∼1.40 g flat-surface objects with 5KV volt- 

ge of input. In our case, the setting directions of the laminates 

ade with the HyTemCs can be designed into active layers fac- 

ng up or down. We can therefore decide in this way to generate 

ither adhesive convex or concave surfaces. Various surface config- 

rations can be created (flat, concave, and convex) by making the 

lm and the spring to interact together. Our materials overcome 

he limitations of traditional humidity-induced response compos- 

tes by actuating at dry state until the conformal shapes are ob- 

ained, and then activating an electric circuit to bond objects. 

A curvature loss is however observed, likely due to the compli- 

nce and partial inelasticity of the springs. At 20 °C, our HyTemCs 

lso become soft with a high moisture content and their behavior 

an be easily affected by boundary/edge effects during the actua- 

ion. The curvature therefore assumes a value of 39.3 m 

−1 when 

he device is bent to match the concave surface – the analogous 

alue predicted by the FE model is 30.6 m 

−1 . When the con- 

ex surface is matched, the same type of curvature is however 

6.7 m 

−1 (19.4 m 

−1 in the FE model). The relations between ini- 

ial MCs and predicted curvatures of the concave and convex sur- 

aces are conservative compared to the experimental values, and 

his feature could be used as a baseline design approach for the 

rogramming and design of the HyTemCs electro adhesive systems. 

. Conclusion 

Classical hygromorph composite materials provide large re- 

ponsiveness, good mechanical properties, autonomous actuation 

nd low-carbon environmental impact. However, classical hygro- 

orphs feature a limited one-way relation between surround- 

ng relative humidity and the curvature of the actuator devices 

ade from those materials. The present work proposes novel pro- 

rammable hygromorph biobased materials systems using shape 

emory polymer matrices to produce actuators that provide var- 

ous fixed and resettable bending shapes at constant RH envi- 

onment, by combining thermal and moisture stimulus at pro- 

ramming and actuation levels. The thermal programming method 

akes these proposed materials work at both room humidity and 

ater and at different designed curvatures. 
9 
The hygromorph biobased material systems proposed here pos- 

ess the following qualities: 

• Autonomy: the actuating process is autonomous. Existing smart 

responsive materials require extra devices to provide the stim- 

ulus needed for the actuation. Piezoelectrics and electroactive 

polymers are dependant on electronic integration [9–12] , while 

pneumatics and hydraulics rely on pumps to force the dynamic 

reconfiguration of the fluids [ 13 , 14 ]. Shape memory materials 

(polymers and alloys [ 15 , 16 ]) typically require the immersion 

or contact with hot air/gas flow [6] , hot liquid [17] or being ac-

tuated by electrothermal films [18] . As a contrast, the HyTemCs 

are stimulated by the surrounding humidity and thermal en- 

vironments, and do not require extra devices to improve their 

adaptability in limited conditions. 
• 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 [ 3 , 21 ] 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. 
• Generated stresses: The comparative actuation stresses are 

shown in Fig. 5 , and the values of other materials are from the 

other work [24] . The generated 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 pur- 

ple area in the Fig. 5 . The difference is because HyTemCs dis- 

play higher mechanical properties at RH 50% than when in im- 

mersed state. The actuation stress of the HyTemCs is larger than 

more established smart materials (like SMPs, EAPs and partially 

SMAs); amongst natural fibres hygromorph composites [21] , the 

HyTemCs provide a broader actuation envelope because of the 

above mentioned wide operational environment, which allows 

the generation of different actuation stresses. 
• Repeatability: actuation and programming could be repeatable 

without any external force. Degradation is observed with cy- 

cles of changing curvatures from RH 50% to the immersed 

state, however these hygromorphs show stability after 5 cycles 

( Fig. 3 d). 
• Load bearing characteristics and actuation authority: our 

HyTemCs have significant mechanical properties (tensile modu- 

lus of 13.8 GPa in the longitudinal and 3.5 GPa along the trans- 

verse 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) [25] , and acrylic (2 MPa) 

and electroactive polymers (0.1 and 1 GPa) [26] . Our bio-based 

hygromorphs feature values 13 times larger in longitude and 3 

times bigger in the transverse direction. 
• Shape stability: after actuation, the device made with our ma- 

terials system maintains the actuated shapes (zero-power). 
• Easy to make and environmentally friendly: the manufactur- 

ing method is easy and based on traditional resin film infusion 

techniques for autoclave, rather than complex chemical syn- 

thesis. Additionally, flax technical fibres are relatively inexpen- 

sive 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 au- 

tonomous actuations using sustainable materials. 

The drawback is represented by the actuation time of the 

evices made with our hygromorph biobased materials systems. 

uture work will aim to improve the speeds of moisture ab- 
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Fig. 5. 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) [24] . Materials are classified by color 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. 
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orption/desorption by increasing the fibre volume fraction, by 

D printing/additive manufacturing thinner hygromorph laminates 

hat reduce the water transport distance and enhance the moisture 

ehavior of the shape memory epoxy used in this concept. 

. Experimental section 

.1. Material supplier and processing 

Unidirectional flax fibre tapes (50 g/m 

2 ) were supplied by Nat- 

p. Pure flax fibres are fixed by tape on their boundaries and cut 

nto 250 mm 

∗250 mm size. Stacks of epoxy films and unidirec- 

ional flax-fibre tapes (50 g/m 

2 ) have been cured in autoclave with 

.69 MPa pressure heating for 80 °C 3 h, 100 °C 3 h and 150 °C
 h. The thickness of the active and passive layers is determined 

y using a classical laminate theory approach mixed with modi- 

ed Timoshenko beam formulation which predicts the final curva- 

ure and stiffness of the hygromorphs [ 3 , 21 ]. We use an 8-layer flax

ape overall. The passive and active layer ratios are [0 1 90 7 ], [0 2 90 6 ]

nd [0 3 90 5 ], respectively. The composite plates are cut into small 

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

.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 hy- 

romorph biobased plates have been stored in chambers with rela- 

ive humidity (RH) controlled by a saturated solution of potassium 

ydroxide (KOH), magnesium chloride (MgCl 2 ), potassium carbon- 

te (K 2 CO 3 ), sodium chloride (NaCl), and potassium chloride (KCl) 

o as to reach RH values of 9%, 33%, 44%,75%, and 85%, respectively. 

he 50% RH conditioning has been performed using a Votsch cli- 

atic chamber which controls RH and temperature together. Sam- 

les were used after reaching saturation, i.e., when the weight was 

tabilized, and more than 48 h should be the safe time. 
10 
.3. Diffusion experiment 

Unidirectional and asymmetric laminates were stored at 50% RH 

nd 23 °C to allow the attainment of the reference state. The ma- 

erials were then immersed in deionized water at room tempera- 

ure. During immersion, the samples were periodically removed to 

e weighed (using a balance with an accuracy of 10 −3 g) and char- 

cterized. The percentage gain C (MC) at time t is calculated as: 

 ( t ) = 

W t − W 0 

W 0 

· 100 (3) 

here W t and W 0 are the weight of the sample at time t after wa- 

er exposure and the weight of the dry material before immersion 

for RH = 50% and T = 23 °C), respectively. The maximum moisture 

bsorption C s is calculated as the average value of five consecuti ve 

easurements where each measurement has been performed on 5 

amples and averaged arithmetically. 

.4. Expansion measurement 

Hygroscopic expansion and moisture uptake have been evalu- 

ted on samples 70 mm (L) × 10 mm (w) × 0.56 mm (t). The size 

s the same as the real used samples. Volumetric measurements 

ave been performed with a Mitutoyo micrometre IP65 and gravi- 

etric analyses using a Fischer Scientific PAS214C balance (10 −3 g). 

he coefficient of hygroscopic expansion ( β) was determined as 

he slope of the hygroscopic expansion over the MC. The results 

re shown in Supplementary Information. 

.5. Elastic properties 

The tensile properties of dry and wet unidirectional biocom- 

osites with flax fibre orientation set at 0 ° (E L ) and 90 ° (E T ) were

easured separately according to ISO 527-4 standards, using a Shi- 

adzu universal testing machine (cell load 5 kN) at controlled 

emperature (23 °C) with a crosshead speed of 1 mm/min. The 
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amples have the following dimensions (thickness t and width w): 

 0 °= 0.56 mm and width w 0 ° = 15 mm; t 90 °= 0.56 mm and w 90 °=
5 mm. Mechanical tests were performed on samples that had 

eached their saturation time. The samples were wrapped with 

olymer film to prevent the loss of moisture. A heating chamber 

o control setting temperature and thermocouples were also used 

o verify the temperature near the samples. An axial extensome- 

er with a nominal length of 25 mm (L 0 ) was used to measure

he strain. The tensile modulus was determined within a range of 

trains between 0.05 and 0.1%. 

.6. Measurement of the curvature 

To measure the radius of curvature, markers were tracked on 

he images captured using a camera (1080P HD, 30fps). and im- 

ge analysis was performed using Autodesk software. The curva- 

ure was measured by fitting the time history of the sample pro- 

le to a ‘circle’ function. The bending curvature (K) was calculated 

ith the radius of the fitted circle. 

.7. Maximum lifting weight measurement 

The lifting objects are balls and pens for the grasping hand and 

at, concave and convex shapes for the electroadhesive structures. 

e have tied Blue Tack (adhesive putty) on the objects to adjust 

he overall weights, which have been measured using a Fischer Sci- 

ntific PAS214C balance (10 −3 g). 

.8. Prototypes manufacturing 

Insulated Mylar film have been used as the adhesive face to 

ond to the hygromorph devices. The films have a 0.075 mm thick- 

ess and were procured from RS Components UK. The same sup- 

lier provided a stretchable electrode with 8 mm in width and 

.07 thickness. The electronic circuitry was protected by a modi- 

ed polyurethane coating (amber). The film was combined with a 

tiff base through four low stiffness stainless steel springs (spring 

onstant of 0.16 N/mm, outside diameter 3.52 mm and free length 

9.3 mm). The operational voltage was 5KV, provided by an ad- 

ustable power supply and EMCO that can boost voltage 10 0 0 

imes. 
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