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A B S T R A C T   

Current applications of mass diffusion in composite structures with natural fibres reinforcements 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. This work proposes a new three-dimensional inverse identification diffusion method 
based on extracting the diffusion parameters from each direction in hygromorph composites made of the shape 
memory epoxy and aligned long flax fibres. The proposed methodology is particularly suitable for slender 
hygromorphs composites, because the in-plane moisture diffusion is non-negligible in those cases. The method 
proposed here also helps the understanding of the moisture diffusion and associated mechanical deformations in 
general hygromorph adaptive morphing structures made of natural fibre-reinforced unbalanced composites.   

1. Introduction 

Natural fibre composites have been extensively studied and evalu
ated during the last decades because of their sustainability, low cost, low 
density, and interesting mechanical properties [1–4]. Moisture absorp
tion tends to degrade the performance of the fibres in a composite [5]. 
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 composites, like those including flax 
[6,7,8,9,10], jute [11,12] and even hybrid flax/glass [13], flax/bamboo 
[14] and Kevlar/Cocos nucifera [15]. Most of the studies involving 
natural fibre composites are focused on semi-structural materials with 
relatively large thickness (3 mm or more), balanced laminates, long 
water diffusion times (3 weeks or more), and overall low levels of water 
uptake (less than 10 %) [6,7,10,11,12,13,14,15]. 

Natural fibre and moisture-responsive biocomposites are also 
promising as platforms for smart morphing materials [16–18]. 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 un
balanced laminate at different humidity conditions contribute to the 
bending actuation [19,20]. Natural fibre hygromorph composites used 
for actuation and sensing tend however to be slender and limited in 
thickness (around 0.5 mm) [16–18]. The architectures of these 
hygromorphs mainly consist of laminates with short diffusion times 
(around 3 h) and high overall water uptake (more than 10 %) [16–18]. 
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 specimens’ 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 and the evaluation of their 
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residual and internal stresses. 
Existing moisture diffusion studies applied to unbalanced bio

composites for actuation are limited [16–18]. 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. Be
sides the sample scale effect, the lumen of unidirectional single flax fi
bres triggers imbibition, while moisture transport is promoted by 
capillarity along the longitudinal direction of the long fibres [21]. Those 
effects, however, are not described by a simple one-dimensional 
formulation of Fick’s law. A three-dimensional Fick’s law would how
ever potentially describe in a more exhaustive manner the mass diffu
sion 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 [22–24]. 
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) [7,23,25], or changing D1, D2, D3 but keeping M∞ is 
fixed [22,26]. The coupling between the diffusion from the different 
directions makes difficult to obtain an accurate inverse identification. 
Another approach followed in open literature is to measure the diffu
sivity separately along each direction and exposure condition [7,25,26]. 

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 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 [27]. 
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 [22–24]. A 3D finite element model describing 
both balanced and unbalanced laminates is built and shows some sig
nificant agreement between the experimental and the numerical results 
when using the 3D diffusion model with the parameters identified with 
the described approach (section 3.2). The effects of the ply design and 
geometry are discussed (section 3.3) and the advantages of the new 3D 
diffusion identification model are described (section 3.4). The moisture 
distribution of those laminates is described using the benchmarked 
method and allows for a parametric analysis involving sizes and aspect 

Fig 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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ratios of the composites (section 3.5). Based on the calculated moisture 
distributions, the internal stress distributions through the thickness di
rection of the unbalanced composites are also evaluated (section 3.6). 

2. Materials and method 

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*250 mm size seeing Fig. 1. Stacks of 
shape memory epoxy films provided by Leng’s Group [28] and unidi
rectional 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 indi
cate 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 Ma
chine cuts the composite plates because of the thin thickness into small 
squares of 20 mm by 20 mm in size and stripes of 70 mm in length and 
10 mm in width. The cured composites have ~ 0.56 mm thickness and 
40 % fibre volume content and 15.6 ± 1.5 % porosity. The thickness is 
measured using a Mitutoyo micrometre IP65. The fibre volume content 
is measured by inspecting images of the composites cross-sections ac
quired using an optical ZEISS microscope, and the porosity is deter
mined via gravimetric measurements in water. The water gravimetric 
method is easy and inexpensive; however, it overestimates the effective 
value of the porosity [27]. The samples cut from the [908] laminate are 
sealed to assess the effects of the anisotropy of the flax fibres composites. 
The samples (20 mm × 20 mm) cut from the laminate plates (250 mm ×
250 mm) 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. 1 (b) and (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 h. 

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 h. 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). An esti
mation of the total testing time and the suitable time interval to sample 
the weight of the specimen can be provided by carrying out preliminary 
trials. It is important to note that the specimens were weighed in a short 
time to minimize discontinuity effects during the water diffusion pro
cess. After an immersion time t, the amount of absorbed water Wt in the 
composite specimens was calculated to obtain the moisture content 
(MC) using the following expression: 

MC(%) =
Wt − W0

W0
⋅100 (1) 

In (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 formula
tion: 

MC(%) =
Wt − WS

W0
⋅100 (2) 

In (2), Wt, WS and W0 are 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 de
viation is also indicated. 

3. Results and discussion 

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. 2. For each principal di
rection, 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 [20] for thin plates, which provides a constant diffusion co
efficient Eq. (3). 

Mt =

(

1 −
8
π2Σ∞

n=0
1

(2n + 1)2 exp

(

− D
(

2n + 1
e

)2

π2t

))

× M∞ (3) 

In (3), Mt indicates the time varying moisture content and t is the 
time. M∞ represents the saturation moisture content (%) and D corre
sponds 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 equa
tion to the experimental data and minimizing the quadratic error q, sum 
of the difference between experimental and predicted values. 

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, so that unsealed samples absorb more moisture than the 
sealed ones. Sealed ones with higher initial diffusion speed conditions 
also absorb more than those with low-speed ones (direction 3 > direc
tion 1 > direction 2). Two options from methodologies available in open 
literature can be selected to identify M∞ when fitting the correspond D 
coefficients. The first consists in applying the experimental saturated 
moisture contents from each case [25]. The second involves the 

Fig 2. Evolution of the water uptake for the sealed (along the 1, 2 and 3 di
rections) and unsealed samples. 

Q. Li et al.                                                                                                                                                                                                                                        



Composites Part A 171 (2023) 107574

4

simultaneous identification of M∞ and D to minimize the quadratic error 
q [7]. 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 h 
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 h. 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 the 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 results of the 
diffusion parameters from each direction and the saturated moisture 
uptake are shown in Table 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 like existing results available 
for other epoxy and flax fibre composites [26]. The diffusion parameter 
along the thickness direction D3 is selected as the baseline and the re
lationships between the 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 [29,30]. Smaller internal cavities of a few 
micrometres in diameter are also present [31]. Luminal porosity in flax 
fibres range from 1.6 % to 6.8 ± 3.5 % [29,32], highlighting some 
variations existing within the same type of flax plant fibres. Longitudinal 
direction allows the flax lumen to trigger imbibition and thus promotes 
water transport by capillarity [22]. Rapid water diffusion also occurs 
along natural fibres/matrix interfaces, which may be even faster than in 
the matrix itself [33,34]. 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 [33]. 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. 

The method to seal the samples used in this work can only guarantee 
the initial specific diffusion direction, but not the control of that direc
tion all the time. Matrices and fibres in load bearing biocomposites have 
different moisture transfer velocities and saturation contents: fibres 
transfer faster and absorb more moisture [23]. Hence, the moisture will 
also transfer from the fibres to their surrounding matrix and the 
measured parameters D1, D2 and D3 cannot be directly extracted from 
3D diffusion models. 

3.2. D water diffusion 

The full 3D solution to the Fickian diffusion behaviour with aniso
tropic diffusion coefficients is [35]: 

Mt =

⎛

⎜
⎜
⎜
⎜
⎝

1 − (
8
π2)

3Σ∞
i=0Σ∞

j=0Σ∞
k=0

exp
(
− π2t(D1

(
2i+1

a

)2
+D2

( 2j+1
b

)2
+D3

(
2k+1

c

)2
)
)

(2i + 1)2
(2j + 1)2

(2k + 1)2

⎞

⎟
⎟
⎟
⎟
⎠

× M∞

(4) 

In (4) 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 speci
mens when immersed in the water, by minimizing the residuals. To carry 
out the identification of the diffusivities, 4 different methods have been 
applied: 

I. Changing D1, D2, D3 and M∞ simultaneously to reach the mini
mum error [7,23,25];  

II. Changing D1, D2, D3, but keep the measured M∞ to reach the 
minimum error [22,26];  

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 and 
M∞ [25,26]. 

The fitting process is shown in the Fig. 3. The results of the identi
fications of the diffusivity parameters from these four methods are 
shown in Fig. 4(a) and Table 2. Method I) 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) also provides a low residual (4.81*10-4) to control 
the fitting of D1, D2, D3. However, the physical relevance of the pa
rameters 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 *10-5 mm2/s, while the analogous 
value extracted from the method I) is 118.2 *10-5 mm2/s. Also, values 
fitted following the same method have vast differences seeing Fig. 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 *10-5 mm2/s [7,22,23,25,26]. In summary: identi
fying the terms D1, D2, D3 from fitting by using methods I and II is useful 
when coupling is present between the effects. It is not useful 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 the open literature [25,26] confirm that the 
water diffusion in biobased composites is complex and the diffusion 
parameters identified from sealed samples do not allow a direct 
description of the 3D water diffusion behaviour. From the results of this 
work, method IV 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. 

3.3. Effects of the ply design and geometry 

Two types of samples with square (20 mm*20 mm) and long rect
angle shapes (70 mm*10 mm) have been cut. Each type of specimen has 

Table 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  
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4 different laminates ([908], [01907], [02906] and [03905]). Sample L 
[01907] is indicative of long rectangle shapes samples with 70 mm (x) 
*10 mm (y) size. That sample also has 1 layer whose fibre direction is 
parallel to × axis and 7 layers parallel to y axis. 

Different from balanced [908] laminates, the x-axis and y-axis of the 
unbalanced specimens 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 10 mm*10 mm*0.56 mm, a quarter of 
the experimental samples because the diffusion behaviours are consid
ered symmetric. The model has been partitioned into two parts because 
of the unbalanced design and the local diffusion parameters D1, D2 and 

Fig 3. Schematic flow diagram describing how the directional diffusion coefficients have been determined for the four methods.  

Fig. 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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D3 are derived from the method III. The FE models are made of 6400 
elements (20*20 *16 from ×, 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 [23,24]. 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 concentra
tion (NNC) of every node. The final fitting results of Dx, Dy and Dz and 
the relative relationships Rx and Ry are shown in Table 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 equation (5). The 
predicted values of Dmix show a substantial agreement with the finite 
element results - see Fig. 5. 

Dmix = D1*C1 +D2(1 − C1) (5) 

In (5), 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 laminates and shapes are 
computed following method III in Table 4. The experimental results and 
the simulations are shown in the Fig. 6; square shapes and long rectangle 
samples are displayed in Fig. 6(a) and (b), respectively. 

The experimental results show that the overall water uptake of the 
various cases is different, especially for different laminates (Table 3). 
The unbalanced laminates absorb more than the balanced ones. Com
posites 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 [7]. In the case of unbalanced samples, the bending 
during the shape change also induces internal compressive stresses, 
which may help to increase the amount of moisture diffused [36]. 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. 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. 7 (b). The small error increase related 
to the identified Dz values indicates that the saturated moisture content 
M∞ is useful to predict the set diffusion parameters Dx, Dy and Dz within 
the same sample shape and different laminates. 

3.4. Advantages of the 3D diffusion model 

The thickness of hygromorph composites used to achieve high cur
vature ranges is usually very small compared to their planar sizes. Most 
of the current hygromorphs designed for actuation are based on diffu
sion along the thickness, because the small thickness dimensions are 
mostly instrumental to the moisture transfer [16–18]. However, besides 
the effects due to the geometry of the hygromorphs, the diffusion pa
rameters along the fibres longitudinal direction also play an important 
role that should not be overlooked. To highlight this point, Fig. 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 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 in
dicates the usefulness of adopting a 3D diffusion model for hygromorph 
composites. In the case of square hygromorphs (20 mm*20 mm), the 
moisture along the y direction is larger than along the × one, because the 

Table 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  

Table 3 
The global diffusion parameters Dx, Dy are affected by the ply design and the new relative relationship through different directions Rx and..Ry  

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. Relationship between the global diffusion parameters Dmix of the un
balanced hygromorphs and the percentage of layers C1 containing fibres ori
ented at 0◦. The dotted points are derived from the finite element simulation, 
while the continuous line represents eq. (5). 
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y axis is parallel to the longitudinal direction of the fibres. For samples 
with rectangular shape, the shorter the × 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 10 mm [16–18], which indicate that non-negligible in- 
plane diffusion effects do exist. If narrower samples are designed with 5 
mm of width, the moisture from the fibre direction is larger than in the 
case of the thickness one (Fig. 8. 70 mm*5mm case). It is important to 
notice that the in-plane diffusivity effects are stronger during the tran
sient phase of the actuation. During the first 0.25 h, the in-plane diffu
sivity 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 4 
h, the planar diffusivity accounts for ~ 40 % for the slenderest 
hygromorph, and to 26 % for the 10 mm width one. Only a steady state 
(16 h), 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 thick

ness (0.56 mm), compared 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. 

3.5. Moisture distribution with the 3D model 

3.5.1. Square versus long rectangle shapes 
The moisture distribution along the 3 directions within balanced 

[908] laminates of square (20 × 20 mm) and long rectangle shapes (70 
× 10 mm) is computed using the Finite Element model (Fig. 9). The 
simulations are carried out using the modified diffusivity parameters 
shown in Table 4. Here the longitudinal direction of the fibres is along 
the y axis. The selected time intervals are 0.25, 1, 4 and 16 h. The 

Table 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 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. 

Fig 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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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moisture concentration in the model is extracted at each node and 
averaged within the cross-sections normal to the ×, y and z directions. 
The moisture distribution results are not equal through the × or y di
rections, 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 × ones. The reason behind this behaviour is the very thin 
size along the z direction (0.56 mm) and the highest diffusivity (Table 4) 

in the y direction. In the L[908] cases, the y direction plays a more 
important role because of the shorter size (from 20 mm to 10 mm), while 
the × direction effects are less important (increase of the length to 70 
mm). For example, during a 4 h 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. 

3.5.2. Balanced versus unbalanced architectures 
Unbalanced laminates are not common architectures of natural fibre 

composites [6,7,8,9,10,11,12,13,14,15], however the laminate with the 
[03905] stacking sequence is treated here as example. Like balanced 
laminates, the water distribution through the thickness increases from 
the middle to the top or bottom laminas. The laminas of an unbalanced 
laminate are numbered from 1 to 7 (Fig. 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 h. 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 di
rections), while laminas #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 di
rections; 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. 

3.5.3. Different hygromorph stacking sequences 
The distribution of the moisture content in slender rectangular flax/ 

epoxy hygromorphs with different stacking sequences ([01907], [02906] 
and [03905]) is shown in Fig. 11. The experimental results show that 
their amounts of water uptake are different (Fig. 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 

Fig 8. Venn plots of the moisture distribution through the ×, 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 a as the overall 
moisture absorption minus from the thickness direction (overall area minus Z 
area); b is the overall moisture absorption (total area). 

Fig 9. Moisture distribution through ×, 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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orthogonal directions is always larger than in the case of the symmetric 
laminates (Fig. 9). 

3.6. Hygromorph performance of the flax/SMP epoxy composites 

3.6.1. Hygroscopic expansion 
Hygroscopic expansion and moisture uptake have been evaluated on 

samples 70 mm (L) × 10 mm (w) × 0.56 mm (t). The size of those 
samples is the same as the one of the specimens used to observe the 
moisture sensitive morphing. Volumetric measurements have been 
performed with a Mitutoyo micrometre 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 hygro
scopic expansion over the MC. The results are shown in Fig. 12 (a) [16]. 

Fig 10. The composite architecture of [03905] laminates and the colourmap of the normalized concentration of the through-the-thickness moisture distribution.  

Fig 11. Through-the-thickness moisture distribution in unbalanced [01907], [02906] and [03905] hygromorph composites.  

Fig 12. (a) Evolution of the longitudinal and transverse hygroscopic strains at 20 ◦C. Black (longitudinal) and red (transverse) dots represent the experimental data. 
The continuous lines refer to the theoretical results from the model. (b) Evolution of the longitudinal and transverse Young’s moduli as a function of moisture content. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Along the fibre direction, the hygroscopic expansion is insensitive to 
the moisture and even shows a very slight shrinkage. In contrast, the 
biocomposites along the fibre transverse direction have a large expan
sion, because the fibres in the radial direction swell when absorbing 
moisture. The coefficient of hygroscopic expansion decreases with the 
moisture absorption and the overall expansion reaches 2.39 % from 50 
% RH to a well absorbed condition. 

3.6.2. Hygroelastic 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, by using a Shimadzu 
universal testing machine (cell load 5 kN) at controlled temperature 
(23 ◦C) and crosshead speed of 1 mm/min. The samples have the 
following dimensions (thickness θ and width w): θ 0◦=0.56 mm and 
width w0◦=15 mm; θ 90◦=0.56 mm and w90◦= 25 mm. Mechanical tests 
were performed on samples that had reached their saturation time, 
estimated at 24 h. The samples were wrapped with polymer film to 
prevent the loss of moisture. 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 
% [16]. The tensile moduli in fibre direction decreases from 13.8 GPa at 
50 % RH to 6.6 GPa fully immersed in the water. In the transverse di
rection, the analogous values varied from 3.5 GPa at 50 % RH to 0.7 
GPa. The loss of mechanical performance is significant before absorbing 
10 % of moisture content but slows down after that moisture content 
value. The experimental data related to the mechanical properties 
illustrated here are at 50 % RH and immersed state, and the trend shown 
are like other hygromorphs described in open literature [19,20]. 

3.6.3. Curvatures 
To measure the radius of curvature, markers were tracked on images 

captured using a camera (1080P HD, 30fps) and image analysis was 
performed using Autodesk software. At specific instants of time, images 
are extracted from the video clips and the related curvatures are 
measured. 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. The video illustrating the 
morphing of the hygromorph is recorded (Supplementary video) and the 
clips are shown in Fig. 13(a). The time history of the fitted curvatures 
from the video tracking and the calculated results predicted by using a 
modified version of the Timoshenko equation [18,20] are shown in 
Fig. 13(b). 

3.6.4. Stress distribution 
The distributed moisture contributes to the level of internal stresses 

in biocomposites. The hygroscopic expansion relationship between 
moisture content and expansion ratio are found in [16]. The same ge
ometry and the same mesh are used for obtaining a static solution. The 
moisture concentration at each node is the input loading, and the ma
terial 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. 14. 
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 laminas first 
increase, 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 [16,18,20], 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◦ laminas create hygro
scopic differential strains, and 0◦ laminas bear those generated hygro
scopic strains. 

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 (20 mm 
*20 mm and 70 mm *10 mm) 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 evalu
ated, with particular emphasis on the time history of the moisture dis
tribution through the thickness and the internal stresses distribution by 
hygroscopic expansion. 

The proposed new method to obtain diffusivity parameters is dis
cussed 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 nonnegligible. The diffusion model proposed in this work 
also helps to understand the moisture diffusion behaviours and mech
anisms in general hygromorph composites and adaptive morphing 
structures derived from those natural fibre-reinforced composites. 
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[12] Doan T-T-L, Brodowsky H, Mäder E. Jute fibre/polypropylene composites II. 
Thermal, hydrothermal and dynamic mechanical behaviour. Compos Sci Technol 
2007;67:2707–14. 

[13] Saidane EH, Scida D, Assarar M, Sabhi H, Ayad R. Hybridisation effect on diffusion 
kinetic and tensile mechanical behaviour of epoxy based flax–glass composites. 
Compos Part A Appl Sci Manuf 2016;87:153–60. 

[14] Alliyankal Vijayakumar A, Prasad V, Kailathuvalappil KM. Investigation on the 
effect of stacking order and hybridization on mechanical and water absorption 
properties of woven flax/bamboo composites. Polym Compos 2022;43:5189–207. 

[15] Naveen J, Jawaid M, Zainudin ES, Sultan MTH, Yahaya R. Mechanical and 
moisture diffusion behaviour of hybrid Kevlar/Cocos nucifera sheath reinforced 
epoxy composites. J Mater Res Technol 2019;8:1308–18. 

[16] Li Q, Sun R, 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. 

[17] Le Duigou A, Keryvin V, Beaugrand J, Pernes M, Scarpa F, Castro M. Humidity 
responsive actuation of bioinspired hygromorph biocomposites (HBC) for adaptive 
structures. Compos Part A Appl Sci Manuf 2019;116:36–45. 

[18] Le Duigou A, Requile S, Beaugrand J, Scarpa F, Castro M. Natural fibres actuators 
for smart bio-inspired hygromorph biocomposites. Smart Mater Struct 2017;26: 
125009. 
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