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Abstract 

Inspired by biological materials, the self-shaping wood composites induced by relative humidity (RH) have been 
investigated over the last decade. In this study, a wood bilayer was fabricated by assembling two layers with perpen-
dicular fiber orientation in a series of thickness ratios and initial moisture contents (iMC). The self-shaping response 
of the wood bilayer was explored as a function of its configuration, and the discrepancies between moisture adsorp-
tion and desorption processes were clarified. Higher iMC limited the evolution of curvature. During both the adsorp-
tion and desorption processes, a reversed bending response was observed, and there was a hysteretic bending 
behavior between them. Repeatable bending was achieved during the cyclic ad/desorption process, and a larger 
hysteresis loop was observed at a lower thickness ratio. Finite-element analysis showed that the maximum stress 
occurred at the interface between the active and passive layers, and larger thickness ratios had lower maximum 
stress. In addition, the bilayer composed of a 200 μm passive layer and a 400 μm active layer with 0.6% iMC was found 
to be the most sensitive to RH change. The results of this study elucidate the moisture-dependent bending response 
of wood bilayers and provide the possibility of precisely controlling the curvature of self-shaping wood composites 
in industrial applications.
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Introduction
The dimensional instability of wood with moisture 
changes is considered to be a drawback and limita-
tion for its application in civil engineering [1]. Various 
approaches have been developed to reduce the dimen-
sional instability, such as using expensive equipment for 
structural adaptation or chemical agents for modifica-
tion. However, the hygroexpansion of wood has recently 
been turned into an advantage in the field of self-shaping 

actuators [2–4]. The self-shaping mechanism is inspired 
by natural plant actuators with a bilayer structure such as 
pine cones who open during a decrease in relative humid-
ity (RH) and close during an increase in RH [5–7]. This 
shape change is originally from the stress gradient due 
to the bilayer structure, which is composes of two layers 
(active and passive layers) exhibiting differential dimen-
sional changes in response to moisture, i.e., anisotropic 
hygroexpansion within the bilayer structure [8–10]. The 
active layer with a higher hygroexpansion coefficient 
strongly reacts to moisture changes, whereas the passive 
layer is less sensitive to moisture due to the lower coef-
ficient [11]. When moisture uptake or loss, the stress 
gradient involved in the bilayer structure would turn dif-
ferential hygroexpansion strain into a passive bend [12, 
13].
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Wood, as an anisotropic natural material, consists of 
highly crystalline cellulose microfibrils and amorphous 
lignin–hemicellulose matrix [14, 15]. Since cellulose 
microfibrils almost aligned along longitudinal direction 
are responsible for the mechanical support in wood and 
hardly swelling or shrinkage, the hygroexpansion exhibits 
pronounced difference in longitudinal, radial and tangen-
tial directions [16–18]. Maximum hygroexpansion could 
be found in tangential direction followed by radial direc-
tion, while the hygroexpansion in the longitudinal direc-
tion is at least an order of magnitude smaller than that 
in the transverse direction [1]. This orthotropic hygroex-
pansion property enables wood to be used as a material 
for fabricating RH-driven self-shaping bilayers that con-
sist of two wood monolayers with different grain orienta-
tion and can bend reversibly upon RH changes [19–21].

The self-shaping wood bilayers in response to changes 
in RH have been explored and fabricated into a series 
of products, such as the “Urbach tower” [22, 23], smart 
building ventilations—hygroscope or hygroskin [24–26], 
and self-propelling robot [27, 28]. During the manufac-
turing of wood bilayers from the monolayer with initial 
moisture content (iMC) by means of hot-pressing, ther-
moplastic deformation occurred in the wood bilayers, 
which then affected the bending response of the bilayers. 
More importantly, the bending response of the bilayers is 
mainly driven by RH changes. When wood bilayers are 
used as hygrometers in the form of sensors or actuators, 
it is important to precisely describe the bending curva-
ture of bilayers at any RH condition. Due to the distinct 
moisture sorption kinetics behavior of wood between the 
adsorption and desorption isotherms [29, 30], the bend-
ing response of wood bilayers would be of interest dur-
ing the adsorption and desorption processes despite the 
same RH. Moreover, the effect of cyclic RH conditions 
on the bending behavior of wood bilayers is also impor-
tant for wood bilayer applications. To explore the bend-
ing behavior, the bilayer motion response to fluctuations 
in RH can be tracked by a camera, and image analysis 
software has been verified as an effective test method 
to perform the image treatment and bending curvature 
measurement [31–33]. The stress gradient within bilay-
ers, responsible for the bending response to RH change, 
is hard to detect due to the limited technology. Finite-ele-
ment analysis (FEA) is a widely used numerical method 
for analyzing stress distribution in structures, including 
wooden materials. Sophisticated constitutive models 
have been developed to capture the nonlinear, aniso-
tropic, and time-dependent behavior of wood [34, 35]. 
Obtaining material properties through experimental test-
ing and integrating them into FEA simulations has been 
a key focus for researchers. In the case of wooden bilay-
ers, the material can be divided into small elements with 

varying properties. This approach allows for simulating 
the stress gradient within the bilayer structure based on 
the physical or mechanical properties of both the active 
and passive layers [22].

Thus, this paper was aimed at comparing the bending 
response of wood bilayers between adsorption and des-
orption processes. The bending curvature of the wood 
bilayers fabricated was measured by ImageJ software 
[36] during adsorption, desorption, and cyclic adsorp-
tion–desorption processes. We designed wood bilayers 
with several variables, including the thickness of each 
layer, i.e., the passive to active layer thickness ratio (m, 
Tp/Ta), and iMC of each layer prior to assembling. The 
bending ability of the manufactured bilayers was checked 
first, and then the critical RH region to reverse bend was 
marked as well. Furthermore, the stress gradient of the 
self-shaping wood bilayers in response to RH change was 
modeled using the FEA.

Materials and methods
Wood bilayers manufacturing and conditioning
Scots pine (Pinus sylvestris var. mongolica Litv) was 
selected to fabricate the bilayers. The clear rods from sap-
wood were prepared with the dimensions of 20 mm (lon-
gitudinal, L) × 5  mm (radial, R) × 20  mm (tangential, T), 
without any visual defects and knots. The average den-
sity and moisture content under air-dried condition were 
0.47 g/cm3 and 11%, respectively.

The different orientations of the grain in the passive 
and active layers are mainly responsible for the deforma-
tion of the bilayer. The passive and active layers were cut 
using diamond wire saw (DWS100, Diamond WireTec, 
Germany) in the LR plane (L-direction along the x-axis 
of the bilayer) and the cross-plane (T-direction along the 
x-axis of the bilayer), respectively, with a length of 20 mm 
and a width of 5 mm (Fig. 1). 200 μm and 400 μm-thick 
passive layers and 200  μm, 400  μm, and 800  μm-thick 
active layers were prepared (Table 1). The active or pas-
sive layers were divided into three groups for adjusting 
iMC. The three groups were conditioned at a constant 
humidity of 0%, 75%, and 100% RH by storing in sealed 
containers over anhydrous phosphorus pentoxide (P2O5), 
saturated sodium chloride (NaCl) solution, and deionized 
water. After 9  weeks, the steady mass of the layers was 
obtained, and the corresponding iMC was about 0.6, 12, 
and 22% for 0%, 75% and 100% RH, respectively.

After adjusting iMC, the active and passive layers with 
the same iMC value were bonded with phenolic resin 
(Dynea Guangdong Co. Ltd., China) by hot-pressing. 
The spreading amount of the resin was 100  g/m2, and 
the water content of the phenolic resin was 50%. Figure 1 
shows the hot-pressing process. To minimize the effect of 
hot-pressing on the thickness, the active layer and passive 
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layer were bounded under the self-weight of preheating 
top steel plate (2 kg) at 160 °C for 1 min (Fig. 1). Moreo-
ver, the actual thickness was influence by RH fluctuations 
in the process of bilayers bending measurements due to 
hygroexpansion. Thereafter, the thicknesses of active or 
passive layers after hot-pressing can be considered as 
nominal thickness. The passive to active layer thickness 
ratio m (Tp/Ta) was selected as 0.5 and 1 (Table 1). Thus, 
the bilayers with a length of 20 mm along the x-axis and a 
width (y-dimension) of 5 mm were obtained at the thick-
ness ratios of 0.5 and 1. Prior to tests, all bilayers were 
dried in sealed containers over P2O5 (Fig. 1).

Characterization of bending response
Curvature measurement during ad/desorption processes
The wood bilayers were fixed with a clamp in a home-
made climate chamber at the room temperature of 25 °C 
(Fig. 2a). The fixation by the clamp had no negative influ-
ence for the bending along the lengthwise direction of 
the bilayer [32]. The profile of the bilayer was captured 
by a digital camera (Fig. 2c) to track changes in bending. 
The image was then analyzed using the ImageJ software 
(National Institute of Health, USA) to calculate bend-
ing curvature [36]. The curvature measurement scheme 
in Fig. 2b illustrated that the evolution of the bilayer was 
fitted to a “circle” function, and the curvature (K) could 
be calculated using the radius (R) of the fitted circle. In 
each bilayer, the active layer faced the left side, and nega-
tive curvature was defined when the bilayer was in a 
left-bending position (i.e., bending with the active layer 
inwards) (Fig. 2c). Positive curvature was noted when the 
bilayer was bent with the passive layer inwards.

The bending ability of bilayers was evaluated by cur-
vature changes during adsorption, desorption and cyclic 

Fig. 1  Schematic illustration of the sample preparation and characterization

Table 1  Thickness ratios for the different combinations of thickness

Ta, thickness of active layer

Thickness of passive layer, 
Tp

Thickness ratio m (Tp/Ta)

200 μm 0.5 (200/400) 1 (200/200)

400 μm 0.5 (400/800) 1 (400/400)
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processes by controlling RH in the climate chamber. The 
curvature hysteresis defined as the curvature difference 
at desorption process and adsorption process (ǀKde − Kadǀ) 
for a given RH was evaluated as well. Isohume condi-
tions were adjusted using P2O5 (for 0% RH) or a series of 
saturated salt solutions (for moist conditions). Figure  1 
presents the test scheme for curvature measurement. 
All tests were conducted at room temperature (25  °C). 
For the adsorption or desorption process, the RH was 
adjusted to 0%, 33%, 75% and 95%, progressively. In the 
case of the cyclic process, RH was run started at 0% RH 
and increased stepwise to 33%, 75%, and 95%, and then 
decreased stepwise to 75%, 33%, and 0% followed by a 
period of 3 cyclic changes. The samples were maintained 
at each humidity condition until the curvature change 
reached 0.001 μm−1 per 24 h. The average curvature was 
averaged from 5 replicates.

Determination of critical RH region for reverse bending
The reverse bending phenomenon can be observed for 
the bilayers during both the adsorption and desorption 
processes. The RH region when reverse bending occurs 
was defined as critical RH (RH0) region. The RH0 region 
was obtained by observing the bending direction of bilay-
ers at a series of RH. The RH isohume conditions were 
set at 11%, 20%, 33%, 45%, 58%, 66%, 75%, 85%, and 95% 
RH, controlling by saturated solutions of lithium chlo-
ride (LiCl), potassium acetate (KC2H3O2), magnesium 

chloride (MgCl2), potassium nitrite (KNO2), sodium bro-
mide (NaBr), sodium nitrite (NaNO2), sodium chloride 
(NaCl), potassium chloride (KCl), and sodium carbonate 
(Na2CO3).

Finite‑element analysis (FEA)
The stress distribution was modeled using FEA soft-
ware (student version, https://​www.​ansys.​com/​acade​
mic/​stude​nts). The dimensions of the model were con-
sistent with the actual size. The modulus and swell-
ing of the dried active and passive layers (0.6% MC) 
at 0%, 33%, 75% and 95% RH were measured in tensile 
mode by micro-mechanical analyzer (HCS350G-TNS, 
Instec, USA) and given in Table  2. Strain simulation 
was applied using the differential swelling between the 
active and passive layers at RH = 33%, 75%, or 95%. The 
stress distribution was then obtained, especially within 

Fig. 2  a Schematic diagram of the experimental device (1. Climate chamber, 2. Digital temperature and humidity sensor, 3. Desiccator containing 
P2O5 or saturated solution, 4. Bilayer sample, 5. Vertical clamp); b Calculation of curvature K1 or K2 of bilayer before and after deformation based 
on the radius R1 or R2 of the fitted circle; c sample clamping schematic diagram with negative curvature value (the bilayer in a left-bending position, 
i.e., bending with the active layer inwards)

Table 2  Modulus and swelling for active and passive layers 
under different RH conditions

RH/% MC/% Modulus/MPa Swelling/%

Passive 
layer

Active layer Passive 
layer

Active layer

0 0.6 4602 128 0 0

33 7.7 4322 86 0.15 5.04

75 12.5 4150 80 0.20 6.81

95 20.3 3860 75 0.24 8.12

https://www.ansys.com/academic/students
https://www.ansys.com/academic/students


Page 5 of 11Peng et al. Journal of Wood Science           (2023) 69:29 	

or along the interface between the active and passive 
layers.

Results and discussion
Bending response during adsorption process
Curvature changes
The differential swelling behavior between active and 
passive layers allows for asymmetric deformation along 
the lengthwise direction of the bilayer, resulting in 
bending. The typical bending evolution of the bilayer 
with 12% iMC is shown in Fig.  3. During the adsorp-
tion process, bilayers displayed a pronounced actuation 
authority regardless of the bilayer thickness. The bilay-
ers reached their maximum left-bending position (i.e., 
negative curvature in Fig.  2c) at the beginning of the 
adsorption (RH = 0%) and then gradually bent right-
ward with increasing RH. Except for the bilayer with a 
thickness ratio of 1 (both the passive and active layers 
were 400 μm-thick), the others had the maximum right-
bending position (positive curvature) at the highest RH. 
In other words, these bilayers bent from the active layer 
inwards to the passive layer inwards during the adsorp-
tion process. The bending response is related to the dif-
ferential swelling of the active and passive layers upon 
water uptake. The left-bending position of bilayers at low 
RH level indicated that the swelling of the active layer 
could not catch up with the length of the passive layer, 
and the passive layer is longitudinally loaded in tension. 
The right-bending position of bilayers at high RH level 
indicated that the active layer is excessively swelled com-
pared to the passive layer, and the passive layer is longitu-
dinally loaded in compressive mode.

The curvature evolution as a function of RH is pre-
sented in Fig.  4. The negative curvature value indicated 
the left-bending position in Figs.  2c and 3, i.e., bending 
with the active layer inwards. During the adsorption pro-
cess, the curvature of the bilayers evolved nonlinearly 
with the increasing RH, regardless of the bilayers’ con-
figuration. The higher the RH levels, the less pronounced 
the bending of the bilayers was, due to the influence of 
swelling stress on water uptake [32, 37].

The iMC and thickness effects
The bilayers with lower iMC had a greater curvature 
(Fig. 4). To elucidate the influence of iMC on the bend-
ing response, the relative curvature (ΔK) was calcu-
lated by the curvature difference at 95% and 0% RH 
(ΔK = ǀK95% −  K0%ǀ). Table  3 shows that ΔK increased as 
the iMC decreased. During the manufacturing process of 
bilayers by hot-pressing, thermoplastic strain occurred 
due to the plasticization effect of moisture, which led to 
an unrecoverable strain and internal stress. Therefore, 
the humidity-induced bending curvature was lower at 
high iMC.

Higher values of ΔK were achieved when m was 0.5 
(Table 3), irrespective of iMC. This result was consistent 
with previous studies on other bi-layered composites [12, 
38] based on Timoshenko’s model [8]. As stated by Hol-
stov [24], curvature of bilayer depends on the thickness 
ratio m, the passive to active layer stiffness ratio, and the 
total thickness of the bilayer. At a given m value, a slightly 
higher ΔK was found in the sample with a 200 μm-thick 

Fig. 3  The bending evolution of bilayers manufactured 
from the monolayers with 12% iMC when the relative humidity 
increased from dry (0% RH) to a wet environment (95% RH) at 25 °C. 
Tp, the thickness of passive layer; m, passive to active layer thickness 
ratio Fig. 4  The curvature evolution for four investigated bilayer 

configurations manufactured from the monolayers with 0.6%, 12% 
and 22% iMC during adsorption. Tp, the thickness of passive layer; m, 
passive to active layer thickness ratio
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passive layer compared to that with a 400 μm-thick pas-
sive layer, regardless of iMC, explained from the view-
point of the size effect. On the one hand, a positive 
relationship of stiffness to sample thickness over the 
70–1000 μm range has been reported for wood cut along 
the grain [39, 40], while the stiffness of wood cut across 
the grain has rarely related to thickness. For the bilayer 
composed of a passive layer along grain direction and an 
active layer across grain (Fig. 1), thick passive layer with 
large stiffness would cause the bilayer to consume more 
energy to resist the stiffness of passive layer, and then 
the bending capacity of bilayer is weakened, i.e., low ΔK 
value for the bilayer with 400 μm-thick passive layer. On 
the other hand, the total thickness of the bilayer has a 
negative effect on the curvature, which may be due to the 
gravity hindering the bending change of bilayer [24]. As 
a consequence, low ΔK value was observed for the thick 
bilayers at a given m value.

The reversed bending phenomenon was observed for 
all cases except the case with m = 1 (Tp/Ta = 400/400) in 
Fig. 3, meaning that there was a specific time when the 
curvature was about 0 in a certain RH region. Higher 
RH0 regions were found at lower iMCs for all configu-
rations (Fig. 5). The bilayers with an m value of 0.5 dis-
played lower RH0 regions, regardless of the thickness of 
the passive layer. In addition, the lowest RH0 region was 
found in the bilayer consisting of a 200 μm-thick passive 
layer and a 400 μm-thick active layer (m = 0.5) compared 
to other bilayer configurations (Fig. 5). Based on the ΔK 
value and RH0 region analysis, the results suggested that 
the bilayer with a configuration of a 200 μm-thick passive 
layer and a 400 μm-thick active layer with 0.6% iMC was 
sensitive to RH change during adsorption.

Bending response during desorption
Curvature changes
Similar to the adsorption process, bilayers exhibited 
bending evolution during the desorption process (Fig. 6). 

Table 3  The relative curvature ΔK for four investigated bilayer configurations manufactured from the monolayers with 0.6%, 12% and 
22% iMC

ΔK = ǀK95% − K0%ǀ, standard error in parentheses

iMC Adsorption Desorption

0.5,
200/400

1,
200/200

0.5,
400/800

1,
400/400

0.5,
200/400

1,
200/200

0.5,
400/800

1,
400/400

0.6% 8.74
(0.19)

6.51
(0.14)

6.90
(0.15)

5.34
(0.14)

6.62
(0.17)

5.28
(0.12)

5.33
(0.14)

4.12
(0.10)

12% 7.74
(0.15)

4.93
(0.11)

5.46
(0.13)

3.61
(0.07)

5.47
(0.15)

4.30
(0.10)

4.66
(0.11)

3.31
(0.10)

22% 4.91
(0.1)

2.99
(0.08)

2.90
(0.05)

0.60
(0.03)

3.51
(0.09)

2.18
(0.06)

2.30
(0.04)

0.29
(0.02)

34-45% 46-58% 59-66% 67-75% 76-85% 86-95%
0

10

20

30
m (Tp/Ta)
0.5 (200/400)
1 (200/200)
0.5 (400/800)

/
C

Mi
%

RH0 region

Fig. 5  The critical RH (RH0) region during adsorption for bilayers 
with different passive to active layer thickness ratio (m, Tp/Ta) at 0.6%, 
12% and 22% iMC

Fig. 6  The bending evolution of bilayers manufactured 
from the monolayers with 12% iMC when the relative humidity 
is decreased from wet environment (95% RH) to dry (0% RH) at 25 °C. 
Tp, the thickness of passive layer; m, passive to active layer thickness 
ratio
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The bilayers gradually bent rightward during adsorption 
(Fig.  4) and leftward while desorption (Fig.  6), demon-
strating the ability of the prepared bilayers to undergo 
reversible bending actuation. When humid environ-
ments changed from wet to dry, the curvature evolution 
for all configurations is presented in Fig. 7. A nonlinear 
relationship between RH and curvature was found for all 
bilayer configurations, exhibiting slow reactivity of bilay-
ers at high RH regions.

The iMC and thickness effects
The bilayers with an m value of 0.5 exhibited high cur-
vature, regardless of the thickness and iMC of the pas-
sive layer. With an increase in iMC, the relative curvature 
ΔK decreased (Table 3). At a given iMC, greater ΔK was 
observed using an m value of 0.5 instead of 1. The dis-
tinct curvature between the samples with 200  μm and 
400 μm-thick passive layers was attributed to thickness-
dependent stiffness. These findings were similar to the 
results during adsorption. Thus, bilayers composed of 
200  μm-thick passive layers at an m value of 0.5 were 
more sensitive to RH changes during both sorption 
processes.

Figure  8 shows the RH0 region for reversed bending 
during the desorption process. The bilayers composed 
of 400 μm-thick passive layer had RH0 region only when 
m value was 0.5 in this study. The higher the iMCs, the 
lower the RH0 regions were found (Fig.  8). In addition, 
low iMC can promote the scatter of the RH0 region with 
different values of m. Comparing with the adsorption 
process (Fig. 5), a low RH0 region was found in the des-
orption process (Fig.  8), indicating discrepancies in the 
bending response between the adsorption and desorp-
tion processes.

To understand the humidity-induced bending behavior, 
all the curvature data during the adsorption and desorp-
tion processes were included in Fig. 9. The bending defor-
mation (not only the curvature but also the ΔK) during 
adsorption was significantly greater than during desorp-
tion. The bending complexity generally arises from the 
inhomogeneous distribution of stress along the bilayer 
or across its thickness due to the differential expansion 
between L and T directions [9]. The hysteresis was prob-
ably due to the different stress gradient within the bilay-
ers between the adsorption and desorption processes [32, 
36]. The hysteresis was more pronounced at a low iMC 
for all four configurations.

Bending response during cyclic process
The curvature measurement during cyclic adsorption–
desorption process was conducted to clarify the effec-
tiveness of the bilayers actuators. Figure 10 displays the 
reversibility of the bending during 4 cyclic processes. 
Neither cracking in the wood layers nor delamination at 
the interface of bonding area was observed during the 
cyclic process, indicating no visual impact occurred for 
the bilayers manufactured. The first adsorption–desorp-
tion cycle might wear in the asymmetric self-shaping 
system and leave the dried bilayer in an unrecovered cur-
vature, i.e., the initial curvature during adsorption could 
not be achieved. Subsequent cycles led to approximately 
repeatable and reproducible bending behavior. A greater 

Fig. 7  The curvature evolution for four investigated bilayer 
configurations manufactured from the monolayers with 0.6%, 12% 
and 22% iMC during desorption. Tp, the thickness of passive layer; m, 
passive to active layer thickness ratio

21-33% 34-45% 46-58% 59-66% 67-75% 76-85%
0

10

20

30
m (Tp/Ta)
0.5 (200/400)
1 (200/200)
0.5 (400/800)

RH0 region

iM
C

 /%

Fig. 8  The critical RH (RH0) region during desorption for bilayers 
with different passive to active layer thickness ratio (m, Tp/Ta) at 0.6%, 
12% and 22% iMC
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bending amplitude (the ΔK at fourth cycle process) was 
observed for the bilayers with 200 μm-thick passive layer 
at an m value of 0.5 compared to the other three configu-
rations. However, the curvature amplitude was found to 
be higher for the bilayers with the thinner passive layer 
at a given m value, attributed to the aforementioned size 
effect on stiffness and stress relaxation.

For a given passive layer thickness, larger hysteresis 
loops were found at a lower m value, i.e., with a thick 
active layer (Fig. 10). This result was similar to the studies 
on sorption hysteresis [41], suggesting that matrix relaxa-
tion was responsible for hysteresis behavior. The matrix 
relaxation during desorption is kinetically hindered and 
cannot go back to the state it was in adsorption, because 
adsorption process led to inelastic expansion [42]. The 
richer the matrix, the more pronounced the hysteresis 
behavior [41]. Furthermore, matrix plays a decisive role 
in the swelling/shrinkage along the T-direction (i.e., 
active layer) [43]. Thus, it seems like the thicker the active 
layer is, the larger the hysteresis loops.

FEA results
The stress nephograms simulated by FEA demonstrated 
a distinct stress distribution along the thickness direc-
tion (Fig. 11). Compared with the passive layer, less stress 
was found for the active layer. The interface between 
the active and the passive layer (interface A–P) had the 
highest stress concentration, as shown in Fig.  11. Dur-
ing adsorption, maximum tensile stresses (RH = 33%) 
of around 24  MPa for m = 1 (Fig.  11a) and 20  MPa for 
m = 0.5 (Fig. 11b) were found at the interface.

The bilayer model was an optimized structure that 
allowed for large unconstrained deformations and pre-
vented delamination even with large variations in wood 
MC [22]. The active layer shrank and swelled with the 
changes of RH, driving the passive layer to deform. 
Therefore, a stress gradient was generated, and a neutral 
layer appeared along the central part of the passive layer. 
Regardless of the m value, the interface stress decreased 
initially and then increased with increasing RH, which 
was in accordance with the change in curvature. For a 
given passive layer thickness, the thicker the active layer 
(i.e., lower m value), the greater the interface stress can 
be found.

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

mμ/
erutavru

C
-1

mμ/
erutavru

C
-1

mμ/
erutavru

C
-1

C
Mi

%6.0
C

Mi
%21

C
Mi

%22

m: 1m: 0.5

Tp: 200 ��m

RH /% RH /%

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

0 20 40 60 80 100
-8
-6
-4
-2
0
2

m: 1m: 0.5

Tp: 400��m

RH/% RH/%
Fig. 9  The curvature evolution for four investigated bilayer configurations manufactured from the monolayers with 0.6%, 12% and 22% iMC 
during adsorption (solid line) and desorption process (dotted line). Tp, the thickness of passive layer; m, passive to active layer thickness ratio



Page 9 of 11Peng et al. Journal of Wood Science           (2023) 69:29 	

Conclusion
The natural anisotropy of wood and its sensitive to mois-
ture was utilized to manufacture self-shaping bilayer 
induced by the changes of ambient humidity. Wooden 
bilayers were made from two layers with perpendicu-
lar fiber orientation, i.e., an active layer along T-direc-
tion and a passive layer along L-direction. The bending 
motion of the bilayers during RH change was attributed 
to the differential lengthwise expansion between the 
active and passive layers. The differential curvature evo-
lution of the wood bilayers was observed during adsorp-
tion, desorption, and cyclic processes.

During the adsorption and desorption processes, a 
nonlinear relationship between RH and curvature was 
found irrespective of the bilayer configurations, exhib-
iting slow reactivity of bilayers at high RH regions. The 
high values of iMC limited the curvature evolution due 
to the thermoplastic effect induced by hot-pressing. 
The bending direction reversed during RH changes for 
all bilayers except the configuration with 400  μm-thick 

passive layer and 400 μm-thick active layer. The lower the 
iMC, the higher the critical RH region related to reversed 
bending. However, the critical RH region during adsorp-
tion was higher than that during desorption due to hys-
teresis behavior. During the cyclic process, the bending 
deformation during desorption was unable to fully relax 
to the state it stayed in the adsorption. A larger hysteresis 
loop was found at a lower thickness ratio for a given pas-
sive layer thickness. FEA results showed that the maxi-
mum stress occurred at the interface between the active 
and passive layer. A sensitive humidity-induced bilayer 
was obtained at the optimal configuration of a 200  μm 
passive layer and a 400  μm active layer with 0.6% iMC. 
The results of this study showed that self-shaping wood 
bilayers have the ability to bend automatically in specific 
environments without energy input and external force. 
The knowledge of the different self-shaping responses 
between adsorption and desorption allows for the poten-
tial application to precisely design and control the cur-
vature in humidity-induced self-shaping wood bilayers. 
For example, the design of handicrafts with specific cur-
vature: adjust the humidity to control the curvature, or 
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the production of hygrometer: convert bending curvature 
directly into an accurate humidity value, thereby elimi-
nating the influence of the adsorption or desorption pro-
cess. However, the limitations of the ability to withstand 
load and resistance to degradation limited the outdoor 
use. It is hoped that the follow-up study can be more in-
depth in these aspects.
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