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This study presents a semi-empirical model to predict and control the curvature of hygromorphic bilayer actuators for 
climate-responsive building facades. Based on an adaptation of Timoshenko’s bimetallic strip theory, the model incorpo-
rates hygroscopic swelling and elastic properties to describe actuation driven by temperature while independently tuning 
the response via absolute humidity. Using minimal material characterization data, the approach enables efficient design
and optimization of adaptive systems, addressing key limitations of passive biomimetic architectures by introducing user-
controlled actuation thresholds.

With increasing demands for sustainable solutions in archi-
tecture, the integration of smart, self-regulating systems 
into building design has become a crucial advancement in 
enhancing energy efficiency. Within the context of cli-
mate-responsive architecture, biomimetic systems offer a 
particularly elegant and efficient solution, drawing from 
nature’s inherent ability to passively adapt to environmen-
tal changes[1,2] . Despite the many advantages offered by 
such passive systems, there are challenges that hinder their 
actual implementation and commercial distribution. Not 
only the user does not have any control over the passive 
actuation, but also the proper functioning of the system un-
der extreme climate conditions is significantly hindered.
These are the challenges this study addresses. In particular, 
this work focuses on the study of hygromorphic bilayer 
polymer actuators systems for adaptive facades that auton-
omously respond to the thermal stimulus (T), while im-
mersed in an enclosed environment with controlled abso-
lute humidity (AH) (i.e. total number of water molecules 
present in the system). By allowing the user to manually 
control the absolute humidity in the actuator’s environment 
the critical temperature of actuation is arbitrarily tuned. 
This control is achieved by developing a semi-empirical 
model to describe the physical principles underlying the 
actuation of hygromorphic bilayers and the influence of un-
coupled environmental parameters (T and AH). We offer a 
description of the radius of curvature of bilayers made of 
an active hygroscopic polymer network and an almost fully 
inert thermoplastic material functioning as passive layer 
( ). The model is based on Timoshenko’s bimetal-
lic strip theory[3–6], which is appropriately adapted to de-
scribe the curvature ݇ = 1/ܴ of hygromorphic bilayers by 
writing the mismatch strain ߳௠ due to the difference in ex-
pansion coefficient between the two materials, in terms of 

hygroscopic coefficient difference Δߚ and change in water 
uptake Δܯ:

݇ =
1
ܴ
= ߳௠

݂
݀௔ + ݀௣

= (ΔߚΔܯ)
݂

݀௔ + ݀௣
where the factor ݂ is a function of Young’s moduli and
thicknesses of the two layers:

݂(݉,݊) =
6(1 +݉)ଶ

3(1 +݉)ଶ + (1 +݉݊)(݉ଶ + 1 (݉݊)⁄ )
݊ = (ܶ,ܪܣ)௔ܧ/(ܶ)௣ܧ
݉ = ݀௣/݀௔(ܪܣ, ܶ)

The model developed in this study is able to predict the 
curvature of rectangular hygroscopic bilayers given a small 
set of experimental measurements of hygroscopic and elas-
tic properties of the materials involved.

Scheme of hygromorphic bilayer actuators. The 
active polymer network swells anisotropically upon water
uptake. However, the actuation is driven by the swell-
ing/shrinking in the in-plane direction (x-direction). Due 
to the different swelling behavior of the two layers, a cur-
vature takes place depending on the environmental condi-
tions. In particular, the curvature is positive when moisture 
leaves the active layer, while it is negative upon moisture 
absorption. 

Hygroscopic layer
Passive Substrate
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2 Results and discussion
2.1 Modeling the hygroscopic properties
A-priori calculations of hygroscopicity can be challenging,
as they usually require the knowledge of hard to determine
parameters, e.g. Flory-Huggins parameter χ(T) [7], or rely
on computational effort intense simulation methods. In this
study we opt for a semi-empirical approach based on the
Guggenheim-Anderson-de Boer (GAB) model [8], a
widely used equation to describe how material absorb or
desorb moisture based on water activity α୵ = RH/100.
The GAB model defines the water uptake M as follows:

ܯ =
ℎ௠݂ܿߙ௪

(1− ௪)(1ߙ݂ + ௪ߙ݂ܿ − (௪ߙ݂
where the three parameters are the monolayer moisture 
content ℎ௠, the Guggenheim constant ܿ, which is related
to the interaction energy of the monolayer with additional 
layers, and the multilayer adsorption constant ݂, which 
takes into account the interaction energy of additional lay-
ers beyond the first. The water uptake ܯ of a given hygro-
scopic polymer network at given environmental conditions
(relative humidity RH and temperature T) is measured via 
gravimetric analysis. The water uptake is measured for the 
same sample at equilibrium with a fixed temperature T 
across various humidity levels (at least four values of RH).
The resulting isotherm can be fitted using the GAB model 
to determine the three parameters, which characterize the 
hygroscopic behavior of the material at the examined tem-
perature. The three parameters’ dependency on tempera-
ture is an exponential in the following form:

ℎ௠ = ;(ܴܶ/ܪΔ)݌ݔ௛݁ܣ
ܿ = ;(ܴܶ/ଵܪΔ)݌ݔ௖݁ܣ
݂ = ;(ܴܶ/ଶܪΔ)݌ݔ௙݁ܣ

where R is the ideal gas constant and ΔH, ΔHଵ, and ΔHଶ
are the enthalpy change due to the interaction of the various 
moisture content layers. Thus, in order to determine the 
water uptake of the given material at any humidity and tem-
perature condition, the measurement and fit are repeated 
for multiple temperatures (at least four values of T): the 
resulting data points of each GAB parameter are fitted with 
an exponential function in the shape above, so that for the
constants A୦, Aୡ, A୤, as well as the enthalpy changes ΔH,
ΔHଵ, ΔHଶ are determined. These constants and enthalpy
changes are characteristic of the material and its interaction 
with the water in its environment. Hence, the GAB model 
can be used to predict the water uptake of the given mate-
rial at any operational condition. To decouple the effect of 
moisture content and temperature of the closed environ-
ment the hygromorphic actuators are designed to work in, 
instead of using temperature and water activity (or relative 
humidity) as environmental variables, the latter is ex-
pressed in terms of absolute humidity AH. Hence, for a 
given material we can draw a two-dimensional map of the 
water uptake M(AH, T) as shown in Figure 2a

2.2 Calculating the anisotropic swelling
The anisotropic swelling behavior of surface attached pol-
ymer network is a crucial aspect in the understanding of 

hygromorphic actuators. In general, the swelling ratio in 
the out-of-plane direction is larger than the swelling ratio 
in the in-plane directions ௭ߣ ≥ ௫ߣ = ௬ߣ . Determining the
direction specific swelling ratios is essential to predict the 
curvature of the actuator as they indirectly appear in the 
Timoshenko’s bilayer equation with various functional de-
pendencies: Δߚ = Δߚ(ߣ௫) and ݀௔ = ݀௔(ߣ௭). We deter-
mine the swelling ratios by solving a constrained optimiza-
tion problem with the elastic strain potential energy stored 
in the bent bilayer as objective function. The applied con-
strains include the volume conservation λ୶λ୷λ୸ =
V(M(AH, T))/V଴, and the anisotropy condition described
above. By determining the swelling ratio for the surface at-
tached rectangular hygroscopic network, characterized by 
the water uptake discussed in the previous paragraph, and
measuring the Young’s moduli of the two materials, the 
curvature can be calculated. Hence, for a given rectangular 
hygromorphic bilayer we can produce a two-dimensional 
map of the curvature as function of the environmental var-
iables AH and T, like the one shown in Figure 2b.

3 Conclusion
This study developed a method to predict the curvature of 
hygromorphic bilayers starting from a small set of material 
characterization data (gravimetric analysis of the active 
material and Young’s modulus of active and passive mate-
rial as function of the environmental variables). The model
allows not only for rapid exploration and optimization of 
system’s material and geometry, but it also for the decou-
pling of the two environmental variables. Thus, the tem-
perature can autonomously drive the actuation, while the 
absolute humidity can be modified to tune the actuation ac-
cording to the specific needs of the user or to the location 
where the system is applied.

Figure 2 a) Map of water uptake as function of absolute 
humidity AH and temperature T of an hygroscopic poly-
mer network made of PDMAA-20%MAz: N,N-dime-
thylacrylamide (DMMA) copolymerized with 20%wt. of
1-(4-(methacryloyloxy)butyl)-3-methyl-2-diazomalonat
(MAz). The map is based on the gravimetric analysis data
upon drying (i.e. the weight of the sample is measured at 
fixed temperature and decreasing humidity). The gray cor-
ner in the map, corresponds to the non-physical combina-
tions of AH and T, i.e. combinations corresponding to RH
> 99%. b) Map of curvature as function of AH and T of a
7cm x1cm hygromorphic bilayer made of a 100μm thick
commercial PET sheet as passive layer, and a 500μm thick
PDMAA-20%MAz active layer. The black star highlights
the preparation condition, that is the condition at which the
active layers polymer chains are relaxed.
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