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Abstract

This paper lays out the inspiration, operational principles, analytical modeling and coupon
testing of a new class of thermally adaptive building coverings. The fundamental driving
concepts for these coverings are derived from various families of thermotropic plant structures.
Certain plant cellular structures like those in Mimosa pudica (Sensitive Plant), Rhododendron
leaves or Albizia julibrissin (Mimosa Tree), exhibit actuation physiology which depends on
changes in cellular turgor pressures to generate motion. This form of cellular action via turgor
pressure manipulation is an inspiration for a new ﬁeld of thermally adaptive building coverings
which use various forms of cellular foam to aid or enable actuation much like plant cells are used
to move leaves. When exposed to high solar loading, the structures use the inherent actuation
capability of pockets of air trapped in closed cell foam as actuators to curve plates upwards and
outwards. When cold, these same structures curve back towards the building forming large
convex pockets of dead air to insulate the building. This paper describes basic classical
laminated plate theory models comparing theory and experiment of such coupons containing
closed-cell foam actuators. The study concludes with a global description of the effectiveness of
this class of thermally adaptive building coverings.
Keywords: thermally adaptive, siding, biomimetic, active, intelligent, smart
(Some ﬁgures may appear in colour only in the online journal)

Nomenclature

A

extensional stiffness matrix (N m−1 (lbf/in))

B

coupling stiffness matrix (N m−1 (lbf/in))

d
D

linear tip deﬂection of test element (mm (in))
bending stiffness matrix (N m2 m−1 (in2-lbf))

E

extensional stiffness (Pa (psi))

EI
G

bending stiffness (N m2 (lbf-in2))
shear modulus (Pa (psi))

L
N

length (mm (in))
force per unit width of laminate (N m−1
(lbf/in))

4

T

temperature (°C (°F))

u, v, w

deﬂections in the x, y and z directions
(mm (in))

x, y, z

principal ply and laminate directions (∼)

Greek
Symbols
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t

moment per unit laminate width (N m m−1 (inlbf/in))
thickness (mm (in))

M

1

α

coefﬁcient of thermal expansion (μstrain °C
−1
(μstr °F−1))

ε

strain (∼)
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κ

curvature (rad m °C−1 (rad m °F−1))

σ

stress (Pa (psi))
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Chemotropism (movement in response to presence or lack
thereof of certain chemicals) and (vi). Thermotropism
(movement in response to thermal gradients or temperature
levels).
Thermotropic movements can occur with time constants
as low as seconds or can span weeks depending on the plant
species and rapidity of stimulation. Some plants thermotropically respond in seconds like the Albizia julibrissin (more
commonly known as the Mimosa or Persian silk tree) as seen
in ﬁgure 1.
While the connection between thermotropic response and
survival strategy is not completely understood in all plant
species exhibiting this behavior, some plants clearly use the
response as a mechanism to protect the plant during times of
high or low environmental stress.
One of the most common plants exhibiting high levels of
thermotropism is found in the genus and popular name
Rhododendron. The leaves of these plants appear to droop
substantially and often curl in response to colder temperatures, recovering handily once exposed to warmer temperatures. The thermotropic performance of Rhododendron is so
reliable that many gardeners use them as de-facto thermometers as seen in ﬁgure 2.
Many modern authors have observed that one of the
physiological responses by plants to cooling is an inﬂux of
calcium ions from the cell exterior to the cytosol [2]. This
inﬂux of ﬂuid into the cell in turn, increases calcium ion
concentration in the intracellular space thereby affecting both
the turgor pressure and accordingly the total volume, shape
and size of the cell. If one examines the peduncle and in the
leaves of many themotropic plants (like Rhododendron and
Mimosa), it can be seen that ﬂexural moments are generated
by differences in turgor pressure which, in turn change the
volume and shape of the cells. These turgor pressure differentials lead to opening and/or closing of the leaf structures as
noted in [3]. Figure 3 shows how cellular structures physically change their shape with more or less ﬂuid in the vacuole
which grows or shrinks in response to ﬂuid ﬂux. Because
hexagonal cells are almost ubiquitous in both the natural and
engineering worlds, there is an opportunity to use these lessons and designs of Mother Nature to aid in laying out biomimetic mechanically tropic structures.
A comparatively new branch of structural mechanics has
evolved as of late which employs commanded and inherent
mechanical shape changes like those seen in thermotropic
plants. These new ‘adaptive,’ ‘smart,’ ‘intelligent’ and/or
‘active’ structures change their shape in response to a stimulus or command. From the research of [3], it can be seen
that several families of actuators which are based on cellular
activation have exceptionally high actuation energy density
per unit mass and transfer efﬁciency as seen in ﬁgure 4.
The superior performance of the pressure adaptive honeycombs (PAH) is due to the ability of PAH to transition from
one shape to another when exposed to differing cell differential pressures and absolute actuation pressures. As is easy to
understand, the individual cellular structures change between
expanded condition and collapsed conditions to achieve
actuation. Vos explained the mechanics of two-dimensional

Subscripts

bond

relating to the bond or adhesive layer

eff
foam

effective
relating to the backing foam

L

longitudinal

o
T

original
transverse

x, y, z
1, 2, 3

along the ply x, y, z directions
along the laminate 1, 2, 3 direction

Acronyms

CTE

coefﬁcient of thermal expansion
(μstrain°C−1 (μstr°F−1))

EPS
EVA

expanded polystyrene
ethylene vinyl acetate

OR

orthotropy ratio

SMA
SR

shape memory alloy
stiffness ratio=E1/E2

TF
TR

test facility
thickness ratio=t1/t2

XPS

extruded polystyrene

1. Introduction
Many plants change their appearance, shape or color in
response to environmental stimuli. Such shape changes or
tropism can result in folding and unfolding of leaves, gross
movement of roots, shoots, stalks and stems. Phototropism is
one of the most commonly observed forms of plant motion
and indicates the tendency of a given plant to move in
response to light source origin and intensity. One of the most
notable plants exhibiting basic phototropism or heliotropism
(plant motion in response to the Sun) is the common sunﬂower (Helianthus annuus). Many plants depend on sunlight
for energy production like photosynthesis and have evolved
to adjust their growth patterns and shapes according to the
changes in their surrounding light environments. The
mechanisms driving heliotropic or phototropic reorientation
towards light are well summarized in many references like
those listed in [1].
In addition to motion induced by the Sun and light, many
plants and parts of plants move or change shape in response to
other stimuli. In total, there are six major forms of plant-based
tropism that are widely recognized by the scientiﬁc community: (i). Phototropism (movement induced by light environment), (ii). Thigmotropism or Haptotropism (movement in
response to contact with an object), (iii). Geotropism (reaction
of a plant to the stimulus of gravity), (iv). Hydrotropism
(plant movements in response to stimulus of water, (v).
2

Smart Mater. Struct. 26 (2017) 094006

R M Barrett et al

Figure 1. Mimosa frond fully open, partially closed and fully closed at 35 °C, 22 °C, 12 °C and 5 °C (photo credit: C Barrett).

cellular actuator elements in [4], and showed active strain
levels exceeding 75%. While such strain levels are rarely
exhibited by most solid state actuators which are used by the
adaptive structures community, occasionally the natural world
employs such actuation strain levels in pneumatically articulated structures. Because of the extremely high performance
levels, Vos and Barrett continued this work, expanding it to
the area of morphing of wing structures [5, 6] and were
granted both US and European utility patents for the concept
in 2012 and 2013 respectively [7, 8]. At the core of this
research was the idea that the materials must be certiﬁable
(i.e. no exotic materials—only those known to be used in
FAA certiﬁed primary structure), and that the structures be
ﬂightweight, robust, reliable and able to perform under all
ﬂight conditions. This latest work has continued to evolve and
can be seen in [9].
Several outstanding survey papers have been assembled
on both optimization and the wider topic of pressure actuated
cellular structures. Vasista and Tong [10] crafted topology
optimization techniques for pressure-actuated airfoil trailing
edge structures using primarily two-dimensional cellular
elements. They expanded their geometries to shapes beyond
regular honeycombs to encompass more complicated form
factors. While also centered on two-dimensional cellular
structures, Gramüller et al [11] laid out a design which
included a treatment of the thorny issues of end cap design,
implementation and sealing while undergoing extremely high
gross strain deformations. Although the aforementioned cellular actuation designs are typically two-dimensional, most
work well, save issues associated with complexity of actuation ﬂuid supplies into and out of the cells as well as end
closures and sometimes weight. Guo et al [12] surveyed
related fast nastic plant motions (as seen in the Venus Flytrap
plant) and associated bioinspired structures. One of the most
modern reviews of plant-inspired adaptive structures has been
penned by Li et al This treatise examined many of the concepts above as applied in great part to aerospace structures
and robotics.
If one examines the overall ﬁeld of adaptive materials, it
is easy to see that aerospace applications are easy to ﬁnd with
many dating to the ‘80’s and early ‘90’s [14–22]. Many
commercial goods have been and are being produced with
adaptive materials like smoke detector alarm elements and
camera focus mechanisms. While it is clear that many
applications of adaptive materials are being found in the

Figure 2. Thermotropic response of Rhododendron ferrugineum

leaves (photo credit: R M Barrett).

consumer goods, as well as biomedical, aerospace and device
technologies markets, civil engineering applications are currently fairly rare. References [23] through [27] highlight
structural health monitoring and self-repair research areas
which are quite robust. However, many other potential ways
of applying adaptive materials and structures to civil structures have simply not been seen. Unfortunately, the concept
of physically changing the shape or appearance of building
structures with thermal loading is not generally recognized in
the technical community and certainly not widely considered
among architects and civil engineers. While it is highly likely
that shape-change technology may be caught in a Catch-22 or
chicken-and-egg cycle, it may simply be due to the lack of
cross-fertilization between industries or the perception that
because some adaptive materials are extremely costly, all
adaptive materials must therefore be expensive.
Thankfully, there are a number of adaptive materials
which are reasonable in acquisition cost. The foremost of the
adaptive material combinations which meet the challenging
cost constraints of the civil engineering world are centered on
coefﬁcient of thermal expansion (CTE) mismatch. These
methods have been employed in structures such as coiled
thermometer sensors and thermostats. While it is widely
recognized that CTE mismatch actuation is a very low cost
way to induce adaptivity in solid state structures, many
architects employ very basic building envelope conﬁgurations
to mitigate thermal loading and adverse energy transfer to the
skin. One of the most common techniques is to employ a
second skin as seen in ﬁgure 5. Such skins are built as cantilevered walls which stand off the vertical face of the
3
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Figure 3. Hypertonic and hypotonic shape change of cellular conﬁgurations of typical plant cells.

Figure 4. Actuator energy densities and transfer efﬁciencies [3].

building structure and block some of the Sunlight from
reaching the building.
While a suitable approach in many ways, several issues
can be seen: the ﬁrst is that the skin itself does not actually
prevent high solar thermal loading on the wall, the skin only
mitigates some of it. By examining ﬁgure 5, it can be seen
that direct and indirect sunlight impingement in this particular
conﬁguration is more than 50% of the total direct radiative
energy received from the Sun. This characteristic, of course is
due to the requirement that the interior occupants be allowed
to have exterior views of the surroundings which necessitates
perforations and open frames. A second problem exists with
backside thermal radiation. While not visible to the naked
eye, the back sides of the second skins radiate large amounts
of thermal energy directly towards the building skin. A third
problem comes in the form of the physical arrangement of the
second skin itself. Because the second skin is awkwardly
cantilevered off the building, the loads applied require substantial hard points and greatly expand the effective building
real-estate envelope volume without expanding its useful
volume. Wind loads also tend to drive up hard point and
cross-frame member sizing as well. These in turn induce the
ﬁnal challenges which are, of course, acquisition and maintenance cost. Accordingly, there are strong motivations for
improving building primary and secondary skins to solve
these problems.
To address some of these concerns, a new conﬁguration
in building skins (or cladding) has been invented and proven
over the past seven years. This Thermadapt™ thermally
adaptive building cladding material is designed with elements

Figure 5. Second skin on the design annex of the Arizona State

University, Tempe, Arizona (photo credit: R Barrett).
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Figure 6. Basic operational characteristics of Thermadapt™ thermally adaptive building coverings in hot to cold conditions.

that are inspired by natural systems like those of adaptive
cellular structures found in thermotropic plants. While the
entire cladding structure must take thermal loads that are far
higher than thermotropic plants can sustain, the interior
actuation layers use expanding cellular structures to induce
curvatures. Figure 6 shows the overall structural conﬁguration
of Thermadapt™ adaptive building cladding:
By examining the overall operational conﬁguration
shown in ﬁgure 6, one can see that the basic material generates concave curvatures at high temperatures. Conversely,
the laminate curves in a convex shape when exposed to low
temperatures. During periods of high temperature and high
solar loading, a large air gap shades the building preventing
solar loading. When thermally loaded, the Thermadapt™
cladding temperatures become very high (often well in excess
of 212 °F or 100 °C), thus inducing convective cooling. Inner
radiant barriers on the backside of the Thermadapt™ cladding
panels mitigate thermal radiation towards the building skin.
As the Thermadapt cladding panels cool, they eventually lay
ﬂat against the building. In this cool condition, the inside
portions of the cladding elements physically contact the
building covering, allowing some transference of solar energy
—essentially warming the building on a cool day (typically
between freezing and skin temperature). As the temperature
continues to drop, the Thermadapt™ cladding panels continue to curve in a concave fashion, thereby sealing pockets of
dead air tightly. Because this cold conﬁguration generating
dead air pockets forces an expanding pillow of air, the insulative properties of the Thermadapt™ panels are increased
dramatically. What is more is that the back sides of the
Thermadapt™ panels are designed with a radiant barrier
coating and the outside of the building similarly has a radiant
barrier coating further mitigating heat transfer in or out of the
building at low temperatures. Accordingly, this barrier-tobarrier pocket of dead air is especially good for providing
thermal insulation.
Of course, what makes this form of actuation possible is
a laminate composed of several layers of material that possess

Figure 7. Basic conﬁguration of Thermadapt™ actuator laminate

structure.

different coefﬁcients of thermal expansion. The foremost of
these materials is multicellular and uses expanding gasses
within closed cells to expand and/or contract in the same way
that plant cells expand and contract with variations in turgor
pressure.

2. Conﬁguration and basic material properties of
expanded polystyrene foam for use as a biomimetic
actuator
The basic conﬁguration of the Thermadapt™ cladding material is simple: the outermost layer(s) possess very low
coefﬁcients of thermal expansion (like graphite-epoxy composite), then a bond layer joins that low CTE layer to a high
CTE material (like aluminum). The innermost layer is composed of closed-cell foam as shown in ﬁgure 7.
At the core of biomimetic Thermadapt™ cladding elements is the extruded polystyrene (XPS) foam which is found
on the back side of the thermally adaptive lamina. While the
foam insulation industry generally ignores the fact that their
sheets expand and/or contract with changes in temperature,
they actually do. When the foam sheets are used in this
capacity can be highly effective actuators if they are properly

5
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Figure 8. Extruded polystyrene (XPS) trapped air closed cell foam microstructure with reference 20 μm diameter human hair (a) and close-up

of dyed Mimosa (Albizia julibrissin) pulvinis cellular structure (b) (photo credit: C Barrett).

Figure 9. Flexural and extensional extruded polystyrene (XPS) foam test specimens (8 ft (244 cm) long specimens).
Table 1. Relevant mechanical properties of dow XPS foam (formed

harnessed. This is speciﬁcally because the XPS sheets exhibit
coefﬁcients of thermal expansion that are two to three times
higher than some of the highest CTE structural materials on
the market (like aluminum). Figure 8(a) shows a closeup of
the microcellular structure of the closed cells of XPS foam,
while ﬁgure 8(b) shows its natural counterpart in the form of a
sectioned pulvinus from a Mimosa plant. One can see that the
cellular structure is similar in three-dimensionality with the
XPS cells being roughly one order of magnitude larger than
their biological counterparts. The use of a closed-cell foam
constitutes a nontrivial departure from previously explored
engineered multicellular actuator elements in size, integration
and method of actuation. (Nearly all previous engineered
cellular actuators were two-dimensional in functionality,
while XPS and other closed-cell foam actuators are both
three-dimensional and work on a micro-scale). Because XPS
foam has a closed-cell structure and is highly three-dimensional, problems with gas supply and end closures are moot
(as so commonly vex actuator structures like those found in
[3–13]). Conversely, if one examines ﬁgure 4, it is easy to see
that the actuator performance in terms of stroke energy will
drop by two orders of magnitude under atmospheric triggering with respect to the engineered multicellular actuators
which are driven by external gas and ﬂuid supplies. Figure 9
shows the 8ft (244cm) long foam test specimens for testing of
their mechanical actuation properties.
While various forms of XPS foam are regularly found on
construction sites, its engineering stiffness and actuation
properties are not usually considered because its effective
smeared modulus is many orders of magnitude below structural materials used in civil engineering applications like

direction).
Modulus, E
CTE, α (μstrain °F−1,
μstrain °C−1)
Density, ρ (lb ft−3, kg m−3)

3200–3600 psi (22–25 MPa)
29–38 μstrain/°F
(52–68 μstrain °C−1)
1.42–1.81 lb ft−3 (23–29 kg m−3)

concrete and steel [28]. A series of a dozen specimens from
different manufacturing lots were tested in three-point bend
and extension to determine effective moduli and CTE.
Although there are a number of brands, Dow brandXPS was
tested. The lots were pulled from specimens which had a
range of ages and storage conditions including controlled
indoor temperatures (68–76 °F) and outdoor lumberyard
conditions (−9–115 °F) with ages ranging from 1 week to 14
years after initial delivery. The mean properties determined
are shown in table 1.

3. Analytical modeling
To capture the behavior of Thermadapt™ elements, modeling
of the conventional engineering materials and XPS layer is
necessary. To analyze this new material, classical laminated
plate theory (CLPT) is easily employed. Figure 10 shows the
basic conﬁguration of the element along with the axes conventions. The original shape of the Thermadapt™ panels as
laminated in the jigs is shown at the left of ﬁgure 10. The
main part of the laminate is cast ﬂat with the x or longitudinal

6
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Figure 10. Classical laminated plate theory (CLPT) modeling conventions for Thermadapt™ sheets.

(ii) relative shear lag induction via high aspect ratios, and (iii)
end bonding [14–17].
For the purposes of efﬁciency in manufacturing Thermadapt™ actuator panels, partial attachment techniques and
end bonding are not very practical. However, relative shear
lag induction via high aspect ratio element fabrication is
compatible with mass production and low manufacturing
techniques in this case. If one examines the underside of the
element shown in ﬁgure 10 with a foam layer attached, then a
serrated foam layer can be seen in ﬁgure 11.
While one purpose of course of the foam elements is to
enhance the insulative characteristics in cold weather and
reduce the amount of heat transferred from the underside of
the laminate to the substructure, the second purpose is just as
important. The serrated foam elements act as both lateral
stiffening elements and actuators.
To analyze the stiffness of the high aspect ratio slit foam
pieces, the degree of differential shear lag can be determined
by using models put forth in [14, 15]. Equations (1) and (2)
give a quick method of estimating the structural stiffness
contributions in longitudinal and lateral axes for insertion into
laminated plate theory where EL and ET are the ply longitudinal and lateral stiffnesses. By using the actual stiffnesses
and thicknesses of the bond material and foam along with the
lengths and widths of the individual elements, and the original
longitudinal and lateral stiffnesses of the foam with the facing
sheets (ELo, ETo), the longitudinal and lateral stiffnesses of the
foam plies can be seen to be dramatically different.

axis extending to the lower left and the transverse or y axis
extending to the lower right. Z is counted through thickness
direction and for the majority of the laminate that dimension
will be considered orders of magnitude smaller than either of
the other two axes.
If one treats the thin layers as substrate and actuator
layers as indicated in [14–17], then a basic laminated plate
theory model can be developed. Of course, the challenge for
such a model is the inclusion of the effects of the foam
insulation and actuation layer which comes as a result of
temperature changes. If one examines the conﬁguration of
commercially available XPS foam, it is apparent that the foam
itself typically has a series of higher stiffness polymeric
facing plies which act as moisture barriers. The mechanical
stiffness of the facing ply is typically greater than a foam
layer of equivalent thickness, which retards actuation properties. Similarly, if the facing ply is removed, exposing raw
foam for such a purpose of mechanical bonding, then the
extensional stiffness of the substrate dominates. Further, if
the foam layer is left contiguous, then the bending stiffness of
the foam layer, even though extremely low in modulus, can
become quite high (even with a low material modulus)
because of the comparatively high thickness. In fact, the
bending stiffness of the foam layer if left unadultered is so
high that in practical conﬁgurations, it can easily be far
greater than that of the substrate layer. Accordingly, efforts
must be made to tailor the stiffness of the foam layer for the
Thermadapt™ actuator to function properly.
The most suitable mechanical tailoring techniques which
are used were ﬁrst laid down in 1989 as a method of reducing
lateral elemental stiffnesses of piezoelectric actuator elements
while preserving the longitudinal extensional stiffnesses of
the elements. This method of ‘Directional Attachment’ lead to
the ﬁrst controllers, adaptive missile ﬁns, missile wings and
rotor blades using piezoelectric elements for active structural
manipulation as seen in [14–17].
To generate high orthotropy ratios (OR=EL/ET) via
directional attachment of a given actuator class, one or more
of three treatments are often applied: (i) partial attachment,
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Figure 11. Serrated foam elements bonded to the underside of insulated Thermadapt™ sheets.

considering εx∼εy and κx∼κy with the major constituent
structural layers participating, including the low CTE facing
sheet (f), inner high CTE actuator sheet (a) and the XPS
actuator sheet (XPS).

In addition to estimating the longitudinal and lateral
stiffnesses of the elements, a switching function must be
employed so as to capture the proper behavior. When the thin
laminate components of the Thermadapt™ actuator tend to
curve in a way which places the foam layer in compression,
the full lateral stiffness contribution of the foam layer comes
into play such that all substantial directional attachment
effects essentially disappear. When the thin laminate components of the Thermadapt™ actuator curve in such a way
that the foam layer is no longer experiencing in-plane compression, the extensional and bending stiffness contributions
from the foam layer tends towards the value of ET given by
equation (2), leading to a switching effect. Mathematically, it
can be seen that for the directionally attached foam layer with
serrations the switching condition is seen in equation (3). If
one considers the CLPT deﬁnitions and nomenclature of
[13–17], then the laminate mid-plane strains and curvatures
can be deﬁned as seen in equation (4).

E T = E To

⎛ Sinh ⎡ W
Sinh-1⎜ 2 ⎢ 2
⎣
⎝
W
2

G bond
tfoam tbond Efoam

⎤⎞
⎥⎦ ⎟⎠
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= ⎨ e xy ⎬ = ⎨ 2
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-¶2w ¶x 2
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⎪k ⎪ ⎪
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⎩
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XPS

For the degenerate case when an extremely stiff, thin
inactive substrate is ﬁtted with a much thicker layer of XPS, a
simple expression of laminate curvature can be seen
(equation (7)). With lateral stiffening, (described below,
k y  0 ) the expression of longitudinal curvature (considering
a Poisson’s ratio of approximately 0.33), equation (8) follows:
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⎫
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⎢
⎨ ⎬,
=
⎢ B11 B12 D11 D12 ⎥ ⎪ kx ⎪
⎢⎣ B12 B11 D12 D11 ⎥⎦ ⎪
k ⎪
l⎩ y ⎭

(4 )

kx = k y =
kx =

3a XPS DT
2tXPS

2a XPS DT
.
tXPS

,

(7 )
(8 )

If one examines the general structural conﬁguration of
ﬁgure 11, then it can be seen that the bending stiffness in the
y-direction is enhanced by a pronounced step feature in the
laminate. In experimental models, often the y stiffness is
further enhanced by ridges and/or an end crease or roll which
is built into the laminate. Frequently moisture-barrier facing
plies are left on the innermost surface of the XPS layer which
further increases lateral stiffness. Accordingly, one very
handy assumption for basic performance modeling is that
k y  0. With quasi-isotropic constituents composing the
Thermadapt™ element, then equation (6) is expanded to a
more general form to solve for primary curvature, κx.

With no basic mechanism for shear or direct twist
induction, it can conﬁdently be assumed that ε12∼0 and of
κxy∼0. If one follows the basic deﬁnitions of CLPT matrix
assembly of [13–17, 29], then the traditional 6×6 ABBD
matrix collapses to a 4×4. The full expression of the free
Thermadapt actuator without transverse stiffening degrades
even further when one considers all components of the
Thermadapt™ actuator to be isotropic or quasi-isotropic (in
the case of bidirectional graphite-epoxy cloth at 0°–90° as is
common). Because the curvatures and mid-plane strains are
identical, equation (5) reduces further to equation (6)
8
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⎡ A11 A12 B11 ⎤ ⎧aDT ⎫
⎡ A11 A12 B11 ⎤ ⎧ eox ⎫
⎪
⎪
⎪
⎥ ⎨
⎢
⎥⎪
⎢
o
⎨ ⎬
⎬
⎢ A12 A11 B12 ⎥ ⎪ e y ⎪ = ⎢ A12 A11 B12 ⎥ ⎪aDT ⎪
⎣ B11 B12 D11⎦ f ⎩ 0 ⎭ f
⎣ B11 B12 D11⎦l ⎩kx ⎭
⎡ A11 A12 B11 ⎤ ⎧aDT ⎫
⎪
⎪
+ ⎢⎢ A12 A11 B12 ⎥⎥ ⎨aDT ⎬
⎪
⎪
⎣ B11 B12 D11⎦a ⎩ 0 ⎭a
⎡ A11 A12 B11 ⎤ ⎧aDT ⎫
⎪
⎪
+ ⎢⎢ A12 A11 B12 ⎥⎥ ⎨aDT ⎬ .
⎪
⎪
⎣ B11 B12 D11⎦XPS ⎩ 0 ⎭ XPS

Figure 12. XPS and EVA foam actuator ﬁtted Thermadapt™

(9 )

experimental test specimen conﬁgurations.

To properly account for the Directionally Attached,
mechanically segmented layer of XPS, the switching function
described in equation (3) must be used when including its
participation in the laminate. This means that the laminate
will experience very low stiffness contributions from the XPS
layer when the layer is unloaded such that its in-plane induced
stress levels are positive (i.e. the layer would be in tension,
thereby separating the slices). When the XPS layer is placed
in compression, the effects of directional attachment on the Dmatrix become signiﬁcantly more pronounced with stiffnesses
approaching that of the basic material without directional
attachment as seen in equation (10).
A11XPS  A11XPSeff ⎫
⎪
B11XPS  B11XPSeff ⎬ " kxfa > kxl
D11XPS  D11XPSeff ⎪
⎭
A11XPS  A11XPSo ⎫
⎪
B11XPS  B11XPSo ⎬ " kxfa < kxl .
D11XPS  D11XPSo ⎪
⎭

bonded with Hysol 9412 structural epoxy between the major
structural layers which are shown in ﬁgure 12.
The three Specimens were fabricated with transition
temperatures of 22 °C (72 °F) in a structural pod press under a
through-thickness pressure of 760 kPa (110 PSI). The constituents included 2024 T3 aluminum foil which formed the
high CTE layer and graphite-epoxy composite which formed
the low CTE layer with a bond layer of Hysol 9412 epoxy
resin. The moisture barrier on the inside of the XPS layer was
removed for testing. Table 2 shows geometric, structural and
material conﬁgurations of the three Thermadapt™ specimens
which were fabricated.
In addition to testing the thermal curvature performance
of the Thermadapt™ specimens, a long-duration environmental exposure test was conducted. All Specimens were
fabricated in 2011 at the Thermadapt™ manufacturing facilities in Holden, Missouri. Each Specimen was, within one
week of fabrication exposed to the environment at the Thermadapt™ LLC Test Range in Holden. The purpose, of
course, was to measure the mechanical performance degradation with time following years of seasonal cycles. Each of
the Specimens were tested prior to exposure and following
exposure to the elements. The differences in performance
were so small that they were fundamentally unmeasurable
(under 0.3% in all cases, indicating invariance with time over
5 years). Figure 13 shows the top and side views of the three
specimens after more than 5 years of environmental exposure:
To test the performance of the Thermadapt™ specimens
in a controlled environment, the specimens were mounted in a
convectively heated BAT-23S test chamber as shown in
ﬁgure 14. The specimens were allowed to settle in at constant
temperatures over a 10 min period after which deﬂections
were measured using laser reﬂection techniques.

(10)

To the layperson, the purpose of the switching function
may not be readily apparent; however, when one considers
the effects of gravity and rain on the Thermadapt™ panels, its
function becomes obvious. As the Thermadapt™ panels curl
away from vertical walls and rooves, gravity will provide a
nontrivial bending moment at the roots of the panel. Rain and
other foulants increase this bending moment which would
otherwise induce laminate droop and render the panel less
effective. The reader will also note that the because the XPS
layer participates very little in increasing the bending stiffness
of the laminate with high positive curvatures provided by the
substrate, the performance is actually enhanced. As the
laminate curves negatively, the curvature function is retarded.
This is also by design as negative curvatures indicate cold
conditions where the building itself provides a physical
restraint which physically retards bending curvatures.

4. Experimental articles and testing

5. Test results

A series of experimental coupons were fabricated to test the
viability of the curvature generation mechanisms of the
Thermadapt™ panels and associated CLPT models. The
specimens were fabricated with aluminum, graphite-epoxy
composite and XPS foam layers. Coupons were made in a
variety of geometric conﬁgurations. The specimens were

The test results show consistent performance of all three
Thermadapt™ cladding specimens with temperature. Clearly
from ﬁgure 15 most of the lamina have similar performance
as a function of temperature. By using the CLPT models with
corrections for directional attachment, it is possible to predict
the unloaded curvature with temperature as well. Figure 15
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Figure 13. Thermadapt™ test specimens following 5 years of environmental exposure, prior to deﬂection testing.

Figure 14. BAT-23S thermal deﬂection test chamber setup.

Figure 15. Measured and predicted laminate curvature rates with temperature (Note: measured deﬂection results from 2011 match those of

2016 within 0.3%).

Table 2. Thermadapt™ specimen geometry and conﬁgurations.
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Smart Mater. Struct. 26 (2017) 094006

R M Barrett et al

Figure 16. Sample Thermadapt™ siding specimens for residential and commercial buildings.

also shows that if the actuation properties of the XPS foam are
not included, the CLPT models signiﬁcantly underpredict the
actual performance. Conversely, once the foam models are
included, the performance predicted is much closer to
experimentally measured values, often within a few percent as
shown in ﬁgure 15. The 1%–5% overprediction induced by
the inclusion of directional attachment models of the XPS
layers is thought to be the result of the resin leakage through
the bottom of the XPS foam which artiﬁcially stiffens the
element slightly while providing no extra added capability.

on bringing Thermadapt™ actuators to market. Although
Thermadapt™ panels clearly perform well as insulative cladding, commercial appeal is needed to transition the devices to
market. Figure 16 show the convex and concave shapes of
commercially colored, textured pieces of prototype Thermadapt™ building siding at different temperatures.
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