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Abstract. The thermo-optical properties of common materials cannot change significantly as a
function of temperature. However, holistic and mechanistic strategies have been adopted by
Nature in order to control the temperature of a body. Photonastic and thermonastic movements
are realized in order to transform the shape of leaves and petals under light or temperature
stimulus. The different thermo-optical properties of the leaves’ external skin, as well as the
folding of leaves control the sunlight absorption in order to prevent overheating and damages.
We have developed smart surfaces which manipulate passively and very efficiently the thermal
emission of a body. The smart surfaces consist of smaller unit-cells. The transformation of the
geometry of the unit cells, reveals or conceals different thermo-optical properties and changes
the view factor of the smart surface in order to alter its effective emissivity. The arrays transform
their shape via their anisotropic structure and the developed thermal stresses, which occur
because of the large thermal expansion (CTE) mismatch of the highly oriented polyethylene
and the other layers of the material. We investigated numerically the effective emissivity as a
function of the temperature dependent CTE and modulus (E) of the material. The temperature
dependent properties enhance the performance at lower temperature levels. However, the heat
rejection capability remains high at temperatures below 90 °C. Also, we investigated thoroughly
how the thermal conductivity of the outer layer affects the shape of the smart surface’s unit-
cells and the thermal rejection performance. Finally, we calculated the directional emissivity at
different temperature levels.
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1 INTRODUCTION

Advanced electrochromic materials [1,2], active micro-electromechanical systems [3] and
active metamaterials [4] have been developed in order to control the emissivity of a surface and
consequently control the temperature of a body. Also, heavy devices such as thermal louvers
[5] and morphable radiators [6,7] have been developed during the years in order to control the
heat rejection in space applications. Both materials and systems present specific disadvantages
in terms of weight, performance (thermal radiation leakages) and complexity. On the other
hand, in Nature, thermal control of plants and other living organisms has been addressed
through mechanistic design approaches. More specifically, thermonastic and photonastic
movements are realized in order to transform the shape of leaves/petals under a temperature or
light stimulus and to prevent overheating [8-10], because of the coexistence of two layers with
different thermo-optical properties. The inner or outer layer of the plant is revealed or concealed
in order to prevent over-heating/over-cooling [9,10]. Moreover, non-living tissues of various
plants are designed to undergo predetermined shape transformations through the triggering of
their fibrous, heterogeneous and multilayer structure [11], creating responsive materials that
change their shape drastically. These responsive materials inspired numerus researchers to
develop materials that change shape through the above-mentioned principles using hydrogels,
polymers and other material in multilayer and anisotropic structure [12-15]

Combining the above-mentioned functions of plants (coexistence of coatings with different
thermo-optical properties, and responsive materials), we designed ultralight smart surfaces that
change their thermal radiation emissivity drastically for small temperature change. In the past,
we developed smart surfaces that alter their effective emissivity drastically using multilayer and
anisotropic responsive materials Fig. 1. Our preliminarily study showed that these smart
surfaces present very low weight (the weight of the developed smart surfaces was less than 330
gr/m?) and large emissivity change [15,16].
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Figure 1: (A) Smart responsive surfaces (100mm x 100mm dimensions) at room temperature with low effective
emissivity [16], (B,C) Smart surfaces at elevated temperature with high effective emissivity, (D) Unit-cell of
the smart surface.
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These smart surfaces consist of smaller unit-cells (Fig. 1D) and respond passively to
temperature and thermal radiation. When the unit cells are in a closed position (Fig. 1A), the
effective emissivity is low, because of the outer low-emissivity coating (silver colour).
Increasing temperature level, all unit-cells open and reveal the internal high-emissivity coating
Fig. 1B,C (black colour). Therefore, the effective thermal emissivity increases drastically. Their
designed behaviour can be achieved through the prediction of their shape transformation by
regulating the view factor of the patterned surface and the material (coating) that is exposed to
the environment, creating smart materials with variable thermal radiation properties. The unit-
cells transform their shape via the anisotropic material properties and the developed internal
stresses, which occur because of the large mismatch in the coefficient of thermal expansion
(CTE) of the multilayer material; the unit cells can perform very complex movements with
large displacements and rotations. The high-CTE layer is a thermally-low conductive material
(oriented HDPE “High density polyethylene”), whereas the low-CTE material is a thermally-
high conductive material (Aluminium). Oriented HDPE presents extremely high CTE that
varies with temperature, presenting also peculiar behaviour.

The scope of this study is four-fold: (A) the detailed FE modelling of the smart surfaces
using thermally dependent material properties of the oriented HDPE in order to study the shape-
change of the unit cells, (B) the prediction of the thermal emission behaviour and how the
temperature dependent properties affect the performance, (C) the study of the temperature field
of the responsive materials as a function of the thermal conductivity of the outer layer and its
effect on the emission performance and power rejection, (D) the examination of the directional
thermal emissivity versus temperature.

2 METHODOLOGY, GOVERNING EQUATIONS AND DETAILED MODELLING
OF THE SMART SURFACES

The accurate prediction of the effective thermal emissivity of the smart surfaces is a
difficult task due to the complex multiphysics phenomena, as well as the temperature dependent
material properties. The proposed responsive smart surfaces consist of a highly oriented HDPE
layer, a very thin layer of adhesive, an aluminium layer (low emissivity material), while the
internal layer is a black mat coating (high emissivity). The oriented polyethylene presents very
high CTE due to the molecular orientation, and the modulus of elasticity is strongly dependent
on temperature. Therefore, the shape change sensitivity of the materials is strongly related with
the temperature level, and their implementation is imperative.

2.1 Governing Equations of the thermo-mechanical problem

The smart surface of Fig. 1, was modelled as a plain-strain, geometrically non-linear
problem. A heat flux (Q) was set below the smart surface. The steady-state temperature field of
the smart surfaces was calculated as a function of the heat flux (Q); therefore, the effective
emissivity could be calculated as a function of the temperature.
e, =%[(Vu)T+Vu+(Vu)T Vu|-aq, (T-T,,) )

el

A coupled thermo-mechanical and geometrically non-linear problem was solved, which
would also incorporate the interactions of the body caused by thermal radiation.
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Stresses are represented by the Second Piola—Kirchoff stress tensor; the strains are
represented by the Green—Lagrange strain tensor, Eq. 1. The CTEr) curve can be
fitted/represented by Boltzmann fitting curve in order to implement temperature. The modulus
of elasticity E(r) is also a function of temperature, and both parameters are dominant and affect
significantly the final solution.

The CTE (a(m) of the oriented HDPE is expressed by a 2™ order tensor (), Eq. 2, because
of the anisotropic characteristics of the oriented HDPE.

a 0
e =[ o } 2)

Oly(ry

However, because of the plain-strain problem, it is necessary to implement only the a,,

parameter that lies on the principal axis. Because of the anisotropy and the local heterogeneities
of the oriented HDPE, we decided to study the behaviour of the material using large specimens.
An apparatus was manufactured and we measured the CTE using a laser setup, and we
examined three samples as a function of temperature, Fig. 2A. An average Boltzmann fitting
curve was used for the modelling, Fig. 2B.
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Figure 2: (A), CTE measurements of HDPE films using a high accuracy laser displacement and uniform
temperature, (B) Averaging of measurements and fitting using Boltzmann formula, Eq. 3.

Boltzmann fitting formula is given by Eq. 3. All necessary parameters are presented in Table
1.
Al - Az

(T—x,)/dx

+4, (3)
1+e

Oy =

Table 1. Fitting parameters of CTE a(t) according to Boltzmann formula (Eq. 3), and fitting
parameters of the modulus (E) using an exponential function (Eq. 4).

A1 7.46E-04 B: 1.009 E9
Az -0.0046 S 52.819

Xo 114.062 Yo -76.68 E6
dx 3.65526

T Temperature (°C)
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The modulus of elasticity of the HDPE film can be represented by an exponential fitting
curve, Fig. 3. All fitting parameters have been included in Table 1.
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Figure 3: Modulus of elasticity of the HDPE film as a function of temperature [17].

Initially, the thermomechanical problem was modelled only for the unit-cell in order to
study the shape-change of the multilayer material as a function of temperature. Figure 4 presents
the real deformation versus the predictions using FEM for two different temperature levels.
Structured quadrilateral elements were used for the modelling of the overall phenomenon, also
taking into consideration the geometrical non-linearities. Hence, nonlinear terms and cross
derivatives exist, which allow the large deformation of the elements to be expressed as a
function of temperature. The thickness of the oriented HDPE film was 45um and the thickness
of the aluminum was 20um.
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Mesh %
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Figure 4: Unit cell deformation versus the FE predictions as a function of temperature.
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2.2 Governing Equations of the thermal radiation problem
Assuming an ideal grey body, the radiosity leaving a surface is defined by Eq. (5) [16].

J,=(1-¢)[G,,(J)+F, 0T} |+&0T', i =12, ...N (5)

Where (&) is the surface emissivity; (i) denotes the surface of the low- or the high-emissivity
material. (Fa.) is an ambient view factor, and (T . ) is the assumed far-away temperature in the
directions included in (Fa). (Gm) is the mutual irradiation from other boundaries. (N) expresses
the number of surfaces of which the overall smart surface consists. As we have already
mentioned, we modelled the plane strain problem of Fig. SA. Therefore, we modelled five unit-
cells in series and their interaction, Fig. 5B. On the internal surfaces of the unit cells, the
emissivity is high (g1 = 0.95), and on the external surface of the unit cells, the emissivity is low
(e2=0.075), Fig. 5A, B. The prediction of the transformed geometry of the smart surface and
the temperature field for different heat fluxes allow us to calculate the effective emissivity using
Eq. (6). For each steady-state position and temperature field, the effective emissivity can be
calculated as follows:

£y =0/0(T'-T)) (6)

(A)

(B)
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Figure 5: (A) Picture from the real experiment and the (B) deformed smart surface using coupled FEM.

3 RESULTS AND DISCUSSIONS

Through FE modelling, we calculated the effective emissivity as a function of temperature,
for different programming temperature levels. Programming temperature means that the
responsive material is flat in a specific temperature level. Above this temperature, the unit-cells
are deformed similar to Fig. 5 and Fig. 6. E.g. we can set the programming temperature to be at
0 °C, at 40 °C or at -30 °C. Therefore, all unit-cells present flat geometry (closed position). If
the programming temperature is high, the responsive unit-cells open differently because of the
materials’ property dependence, which alter also their performance.

Moreover, examining the temperature field of the responsive materials (arc, Fig. 5B), we
studied how the thermal conductivity affects the overall performance of the heat rejection
capability of the smart surface. Finally, we calculated the directional emissivity of the smart
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surfaces in order to study the heat rejection direction as a function of temperature.

3.1 Prediction of the effective emissivity through coupled FEM

Figure 6A presents the calculated emissivity of the smart surfaces as a function of
temperature. The minimum emissivity value was set at 13 °C. Below 13 °C, the emissivity
remains constant. When temperature increases the unit cells open and the effective emissivity
increases (red line). The red line presents the calculated effective emissivity versus temperature
for a thermal conductivity of 205 W/mK. The emissivity changes its value by (Ae = 0.82) within
a temperature change of AT = 30.8 °C, while the experimental results [ 16] dictate a change (Ag
= 0.762) within a temperature span of AT = 47.05 °C (black dotted line). The comparison
between the calculated and the measured effective emissivity is not excellent. However, the
phenomenon and the model are very complex. Differences could be appeared because of the
material properties change, manufacturing uncertainties and assumptions.

The important aspect is that the sensitivity the smart surface response changes because the
CTE and modulus is strongly related with temperature, making the material more sensitive at
lower temperature levels (dark red and dark purple lines, Fig. 6). The emissivity change is (Ag
~ 0.82) within a temperature change of AT = 25.7 °C (dark red line), while for initial
temperature equal to 40°C, the material is less sensitive and the emissivity change is (Ag =
0.805) within a temperature change of AT =41 °C. In Figure 6B, we present the inclination of
each curve in order to present the sensitivity as a function of temperature for different
temperature levels. In any case, this difference should be taken into consideration in order to
design a highly oriented film with a modulus of elasticity that is not affected by the temperature
level drastically.
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Figure 6: (A) Calculated effective emissivity as a function of temperature for different programming
temperature levels. The experimental curve is presented as a comparison [16]. (B) Performance and sensitivity
of smart surfaces for different programming temperature levels.
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3.2 Temperature field as a function of the thermal conductivity

The heat rejection performance of the smart surfaces is strongly related with the scale of the
unit cells. Because of the macro-scale design, the heat should be transferred and rejected by the
responsive layers. We should stress that the presence of the aluminium or any other highly
conductive material is imperative, because the material presents a uniform temperature field
and deformed symmetrically without significant shading of the neighbour unit cells, Fig. 7A.

Calculating the effective emissivity as a function of temperature using materials with low
thermal conductivity (5 W/mK). The emissivity changes only by (Ae = 0.45) within a
temperature span of AT =49 °C (black line, Fig. 6A).

When the outer surface consists of materials with low thermal conductivity, the heat
rejection is prevented because the energy cannot be transferred and the tip of the unit cells
presents lower temperature levels, while the base of the unit cell presents much higher
temperature level. As a consequence, the unit-cells deformed as shown in Fig. 7B, and shades

the neighbour unit cell.
(A)

Elevated temperature

High thermal conductivity of the
external layer

Therefore: High effective emissivity

(B)

Elevated temperature
Very low thermal conductivity of
the external layer
Shading of the high emissivity
regions

Therefore: Low effective emissivity

— S — L ————

Figure 7: (A) Deformation of the unit-cells with high thermally conductive outer layer, (B) Deformation of the
unit-cells with very low thermally conductive outer layer. We present only two, out of the five unit-cells.

The rejection of the thermal energy is reduced drastically as the thermal conductivity is
decreased. The low thermal conductivity does not allow the conductive heat flux to reach the
edge of the unit cell, FIG. 8A. Large temperature deviation (19 °C) are observed along the
length of the unit cell (solid lines) for any power level. The capability of the surface to reject
thermal energy has been mitigated owing to the low temperature values at the edge of the
deformable unit cells. In contrast, high thermal conductivity values lead to a uniform
temperature field along the length of the unit-cell with temperature deviation less than (1.5 °C),
and the rejection of the thermal energy is maximised.

A In Fig. 8B, we present the calculated effective emissivity as a function of power for
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different thermal conductivity values. The red line shows that for high power levels
(>250W/m?) the emissivity is reduced due to the extremely deformed geometry.
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Figure 8: (A) Temperature field of the responsive region of the unit cell as a function of the thermal conductivity
of the outer layer and the power. (B) Effective emissivity as a function of the power and the thermal
conductivity.

3.3 Directional emissivity of the smart surfaces as a function of temperature

Our aim is to study the angular distribution of the intensity of folded arrays as a function
of temperature (T). The angular distribution of the intensity for all the wavelengths was
calculated for the azimuthal and polar direction for different Q angles. The Q angle denote the
angle of the folded arrays and is a function of temperature ((t). Each structure emit energy to
all directions and wavelengths as a function of temperature according to the geometrical
characteristics and the materials that have been applied on the external and internal surfaces,
total hemispherical emissivity gr). Each structure emits thermal energy as a function of the
azimuthial angle (®), polar angle (®) and the folding angle (1)), Fig. 9A. Therefore, the
directional radiative heat flux is a function of three different parameters (®, @, Q).

(A) (B) Trajectory of the

virtual sensor (s)
for constant @ s

5 N, .
7 i(0.0.1,)
/ | / \\ ) g ‘

055=180

Figure 9: (A) ® represents the polar angle and ® represents the azimuthal angle; (B) Spatial position of the
artificial sensor as a function of (®, ®) for the calculation of the directional emissivity €, as a function of the
angle Qr) of the smart structure. (Q2) represent the angle of the smart structure for any temperature level (T).
The sensor scans the hemisphere from angle ®, = 0° to angle @29 = 180° with an interval of A® = 6.428° as well
as from angle ®; = 0° to angle ® = 180° with an interval of A® = 15°.
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A virtual sensor scans the entire hemispherical surface in intervals A® = 6.428° and A® =
15° (Fig. 9B). Calculating the temperature of the virtual sensor through the 3D numerical
models, we can extract the angular intensity for any pair of (®, ®@). The directional thermal
emission (Q) was determined for all the combination of azimuthial, polar angle and temperature
levels (€ angles), Eq 6. In order to construct the polar diagrams, 135 problems were solved for
each Q angle.

ast(@,tD,Q) = SVSG(T4 - Ti) (7)

The absorptivity (ovs) and the emissivity (evs) values of the virtual sensor are equal to one.
On the internal regions of the unit cells, the emissivity is high (g1 = 0.95), and on the external
surface of the unit cells the emissivity is low (€2 = 0.075). Moreover, the directional emissivity
of the aluminum is assumed to be constant.

Heating

Figure 10: (A) Smart surface response at elevated temperature. (B) Directional emissivity maps for Q = 0°, Q
=15° Q=45° Q=90°.

Figure 10B presents the intensity of the smart surface during the transformation of the arrays’
geometry, FIG. 10A. The total hemispherical emissivity at Q2 = 0° is very small and equal to the
emissivity of the external aluminum coating (ideal scenario). As the temperature increases the
unit cells of the smart surface open. During the transformation, the total hemispherical
emissivity increases because the area of revealed internal coating dominates. Moreover, the
maximum intensity value changes direction (® and ®@). Each Q Angle generates unique angular
distribution intensity maps. In FIG. 10B (Q = 0°), the directional emission is uniform, while at
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Q = 15° the thermal emission is directed only to a minor region. Similar behaviour is observed
for Q = 45° while the effective emissivity increases because of the larger deformation of the
unit-cells. At Q =90° the emissivity value lies near the maximum effective emissivity value.

This analysis dictates that the smart surfaces interact with the environment directionally.
Hence, the surface could emit in a specific direction and reflect the heat from another direction.
Consequently, each structure presents unique characteristics regarding the directional
dependency with an outer heat source. Also, the proposed smart surfaces could be used for the
identification of the heat source direction. The scope of this analysis is not related with the
extensive study of the structures as sensors, but to reveal parameters that govern the behaviour
of the smart surfaces.

4 CONCLUSIONS

The proposed smart surfaces are capable of performing complex movements with large
deformations. Using common/commercial multilayer anisotropic materials, we can develop
responsive smart surfaces that control the temperature of a body. Oriented HDPE is a very good
candidate because presents very high CTE values, from =650 x 10° m/m °C to 1000 x 10
m/m °C. Through the study and implementation of temperature dependent material properties
(CTE and Modulus), we predicted the shape and the effective emissivity as a function of
temperature. We studied the sensitivity for different temperature levels, and we concluded that
for lower temperature levels the material is more effective. In any case, the material reacts
efficiently over a very broad range of thermal requirements. However, higher sensitivity for
higher temperature levels would be essential. For this reason, the design of a highly oriented
film with a modulus of elasticity and CTE that are not affected drastically by the temperature
level, is imperative.

The thermal conductivity of the outer layer affects significantly the shape of the unit cells
and the overall performance of the smart surface. Polymeric materials with metallic thin
coatings could function properly as outer surfaces. For this reason, metallic foils or thick
coatings are advantageous.

Finally, we should stress that these smart surfaces emit the thermal energy in specific
directions according to the deformation of the unit cells. This characteristic could be used in
order to emit in a specific direction and reflect the heat from another direction.

Probably, space applications could be an appropriate sector in order to implement these
materials and technology.
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