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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 oC. 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. 

Key words: Bio-inspired materials, Thermal management, Smart surfaces, FE modelling, 
Thermal radiation, Space applications 
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1 INTRODUCTION
$GYDQFHG�HOHFWURFKURPLF�PDWHULDOV >1�2@��DFWLYH�PLFUR�HOHFWURPHFKDQLFDO�V\VWHPV >�@ DQG�

DFWLYH�PHWDPDWHULDOV >4@ KDYH�EHHQ�GHYHORSHG�LQ�RUGHU�WR�FRQWURO WKH HPLVVLYLW\�RI�D�VXUIDFH�DQG�
FRQVHTXHQWO\�FRQWURO�WKH WHPSHUDWXUH�RI�D�ERG\.�$OVR��KHDY\�GHYLFHV�VXFK�DV�WKHUPDO�ORXYHUV�
>5@�DQG�PRUSKDEOH�UDGLDWRUV�>6�7@�KDYH�EHHQ�GHYHORSHG�GXULQJ�WKH�\HDUV�LQ�RUGHU�WR�FRQWURO�WKH�
KHDW�UHMHFWLRQ�LQ�VSDFH�DSSOLFDWLRQV. %RWK�PDWHULDOV�DQG�V\VWHPV�SUHVHQW�VSHFLILF�GLVDGYDQWDJHV�
LQ� WHUPV� RI�ZHLJKW�� SHUIRUPDQFH� �WKHUPDO� UDGLDWLRQ OHDNDJHV� DQG FRPSOH[LW\. 2Q� WKH� RWKHU�
KDQG�� LQ� 1DWXUH�� WKHUPDO� FRQWURO� RI� SODQWV� DQG� RWKHU� OLYLQJ� RUJDQLVPV� KDV� EHHQ� DGGUHVVHG�
WKURXJK� PHFKDQLVWLF� GHVLJQ� DSSURDFKHV.� 0RUH� VSHFLILFDOO\� WKHUPRQDVWLF� DQG� SKRWRQDVWLF�
PRYHPHQWV�DUH�UHDOL]HG LQ�RUGHU�WR�WUDQVIRUP�WKH�VKDSH�RI�OHDYHV/SHWDOV�XQGHU�D�WHPSHUDWXUH�RU�
OLJKW�VWLPXOXV�DQG�WR�SUHYHQW�RYHUKHDWLQJ�>8�10@� EHFDXVH�RI�WKH�FRH[LVWHQFH�RI WZR�OD\HUV�ZLWK�
GLIIHUHQW�WKHUPR�RSWLFDO�SURSHUWLHV.�7KH�LQQHU�RU�RXWHU�OD\HU�RI�WKH�SODQW�LV�UHYHDOHG�RU�FRQFHDOHG�
LQ�RUGHU�WR�SUHYHQW�RYHU�KHDWLQJ/RYHU�FRROLQJ >9�10@.�0RUHRYHU��QRQ�OLYLQJ�WLVVXHV�RI�YDULRXV�
SODQWV�DUH�GHVLJQHG�WR�XQGHUJR�SUHGHWHUPLQHG�VKDSH�WUDQVIRUPDWLRQV�WKURXJK�WKH�WULJJHULQJ�RI�
WKHLU� ILEURXV��KHWHURJHQHRXV�DQG�PXOWLOD\HU�VWUXFWXUH�>11@��FUHDWLQJ�UHVSRQVLYH�PDWHULDOV WKDW�
FKDQJH� WKHLU� VKDSH� GUDVWLFDOO\. 7KHVH� UHVSRQVLYH� PDWHULDOV� LQVSLUHG� QXPHUXV� UHVHDUFKHUV� WR�
GHYHORS�PDWHULDOV�WKDW FKDQJH�VKDSH�WKURXJK�WKH�DERYH�PHQWLRQHG�SULQFLSOHV�XVLQJ�K\GURJHOV��
SRO\PHUV�DQG�RWKHU�PDWHULDO�LQ�PXOWLOD\HU�DQG�DQLVRWURSLF�VWUXFWXUH�>12�15@

&RPELQLQJ�WKH�DERYH�PHQWLRQHG IXQFWLRQV�RI�SODQWV��FRH[LVWHQFH RI�FRDWLQJV�ZLWK�GLIIHUHQW�
WKHUPR�RSWLFDO�SURSHUWLHV��DQG�UHVSRQVLYH PDWHULDOV���ZH�GHVLJQHG�XOWUDOLJKW VPDUW�VXUIDFHV�WKDW�
FKDQJH�WKHLU�WKHUPDO�UDGLDWLRQ�HPLVVLYLW\�GUDVWLFDOO\�IRU�VPDOO�WHPSHUDWXUH�FKDQJH. ,Q�WKH�SDVW��
ZH�GHYHORSHG�VPDUW�VXUIDFHV�WKDW�DOWHU�WKHLU�HIIHFWLYH�HPLVVLYLW\�GUDVWLFDOO\�XVLQJ�PXOWLOD\HU�DQG�
DQLVRWURSLF� UHVSRQVLYH� PDWHULDOV )LJ.� 1.� 2XU� SUHOLPLQDULO\ VWXG\� VKRZHG WKDW� WKHVH� VPDUW�
VXUIDFHV�SUHVHQW�YHU\�ORZ�ZHLJKW��WKH�ZHLJKW�RI�WKH�GHYHORSHG�VPDUW�VXUIDFHV�ZDV�OHVV�WKDQ���0�
JU/P2��DQG�ODUJH�HPLVVLYLW\�FKDQJH�>15�16@.

Figure 1: �$��6PDUW�UHVSRQVLYH�VXUIDFHV��100PP�[�100PP�GLPHQVLRQV��DW�URRP�WHPSHUDWXUH ZLWK�ORZ�HIIHFWLYH�
HPLVVLYLW\ >16@� �%�&� 6PDUW�VXUIDFHV�DW�HOHYDWHG�WHPSHUDWXUH�ZLWK�KLJK�HIIHFWLYH�HPLVVLYLW\���'��8QLW�FHOO�RI�
WKH�VPDUW�VXUIDFH.�
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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. 

( ) ( ) ( )( )
1 (1)
2

T T
el T refe u u u u a T T =  + +   − −

 

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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6WUHVVHV� DUH� UHSUHVHQWHG� E\� WKH� 6HFRQG� 3LROD±.LUFKRII� VWUHVV� WHQVRU�� WKH� VWUDLQV� DUH�
UHSUHVHQWHG� E\� WKH� *UHHQ±/DJUDQJH� VWUDLQ� WHQVRU�� (T.� 1. 7KH� &7(�7� FXUYH� FDQ EH
ILWWHG/UHSUHVHQWHG�E\�%ROW]PDQQ ILWWLQJ�FXUYH LQ�RUGHU�WR�LPSOHPHQW�WHPSHUDWXUH. 7KH�PRGXOXV
RI�HODVWLFLW\�(�7� LV�DOVR�D�IXQFWLRQ�RI�WHPSHUDWXUH��DQG�ERWK�SDUDPHWHUV DUH�GRPLQDQW�DQG�DIIHFW�
VLJQLILFDQWO\�WKH�ILQDO�VROXWLRQ.

7KH�&7( �α(Τ)� RI�WKH�RULHQWHG�+'3(�LV�H[SUHVVHG�E\�D�2QG RUGHU�WHQVRU��Į���(T.�2� EHFDXVH�
RI�WKH�DQLVRWURSLF�FKDUDFWHULVWLFV�RI�WKH�RULHQWHG�+'3(.

11�7�
� �

22�7�

0
�2�

0

 
 =  

 

+RZHYHU�� EHFDXVH� RI� WKH� SODLQ�VWUDLQ� SUREOHP�� LW� LV� QHFHVVDU\ WR� LPSOHPHQW� RQO\� WKH� 11� �

SDUDPHWHU�WKDW�OLHV�RQ�WKH�SULQFLSDO�D[LV. %HFDXVH�RI�WKH�DQLVRWURS\�DQG�WKH�ORFDO�KHWHURJHQHLWLHV
RI�WKH�RULHQWHG�+'3(��ZH�GHFLGHG�WR�VWXG\�WKH EHKDYLRXU�RI�WKH�PDWHULDO�XVLQJ�ODUJH�VSHFLPHQV.�
$Q� DSSDUDWXV� ZDV� PDQXIDFWXUHG� DQG� ZH� PHDVXUHG� WKH� &7(� XVLQJ� D� ODVHU� VHWXS�� DQG� ZH�
H[DPLQHG�WKUHH�VDPSOHV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��)LJ.�2$.�$Q�DYHUDJH�%ROW]PDQQ ILWWLQJ�
FXUYH�ZDV�XVHG�IRU�WKH�PRGHOOLQJ� )LJ.�2%.

Figure 2: �$��� &7(�PHDVXUHPHQWV� RI� +'3(� ILOPV� XVLQJ� D� KLJK� DFFXUDF\� ODVHU� GLVSODFHPHQW� DQG� XQLIRUP�
WHPSHUDWXUH���%��$YHUDJLQJ�RI�PHDVXUHPHQWV�DQG�ILWWLQJ�XVLQJ�%ROW]PDQQ�IRUPXOD��(T.��.

%ROW]PDQQ ILWWLQJ�IRUPXOD LV�JLYHQ�E\�(T.��.�$OO�QHFHVVDU\�SDUDPHWHUV�DUH�SUHVHQWHG�LQ�7DEOH�
1.

1 2
11� � 2� �/ ���

1 oT x dx
A A A
e −

−
 = +

+

Table 1. )LWWLQJ�SDUDPHWHUV�RI�&7(�Į11�ȉ� DFFRUGLQJ�WR�%ROW]PDQQ�IRUPXOD �(T.���� DQG�ILWWLQJ�
SDUDPHWHUV�RI�WKH�PRGXOXV��(��XVLQJ�DQ�H[SRQHQWLDO�IXQFWLRQ �(T.�4�.

A1 7.46(�04 B1 1.009�(9
A2 �0.0046 S 52.819
xo 114.062 y0 �76.68�(6
dx �.65526
T 7HPSHUDWXUH��R&�
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7KH�PRGXOXV�RI�HODVWLFLW\�RI� WKH�+'3(�ILOP�FDQ�EH�UHSUHVHQWHG�E\�DQ�H[SRQHQWLDO� ILWWLQJ�
FXUYH��)LJ.��.�$OO�ILWWLQJ�SDUDPHWHUV�KDYH�EHHQ�LQFOXGHG�LQ�7DEOH�1.

� / �
� � 1 0 �4�T sE B e y−

 =

Figure 3: 0RGXOXV�RI�HODVWLFLW\�RI�WKH�+'3(�ILOP�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH >17@.

,QLWLDOO\�� WKH� WKHUPRPHFKDQLFDO� SUREOHP�ZDV�PRGHOOHG� RQO\� IRU� WKH� XQLW�FHOO� LQ� RUGHU� WR�
VWXG\�WKH�VKDSH�FKDQJH�RI�WKH�PXOWLOD\HU�PDWHULDO�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH.�)LJXUH�4 SUHVHQWV�
WKH� UHDO�GHIRUPDWLRQ�YHUVXV� WKH�SUHGLFWLRQV XVLQJ�)(0�IRU� WZR�GLIIHUHQW� WHPSHUDWXUH� OHYHOV.
6WUXFWXUHG�TXDGULODWHUDO�HOHPHQWV�ZHUH�XVHG�IRU�WKH�PRGHOOLQJ�RI�WKH�RYHUDOO�SKHQRPHQRQ��DOVR
WDNLQJ� LQWR� FRQVLGHUDWLRQ� WKH� JHRPHWULFDO� QRQ�OLQHDULWLHV.� +HQFH�� QRQOLQHDU� WHUPV� DQG� FURVV�
GHULYDWLYHV� H[LVW�� ZKLFK� DOORZ� WKH� ODUJH� GHIRUPDWLRQ� RI� WKH� HOHPHQWV� WR� EH� H[SUHVVHG� DV� D�
IXQFWLRQ�RI�WHPSHUDWXUH. 7KH�WKLFNQHVV�RI�WKH�RULHQWHG�+'3(�ILOP ZDV�45ȝP�DQG�WKH�WKLFNQHVV�
RI�WKH�DOXPLQXP ZDV�20ȝP.

Figure 4: 8QLW�FHOO�GHIRUPDWLRQ�YHUVXV�WKH�)(�SUHGLFWLRQV�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH.
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2.2 Governing Equations of the thermal radiation problem
$VVXPLQJ�DQ�LGHDO�JUH\�ERG\��WKH�UDGLRVLW\�OHDYLQJ�D�VXUIDFH�LV�GHILQHG�E\�(T.��5��>16@.

( ) ( ) 4 4
� �1 � � 1� �2� � � �5�i i m i a i i iJ G J F T T i N   

 = − + + =  

:KHUH��İL��LV�WKH�VXUIDFH�HPLVVLYLW\���L��GHQRWHV�WKH�VXUIDFH�RI�WKH�ORZ� RU�WKH�KLJK�HPLVVLYLW\�
PDWHULDO.��)D��LV�DQ�DPELHQW�YLHZ�IDFWRU��DQG��7  ��LV�WKH�DVVXPHG�IDU�DZD\�WHPSHUDWXUH�LQ�WKH�
GLUHFWLRQV�LQFOXGHG�LQ��)D�. �*P��LV�WKH�PXWXDO�LUUDGLDWLRQ�IURP�RWKHU�ERXQGDULHV. �1��H[SUHVVHV�
WKH� QXPEHU� RI� VXUIDFHV� RI� ZKLFK� WKH� RYHUDOO� VPDUW� VXUIDFH� FRQVLVWV. $V� ZH� KDYH� DOUHDG\�
PHQWLRQHG��ZH�PRGHOOHG�WKH�SODQH�VWUDLQ�SUREOHP�RI�)LJ.�5$.�7KHUHIRUH��ZH�PRGHOOHG�ILYH�XQLW�
FHOOV� LQ� VHULHV� DQG� WKHLU� LQWHUDFWLRQ�� )LJ.� 5%.�2Q� WKH� LQWHUQDO� VXUIDFHV� RI� WKH� XQLW� FHOOV�� WKH�
HPLVVLYLW\�LV�KLJK��İ1 §�0.95���DQG�RQ�WKH�H[WHUQDO�VXUIDFH�RI�WKH�XQLW�FHOOV��WKH�HPLVVLYLW\�LV�ORZ�
�İ2 §�0.075���)LJ.�5$��%.�7KH�SUHGLFWLRQ�RI�WKH�WUDQVIRUPHG�JHRPHWU\�RI�WKH�VPDUW�VXUIDFH�DQG�
WKH�WHPSHUDWXUH�ILHOG�IRU�GLIIHUHQW�KHDW�IOX[HV�DOORZ�XV�WR�FDOFXODWH�WKH�HIIHFWLYH�HPLVVLYLW\ XVLQJ�
(T.��6�.�)RU�HDFK�VWHDG\�VWDWH�SRVLWLRQ�DQG�WHPSHUDWXUH�ILHOG�� WKH�HIIHFWLYH�HPLVVLYLW\�FDQ�EH�
FDOFXODWHG�DV�IROORZV�

4 4/ � � �6�eff Q  =  −

Figure 5: �$��3LFWXUH�IURP�WKH�UHDO�H[SHULPHQW�DQG�WKH��%��GHIRUPHG�VPDUW�VXUIDFH�XVLQJ�FRXSOHG�)(0.

3 RESULTS AND DISCUSSIONS
7KURXJK�)(�PRGHOOLQJ��ZH�FDOFXODWHG�WKH�HIIHFWLYH�HPLVVLYLW\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��

IRU� GLIIHUHQW� SURJUDPPLQJ� WHPSHUDWXUH� OHYHOV.� 3URJUDPPLQJ� WHPSHUDWXUH� PHDQV� WKDW� WKH�
UHVSRQVLYH�PDWHULDO�LV�IODW�LQ�D�VSHFLILF�WHPSHUDWXUH�OHYHO.�$ERYH�WKLV�WHPSHUDWXUH� WKH�XQLW�FHOOV�
DUH�GHIRUPHG�VLPLODU�WR�)LJ.�5�DQG�)LJ.�6. (.J.�ZH�FDQ�VHW�WKH�SURJUDPPLQJ�WHPSHUDWXUH�WR�EH�DW�
0�R&��DW�40 R&�RU�DW���0 R&. 7KHUHIRUH��DOO�XQLW�FHOOV�SUHVHQW�IODW�JHRPHWU\��FORVHG�SRVLWLRQ�.�,I�
WKH�SURJUDPPLQJ�WHPSHUDWXUH�LV�KLJK��WKH�UHVSRQVLYH�XQLW�FHOOV�RSHQ�GLIIHUHQWO\�EHFDXVH�RI�WKH�
PDWHULDOV¶�SURSHUW\�GHSHQGHQFH��ZKLFK�DOWHU�DOVR�WKHLU�SHUIRUPDQFH.

0RUHRYHU��H[DPLQLQJ�WKH�WHPSHUDWXUH�ILHOG�RI�WKH�UHVSRQVLYH�PDWHULDOV��DUF��)LJ.�5%���ZH�
VWXGLHG� KRZ� WKH� WKHUPDO� FRQGXFWLYLW\� DIIHFWV� WKH� RYHUDOO� SHUIRUPDQFH� RI� WKH� KHDW� UHMHFWLRQ
FDSDELOLW\�RI�WKH�VPDUW�VXUIDFH. )LQDOO\��ZH�FDOFXODWHG�WKH�GLUHFWLRQDO�HPLVVLYLW\�RI�WKH�VPDUW�
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VXUIDFHV�LQ�RUGHU�WR�VWXG\�WKH�KHDW�UHMHFWLRQ�GLUHFWLRQ�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH.

3.1 Prediction of the effective emissivity through coupled FEM 
)LJXUH� 6$ SUHVHQWV� WKH� FDOFXODWHG� HPLVVLYLW\� RI� WKH� VPDUW� VXUIDFHV� DV� D� IXQFWLRQ� RI�

WHPSHUDWXUH. 7KH�PLQLPXP�HPLVVLYLW\�YDOXH�ZDV� VHW� DW�1� �&.�%HORZ�1� �&�� WKH�HPLVVLYLW\�
UHPDLQV�FRQVWDQW.�:KHQ�WHPSHUDWXUH�LQFUHDVHV�WKH�XQLW�FHOOV�RSHQ�DQG�WKH�HIIHFWLYH�HPLVVLYLW\�
LQFUHDVHV��UHG�OLQH�.�7KH�UHG�OLQH�SUHVHQWV WKH�FDOFXODWHG�HIIHFWLYH�HPLVVLYLW\�YHUVXV�WHPSHUDWXUH�
IRU�D�WKHUPDO�FRQGXFWLYLW\�RI�205�:/P..�7KH�HPLVVLYLW\�FKDQJHV�LWV�YDOXH�E\ �ǻİ�§ 0.82��ZLWKLQ�
D�WHPSHUDWXUH�FKDQJH�RI�ǻȉ� ��0.8��&��ZKLOH�WKH�H[SHULPHQWDO�UHVXOWV�>16@�GLFWDWH�D�FKDQJH��ǻİ�
 � 0.762��ZLWKLQ� D� WHPSHUDWXUH� VSDQ� RI�ǻȉ� �47.05� �&� �EODFN� GRWWHG� OLQH�.�7KH� FRPSDULVRQ�
EHWZHHQ� WKH�FDOFXODWHG�DQG� WKH�PHDVXUHG�HIIHFWLYH�HPLVVLYLW\�LV�QRW�H[FHOOHQW.�+RZHYHU� WKH�
SKHQRPHQRQ�DQG�WKH�PRGHO�DUH YHU\�FRPSOH[.�'LIIHUHQFHV�FRXOG�EH�DSSHDUHG�EHFDXVH RI�WKH�
PDWHULDO�SURSHUWLHV�FKDQJH��PDQXIDFWXULQJ XQFHUWDLQWLHV�DQG�DVVXPSWLRQV.

7KH�LPSRUWDQW DVSHFW�LV�WKDW�WKH�VHQVLWLYLW\�WKH�VPDUW�VXUIDFH�UHVSRQVH FKDQJHV�EHFDXVH WKH�
&7(�DQG�PRGXOXV�LV�VWURQJO\�UHODWHG�ZLWK�WHPSHUDWXUH��PDNLQJ�WKH�PDWHULDO�PRUH�VHQVLWLYH�DW�
ORZHU�WHPSHUDWXUH�OHYHOV��GDUN�UHG�DQG�GDUN�SXUSOH�OLQHV��)LJ.�6�.��7KH�HPLVVLYLW\�FKDQJH LV �ǻİ�
§ 0.82�� ZLWKLQ� D� WHPSHUDWXUH� FKDQJH� RI� ǻȉ�  � 25.7� �&� �GDUN� UHG� OLQH��� ZKLOH� IRU� LQLWLDO�
WHPSHUDWXUH�HTXDO� WR�40�&�� WKH�PDWHULDO� LV� OHVV� VHQVLWLYH�DQG� WKH�HPLVVLYLW\�FKDQJH� LV� �ǻİ�§
0.805��ZLWKLQ�D�WHPSHUDWXUH�FKDQJH�RI�ǻȉ� �41��&.�,Q�)LJXUH�6%��ZH�SUHVHQW�WKH�LQFOLQDWLRQ�RI�
HDFK� FXUYH� LQ� RUGHU� WR� SUHVHQW� WKH� VHQVLWLYLW\� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� IRU� GLIIHUHQW�
WHPSHUDWXUH�OHYHOV. ,Q�DQ\�FDVH��WKLV�GLIIHUHQFH�VKRXOG�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�LQ�RUGHU�WR�
GHVLJQ�D�KLJKO\�RULHQWHG�ILOP�ZLWK�D�PRGXOXV�RI�HODVWLFLW\�WKDW�LV�QRW�DIIHFWHG�E\�WKH�WHPSHUDWXUH�
OHYHO�GUDVWLFDOO\.

Figure 6: �$�� &DOFXODWHG� HIIHFWLYH� HPLVVLYLW\� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� IRU� GLIIHUHQW� SURJUDPPLQJ�
WHPSHUDWXUH�OHYHOV.�7KH�H[SHULPHQWDO�FXUYH�LV�SUHVHQWHG�DV�D�FRPSDULVRQ >16@.��%��3HUIRUPDQFH�DQG�VHQVLWLYLW\�
RI�VPDUW�VXUIDFHV�IRU�GLIIHUHQW�SURJUDPPLQJ�WHPSHUDWXUH�OHYHOV.
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3.2 Temperature field as a function of the thermal conductivity 
7KH�KHDW�UHMHFWLRQ�SHUIRUPDQFH�RI�WKH�VPDUW�VXUIDFHV�LV�VWURQJO\�UHODWHG�ZLWK�WKH�VFDOH�RI�WKH�

XQLW�FHOOV.�%HFDXVH�RI�WKH�PDFUR�VFDOH�GHVLJQ��WKH�KHDW�VKRXOG�EH�WUDQVIHUUHG�DQG�UHMHFWHG�E\�WKH�
UHVSRQVLYH� OD\HUV.�:H� VKRXOG� VWUHVV� WKDW� WKH�SUHVHQFH�RI� WKH� DOXPLQLXP�RU� DQ\�RWKHU�KLJKO\�
FRQGXFWLYH�PDWHULDO� LV� LPSHUDWLYH��EHFDXVH�WKH�PDWHULDO�SUHVHQWV�D�XQLIRUP�WHPSHUDWXUH�ILHOG�
DQG�GHIRUPHG�V\PPHWULFDOO\�ZLWKRXW�VLJQLILFDQW�VKDGLQJ�RI�WKH�QHLJKERXU�XQLW�FHOOV��)LJ.�7$.

&DOFXODWLQJ�WKH�HIIHFWLYH�HPLVVLYLW\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�XVLQJ�PDWHULDOV�ZLWK�ORZ�
WKHUPDO� FRQGXFWLYLW\� �5� :/P.�.� 7KH� HPLVVLYLW\� FKDQJHV� RQO\� E\ �ǻİ�  � 0.45�� ZLWKLQ� D�
WHPSHUDWXUH�VSDQ RI�ǻȉ� �49�R& �EODFN OLQH��)LJ.�6$�.

:KHQ� WKH� RXWHU� VXUIDFH� FRQVLVWV� RI� PDWHULDOV� ZLWK� ORZ� WKHUPDO� FRQGXFWLYLW\�� WKH� KHDW�
UHMHFWLRQ� LV� SUHYHQWHG�EHFDXVH� WKH�HQHUJ\�FDQQRW�EH� WUDQVIHUUHG�DQG� WKH� WLS�RI� WKH�XQLW� FHOOV�
SUHVHQWV� ORZHU� WHPSHUDWXUH� OHYHOV�� ZKLOH� WKH� EDVH� RI� WKH� XQLW� FHOO� SUHVHQWV� PXFK� KLJKHU�
WHPSHUDWXUH�OHYHO.�$V�D�FRQVHTXHQFH��WKH�XQLW�FHOOV�GHIRUPHG�DV�VKRZQ�LQ�)LJ.�7%��DQG�VKDGHV�
WKH�QHLJKERXU�XQLW�FHOO.�

Figure 7: �$��'HIRUPDWLRQ�RI�WKH�XQLW�FHOOV�ZLWK�KLJK�WKHUPDOO\�FRQGXFWLYH�RXWHU�OD\HU���%� 'HIRUPDWLRQ�RI�WKH�
XQLW�FHOOV�ZLWK�YHU\�ORZ�WKHUPDOO\�FRQGXFWLYH�RXWHU�OD\HU.�:H�SUHVHQW�RQO\�WZR��RXW�RI�WKH�ILYH�XQLW�FHOOV.

7KH� UHMHFWLRQ� RI� WKH� WKHUPDO� HQHUJ\� LV� UHGXFHG�GUDVWLFDOO\� DV� WKH� WKHUPDO� FRQGXFWLYLW\� LV�
GHFUHDVHG.�7KH�ORZ�WKHUPDO�FRQGXFWLYLW\�GRHV�QRW�DOORZ�WKH�FRQGXFWLYH�KHDW�IOX[�WR�UHDFK�WKH�
HGJH�RI� WKH�XQLW� FHOO��),*.�8$.�/DUJH� WHPSHUDWXUH� GHYLDWLRQ �19� R&�� DUH�REVHUYHG�DORQJ� WKH�
OHQJWK�RI�WKH�XQLW�FHOO��VROLG�OLQHV� IRU�DQ\�SRZHU�OHYHO.�7KH�FDSDELOLW\�RI�WKH�VXUIDFH�WR�UHMHFW�
WKHUPDO� HQHUJ\� KDV� EHHQ�PLWLJDWHG� RZLQJ� WR� WKH� ORZ� WHPSHUDWXUH� YDOXHV� DW� WKH� HGJH� RI� WKH�
GHIRUPDEOH� XQLW� FHOOV.� ,Q� FRQWUDVW�� KLJK� WKHUPDO� FRQGXFWLYLW\� YDOXHV� OHDG� WR� D� XQLIRUP�
WHPSHUDWXUH�ILHOG�DORQJ�WKH�OHQJWK�RI�WKH�XQLW�FHOO ZLWK�WHPSHUDWXUH�GHYLDWLRQ OHVV�WKDQ��1.5 R&���
DQG�WKH�UHMHFWLRQ�RI�WKH�WKHUPDO�HQHUJ\�LV�PD[LPLVHG.

$ ,Q� )LJ.� 8%��ZH� SUHVHQW� WKH� FDOFXODWHG� HIIHFWLYH� HPLVVLYLW\� DV� D� IXQFWLRQ� RI� SRZHU� IRU�
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GLIIHUHQW� WKHUPDO� FRQGXFWLYLW\� YDOXHV.� 7KH� UHG� OLQH� VKRZV WKDW� IRU� KLJK� SRZHU� OHYHOV�
�!250:/P2� WKH�HPLVVLYLW\�LV�UHGXFHG�GXH�WR�WKH�H[WUHPHO\�GHIRUPHG�JHRPHWU\.

Figure 8: �$��7HPSHUDWXUH�ILHOG�RI�WKH�UHVSRQVLYH�UHJLRQ�RI�WKH�XQLW�FHOO�DV�D�IXQFWLRQ�RI�WKH�WKHUPDO�FRQGXFWLYLW\�
RI� WKH� RXWHU� OD\HU� DQG� WKH� SRZHU. �%� (IIHFWLYH� HPLVVLYLW\� DV� D� IXQFWLRQ� RI� WKH� SRZHU� DQG� WKH� WKHUPDO�
FRQGXFWLYLW\.

3.3 Directional emissivity of the smart surfaces as a function of temperature
2XU�DLP�LV�WR�VWXG\�WKH�DQJXODU�GLVWULEXWLRQ�RI�WKH�LQWHQVLW\�RI�IROGHG�DUUD\V�DV�D�IXQFWLRQ�

RI� WHPSHUDWXUH� �7�.� 7KH� DQJXODU� GLVWULEXWLRQ� RI� WKH� LQWHQVLW\� IRU� DOO� WKH� ZDYHOHQJWKV� ZDV�
FDOFXODWHG�IRU�WKH�D]LPXWKDO�DQG�SRODU�GLUHFWLRQ�IRU�GLIIHUHQW�ȍ DQJOHV.�7KH�ȍ DQJOH�GHQRWH�WKH�
DQJOH�RI�WKH�IROGHG�DUUD\V�DQG�LV�D�IXQFWLRQ�RI�WHPSHUDWXUH�ȍ�7�.�(DFK�VWUXFWXUH�HPLW�HQHUJ\�WR�
DOO� GLUHFWLRQV� DQG� ZDYHOHQJWKV� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� DFFRUGLQJ� WR� WKH� JHRPHWULFDO�
FKDUDFWHULVWLFV�DQG�WKH�PDWHULDOV�WKDW�KDYH�EHHQ�DSSOLHG�RQ�WKH�H[WHUQDO�DQG�LQWHUQDO�VXUIDFHV��
WRWDO�KHPLVSKHULFDO�HPLVVLYLW\� İ�7�.�(DFK�VWUXFWXUH�HPLWV� WKHUPDO�HQHUJ\�DV�D� IXQFWLRQ�RI� WKH�
D]LPXWKLDO� DQJOH� �Ĭ��� SRODU� DQJOH� �ĭ�� DQG� WKH� IROGLQJ� DQJOH� �ȍ�7���� )LJ.� 9$.�7KHUHIRUH�� WKH�
GLUHFWLRQDO�UDGLDWLYH�KHDW�IOX[�LV�D�IXQFWLRQ�RI�WKUHH�GLIIHUHQW�SDUDPHWHUV��Ĭ��ĭ��ȍ�ȉ��.

Figure 9: �$��Ĭ UHSUHVHQWV�WKH�SRODU�DQJOH�DQG�ĭ�UHSUHVHQWV�WKH�D]LPXWKDO�DQJOH���%��6SDWLDO�SRVLWLRQ�RI�WKH�
DUWLILFLDO�VHQVRU�DV�D�IXQFWLRQ�RI��Ĭ��ĭ��IRU�WKH�FDOFXODWLRQ�RI�WKH�GLUHFWLRQDO�HPLVVLYLW\�İ�Ĭ�ĭ� DV�D�IXQFWLRQ�RI�WKH�
DQJOH�ȍ�ȉ� RI�WKH�VPDUW�VWUXFWXUH.��ȍ��UHSUHVHQW�WKH�DQJOH�RI�WKH�VPDUW�VWUXFWXUH�IRU�DQ\�WHPSHUDWXUH�OHYHO��7�.�
ȉKH�VHQVRU�VFDQV�WKH�KHPLVSKHUH�IURP�DQJOH�Ĭ1  �0R WR�DQJOH�Ĭ29  �180R ZLWK�DQ�LQWHUYDO�RI�ǻĬ� �6.428R DV�ZHOO�
DV�IURP�DQJOH�ĭ1  �0Ƞ WR�DQJOH�ĭ� �180Ƞ ZLWK�DQ�LQWHUYDO�RI�ǻĭ� �15R.
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$�YLUWXDO�VHQVRU�VFDQV�WKH�HQWLUH�KHPLVSKHULFDO�VXUIDFH�LQ�LQWHUYDOV�ǻĬ  �6.428R DQG�ǻĭ  �
15R� �)LJ.� 9%�.� &DOFXODWLQJ� WKH� WHPSHUDWXUH� RI� WKH� YLUWXDO� VHQVRU� WKURXJK� WKH� �'� QXPHULFDO�
PRGHOV��ZH�FDQ�H[WUDFW� WKH�DQJXODU LQWHQVLW\ IRU�DQ\�SDLU�RI��Ĭ� ĭ�.�7KH�GLUHFWLRQDO� WKHUPDO�
HPLVVLRQ��4��ZDV�GHWHUPLQHG�IRU�DOO�WKH�FRPELQDWLRQ�RI�D]LPXWKLDO��SRODU�DQJOH�DQG�WHPSHUDWXUH�
OHYHOV��ȍ DQJOHV���(T�6. ,Q�RUGHU�WR�FRQVWUXFW�WKH�SRODU�GLDJUDPV� 1�5 SUREOHPV�ZHUH�VROYHG�IRU�
HDFK�ȍ DQJOH.

4 4
� � � � � � �7�vs vsa Q    =    −

7KH�DEVRUSWLYLW\��ĮYV��DQG�WKH�HPLVVLYLW\��İYV� YDOXHV�RI�WKH�YLUWXDO�VHQVRU�DUH�HTXDO�WR�RQH.�
2Q�WKH�LQWHUQDO�UHJLRQV�RI�WKH�XQLW�FHOOV��WKH�HPLVVLYLW\�LV�KLJK��İ1 §�0.95���DQG�RQ�WKH�H[WHUQDO�
VXUIDFH�RI�WKH�XQLW�FHOOV�WKH�HPLVVLYLW\�LV�ORZ��İ2 §�0.075�. 0RUHRYHU��WKH�GLUHFWLRQDO�HPLVVLYLW\�
RI�WKH�DOXPLQXP�LV�DVVXPHG�WR�EH�FRQVWDQW.

Figure 10: �$��6PDUW�VXUIDFH�UHVSRQVH�DW�HOHYDWHG�WHPSHUDWXUH.��%��'LUHFWLRQDO�HPLVVLYLW\�PDSV�IRU�ȍ  �0R��ȍ
 �15R��ȍ  �45R��ȍ  �90R.

)LJXUH�10% SUHVHQWV�WKH�LQWHQVLW\�RI�WKH�VPDUW�VXUIDFH�GXULQJ�WKH�WUDQVIRUPDWLRQ�RI�WKH�DUUD\V¶�
JHRPHWU\��),*.�10$.�7KH�WRWDO�KHPLVSKHULFDO�HPLVVLYLW\�DW�ȍ  �0Ƞ LV�YHU\�VPDOO�DQG�HTXDO�WR�WKH�
HPLVVLYLW\�RI�WKH�H[WHUQDO�DOXPLQXP�FRDWLQJ �LGHDO�VFHQDULR�.�$V�WKH�WHPSHUDWXUH�LQFUHDVHV�WKH�
XQLW� FHOOV� RI� WKH� VPDUW� VXUIDFH RSHQ.� 'XULQJ� WKH� WUDQVIRUPDWLRQ�� WKH� WRWDO� KHPLVSKHULFDO�
HPLVVLYLW\� LQFUHDVHV�EHFDXVH� WKH�DUHD�RI� UHYHDOHG� LQWHUQDO�FRDWLQJ�GRPLQDWHV.�0RUHRYHU�� WKH�
PD[LPXP�LQWHQVLW\�YDOXH�FKDQJHV�GLUHFWLRQ��Ĭ�DQG�ĭ�.�(DFK�ȍ�$QJOH�JHQHUDWHV�XQLTXH�DQJXODU�
GLVWULEXWLRQ�LQWHQVLW\�PDSV. ,Q�),*.�10%��ȍ� �0Ƞ���WKH�GLUHFWLRQDO�HPLVVLRQ�LV�XQLIRUP��ZKLOH�DW�
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Ω = 15ο the thermal emission is directed only to a minor region. Similar behaviour is observed 
for Ω = 45ο while the effective emissivity increases because of the larger deformation of the 
unit-cells. At Ω = 90ο 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 10-6 m/m oC to ≈1000 x 10-6 
m/m oC. 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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