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Abstract. In Nature, it is common for dead tissues to consist of materials with anisotropic 
multilayer and non-homogenous or bistable structures. The structure determines their self-
shaping and self-folding capabilities in response to a stimulus in order to activate different 
functionalities. In this research activity, we present a low-cost actuator, comprising of an 
anisotropic highly oriented polyethylene layer and a copper network, connected with a thin 
adhesive. Small temperature alterations due to Joule heating yield high out-of-plane movement, 
due to the extremely high mismatch in the coefficient of thermal expansion. An experimental 
campaign revealed the temperature-dependent material properties of the polyethylene, which 
were consecutively used in high-fidelity finite element (FE) models to find the appropriate-for-
actuation polyethylene thickness. The performance of the actuator was examined 
experimentally and numerically, revealing high displacements and rotations for small 
temperature changes, therefore high sensitivity appears. The actuators could find applications 
in Space industry and electronics where the weight and volume reduction are imperative. 

Key words: Responsive Multilayer Materials, Thermomechanical Coupling, Soft Actuators, 
Bioinspired actuators, electrothermal actuators 

1 INTRODUCTION 
In Nature, numerous plants and dead tissues of plants use their anisotropic properties, 

heterogeneity and their multilayer structure in order to achieve complex movements [1] and 
survive under dynamic environment. Using layer-by-layer manufacturing techniques and other 
fabrication processes such as laser patterning, etching, we can re-create materials with specific 
structure that are responsive to a variety of external stimuli (terms such as, stimuli-responsive 
materials, active materials, self-shape materials have been also coined). Bi-morphs and other 
bilayer or multilayer strategies have been used in order to fabricate actuators for a plethora of 
applications [2,3]. These bio-inspired actuators have expanded their application boundaries 
showing promising advantages in soft robotics, morphable electronics, biomedicine and 
thermal control for Space and architecture [2-8]. Using programmable protocols, we can control 
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locally the material properties and therefore the geometry and shape-change response of the 
actuator. All in all, controlling the anisotropy, heterogeneity, and adding layers, we can 
fabricate stimuli-responsive materials using various combinations. Representative responsive 
materials that can be used as bioinspired actuators include hydrogels, liquid crystals, pre-
stretched layers, vapomechanically responsive polymers, shape memory polymers, magnetic 
hydrogels and other composite materials [2-7]. The unlimited combinations of the materials 
and their structure formation, could lead to extreme shape-changing capabilities that can be 
used in various sectors and applications. 

Anisotropic and heterogenous monolayers and multilayers could form complex shapes. In 
any case, the shape change occurs by introducing mismatch strain through the thickness of the 
materials/structures [2,3]. For example, stimuli–responsive hydrogels changing their volume 
and their shape through swelling in response to humidity [5]. Also, hydrogels with magnetically 
aligned nano-particles have been also studied [4]. Also, the development of soft electrothermal 
actuators has attracted the engineering community. These soft actuators can be used in soft 
robots, manipulators, variable shading [8], and radiative thermal management [9,10]. 
Comparing various soft actuators, electrothermal actuators show better performance in large 
deformation, fast response, weight, fabrication simplicity, as well as low driving voltage [8]. A 
soft electrothermal actuator is composed of at least two layers with a great difference in 
coefficient of thermal expansion (CTE). When an electrical voltage is applied, the conductive 
layer with a lower CTE generates heat (Joule heating effect) and increases the temperature of 
the whole actuator. Due to the multilayer structure and its anisotropic properties, as well as 
induced heterogeneities, we can control the shape deformation of the actuator. According to the 
literature, the high efficiency of electrothermal conversion is a key. Speeding up the response 
during heating and cooling in a full cycle is imperative. Finally, the applied voltage should be 
as low as possible by decreasing the resistance of the conductive heating network. If the 
repeatability of the actuator and the stability of the materials is achieved, then the industry could 
implement them in various sectors. 

In order to optimize the performance, materials with very high coefficient of expansion are 
required, as well as conductive networks with high thermal conductivity. In this study, we have 
developed and studied, anisotropic multilayer actuators using a hybrid strategy. Therefore, the 
proposed actuator consists of highly oriented High-Density Polyethylene (HDPE) and copper 
networks. We investigated the CTE of the oriented HDPE as a function of temperature and we 
studied the performance experimentally and numerically. 

2 MATERIALS AND METHODS 
The fabricated multilayer responsive materials are consisted of at least two layers and an 

ultrathin adhesive for low surface energy plastics (<10μm). We selected thin and thick films of 
oriented HDPE which presents anisotropic CTE properties. Then we formed copper networks 
in order to control the anisotropy and allow the activation through electrical voltage. We 
measured the CTE of the HDPE in two principal axis 0o and 90o, in order to investigate the 
response of the expansion and contraction as a function of temperature. Then, we used the 
geometrically non-linear coupled temperature-displacement loading step thermomechanical 
model of ABAQUS incorporating our temperature-dependent material properties and predicted 
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the final shape of the actuator as a function of temperature or the applied electrical power. Also, 
an actuator with specific geometry was fabricated in order to study its performnce.  Finally, a 
gripper was modeled in ABAQUS in order to lift a rectangular plate. 

2.1. Materials and manufacturing 
An HDPE film with 125μm of thickness was purchased from R&G. Copper foil of 40μm 

was used for the conductive networks, while an ultrathin adhesive was used to join the different 
layers. The formation of the conductive network was established using masks, laser scrubbing 
and etching techniques. The final actuator is presented in Figure 1. For the activation we 
attached a commercial connector. 

Figure 1: Representative multilayer electrothermal actuator. 

2.2. Governing Equations of the thermo-mechanical problem 
The actuator of Fig. 1, was modelled using electro-thermo-mechanical as a plain-strain 

problem, as well as a 3D problem. The electrical heat flux (Qel) is calculated through the well-
known Eq. 1 (Joule heating). 

(1)= elQ J E
Steady-state as well as transient models were built for the accurate modelling of the actuator 

in order to predict the shape-change. A coupled thermo-mechanical and geometrically non-
linear problem was solved. The strain tensor implements also large rotations as well as 
temperature-dependent material properties, Eq. 2. 
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The CTE(T) curve can be fitted/represented by Boltzmann fitting curve in order to implement 
the temperature dependence. The modulus of elasticity E(T) is also a function of temperature, 
and both parameters are dominant and affect significantly the final solution. 

The CTE (α(Τ)) of the oriented HDPE is expressed by a 2nd order tensor (α), because of its 
anisotropic characteristics in terms of CTE. In the principal axes, the tensor is given by Eq. 3. 
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The plane-strain problem omits the 22( )  (in-plane coefficient), while the 33( ) that represents 
the through thickness CTE) assumed to be constant and equal to 200μm/moC (CTE value for 
bulk HDPE). However, the 3D model requires all coefficients of thermal expansion. Hence, the 
3D model implements the 11( ) , 22( )  as a function of temperature and 33 a constant value. 

Because of the anisotropy and the local heterogeneities of the oriented HDPE, we decided 
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WR�VWXG\�WKH�EHKDYLRXU�RI�WKH�PDWHULDO�XVLQJ�ODUJH�VSHFLPHQV��DW�WZR�PDLQ�SULQFLSDO�D[HV. $Q�
DSSDUDWXV��WHPSHUDWXUH�FRQWUROOHG�KHDWLQJ�FKDPEHU��ZDV�PDQXIDFWXUHG�DQG�ZH�PHDVXUHG�WKH�
GLVSODFHPHQW�XVLQJ�D�ODVHU�PHDVXUHPHQW�VHWXS. :H�H[DPLQHG�WKUHH�VDPSOHV�DV�D�IXQFWLRQ�RI�
WHPSHUDWXUH.�7KLV�VSHFLILF�DSSDUDWXV�ZDV�PDQXIDFWXUHG�LQ�RUGHU�WR�DVVXUH�XQLIRUP�WHPSHUDWXUH�
GLVWULEXWLRQ� DORQJ� WKH� VSHFLPHQ.� )RXU� WKHUPRFRXSOHV ZHUH� XVHG� LQ� RUGHU� WR� DVVXUH� WKH�
WHPSHUDWXUH�XQLIRUPLW\.�7KH�GLVSODFHPHQW�GXH�WR�WKH�H[SDQVLRQ�RI�WKH�ILOP�ZDV�PHDVXUHG�XVLQJ�
D�KLJK�SUHFLVLRQ�ODVHU RI�1ȝP�DFFXUDF\. &RQVHTXHQWO\��ZH�FDOFXODWHG�WKH�&7(�DV�D�IXQFWLRQ�RI�
WHPSHUDWXUH�GXULQJ�WKH�H[SDQVLRQ�SKDVH��DV�ZHOO�DV�GXULQJ�WKH�VKULQNDJH�SKDVH��ZKLFK�DOWHUV�WKH�
GLPHQVLRQV�RI�WKH�ILOP�VLJQLILFDQWO\.�8VLQJ�WKH %ROW]PDQQ�ILWWLQJ�FXUYH��ZH�REVHUYH�D�YHU\�JRRG�
PDWFK�IRU�HDFK�FXUYH�IRU�WKH�HQWLUH�WHPSHUDWXUH�VSDQ.�+RZHYHU��ZH�REVHUYH�ODUJH�GLVFUHSDQFLHV�
LQ�WKH�FRQWUDFWLRQ RI�WKH�ILOP.

Figure 2: �$��&7(�PHDVXUHPHQWV�RI�+'3(�ILOPV�DW�0R���%��&7(�PHDVXUHPHQWV�RI�+'3(�ILOPV�DW�90R.

%ROW]PDQQ� ILWWLQJ� IRUPXODV LV� JLYHQ� E\�(TV.� 4.�$OO� QHFHVVDU\� SDUDPHWHUV� RI�7DEOH� 1� DUH�
UHTXLUHG�LQ�RUGHU�WR�GUDZ�WKH�%ROW]PDQQ�ILWWLQJ�FXUYH��DQG�DUH�JLYHQ�LQ�WKH�IROORZLQJ�WDEOH�IRU�
UHSOLFDWLRQ� SXUSRVHV.�8VLQJ� WKHVH� YDOXHV�� WZR�&7(�FXUYHV� FDQ� EH� LPSOHPHQWHG� LQWR� WKH�)(�
PRGHOV�� 11� � �� IRU�WKH�2'�PRGHO��DQG� 11� � 22� � �� IRU�WKH��'�PRGHO�.
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Table 1. )LWWLQJ�SDUDPHWHUV�RI�&7(�Į11�ȉ� DQG�&7(�Į22�ȉ���DFFRUGLQJ�WR�%ROW]PDQQ�IRUPXODV��(T.�4�� DQG�ILWWLQJ�
SDUDPHWHUV�RI�WKH�PRGXOXV��(��XVLQJ�DQ�H[SRQHQWLDO�IXQFWLRQ��(T.�5.

A1 7.46(�04 A1’ 4.02(�04 B1 1.009�(9
A2 �0.0046 A2’ �0.00175 S 52.819
xo 114.062 xo’ 120.99�4 y0 �76.68�(6
dx �.65526 dx’ 2.459�
T 7HPSHUDWXUH��R&�
7KH�PRGXOXV�RI�HODVWLFLW\�RI� WKH�+'3(�ILOP�FDQ�EH�UHSUHVHQWHG�E\�DQ�H[SRQHQWLDO� ILWWLQJ�

FXUYH LQ )LJ.�� DQG�KDV�EHHQ�H[WUDFWHG�E\�>11@.�$OO�ILWWLQJ�SDUDPHWHUV�KDYH�EHHQ�LQFOXGHG�LQ�
7DEOH�1. $JDLQ��DOO�QHFHVVDU\�SDUDPHWHUV�DUH�SUHVHQWHG�LQ�7DEOH�1��IRU�UHSOLFDWLRQ�SXUSRVHV.
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7KH�PRGXOXV�RI�HODVWLFLW\�GURSV�VLJQLILFDQWO\�DV�WKH�WHPSHUDWXUH�LQFUHDVHV.�1HDU�120�125�R&�
WKH�PDWHULDO�UHDFKHV�WKH�PHOWLQJ�SRLQW�DQG�ZH�DVVXPH�WKDW�WKH�PRGXOXV�ULFKHV�YHU\�ORZ�YDOXHV��
DOPRVW QXOOLILHG.�+RZHYHU��ZH�VKRXOG�VWUHVV�WKDW�DW�WKLV�VWDJH��WKH�PDWHULDO�VKULQNV�VLJQLILFDQWO\�
�VKULQNDJH�HIIHFW���EXW�FDQQRW�KROG�DQ\�DSSOLHG�IRUFHV��)LJ.�2.

Figure 3: 0RGXOXV�RI�HODVWLFLW\�RI�WKH�+'3(�ILOP�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�>11@.

2.3. Numerical modelling details
)RU�WKH�VLPXODWLRQ�RI�WKH�H[SHULPHQWDO�FDPSDLJQ��WKH�$EDTXV�6WDQGDUG�VRIWZDUH�ZDV�XVHG�

WR�VROYH�WKH�FRXSOHG�WKHUPR�PHFKDQLFDO�SUREOHP��WKURXJK�VWHDG\�VWDWH�RU�WUDQVLHQW�2'�DQG��'�
PRGHOV.�7KH�WHPSHUDWXUH�LQGHSHQGHQW�SURSHUWLHV�RI�WKH�PDWHULDOV�XVHG�DUH�SUHVHQWHG�LQ�7DEOH�2��
ZKLOH�WKH�WHPSHUDWXUH�GHSHQGHQW &7(�7� DQG�(�7� RI�WKH�+'3(�DUH�LPSRUWHG�WKURXJK�WDEXODU�
GDWD.�7KH�H[SHULPHQWV�VKRZ�WKDW�WKH�ELOD\HU�H[KLELWV�ODUJH�GLVSODFHPHQWV�DQG�URWDWLRQV��ZKLFK�
DUH�FRQVLGHUHG�IRU�WKH�VLPXODWLRQ�DV�JHRPHWULF�QRQ�OLQHDULW\.�7KH�FRQYHUJHQFH�VWXGLHV EDVHG�RQ�
WKH�VWHDG\�VWDWH�WRWDO�GLVSODFHPHQWV�YHFWRU�IRU WKH�2'�DQG��'�SUREOHP�VKRZHG�WKDW�WKH�DVSHFW�
UDWLR�RI�WKH�HOHPHQWV�VKRXOG�EH�NHSW�FORVH�WR�XQLW\��GXH�WR�WKH�ODUJH�RXW�RI�SODQH�GLVSODFHPHQWV�
DQG�URWDWLRQV.�4XDGULODWHUDO�UHGXFHG�LQWHJUDWLRQ�8�QRGH�FRXSOHG�WKHUPR�PHFKDQLFDO�HOHPHQWV�
ZHUH�XVHG�IRU�WKH�2'�SUREOHP��DVVXPLQJ�SODQH VWUDLQ�FRQGLWLRQV��&3(85+7�HOHPHQW�QDPH�.
3ODQH� VWUDLQ� FRQGLWLRQV� FDQ� EH� DVVXPHG�� VLQFH� WKH� EHKDYLRXU� RI� WKH� VSHFLPHQ� GRHV� QRW�
H[SHULHQFH�ODUJH�FKDQJHV�DORQJ�WKH�FURVVZLVH�D[LV.

Table 2. 0DWHULDOV�SURSHUWLHV�IRU�)(�PRGHOOLQJ.�

Density 
(kg/m3)

Poisson’s 
ratio

Thermal 
Conductivity 
(W/mK)

Specific 
Heat 
Capacity 
(J/kgK)

Young’s 
Modulus 
(GPa)

Coefficient 
of Thermal 
Expansion 
(μm/m/K)

Copper 8960 0.�55 �98 �85 120 16
HDPE 1100 0.4 0.4 1000 (TV.�5 (T.�4

/LQHDU�8�QRGH� IXOO� LQWHJUDWLRQ�FRXSOHG� WKHUPR�PHFKDQLFDO�HOHPHQWV� �&�'87�HOHPHQW�QDPH��
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were used for the 3D model. All the simulations assumed clamped boundary conditions for 
specimen, initial temperature of 20 oC, and earth’s gravitational field). We should stress that 
for simplicity reasons, in the FE models, we did not implement the thin adhesive layer because 
of its very low thickness, that alters minorly the response of the material. 

3 RESULTS AND DISCUSSIONS 
3.1. Identification of the minimum curvature radius through parametric FE modelling 

To select an efficient HDPE thickness for the 40μm copper, a parametric FE study was 
implemented in Abaqus for a temperature difference of 30 oC, for HDPE thicknesses between 
25μm and 400μm. To evaluate the results, the radius of curvature is calculated for each HDPE 
thickness. The performance of the specimen increases when the specimen exhibits larger 
rotations, meaning that optimal HDPE thickness is achieved for minimum radius of curvature. 
The results illustrated in Fig. 4 show that for increasing HDPE thickness, the radius of curvature 
starts decreasing until a certain value and then increases again. This happens because very small 
thicknesses compared to the copper thickness cannot provide enough bending for the specimen 
curvature, leading to low performance, demonstrated by the high radius of curvature. On the 
contrary, much thicker HDPE than the copper thickness leads to very high bending stiffness of 
the specimen, which the copper is not able to pull out of plane. 

Figure 4: Calculated radius of curvature as a function of the HDPE thickness. 
This condition creates large stresses between the material layers, however the bending 

capabilities are decreased and the radius of curvature is increased. The optimal thickness for 
the given copper thickness is found around 200μm. However good performance is also observed 
for thicknesses 125-400μm, as seen in Fig. 4. Solving the well-known analytical equation of 
bimetallic strip, that has been given by Timoshenko, we observe similar non-linear behaviour. 
Given the commercially available HDPE thicknesses, a 125μm thick film was selected. 

3.2.  Plane strain FE modelling and validation 
To test the actuator bending capabilities, an experimental campaign was implemented. The 

proposed actuator consists of highly oriented 125μm thick HDPE and a conductive 40μm 
copper network. Fig. 5 illustrates two actuators in their initial temperature state at ambient 
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WHPSHUDWXUH �)LJ. 5$���DQ�LQWHUPHGLDWH�VWDWH DW DSSUR[LPDWHO\�27.5 R&�WHPSHUDWXUH�GLIIHUHQFH
�)LJ.�5%���DQG�WKHLU�ILQDO�PD[LPXP�FXUYDWXUH�DW�DSSUR[LPDWHO\�62 R&�WHPSHUDWXUH�GLIIHUHQFH�
�)LJ.�5&�.�7KHLU�FKDQJH� LQ�VKDSH�RFFXUV�GXH�WR� WKH� LQFUHDVLQJ�WHPSHUDWXUH��ZKHQ�D SRWHQWLDO�
GLIIHUHQFH�DSSOLHG WR WKH�FRSSHU�QHWZRUN�OHDGV�WR WKH�-RXOH�KHDWLQJ�HIIHFW. 7KH�&7(�PLVPDWFK�
FRPELQHG�ZLWK�WKH�UHODWLYHO\�VWLII�+'3(�LQ�ORZ�WHPSHUDWXUHV�OHDGV�WR�WKH�ODUJH�FXUYDWXUH�RI�WKH�
VSHFLPHQ��DV�VKRZQ�LQ�)LJ. 5%�DQG�&. :KHQ�WKH�DSSOLFDWLRQ�RI�WKH�SRWHQWLDO�GLIIHUHQFH�VWRSV��
WKH�WHPSHUDWXUH�RI�WKH�PDWHULDOV GHFUHDVHV DQG�WHQGV�WR�UHDFK�WKH�DPELHQW�WHPSHUDWXUH��PDNLQJ�
WKH�DFWXDWRU�WR�UHWXUQ�WR�LWV�RULJLQDO�VKDSH.

Figure 5: 5HSUHVHQWDWLRQ�RI�WKH�VRIW�DFWXDWRUV¶�FDSDELOLWLHV�DQG�2'�SODLQ�VWUDLQ�SUHGLFWLRQV.

7R�HYDOXDWH�WKH�H[SHULPHQWDO�UHVXOWV�ZLWK�D�2'�SODQH�VWUDLQ�)(�PRGHO��WKH�DFWXDWRU�ZDV�WHVWHG�
LQWR�DQ�DSSDUDWXV�ZLWK�XQLIRUP�DQG�FRQWUROOHG�WHPSHUDWXUH.�,Q�WKLV�ZD\��D�VWHDG\�VWDWH�FRQGLWLRQ�
RI�WKH�DFWXDWRU�LV�DFKLHYHG�IRU�HDFK�WHPSHUDWXUH�OHYHO�DQG�FRPSDUHG�ZLWK�WKH�VDPH�WHPSHUDWXUH�
OHYHOV�LQ�WKH�)(�PRGHO.�7KH�PDWHULDO�SURSHUWLHV�XVHG�LQ�WKH�PRGHOV�DUH�VKRZQ�LQ�7DEOH�2.�$OVR��
SHUIHFW�FRQWDFW�LV�DVVXPHG�EHWZHHQ�WKH�WZR�PDWHULDOV.�)LJ.�5$�&�LOOXVWUDWH�WKH�SUHGLFWHG�DFWXDWRU�
FXUYDWXUH� �)(�� DW� WKH� VDPH� WHPSHUDWXUH� GLIIHUHQFHV� DV� WKH� H[SHULPHQW�� VKRZLQJ� VDWLVI\LQJ�
DJUHHPHQW.� )RU� D� EHWWHU� FRPSDULVRQ� RI� WKH� )( PRGHOV� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV�� WKH�
VSHFLPHQ� FXUYDWXUH� LV� PHDVXUHG� XVLQJ� WZR� PHWULFV�� ,�� WKH� UDGLXV� RI� FXUYDWXUH�� DQG� ,,�� WKH�
WUDQVYHUVDO�GLVSODFHPHQW��17PP�IURP�WKH�VSHFLPHQ�IL[HG�HQG��XVLQJ�D�KLJK�SUHFLVLRQ�ODVHU.�7R�
FRPSDUH�ZLWK�WKH�VLPXODWLRQ�UHVXOWV��WKHVH�PHWULFV�ZHUH�FRPSXWHG�XVLQJ�WKUHH�)(�PRGHOV��HDFK�
ZLWK�WKH�WKUHH�PHDVXUHG�&7(V�FXUYHV��)LJ.�2$��%�.

,Q�)LJ.�6�WKH�H[SHULPHQWDO�DQG�FRPSXWDWLRQDO UHVXOWV�RI�WKH�PHWULFV�DUH�LOOXVWUDWHG�DV�UHG�GRWV�
DQG�EODFN�OLQHV��UHVSHFWLYHO\.�7KH�UDGLXV�RI�FXUYDWXUH��)LJ.�6$��LV�SURJUHVVLYHO\�GHFUHDVHG�IRU�
LQFUHDVLQJ� WHPSHUDWXUH�XQWLO� 75� R&�� H[KLELWLQJ� ODUJH�RXW�RI�SODQH�GHIRUPDWLRQ.�$OWKRXJK� WKH�
+'3(� &7(� UHPDLQV URXJKO\� FRQVWDQW� �%ROW]PDQQ� ILWWLQJ�� IRU� WKLV� WHPSHUDWXUH� VSDQ�� WKH�
SKHQRPHQRQ� LV� QRQ�OLQHDU� DQG� WHQGV� WR� UHDFK� D� FHUWDLQ� WKUHVKROG.� 7KLV� KDSSHQV� GXH� WR� WKH�
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SURJUHVVLYHO\�GHFUHDVLQJ�&7(�EHQGLQJ�VWLIIQHVV��GXH�WR�WKH�GHFUHDVLQJ�<RXQJ¶V�0RGXOXV.�7KH�
WUDQVYHUVDO� GLVSODFHPHQW� �)LJ.� 6%�� LV� LQFUHDVLQJ�� QRQ�OLQHDUO\�� IRU� LQFUHDVLQJ� WHPSHUDWXUH�
GLIIHUHQFH�XS�WR�XQWLO�DSSUR[LPDWHO\�20�R&��DOVR�GHPRQVWUDWLQJ�WKH�RXW�RI�SODQH�GHIRUPDWLRQ.�
)RU�KLJKHU� WHPSHUDWXUH� OHYHOV�� WKH�FXUYDWXUH�RI� WKH� VSHFLPHQ� LV� VR� ODUJH� WKDW� WKH� WUDQVYHUVDO�
GLVSODFHPHQW�LV�QR�ORQJHU�PHDVXUDEOH.�7KH�UHVXOWV�RI�ERWK�ILJXUHV�GHPRQVWUDWH�WKDW�WKH�)(�PRGHO�
FDQ�DFFXUDWHO\�GHVFULEH�WKH�ODUJH�GLVSODFHPHQWV�DQG�URWDWLRQV�SKHQRPHQRQ.

Figure 6: �$�� &DOFXODWHG� UDGLXV� RI� FXUYDWXUH� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH �2'� DQG� �'� PRGHOOLQJ� DQG�
FRPSDULVRQ�ZLWK�H[SHULPHQWDO�PHDVXUHPHQWV���%� &DOFXODWHG�DQG�PHDVXUHG�GLVSODFHPHQW�RI�D�VSHFLILF�SRLQW�RQ�
WKH�\�D[LV.

3.3. 3D FE-modelling and validation
)LQH�PHVK��'�)(�PRGHOV�ZHUH�FUHDWHG��)LJ.�7$�%��DQG�WHVWHG�IRU�EHWWHU�SUHGLFWLRQ�RI�WKH�

DFWXDWRU�EHKDYLRXU��LQFRUSRUDWLQJ�WKH�DQLVRWURSLF�&7(�RI�WKH�RULHQWHG�+3'(��ZKLFK�OHDGV�WR�
GLIIHUHQW�GLVSODFHPHQWV�LQ�WKH�2�SULQFLSDO�D[HV.�,Q�WKLV�ZD\��ZH�H[DPLQH�LI�WKH�ILQDO�JHRPHWU\�
RI�WKH�VSHFLPHQV�GLIIHUV�IURP�WKH�SODQH�VWUDLQ�DSSURDFK.�)LJ.�7�LOOXVWUDWHV�WKH�WHPSHUDWXUH�ILHOG�
RQ�WKH�VSHFLPHQ�LQ�WKH�YHU\�HDUO\�VWDJHV�RI�WKH�-RXOH�KHDWLQJ�HIIHFW��ZKHQ�WKH�FRSSHU�QHWZRUN�
H[SHULHQFHV�KLJK�WHPSHUDWXUH��UHG�FRORXU���DQG WKH�WHPSHUDWXUH�WHQGV�WR�VSUHDG�WR�WKH�+3'(.�
7KH�YHU\�ILQH�PHVK�FDQ�EH�REVHUYHG�LQ�WKH�VDPH�WLPH�IUDPH�LQ�WKH�DUHD�RI�WKH�XSSHU�FRSSHU�
QHWZRUN��GHWDLO�RI�)LJ.�7�.

Figure 7: 'HWDLOHG� �'� PRGHOOLQJ� RI� WKH� HOHFWUR�WKHUPR�PHFKDQLFDO� SUREOHP� XVLQJ� WHPSHUDWXUH� GHSHQGHG�
PDWHULDO�SURSHUWLHV.
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7R�FRPSDUH�ZLWK�WKH�H[SHULPHQWDO�UHVXOWV�DQG�WKH�2'�SODQH�VWUDLQ�)(�PRGHO��D�VWHDG\�VWDWH�
WHPSHUDWXUH� OHYHO� LV� DSSOLHG� RQ� ERWK� SODQHV� RI� WKH� �'�PRGH�� DQG� )LJ.� 7$�% LOOXVWUDWH� WKH�
SUHGLFWHG� DFWXDWRU� GHIRUPDWLRQ� IRU� WHPSHUDWXUH� GLIIHUHQFH� DSSOLHG� LQ� WKH� H[SHULPHQW.� ,W� LV�
REVHUYHG�WKDW�WKH�FXUYDWXUH�LV�FORVHU�WR�WKH�H[SHULPHQWDO�UHVXOW��KRZHYHU�WKH�GLVFUHSDQFLHV�ZLWK�
WKH�2'�PRGHO�DUH� LQVLJQLILFDQW.�7KXV��ZH�ZLOO�XVH� WKH�2'�SODQH�VWUDLQ�)(�PRGHO� IRU� IXUWKHU�
SUHGLFWLRQV�RI�WKH�DFWXDWRU�SHUIRUPDQFH�DQG�IRU�WHVWLQJ�LWV�VHQVLWLYLW\�WR�WHPSHUDWXUH�DQG�WLPH��
VDYLQJ�YDOXDEOH�FRPSXWDWLRQDO�FRVW�DQG�WLPH��FRPSDUHG�WR�WKH��'�PRGHO.�:H�VKRXOG�VWUHVV�WKDW�
DFWXDWRUV�ZLWK�GLIIHUHQW�GLPHQVLRQV�PD\�SUHVHQW�YHU\�GLIIHUHQW�VKDSH�FKDQJHV�DQG�WKH��'�PRGHO�
LV�HVVHQWLDO.

3.4. Preliminary response measurements as a function of electrical power
7KH�EHKDYLRXU�RI�WKH�DFWXDWRU�LV VWXGLHG�LQ�URRP�WHPSHUDWXUH�FRQGLWLRQV�ZKHQ�'&�YROWDJH�

LV�DSSOLHG�WR�WKH�FRSSHU�QHWZRUN�DQG�WKH�-RXOH�KHDWLQJ�HIIHFW�RFFXUV.�)RU�WKH�H[SHULPHQW��WKH�
WLPH�WKDW�WKH�DFWXDWRU�DFKLHYHV�VWHDG\�VWDWH�FRQGLWLRQV��DQG�WKH�WUDQVYHUVDO�GLVSODFHPHQW�17PP�
IURP�WKH�VSHFLPHQ�IL[HG�HQG��DUH�PHDVXUHG�IRU�IRXU�GLIIHUHQW�SRZHU�OHYHOV��)LJ.�8.�7KH�VWHDG\�
VWDWH�FRQGLWLRQV�RFFXU�ZKHQ�WKH�QDWXUDO�FRQYHFWLRQ�UHDFKHV�WKH�VDPH�YDOXH�DV�WKH�-RXOH�KHDWLQJ�
SRZHU�DQG�D�WHPSHUDWXUH�HTXLOLEULXP�LV�UHDFKHG.�)RU�HDFK�SRZHU�OHYHO�LQ�)LJ.�8$��DW�VRPH�SRLQW�
GXULQJ�WKH�H[SHULPHQW�WKH�SRZHU�LV�WXUQHG�RII��DQG�WKH�DFWXDWRU�UHWXUQV�WR�LWV�RULJLQDO�SRVLWLRQ�
GXH�WR�QDWXUDO�KHDW�FRQYHFWLRQ.�5HJDUGLQJ�WKH�DFWXDWRU�UDGLXV�RI�FXUYDWXUH��LW�LV�REVHUYHG�WKDW�LW�
LV�QRQ�OLQHDUO\�FRUUHODWHG�ZLWK�WKH�DSSOLHG SRZHU��)LJ.�8%.

Figure 8: �$��([SHULPHQWDO�PHDVXUHPHQWV� RI� WKH� DFWXDWRU� UHVSRQVH� �WUDQVYHUVDO� GLVSODFHPHQW� RI� D� VSHFLILF�
SRLQW��DV�D�IXQFWLRQ�RI�WLPH��IRU�GLIIHUHQW�HOHFWULFDO�SRZHU�OHYHOV���%��5DGLXV�RI�FXUYDWXUH�DV�D�IXQFWLRQ�RI�SRZHU.

%RWK� ORZHU� SRZHU� OHYHOV� OHDG� WR� FXUYDWXUH� ZKHUH� WKH� WUDQVYHUVDO� GLVSODFHPHQW� FDQ� EH�
PHDVXUHG�IRU�ZKROH�H[SHULPHQW��ZKHUHDV�WKH�KLJKHU�SRZHU�OHYHOV�UHVXOW�WR�FXUYDWXUH�ZKHUH�WKH�
ODVHU�GRW�LV�ORVW�DW�VRPH�SRLQW�DQG�IRXQG�DJDLQ�ZKHQ�WKH�YROWDJH�VWRSV�DQG�WKH�QDWXUDO�FRQYHFWLRQ�
OHDGV� WKH� DFWXDWRU� WR� ORZHU� FXUYDWXUH.� ,W� LV� ILQDOO\� QRWHG� WKDW� WKH� '&� SRZHU� OHYHOV� DUH� WKH�
PHDVXUHV� RI� WKH� WRWDO� DSSOLHG� SRZHU�� DQG� WKH� SRZHU� WKDW� LV� GLVVLSDWHG� LQ� WKH�ZLUHV� DQG� WKH�
FRQWDFWV�LV�QRW�H[FOXGHG.
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3.5. Prediction of the sensitivity using ideal FE models 
To evaluate the performance of the actuator as a function of temperature, the 2D model is 

simulated with applied Joule heating in the copper network and natural convection with air. The 
temperature-dependent convection coefficient for the upper and lower face of the actuator are 
calculated and imported in the FE model, as shown in Table 3. 

Table 3. Convection coefficients (h) as a function of temperature for the downward, upward surfaces (or in 
vertical position) of the actuator. 

Temperature (oC) 20 30 40 50 60 70 80 90 100 

Horizontal 
Plane 

Downward 0 5.1 6.1 6.7 7.2 7.5 7.9 8.1 8.4 
Upward 0 10.3 12.2 13.4 14.4 15.1 15.8 16.3 16.8 

Vertical 
Plane Each side 0.4 5.7 6.7 7.3 7.8 8.2 8.5 8.8 9.1 

The actuator curvature is quantified by its angle θ, which is defined as the angle between the 
horizontal line (initial plane of the specimen) and the line that is formed if we unite the fixed 
end of the specimen with its free end at each temperature level. The actuator sensitivity to 
temperature change is shown in Fig. 9, as Δθ/ΔΤ. The actuator illustrates that its temperature 
sensitivity starts from high values, which gradually decrease as the temperature continues to 
increase. This means that the actuator is able to produce really high rotations for small changes 
in temperature (above 20 oC for ΔΤ=5 oC) but needs higher power for producing larger 
rotations. This variable sensitivity occurs due to the temperature-dependent material properties 
of the HDPE (CTE and Young’s Modulus). 

Figure 9: Sensitivity of the actuator as a function of temperature. 

Moreover, in order to predict the ideal response of the actuator using FE models, four 
different power levels were applied to the 2D-plain strain model, Fig. 10A. Figure 10B shows 
the non-linear correlation of the radius of curvature with the applied power, similarly to the 
experimental results. To quantify the curvature in the FE model, the angle θ is demonstrated in 
Fig. 10A, and for each power level, the power is turned off, and the actuator returns to its 
original position due to natural heat convection. 

1516



Figure 10: �$��5HVSRQVH�RI�WKH�DFWXDWRU�DV�D�IXQFWLRQ�RI�WLPH�IRU�GLIIHUHQW�HOHFWULFDO�SRZHU�OHYHOV��XVLQJ�)(�
PRGHOV���%��&DOFXODWHG�UDGLXV�RI�FXUYDWXUH�DV�D�IXQFWLRQ�RI�SRZHU.

3.6. 2D modelling of a gripper for object lift: a case study
$V� D� SRWHQWLDO� DSSOLFDWLRQ� RI� WKH� SURSRVHG� HOHFWURWKHUPDO� VRIW DFWXDWRU�� D� SUHOLPLQDU\�

GHPRQVWUDWLRQ�RI�WZR DFWXDWRUV�OLIWLQJ�D�VPDOO�UHFWDQJXODU�REMHFW��H.J.��D�PLFURFKLS��LV�LOOXVWUDWHG�
LQ�)LJ.�11.�:H�DSSO\�D�YROWDJH�GLIIHUHQFH�WR�WKH�FRSSHU�QHWZRUN�RI�WKH�DFWXDWRUV�DQG�QDWXUDO�DLU�
FRQYHFWLRQ�RQ YHUWLFDO�SODQHV��7DEOH���.�7KH�UHFWDQJXODU�REMHFW �GHQVLW\�RI�WKH�REMHFW� �1000�
NJ/P�� LV�LQLWLDOO\�SODFHG�RQ�D�VXSSRUW�DW�URRP�WHPSHUDWXUH��)LJ.�10$.�7KH�WHPSHUDWXUH�RI�WKH�
DFWXDWRUV� LQFUHDVHV� OHDGLQJ� WR� WKHLU�RXW�RI�SODQH�PRYHPHQW/GHIRUPDWLRQ��DQG� WKH�SURJUHVVLYH�
OLIW�RI�WKH�SODWH��)LJ.�10%.�7KH�ILQDO�VWDWH�RI�WKLV�FDVH�VWXG\�LV�VKRZQ�LQ�)LJ.�10&.�,W�LV�REVHUYHG�
WKDW�WKH�FXUYDWXUH�RI�WKH�DFWXDWRUV�LV�DIIHFWHG�E\�WKH�SUHVHQFH�DQG�OLIWLQJ�RI�WKH�REMHFW��EHFDXVH�
RI� WKH� PXWXDO� LQWHUDFWLRQ�� OHDGLQJ� WR� D� GLIIHUHQW� GHIRUPHG� VKDSH� FRPSDUHG� WR� D� ORDG�IUHH�
DFWXDWRU.

Figure 11: )(�PRGHOOLQJ�RI�JULSSHUV��SURSRVHG�VRIW�DFWXDWRUV��DW�GLIIHUHQW�WLPH�LQVWDQFHV��OLOWLQJ�D�UHFWDQJXODU�
REMHFW.

4 CONCLUSIONS
7KH�HYDOXDWLRQ�DQG�SHUIRUPDQFH�RI�D�QRYHO�OLJKWZHLJKW�DFWXDWRU�LV�SUHVHQWHG�LQ�WKLV�SDSHU��

FRPSULVLQJ�RI�D�KLJKO\�RULHQWHG�+'3( DQG D�FRQGXFWLYH�FRSSHU�QHWZRUN.�7KH�&7(�PLVPDWFK�
OHDGV�WR�WKH�ODUJH�RXW�RI�SODQH�GHIRUPDWLRQ�RI�WKH�DFWXDWRU��ZKLFK�FRXOG�EH�VXLWDEOH�IRU�YDULRXV�
DSSOLFDWLRQV.� $Q� H[SHULPHQWDO� FDPSDLJQ� ZDV� IROORZHG� WR� ILQG� WKH� +'3(� WHPSHUDWXUH�
GHSHQGHQW &7(�DQG�<RXQJ¶V�0RGXOXV.�7KHVH� SURSHUWLHV�ZHUH� XVHG� IRU� WKH� VHOHFWLRQ� RI� WKH�
DSSURSULDWH�+'3(�WKLFNQHVV�ZKLFK�\LHOGV WKH�KLJKHVW�GHIRUPDWLRQ�� WKURXJK�D�SDUDPHWULF�)(�
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analysis. Also, through an experimental campaign using a specific film thickness was followed 
to evaluate the performance of the proposed actuator, revealing its great activating potential. 
The experimental results are compared to 2D FE models (assuming plane strain conditions) and 
3D FE models, showing great agreement. The temperature sensitivity was investigated, 
showing that the actuator response is high for initial temperature changes and decreases almost 
linearly with time. Finally, an application of the proposed technology is showcased, where two 
soft actuators effectively lift a rectangular object. 
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