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Abstract. A reconfigurable metamaterial, obtained from the combination of 
two-hot-arm electrothermal actuators with a split-ring resonator, is presented in this 
paper. Offer-ing a reliable control of the tip displacement, the selected actuators 
overcome the undesired bandwidth constraints of existing structures and establish 
significant levels of tunabil-ity. To this goal, the actuator is realized as an integrated 
part of the resonator. The proposed design is numerically verified through several 
setups which prove its left-handed behavior.  

 
 

1. Introduction  
 

Metamaterials, as artificially engineered electromag-netic media, exhibit 
unique electromagnetic properties not available in nature. Among the multitude 
of contemporary applications, their combination with nanostructures has been 
intensively researched [1]-[4]. Nonetheless, such implementations are still rather 
limited, mainly due to the lack of a wide spectral bandwidth. So, the design of 
meta-materials with a controllable operating frequency is deemed critical to 
overcome the prior constraints. To this aim, various tuning mechanisms have 
been proposed [5]-[8]. However, the excellent features of radio-frequency 
microelectromechanical systems (RF-MEMS) [9]-[11] offer the most viable 
solutions, as they introduce the de-sired tunability which circumvents bandwidth 
restrictions. 

A noteworthy design of RF-MEMS switches that can provide robust 
control of the tip displacement, and hence fulfill the above requirements, is the 
two-hot-arm thermal actuator [12], [13]. This type of electrothermally actuated 
apparatus may be used as a powerful switching element or as a part of a tuning 
mechanism, e.g. a reconfigurable capacitor with an externally movable dielectric. 
In the former case, the actuator causes a negligible impact in the overall 
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performance of the controllable device, while in the latter it is responsible only 
for the device’s rear-rangement. Although various interesting studies have been 
presented, to the best of our knowledge, the association of the two-hot-arm 
thermal actuator with an electromag-netic structure as a fully operational 
component has not been yet numerically explored. Therefore, it is the goal of 
this paper to examine the combination of the aforemen-tioned actuator with a 
split-ring resonator (SRR) in order to obtain a reconfigurable metamaterial. The 
proposed design launches the actuator as an integral component of the SRR and 
supports its claims by a set of accurate nu-merical results with a left-handed 
profile. 

 
2. Design of the Electrothermal Actuator  
 

The two-hot-arm design approach of a thermal actuator exhibits some 
important advantages over existing realiza-tions, such as increased power 
consumption efficiency and thinner flexure, which lead to enhanced levels of 
deflection. Its principal operation is summarized in the asymmetric thermal 
expansion of the hot and cold arms, while an electric circuit is created by setting 
a potential difference between them. In this manner, electric current travels 
along the hot arms, resulting in resistive heating and thermal expansion, whereas 
the thicker arm remains cold, since it is not part of the electric circuit. Conse-
quently, a deflection occurs owing to the expansion dif-ference between hot and 
cold arms.  

The design parameters of the PolySilicon two-hot-arm horizontal thermal 
actuator, as depicted in Fig. 1, are: L1 = 252 μm, L2 = 220 μm, L3 = 162 μm,  
L4 = 38 μm, w1 = 21 μm, w2 = 14 μm, w3 = 14 μm, d = 2 μm, and g = 5 μm. Also, 
the height of dimples and anchors is set to 2 μm, while the height of the 
remaining actuator is 2 μm.  

 

 
 

Fig. 1. Front and back side of the two-hot-arm actuator. 
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A cou-pled electric, thermal and structural analysis along with a 
parametric study for the actuation voltage are conducted in order to identify the 
primary characteristics of the device. In this framework, the displacement of the 
actuator’s tip versus the actuation voltage is illustrated in Fig. 2.  

 

 
 

Fig. 2. Maximum tip displacement for different values of the  
actuation voltage. 

 
To avoid the presence of unwanted short circuits that may degrade the 

device’s performance, the operational range is limited to 15 V. Based on the 
above notions, Fig. 3 presents the deformed geometry of the actuator together 
with its corresponding total displacement distribution. 

 

 
 

Fig. 3. Total displacement distribution on the actuator  
(in μm) at the actuation voltage of 15 V. 

 
3. Controllable Metamaterial Unit Cell  
 

The geometry of our controllable 550×473 μm meta-material unit cell – 
formed via the gap between the actua-tors and the SRR – is given in Fig. 4. 

When a voltage is applied to the actuator’s arms, a deformed structure oc-
curs and the gap is shortened. Therefore, variations in voltage levels introduce a 
tunable gap and as a conse-quence a reconfigurable SRR. The width of its metal 
strip is 28 μm, the cell period is 650 μm, the height of the SRR is 4 μm, and the 
thickness of the Si3N4 substrate is 20 μm. Furthermore, the length and the width 
of the cou-pling bar between the two independent actuators are 150 μm and  
14 μm, respectively. Bearing in mind the prior structural data, all numerical 
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simulations are performed by means of the finite element method. In order to 
extract the S-parameters, a parallel-plate waveguide approach is adopted, which 
requires the use of PEC and PMC bound-ary conditions instead of the 
conventional periodic boundary conditions. Also, a robust homogenization 
method [14] is utilized to retrieve the constitutive effec-tive parameters of the 
proposed metamaterials. In this context, Fig. 5 illustrates the magnitude of the 
S11- and S21-parameter of the reconfigurable metamaterial at the actuator voltage 
of 0 V.  

 
 

Fig. 4. Geometry of the electrothermally controlled, in terms  
of two independent actuators, metamaterial unit cell. 

 

 
 

Fig. 5. S-parameters of the reconfigurable device at the ac- 
tuation voltage of 0 V. 

 
Results indicate the pres-ence of three acute resonant frequencies for the 

S21-parameter, i.e. at 56 GHz, 169 GHz, and 201 GHz. To this direction, the left-
handed behavior of the combined structure can be substantiated in Fig 6, which 
illustrates the variation of the real and imaginary part of both effec-tive 
constitutive parameters.  
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Fig. 6. Left-handed performance at the actuation voltage of 0 V.  
(a) Effective dielectric permittivity and (b) effective  

mag-netic permeability. 
 

However, in order to ensure the validity of the homogenization technique 
the opera-tional wavelength must be higher than the cell period by a factor of 8 
at least. Thus, the presence of three distinct negative μ frequency regions is 
easily discerned, but only the first is identified as a left-handed resonance. Addi-
tional evidence of the enhanced tunability accomplished by our controllable 
device can be obtained from Figs 7 and 8, where the variation of the S11- and 
S21-parameter is -l examined for different actuation voltages. In fact, as the 
actuation voltage increases from 0 V to 15 V, a certain shift (around 2-3 GHz) at 
all resonant frequencies is achieved.  
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Fig. 7. Tunable behavior at several actuation voltages in  
terms of S11-parameter. 

 
 

 
 

Fig. 8. Tunable behavior at several actuation voltages in  
terms of S21-parameter. 

 
Similar deductions may be drawn from the shift of the real part of the 

effective magnetic permeabil-ity in Fig. 9, while Fig. 10 presents two snapshots 
of the electric field at two resonant frequencies of the device for an actuation 
voltage of 0 V.  

Concentrating on the results so far acquired, it has to be stressed that, 
despite initial theoretical predictions, a nontrivial number of multiple gaps is 
involved in the overall analysis. This simply implies that multiple reso-nant 
frequencies are sufficiently amplified, thus compli-cating the investigation of 
such devices. Moreover, it becomes apparent that the use of two independent 
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electro-thermal actuators enables the fine tuning of the resulting metamaterial – 
with respect to the actuator voltage of 0 V– on condition that the proper bias 
network (separate for each actuator) is employed. 

 

 
 

Fig. 9. Tunable left-handed performance at several actuation  
voltages in terms of effective magnetic permeability. 

 
 

 
 

Fig. 10. Electric field snapshots of the electrothermally con-trolled,  
in terms of two independent actuators, metamaterial  

unit cell at (a) 56 GHz and (b) 201 GHz. 
 

Should we have required a simpler configuration with only one bias 
network, the novel double parallel actuated structure of Fig. 11 can be 
considered. However, this simplification is at a slight expense of fine tunability, 
as the double parallel actuator is proven more rigid. So, this tradeoff between 
bias network complexity and fine tuna-bility must be taken into account during 
the design of such devices, depending on the operational priorities.  
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Fig. 11. (a) Geometry of the double parallel actuated device and  
(b) its total displacement distribution (in μm) at the  

actua-tion voltage of 12 V. 
 

Taking into account the aforementioned properties, a reconfigurable 
metamaterial unit cell, which incorporates the double parallel actuated device, is 
designed and nu-merically investigated. The enhanced tunability achieved by 
our controllable device can be confirmed via Fig. 12, where the variation of the 
S11- and S21-parameter is exam-ined for different actuation voltages.  

 

 
 

Fig. 12. Tunable behavior of the double parallel actuated de-vice  
at several actuation voltages in terms of (a) S11-parameter  

and (b) S21-parameter. 
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At 0 V, the presence of two acute resonant frequencies for the S21-
parameter, i.e. at 58 GHz and 142 GHz, is revealed. However, as the actuation 
voltage increases from 0 V to 12 V, a certain shift (around 1-2 GHz) at all 
resonant frequencies is observed. Congruent deductions may be obtained from 
the shift of the real part of the effective magnetic perme-ability in Fig. 13, while 
the homogenization condition, denoting a left-handed performance, is only 
satisfied for the first resonance. Finally, Fig. 14 presents a snapshot of the 
electric field at the first resonant frequency of the device for an actuation voltage 
of 12 V. 

 

 
 

Fig. 13. Tunable left-handed performance of the double par- 
allel actuated device at several  actuation voltages in terms of  

effective magnetic permeability. 
 

 
 

Fig. 14. Electric field snapshot of the double parallel actuated  
device at 58 GHz. 

 
The reconfigurable unit cells presented herein exhibit left-handed behavior 

as well as conventional performance depending on the frequency region utilized. 
In both cases, the tuning property in terms of bandwidth and frequency shifting 
is accomplished, thus allowing the design of sev-eral applications, such as 
millimeter wave filters and modulators. Moreover, the electrothermal principle 
of controllability provided by the two-hot-arm horizontal thermal actuator 
enables driving these devices by means of a low voltage. Hence, the controllable 
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unit cells may be incorporated in mobile apparatus, where low voltage 
specifications are enforced by limited power availability. 

 
4. Conclusion  
 

The use of two-hot-arm thermal actuators in the effi-cient design of finely 
tunable metamaterials has been analyzed and numerically studied in this paper. 
A left-handed performance has been attained for several states, leading to useful 
millimeter wave implementations. 
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