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ABSTRACT

D



A wide-range tunable resonator and high displacement actuators are demonstrated theoretically (Finite
element) and experimentally by using electrothermally actuated MEMS clamped-guided arch beams with
the flexibility of shifting and choosing the operating frequency range upon demand.
We demonstrated eight possibilities of new static and dynamic behavior resulting into different resonance
frequencies and static displacement curves.
Resonators have been designed as clamped-guided microbeams with electrothermal actuators of U-shaped
structures on the sides.
We experimentally demonstrated that the device can be used as a resonant logic gate, with active resonance
tuning, showing fundamental 2-bit logic functions, such as AND,XOR, and NOR.
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HIGHLIGHTS

The paper presents adjustable static and dynamic actuations of in-plane clamped-guided beams. The structures, of

EP

variable stiffness, can be used as highly tunable resonators and actuators. Axial loads are applied through
electrothermal U-shaped and flexure beams actuators stacked near the edges of curved (arch) beams. The
electrothermal actuators can be configurred in various ways to adjust as desired the mechanical stiffness of the

CC

structures; thereby controlling their deformation stroke as actuators and their operating resonance frequency as
resonators. The experimental and finite element results demonstrate the flexibility of the designs in terms of static
displacements and resonance frequencies of the first and second symmetric modes of the arches. The results show

A

considerable increase in the resonance frequency and deflection of the microbeam upon changing end actuation
conditions, which can be promising for low voltage actuation and tunable resonators applications, such as filters and
memory devices. As case studies of potential device configurations of the proposed design, we demonstrate eight
possibilities of achieving new static and dynamic behaviors, which produce various resonance frequencies and static
displacement curves. The ability to actively shift the entire frequency response curve of a device is desirable for
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several applications to compensate for in-use anchor degradations and deformations. As an example, we
experimentally demonstrate using the device as a resonant logic gate, with active resonance tuning, showing
fundamental 2-bit logic functions, such as AND,XOR, and NOR.

Introduction
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1.

Microelectromechanical systems (MEMS) resonators and actuators based on axially loaded microbeams have been
investigated widely for many applications, such as pressure sensors [1], filters [2,3], memory elements [4], logic
gaits [5], signal processing [6], sensors [7], and accelerometers [8]. Most of these applications require high
frequency tunability and/or high displacement. Practically, there are many factors affecting the static and dynamic
responses of the devices, such as temperature variations and in-use needs, which require active compensation and
tuning. Therefore, a key challenge is to develop mechanisms that enable large actuation range and at the same time

U

high frequency tunability. Examples of such based on axial load actuation have been recently reported [9-13].

Electrothermal actuation has been widely used to tune the resonance frequency of resonators. Remtema and Lin [14]

N

showed the decrease of the resonance frequency of an electrothermally heated microbeam by 6.5%. Hajjaj et al. [15]

A

demonstrated experimentally and theoretically, using both analytical and finite element models, a 64% decrease and
66% increase of the resonance frequency of an electrothermally clamped-clamped straight beam before and after

M

buckling, respectively. The finite element model was based on 3D multi-physics finite-element simulation using
COMSOL. In another work [16], an electrothermally clamped-clamped arch beam was shown to have an increase in

D

its first resonance frequency by 168%.

TE

The most widely used electrothermal micro-actuators are the U-shaped structures [17, 18], V-shaped or Chevron
shaped beams [19], and Z-shaped structures [20,21]. The V and Z shaped structures have been widely used due to
their high output force (in the order of mN) and reasonable displacement (a few µm). To investigate their

EP

performance, these actuators have been simulated using finite element techniques. Using ANSYS Multiphysics, a
coupled-field finite element model involving electric, thermal and mechanical fields has been utilized [20]. The
results showed that these structures may have high mechanical stiffness; which limits their actuation bidirectionally

CC

and may increase the required thermal voltages for their operations. Teopoyoti –Torres et al. [22] optimized the Zactuators based on a finite element model. The results show 50 % increases in the displacement compared to Vshape actuators. U-shaped structures are also commonly used electrothermal microactuators. These actuators are

A

operated by utilizing asymmetrical thermal expansions of two beams with different thickness to generate
displacement [23]. Yan et al. [24] introduced a new micro electro-thermal U-actuator with bidirectional vertical
motion. To show the deflection and effects of the design parameters on the actuator performance, finite element
simulation is carried out using Coventorware. In this simulation, three different physical domain boundary
conditions, electrical, thermal and mechanical, are applied.

2

In a recent work [10], we presented controlling the stiffness of clamped–guided beams through V-electrothermal
actuators near the beams anchors. Tunability up to 40 % for the first mode was demonstrated experimentally and
numerically using a finite element model, with a midpoint displacement up to 2.5 micron for a voltage load of 5 V.
The design however showed low mid-point displacement and low control over the frequency response of the device.
A single device with extended static displacement range and large frequency tunability among its vibration modes
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has not yet been reported and is highly desirable.
In this paper, an electrothermally actuated device with high displacement, high tunability, and high frequency
control is demonstrated. To achieve this, an in-plane clamped-guided arch microbeam is connected with two
flexures beams and four U-structures. These actuators, being at the beam anchors, serve as variable stiffness
elements and provide various electrothermal actuation schemes. Also we demonstrate the ability to actively shift the
entire frequency and static displacement curves. This device can be used in applications requiring active frequency
tunning and shifting. As an example, we experimentally demonstrate a resonant logic device [25] with the capability

Background

N

2.

U

to perform the fundamental 2-bit logic functions of AND, XOR, and NOR.

When subjecting a shallow arch to a compressive axial load, its stiffness can increase or decrease depending on

A

whether the increase in its curvature, which increases its stiffness, can overcome the stiffness reduction from the

M

compressive stress [26]. Here, we consider a clamped-guided arch microbeam, Fig. 1(a), and apply compressive
axial loads through electrothermal actuation. For small values of initial rise, increasing the compressive axial loads
leads to an initial decrease in its first resonance frequency until it reaches a critical point, after which it increases due

D

to the increase in curvature level that dominates the compressive force effect, Fig. 1(b). The third resonance

TE

frequency on the other hand experiences a continuous decrease. By changing the stiffness on the anchor of the beam,
for instance by introducing additional spring elements Ki (i=1…n), new static and dynamic behaviors can be
achieved resulting into different resonance frequencies and static displacement curves. The concept is illustrated in

EP

Fig. 1(b). In this work, we aim to achieve such behaviors by utilizing the flexures thermal beams and the U-shaped
thermal actuators at the edges of the beams and by actively changing the stiffness of these actuators through the
electrothermal voltages. The ability to actively shift the entire frequency response curve of a device is desirable in

A

CC

applications to compensate for in-use anchor degradations and deformations.
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(a)

(b)

Fig. 1. (a) Schematic of a clamped-guided arch beam with variable stiffness elements Ki (i=1…n). (b) Schematic illustrating the

Design and Device Principle

N

3.

U

various responses of the first and third resonance frequencies while changing the stiffness coefficient.

A

A schematic of the designed structure is shown in Fig.2(a). The variable elastic elements on the guided side of
the clamped-guided arch microbeams are realized through two flexures beams and four U-shaped structures, which

M

all act as electrothermal actuators. When any of these actuators is powered, its elastic stiffness changes depending on
the applied voltage. The impact of this boundary stiffness change on the beam can be viewed as changing the initial

D

axial pre-stress of the beam. Hence each actuator represents a variable spring element that can be configured with
other actuator elements to achieve various stiffness values at the edge of the arch beam. Schematics illustrating the

TE

mechanical and electrical effects of the U-shaped structures and the flexures beams are shown in Figs. 2 (b) and
2(c), where these structures correspond to stiffness and resistance elements denoted respectively by KA, KB, KC, KD ,
KE and R1,2, R3,4, R5,6, R7,8 , R9,10. To induce compressive axial loads, the U-shaped structures are electrically

EP

connected in series. In this case, the thin (hot) arm of the U actuator will be heated more than the thick (cold) arm,
and hence induces deflection in the positive ‘x’ direction (Fig.2(a)). To achieve bi-directional motion (tensile and

CC

compressive), the structures can be electrically connected also in parallel. However, in this work, we will

A

demonstrate only one-directional motion for the compressive axial loads.
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(a)

(c)
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(b)

Fig. 2: (a) Schematic of the structure. A fixed-guided microbeam suspended by four U-shaped structures and two flexure
beams with electrothermal actuation (b) Schematic of the mechanical equivalence of the electrothermal actuators as stiffness

CC

elements denoted by KA, KB, KC, KD , KE. The arrows denote variable stiffness elements. (c) The electrical equivalence of the
device as resistance elements, including those of the electrothermal actuators and flexures denoted by R1,2, R3,4, R5,6, R7,8 , R9,10.

A

As shown in Fig. 2, there are eight actuation pads labeled on the U-shaped structures A1, A2, B1, B2, C1, C2,

D1, and D2, and two pads on the flexure beams, which offer more than 61ways of electrical connections (2n –n/2; n
even), and hence electrothermal actuation combinations. Each way will result also in a different effective stiffness of
the actuators. Eight cases are investigated in this paper, Fig. 3 and Table 1: Case 0 (A-B-C-D), Case 1 (B - C), Case
2 (A-D), Case 3 (A-B), Case 4 (C-D), Case 5(B-C-D), Case 6 (A-B-C-D-E1(V+)- E2(V+)), and Case 7 (A-B-C-DE1(V+)- E2(V-)). In each case, the actuators (A, B, C, D) are activiated by powering their pads with a voltage source,
as indicated in Figure 2c. For example, Case 1 (B-C) refers to activation of actuators B and C. For Case 7 (A-B-C-

5

D-E1(V+)- E2(V-)), the pads A, B , C and D are powered by connecting them to the same source voltage, and the
flexure beams are powered by connecting Pad E1 with V+ and Pad E2 with V-. The rest of cases can be investigated
depending on the desired applications. The in-plane clamped-guided microbeams are designed as arc beams. To
induce vibration, they are excited electrostatically by a DC polarization voltage of 40 V and an AC harmonic load of

(e)
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(b)

(c)

(d)
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(a)
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20 mV.

(f)

(g)

(h)

EP

Fig. 3: Schematic illustrating the mechanical effect of the electrothermal actuators as elastic stiffness elements. (a) Case 0 (b)
Case 1 (c) Case 2 (d) Case 3 (e) Case 4 (f) Case 5 (g) Case 6 and (h) Case 7. The arrows denote variable stiffness elements.

CC

Table 1. The electrical connections of the eight studied cases.
0
A-B-C-D

1
B-C

2
A-D

3
A-B

4
C-D

5
B-C-D

6
A-B-C-D-E1-/E2-

7
A-B-C-D-E1+/E2+

A

Case
Inputs connected to
the voltage source

The structures are fabricated from a highly conductive silicon device layer of silicon-on-insulator (SOI) wafer

from MEMSCAP [27]. Fig. 4 shows a picture of one of the fabricated devices of 800μm arch beam length. The
beam is 2μm in width and 25μm in depth. The gap between the actuating electrode and the beams is 10μm at the
clamped ends. The gap at the mid-point is 12.5μm due to the initial curvature of 2.5μm.

6
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Fig. 4: A top view picture of one of the fabricated devices showing the various actuation pads (in white) used to excite the arch

4.

A

N

into vibrations and those used for the flexure beams and U-shaped actuators.

Finite Element Model

M

A multi-physics finite element FE model is built in COMSOL [28] to design the devices and to simulate their
frequency and static responses before fabrication. To take into account the various physical domains, various solvers
have been utilized, which include the Solid Mechanics, Electric Currents, and Heat Transfer interfaces domains.

D

Specific materials are selected and assigned to each domain. For the Solid Mechanics interface, the anchors of the

TE

U-shaped structures, the flexure beams and one side of the microbeams are set with a fixed constraint. For the
Electric Currents, an electric potential is applied on one of the anchors (A1, B1, C1, D1, and E1/E2) while others are
connected to ground (A2, B2, C2, D2, and E1/E2). For the Heat Transfer, the thermal boundaries are set at ambient

EP

temperature at the bottom of the anchors, and the rest of the structure is set to a convective heat boundary condition,
where the heat flux option is used for an external natural convection with air as an external fluid and a vertical wall
of height 1 m. Tetrahedral elements are used as the element type to mesh the structure. We used 8800 elements,

CC

which have been proven to provide acceptable converged results in efficient time, and hence used for all the
simulation results presented in this work.

A

A major parameter that can potentially limit the performance of an electrothermal actuator is temperature. To

avoid the thermal silicon structure damage, the temperature should be lower than 1273 K [29]. The electrothermal
simulation results of Case 5 show a maximum temperature of 531 K and a maximum displacement of 7.2 μm at VTh=
8 V, Fig. 5.
The simulation results of the structure deformation and the resonance frequencies in the device are shown,
respectively, in Figs 5 and 6 for the eight cases. Each stiffness element of the cases has a different value, which
allows the possibility of achieving different mid-point deformation with the voltage. Fig. 5 shows the maximum
displacement and von Mises stress of the mid-point arch microbeam for Case 7. In this case and at VTh= 8 V, the

7

maximum displacement and von Mises stress are 16.4 μm and 56 Mpa, respectively. We can obtain the same
displacement of 5.4 μm under Vth= 4.3 V, 5.5 V, 6 V, 7.1 V, 7.5 V, 7.6 V, and 8 V for cases: 8, 7, 0, 5, 2, 3 and 1,
respectively. This indicates the possibility for compensating for the potential environmental effects that can cause

A
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changes of the device static behavior through changing the side-actuation and thermal voltages.

(a)

(b)
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(c)

U

Fig. 5: (a) FE simulations showing the mid-point microbeam deformation as a function of Vth for the eight cases. (b) Temperature
distribution in Kelvin (up right) and total displacement in micrometer (down) for case 5 at VTh= 8 V. (c) Maximum von Mises

N

stress at microbeam mid-point as a function of Vth for three selected cases.

A

In Fig. 6, it is observed that for all the cases, the electrothermal voltage leads to an initial decrease in the first

M

resonance frequency until it reaches a critical point, after which it increases due to the increase in curvature level
that dominates the compressive force effect. The third resonance frequency on the other hand shows continuous
decrease. As shown in the figure, each stiffness element (case) results in a shifted frequency response curve. For

D

instance, the curve inflection point at 3 V for Case 7 is shifted to 6.5 V for Case 2. We can obtain the same tuning at

TE

the inflection point under Vth=4V, 5.5 V, 5.5 V, 6 V, 6 V and 4.5 V for cases: 0, 5, 1, 3, 2 and 4, respectively. This
again demonstrates a mechanism to compensate for the undesirable changes of the device dynamic behavior through
changing the side-actuation and thermal voltages.

EP

A wide tunability is shown for the first (Fig. 6(a)) and third (Fig. 6(b)) modes. This tunability depends on the
electrothermal actuation configuration (the cases). Also, the results show the capability of shifting and choosing the

A

CC

operating frequency range upon demand.
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(a)

(b)

Fig. 6: The simulated change in the resonance frequency with Vth for different cases for (a) the first resonant mode and (b) the

Experimental results and discussion

N

5.

U

third resonant mode.

A

To experimentally characterize the deflections as well as the resonance frequencies of the microbeam, we

M

utilized a Micro System Analyzer (MSA-500) from Polytec with an in-plane dynamic measurement system using a
stroboscopic video microscopy (Fig. 7). We used the ring down measurement and the Fast Fourier Transform (FFT)
method to measure the resonance frequencies of the beams for each value of Vth, applied on the U–shaped structures.

A

CC

EP

TE

D

A topographical characterization is used to determine the static mid-point deflection of the microbeam.

(a)

(b)

Fig. 7: Experimental setup. (a) Schematic and (b) a picture.

The gap between the actuating electrode and the beam mid-point is 12.5μm, which restricts the maximum deflection
that can be demonstrated. Thus, only the cases which have maximum mid-point displacement lower than 12.5μm
can be shown. Fig. 8a shows the measured mid-point deflections of the microbeam for Case 0, Case 2, Case 3, and

10

Case 8. Case 8 corresponds to the electrical connection of A, B, and D. The figure shows four different beam
responses for the four ways of electrothermal actuation. In agreement with the finite element simulations, the
experimental results show Case 0 having a high displacement and low actuation voltage compared to the other cases.
The experimental results illustrate that this micro actuator can move up to 8.3μm when applying an actuation
voltage of 8.5 V (Case 2).
Figs. 8 (b) and (c) show the frequency responses of the microbeam. Fig. 8(b) shows seven values of the critical
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inflection points of the frequency response curve for all cases. The choice of the electrothermal configuration allows
the possibility of shifting the inflection points and controlling the resonance frequencies. For resonators, it is
desirable to have high tunability. As shown in the figure, for Case 0, the device indicates a high tunability estimated
to be 73 % and 10 %, for the first and third modes. Also, at Vth= 7 V, the first and third resonance frequencies can be
increased, respectively, from 22 kHz to 31 kHz and from 114.5 kHz to 121.8 kHz. The dynamic and the static
results of such structure can be promising for many applications, such as filters, memory devices, and switches
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where large deflections and high tuning ranges are needed.

(a)
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(b)

(c)

Fig. 8: The measured mid-point deflection (a) and the resonance frequency with Vth for different cases for (b) the first resonant

U

mode and (c) the third resonant mode.

N

The measured resonance frequencies and mid-point deflections of the microbeam are compared with the FE

A

results in Fig. 9. One limitation of the used FE model is that the electrical and thermal parameters of the doped

A
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agreement is shown among all results.

M

silicon are assumed constant while in general they are temperature dependent [30-31]. However, a good general

(a)

(b)

Fig. 9: Measurements and FE simulations of (a) the mid-point deflection and (b) the resonance frequency of the first mode of the
microbeam as varying Vth.

Based on the above figures, one can see that wide-range tunable resonator and high displacement actuators are
demonstrated using finite element simulation and experimentally. Using electrothermally actuated MEMS clamped-

12

guided arch beams along with U-shaped thermal actuators have demonstrated the flexibility of shifting and choosing
the operating frequency range upon demand; for both the first and third vibration modes. Next, we show how to use
such high tunability to realize a dynamic electro-mechanical logic device.
6.

Application : 2-bit logic functions

In this section, we demonstrate one potential application of the studied device to perform 2-bits logics functions,
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such as NOR, XOR, and AND, dynamically using the shift in its first mode frequencies. Such devices have been the
subject of increasing interest in recent years [32-34]. Here, the high motional current of a capacitively sensed
resonator is taken as output HIGH at resonance. Off resonance, the low state/output, and hence motional current, is
taken as LOW.

To experimentally characterize the device, we utilized a network analyze (E5071C), Fig. 10(a). The arch microbeam
is excited by an AC actuation signal from the network analyzer and then superimposed with a DC voltage to its

U

lower electrode, which serves as the driving electrode. The output current induced at the sense electrode (upper
electrode) is connected to a low-noise amplifier (LNA) with its output coupled to the network analyzer input port.

N

The two U-shaped actuators are used as the logic inputs (VA and VB) and they are electrothermally actuated to
control the resonance frequencies of the arch beam. The two inputs VA and VB are provided with two DC sources,

A

which are used to switch between LOW and HIGH states of the S21 transmission. Fig. 10(b) shows the measured S21

M

transmission indicating resonances at f0 = 14.876 kHz for VA= VB =0, f1 = 14.624 kHz for ( VA= 3V, VB =0 ) or (VA= 0,VB

(a)

(b)

A
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D

=3 V), and f2 = 14.421 kHz for VA= 3V, VB = 3V ).
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(c)

Fig. 10: (a) A schematic of the electrical experimental setup of the device. (b) Frequency responses of the arch beam at a 4.8 ×
10−4 mbar pressure for the logic input conditions of (0,0), (0,1), (1,0), and (1,1), shown in black, blue, red, and magenta,
respectively. (c) Logic functions operating NOR, XOR, and AND.

As shown in Fig. 10(b), the NOR logic operation is demonstrated when VA= VB =0 V, which corresponds to the
resonance frequency f0=14.876 kHz, where the S21 signal shows HIGH (black curve), denoted as logic output 1. For

U

all other logic inputs, the S21 signal shows the level to be LOW, representing logic output 0. We apply the same

N

principle to demonstrate the XOR logic operation, but in this case, one of the inputs is actuated at 3 V, which
corresponds to the resonance frequency (f1 =14.624 kHz), where the S21 signal shows HIGH (blue or red curves),

A

denoted as logic output 1. For all other logic inputs, the S21 signal shows the level to be LOW, representing logic

M

output 0. In the same way, the AND logic operation can be performed by applying VA= VB =3 V, which corresponds
to the resonance frequency ( f2=14.876 kHz), where the S21 shows the HIGH level. The time response of the resonator

A
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showing the binary inputs A and B and the corresponding logic output is shown in Fig. 11
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(a)
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(c)

Fig. 11: Demonstration of logic operations (a) NOR, (b) XOR, and (c) AND, when VA= 0 V and

VB =3 V,

Conclusions

TE

7.

D

corresponding to 0 and 1 logic input conditions and S21 transmission signal corresponding to the logic output.

This paper presented an electrothermally structure, which combines U-shaped electrothermal actuators with in-plane
arch clamped-guided microbeam. By varying the electrothermal voltage, the U-shaped structures are capable of

EP

producing multiway axial load on the guided microbeams, which serves as variable mechanical stiffness elements
that control the axial displacement of the arch beams, their operating resonance frequency for the first and the third

CC

modes, and their static deflections. The devices were fabricated from a highly conductive silicon device layer of
silicon-on-insulator (SOI) wafer. A multi-physics finite element model was utilized for the design and optimization.
The finite element results demonstrate large displacement at moderate electrothermal voltage. The multi static

A

response of the device and its ability to show high displacement, may lead to interesting possibilities in
microactuator design. Through both the finite element simulations and the experimental results, we showed that the
electrothermal voltage leads to initial decrease in the first resonance frequency until it reaches a critical point where
the axial load effect dominates the response, in which case the resonance frequency increases until it saturates, while
the third resonance frequency continues in decreasing. We showed that the resonance frequencies responses with
electrothermally actuated voltage can be shifted and operated at a wide range of resonance frequency (73 %). In
conclusion, we have demonstrated that it is possible to control the deflection and the resonance frequency of the

15

beam by employing different ways of electrothermal actuation. Also, we showed the capability of this structure to
perform 2-bits logics functions, NOR, XOR, and AND.
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