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Graphical Abstract 

 

 

Highlights 
 We experimentally demonstrated both complex combinational logic function (half adder) and 

fundamental AND and XOR logic gates with improved energy and speed.  

 The concept is based on selective modes activation that are used to propagate the localization 
and delocalization of the vibration modes of an F-shape coupled resonators  

 The designed F-shaped microstructure consists of two straight and two arch in-plane 
microbeams that are connected to form a coupled MEMS resonator.  

 The designed F-shaped microstructure enables the demonstration of multi-inputs/outputs logic 
functions  

 The logic input and output signals from the proposed device are AC-based signals at the same 
frequency that enable cascadability of MEMS resonator-based logic devices  
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Abstract 

In line with the rising demand for smarter solutions and embedded systems, 

Microelectromechanical systems (MEMS) have gained increasing importance for the Internet of 

Things (IoT) applications, most notably for mobile wearable devices. This is driven by their 

simplicity, sensitivity, reliability, and low power consumption. Hence, they are being explored for 

ultra-low-power computing machines. However, the realization of energy-efficient complex logic 

functions and the cascadability of MEMS resonator-based computing devices have introduced 

new challenges, such as using the outputs of logic units as inputs into others, which is necessary 

for realistic implementations. This study demonstrates a complex logic function (half-adder) and 

fundamental logic gates (XOR and AND) based on selective modes activation. The concept is 

based on the activation and deactivation of the vibration modes of an F-shaped coupled 

resonators. The proposed approach requires power for actuation only, and this results in 

significant improvement in energy efficiency because it does not need DC-based frequency 

modulations. It shows promising low consumed energy in femtojoules per logic operations. The 

proposed scheme provides prospects for cascadable MEMS resonator logic devices since it 

enables both the logic inputs and outputs to be in the same AC signal mode at the same 

frequency. 

 

Keywords: MEMS resonators, mode activation and deactivation, mode localization, half adder 

operation, AND logic gate, XOR logic gate, vibration mode, energy per logic operation 

 

1.0 Introduction 

MEMS (Microelectromechanical systems) resonators have been considerably investigated due to 

their compatibility with electronic systems and useful capability in different applications, such as 

sensors [1–4], actuators [5–9], switches [10–12], filters [13–15], micro-relays [16–18], memory 

elements [19–21] and logic gates [22–27]. Due to the increasing demand for smarter solutions 

and embedded systems, MEMS resonator-based computing devices have been under 

considerable attention for their simplicity and prospect of low computational power. A practical 

MEMS logic device can be achievable through a single conceptual framework that comprises 
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different functional elements such as memory elements and complex logic circuits [28]. However, 

this conceptual design demands that the outputs of a functional element are applied as inputs 

into another, which leads to cascadable MEMS resonator-based devices. 

In the past few years, considerable literature works have investigated the exploitation of MEMS 

resonators as digital computing devices. Several fundamental logic gates and memory elements 

have been reported using different behavioral phenomena, such as parametric excitation [29], 

multimode excitation [30], and linear and nonlinear frequency modulations [19]. A low actuation 

voltage and high isolation RF MEMS switches were investigated in [31] by controlling the axial 

stresses in microbeams to induce desirable buckling and bending effects. A reconfigurable 

fundamental logic and a random access memory were demonstrated in [32] based on the 

induced axial stress from a clamped-guided arch resonator. The modulations of the linear 

frequency responses were used to illustrate the basic logic gates, while the nonlinear frequency 

responses were used to demonstrate random access memory. Also, Yao and Hikihara [33] 

reported the use of nonlinear dynamics to describe a multifunctional logic-memory device from 

a single MEMS resonator integrated with closed loop control.  

There have been successful demonstrations of fundamental logic gates using different MEMS 

behavioral phenomena. However, these only give an inherent capability of one output at a time, 

which does not allow the implementation of multi-inputs and multi-outputs complex logic 

functions. This study will report the demonstration of multi-inputs and multi-outputs complex 

logic functions using selective mode activation and deactivation. In structural dynamics, the 

presence of disturbances or irregularities in coupled structures may induce the propagation of 

vibrations in the design [34]. Depending on the order of magnitude of the perturbations and the 

strength of the internal coupling of the system, the irregularities can localize or delocalize the 

mode of vibration and hence, confine the vibrational energy to a specific vibration mode such 

that the amplitude of that mode is higher than the others [35].  

Despite successful demonstrations of basic and complex logic gates, the operating principles of 

most of these techniques are based on actuating a MEMS resonator near its fundamental natural 

frequency and then modulate this resonant frequency to the required operating frequency of the 
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device. The frequency modulations are based on applying additional electrostatic or 

electrothermal DC voltages. However, these modes of operation drain substantial amount of 

power because of the continuous excitation of the resonator at resonance and also due to the 

additional required DC voltages for the frequency modulations. Furthermore, the cascadability 

of MEMS resonator-based logic devices is limited by these modes of operation because the logic 

inputs are on the basis of electrostatic or electrothermal DC voltages. In contrast, the logic 

outputs are AC motional currents. On the other hand, the cascadability of MEMS resonators 

requires that the mode of signals for both logic inputs and outputs to be the same, and at the 

same frequency [36]. This requires signal conditioning circuits which consist of buffers to prevent 

distortion of the source signals, parasitic signal removing elements to get rid of the parasitic 

signals and amplifier for amplifying the output signals of one resonator as input into the next 

resonator. Note that the approach in this study is compatible with adiabatic CMOS approach as 

reported in [37–40] and both CMOS and NEMS can be integrated together to harness the 

advantages of both concepts. Ankur et al. [41,42] also reported quantum computations using 

microring resonator in manipulating polarization encoded Qubit to perform reversible logic 

operations. Unlike the micro-ring resonator, the F-shaped coupled structure does not require one 

to one mapping between the inputs and the outputs 

Heretofore, the realization of a cascadable and energy-efficient complex combinational logic 

function has posed a challenge for designs with multi-input and multi-output lines. This study 

reports the demonstration of a complex logic function (half-adder) and fundamental logic gates 

(XOR and AND) based on selective modes activation. The concept is on the basis of using modes 

activation and deactivation to propagate the localization and delocalization of multi-vibrational 

modes of an F-shape coupled resonators. The proposed approach requires power for actuation 

only, and this results in significant improvement in energy efficiency because it does not require 

DC-based frequency modulations. Additionally, the proposed scheme provides prospects for a 

cascadable MEMS resonator logic device since it enables both the logic inputs and outputs to be 

of the same AC signal mode at the same frequency. The rest of the paper is organized as follows: 

the device structure and experimental setup are presented in Section 2. The device vibrational 

modes and the principle of operation are discussed in Section 3. Section 4 discusses the 
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demonstration of the logic functions and experimental data of the device. Section 5 describes 

the details of evaluating the performance of the F-shape coupled resonators. Lastly, the paper is 

concluded in Section 6. 

 

2.0 Device Structure and Experimental Setup 

The device consists of connected in-plane microbeams in the form of an F-shape coupled 

microstructure. A schematic of the experimental setup and an SEM (scanning electron 

microscope) image of the fabricated device are shown in figures 1 (a) and (b). The device is 

fabricated by MEMSCAP [43] using two mask lithography process. The fabrication process is built 

on a wafer with a highly conductive phosphorus dopant on the top surface of the Silicon-On-

Insulator wafer using the SOIMUMPs method, which is a simple four mask level SOI patterning 

and etching processes. The silicon layer is of 25um thickness, which is patterned and etched down 

to the oxide layer to form the depth of the microbeams. The designed F-shaped microstructure 

consists of two straight and two arch in-plane microbeams that are connected to form a single 

MEMS resonator. The two straight beams are fixed at one end, and the tips of the other ends are 

connected to the two arch beams to guide and control their motions. The straight and arch beams 

are all sandwiched between pairs of electrodes that serve as upper and lower electrodes for each 

of the straight and arch beams, and these electrodes can be used for electrostatic actuation and 

sensing of the device. Note that any of the lower electrodes can be used to electrostatically excite 

the vibrational modes of the resonator, i.e., any of the lower electrodes can be used as the driving 

electrodes. The outputs can be sensed from any of the upper electrodes, as will later be 

demonstrated in this study. The dimensions of the MEMS resonator are listed in table 1. 

The experimental setup, shown in schemtic in figure 1(a), is used for the characterization of the 

device to demonstrate the logic functions. The driving electrodes are used to electrostatically 

excite the coupled resonators near their first and second natural frequencies. The excitation is 

based on the superposition of an in-built AC signal from the network analyzer (Keysight E5071C) 

with DC voltage from a DC supply. The excited vibrations induce AC motional currents from the 

sense electrodes, which are amplified by the low noise preamplifier (LNA – SR560). The amplified 
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output from the LNA is transferred to the input port of the network analyzer for S21 transmission 

measurements. The parameter specifications for the experimental demonstration of the logic 

functions are as follows: 20V DC bias, - 20dbm (22.361 mVrms) AC signals, 1Torr vacuum 

pressure, and at room temperature. It should be noted that the dimensions of the studied device 

were not optimized. Since the interest was to demonstrate the principle as a proof of concept, 

further miniaturization to the nanoscale, for instance in [44] and other Nano logic devices, may 

improve the integration density of these devices. This warrant further future research. Some of 

the difficulties that may arise when the F-shaped coupled resonator is shrunk further are the 

transduction efficiency, which may deteriorate due to the reduced actuation and detection area. 

Secondly, exciting higher order vibration modes may require large power and electrostatic force. 

Also, the signal–to-noise ratio may be low and needs to be enhanced. 

 

 

(a) 
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(b) 

Figure 1. (a) A schematic of the experimental setup for the F-shape coupled resonator showing 

two straight and two arch connected microbeams. (b) A SEM image of the fabricated device. 

Table 1. The dimensions of the F-shape coupled microbeams. 

 

Description 

Arch 

Beams 

Straight 

Beams 

Length (µm) L 400 120 

Thickness (µm) t 2 2 

Depth (µm) h 25 25 

Initial curvature (µm) bo 2  

The gap between the beam 

and electrodes (µm) 

 

g 

 

5 

 

3 

 

3.0 Device Vibrational Modes and Operating Principles 

A finite element (FE) model was developed in COMSOL using the solid mechanic multiphysics to 

design and simulate the natural frequencies and vibrational modeshapes of the device. The FE 

simulations indicate that different distinct modes can be excited from the F-shaped 

microstructure with no effect on each other, as shown in figure 2(a) for the first and second 

modes. In periodic and compound structures, the presence of coupler or non-symmetric nature 

of the compound structure can significantly affect the modeshapes and lead to the mode 

localization phenonmenon [45]. In this study, the resonances are all linear. No buckling is 

involved and they do not require asymmetric structure to demonstrate the logic functions. The 

coupler in between the arch beams may be utilized to control their stiffness, which may lead to 

competing effects between the quadratic and cubic nonlinearities in the arch beams. Also note 

that the bistability of the arch beams are not used or related to the demonstration of the logic 

functions. The couplers can be employed to control the resonances of the two vibrational modes 

such that the resonant frequencies can be veered near each other depending on the form of 

actuations or modulations. Figure 2(b) shows the frequency and phase responses of the first and 

second modes for the two outputs obtained experimentally from the F-shaped coupled 
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resonators that will be used in this study. These figures indicate that there is a relative difference 

in amplitudes between the first and second vibrational modes, and depending on which 

electrode is actuated and sensed, both the first and second modes can be localized and 

delocalized. Hence, the concept of activation and deactivation of the first and second modes of 

the F-shaped resonator will be used to demonstrate both the fundamental and complex logic 

functions. 

 

 

(a) 
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(b) 

Figure 2. (a) The simulated first and second vibration modes of the F-shaped coupled 

microresonators. The figure indicates that the two modes are distinct and do not affect each 

other. (b) The experimental measurements showing the activated and deactivated resonances 

for the first (69.76 kHz) and second modes (86.25 kHz) of the F-shaped coupled resonators with 

their corresponding phases when electrostatic force is applied on electrodes M and N. 

 

4.0 Reprogrammable Logic Functions 

The proposed framework is reconfigurable in such a way that it can be used to demonstrate 

different logic functions using the same concept of activation and deactivation of the first and 

second vibrational modes. This study demonstrates half adder function, AND gate, and XOR gate 

using the same device. This same coupled resonators can be used to demonstrate logic functions 
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that require multi-input/output lines such as demux and 3 bits parity checker. The steps and 

condition to achieve other logic functions through cascadability require signal conditioning 

elements between the two resonators such that if one resonator is outputing AND gate to 

another resonator that needs AND gate as one of its output to perform demux logic function, the 

signals from the first resonator are conditioned and transferred to the second resonator. Note 

that the F-shaped coupled resonator cannot be used to implement all logic functions and 

achieving other logic functions depend on the number of electrodes that are used for actuation 

and detection of the signals, the size and thickness of the structure for effective transduction and 

also the conditions of the logic functions to be demonstrated. These are the reasons it is essential 

to optimize the performance parameters during the design stages to ensure that all necessary 

conditions are fulfilled for the required logic functions. The amplitude level of the resonance is 

used to define the ON/OFF states of the device. By applying an electrostatic actuation on the 

driving electrodes, the resonance of the resonator is activated, and that defines the ON state for 

the logic outputs.. However, by de-actuating the driving electrodes, the resonant frequency is 

deactivated, and that defines the OFF state for the logic outputs. The natural frequencies for the 

first and second modes of the F-shaped resonator device are 69.76 kHz and 86.25 kHz. For half 

adder demonstration, both resonance frequencies are selected as the operating frequencies 

since this logic function requires two output lines. On the other hand, since each of AND and XOR 

logic gates requires one logic output, the first resonant frequency of the F-shaped resonator is 

selected as the operating frequency for AND logic gate while the second resonant frequency is 

selected for the XOR logic gate.  

 

4.1 Half Adder Logic Function 

Half adder is a combinational logic function that performs the addition of numbers from two 

binary digital inputs and provides two binary digital outputs (Sum and Carry bits). It requires two 

inputs (A and B) and two outputs (Sum (S) and Carry (C)) (see figure 3(a)). As shown in the 

schematic of figure 1(a), the two driving electrodes are used as the two logic inputs for activating 

and deactivating the resonances, and the two sensing electrodes are used as the Sum and Carry 
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bit outputs. When one of the driving electrodes is actuated, both first and second frequency 

modes can be activated but with different levels of amplitude due to the mode localization 

phenomenon. The mode with higher vibrational energy and amplitude level will route its data 

line through the output electrode. However, the amplitude level of the other mode is smaller 

than the signal-to-noise ratio of the device such that the signal is buried in the noise and cannot 

be transferred to its output line.  

From the half adder truth table shown in figure 3(c), when only input B is enabled, the resonance 

is activated in the first frequency mode, and thus, the Sum bit output is in ON state. Likewise, 

when only input A is enabled, the resonance is still activated in the first frequency mode, and 

thus, the Sum bit output is in ON state. However, when both inputs A and B are enabled, the 

second mode is activated. Thus, the Carry bit output is in ON state. However, the first mode is 

deactivated, and its corresponding output is in the OFF state. Figure 4 shows the S21 transmission 

measurements for the output data lines. 

 

 

         (a) 

 

              (b) 
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(c) 

   

    (d)     (e) 

Figure 3. The schematic diagrams indicating the number of inputs and outputs for (a) the half 

adder function, (b) the AND and XOR gates. The truth table for (c) the half adder, (d) XOR gate, 

and (e) AND gate. The truth table illustrates the ON and OFF states for the device where “0” is 

the OFF state and “1” is the ON state. 
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Figure 4. The frequency responses from S21 measurements for the half adder showing the 

responses from output one and output two under different logic input conditions. 

4.2 XOR/AND Logic Gates 

Considering the fact that the half adder function discussed in the previous section is built from 

two fundamental logic gates (AND and XOR gates), the run-time re-programmability of MEMS 

resonator-based computing devices can be explored to demonstrate both AND and XOR logic 

gates from the same device. In these cases, each of the logic gates requires two inputs and one 

output lines. The frequency of the first mode of the F-shaped resonator is selected as the 

operating frequency for the XOR gate, and the second mode is selected for the AND logic gate. 

The truth tables and experimental frequency responses are shown in figures 3(d),(e) and figures 

5(a),(b), respectively. For the XOR gate, the vibrational energy of the resonator is activated in the 

first mode when only input A or B is enabled, and thus, its output line is in ON state. While for 

the other input conditions, the output line is in the OFF state. However, the activation of both 

inputs A and B for AND gate confine the vibrational energy in the second frequency mode. Thus, 

the output line is in ON state. For this input condition, the first mode is deactivated, and the 
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mode toggling is more sensitive and dominant in the second frequency mode. However, the 

output line will be in OFF state for all other AND logic input conditions.  

 

 

(a) 

 

(b) 

Jo
ur

na
l P

re
-p

ro
of



Figure 5. Frequency responses from S21 measurements for (a) XOR logic gate from output one, 

(b) AND logic gates from output two. 

 

5.0 Performance Assessment  

The temperature fluctuation during the operation of MEMS resonators can affect frequency 

stability occasionally, and this can distort logic operations. Frequency instability due to 

temperature fluctuation is crucial for electrothermally actuated MEMS resonator. And also, when 

the frequency modulations for MEMS resonator-based logic devices are on the basis of 

electrothermal switching [22]. However, in this study, the F-shaped resonator is neither 

electrothermally actuated nor requires frequency modulation. On the other hand, MEMS 

resonator should be able to maintain stable operating frequency under long term operation or 

different environmental conditions such as a wide range of temperatures. MEMS resonator-

based computing devices will successfully perform its operations in as much as the frequency 

fluctuation is within the bandwidth of the resonator. The frequency fluctuation due to 

temperature changes can be evaluated according to  ( ) 1o f of T f TC T T      [46], where fo is 

the resonant frequency  2 5 /ofT C p p m C  , is the temperature coefficient of resonant 

frequency, 25o

oT C , and f(T) is the resonant frequency at temperature T, which is assumed to 

be between -25oC and 100oC. The range of frequency fluctuations for both output one and output 

two within the assumed temperature range are evaluated to be 109Hz and 134.77Hz , 

respectively, and they are within the bandwidths of both outputs 220Hz and 250Hz , 

respectively. Hence, the F-shaped resonator can perform the desired logic operations in the 

assumed range of temperature variations. 

Another important practical consideration for MEMS resonator-based logic devices is the shock 

robustness. MEMS resonator can be exposed to shock during fabrication, operation, or 

packaging, and this can result in unexpected failure because of pull-in instability or broken 

microstructures due to the mechanical shock [47]. The shock survivability of the F-shaped 

resonator is estimated to be in the range of 40 000g to 70 000g, as demonstrated in [48]. The F-
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shaped resonator shows high shock robustness because of uniform stress distribution in its 

geometry, and there is no stress concentration in any part. 

The switching speed of the studied device can be estimated from f/Q where f is the operating 

frequency ( 69.76kHz and 86.25kHz  for output one and output two, respectively), and Q is the 

quality factor, which is measured to be 317.09 and 345 for output one and output two, 

respectively. Thus, the switching speed is estimated to be 220Hz  for output one and 250Hz  for 

output two, and these correspond to switching time of 4.54ms and 4.00ms, respectively. Also, 

since the proposed scheme in this study is based on activation and deactivation of the modes, it 

is necessary to evaluate the time it takes the outputs of the device to respond to the inputs. The 

response time and speed give measures on how quick the F-shaped resonator reacts to inputs. 

The response time and speed of the F-shaped resonator can be estimated through FE simulations 

by using the time-dependent study in the COMSOL MEMS module. The F-shaped resonator is 

subjected to rectangular step inputs to determine the transition responses for both outputs from 

OFF state to ON state vice versa, and the time it takes the responses to reach steady states during 

activation and deactivation. As illustrated in figure 6, the responses show a very short rise time 

with overshoot during the transient state for all the “ON” and “OFF” logic input conditions. The 

time responses reach steady-state conditions around 0.05ms for both high and low states, which 

indicates the settling time and how fast the system response to the inputs. Hence, the response 

time is around 0.05ms, and the corresponding response speed is 20 kHz. Though MEMS 

resonator-based computations are limited by operating speed and high performance in 

comparison with CMOS technology, power consumptions are more important than speed in 

some aaplications such as IoT and smart devices. 

Another critical measure is the total energy cost per logic operation, which is evaluated by 

summing all the energies that contribute to the logic operations. It consists of the switching 

energy due to the frequency modulations and the actuation energy for driving or activating the 

microresonator. The total energy cost per logic operation can be estimated using: 

Total Switch ActuationE E E       (1) 
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       (3) 
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2050 10
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where C is the capacitance between the electrodes and the microbeam, VDC is the voltage bias 

on the microbeam, VA and VB are the logic inputs voltages for frequency modulations, V is the 

driving voltage, ts is the switching time, and Z is the total impedance of the resonator at 

resonance including parasitic impedance. In this study, 0SwitchE   because the proposed scheme 

does not depend on frequency modulations. The switching energy is a result of the additional 

applied DC voltages for the frequency modulations, and this consumes a considerable amount of 

energy. On the other hand, the proposed approach in this study uses only the actuation energy 

for the reason that there is no frequency modulation, and the switching energy does not 

contribute to the total energy. Thus, the total energies are estimated to be 14.357pJ and 12.65pJ 

for output one and output two, respectively.  

Another approach is to evaluate the actuation energy by simulation using the MEMS module 

from COMSOL commercial software. The average actuation energy per logic operation is 

obtained from the electromechanics model to be 1.5nW and 1.31nW for output one and output 

two, respectively. These values are relatively smaller than the analytical calculations because 

COMSOL estimates accurately the changes in the capacitance and impedance with respect to the 

combinations of all the logic inputs instead of relying on the parallel plate assumption as in the 

analytical calculations. In addition, the analytical caculations are formulated for simple 

microstructures but not for coupled microstructures. And the power consumption can be 

compared with other existing technologies as reported in [49,50] to be 4.49nW and 5.909nW 

respectively. It can be deduced from the obtained actuation energy that the proposed framework 

based on activation/deactivation is energy efficient, and it will give a prospect for the new 

generation of MEMS resonator-based logic devices. It should be noted that there could be a 
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further decrease in the actuation energy by optimizing the dimensions of the present device to 

the nanoscale.  

 

(a) 

Jo
ur

na
l P

re
-p

ro
of



 

(b) 

Figure 6. FE simulations of the time responses using the MEMS module in COMSOL with an 

assumed damping coefficient of 65µNs/m, 20V DC, and 30mV AC for all the logic input 

conditions. (a) Output one (Sum), (b) Output two (Carry). 

 

6.0 Conclusions 

The important development for MEMS resonator-based logic devices is to have a platform, which 

allows the cascadability of energy-efficient MEMS resonators for complex logic functions. This 

study reported the demonstrations of energy-efficient complex logic function (half-adder) and 

basic logic gates (XOR and AND gates) using vibration modes activation and deactivation. The 

proposed approach enables the studied device to consume energy in femtojoules per logic 

operations. The concept was based on activating and deactivating the first and second vibration 

modes of an F-shape coupled resonator. The modes switching were used to induce the activation 

and deactivation of the vibration modes such that the device can be used for demonstrating 
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multi-inputs and multi-outputs logic functions. The input and output signals from the device are 

AC-based signals, which are actuated and sensed at the same frequency. This important feature 

of the proposed scheme enables cascadability, significant energy improvement, and gives a 

prospect to perform more complex computing operations. 
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