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Micro/nano-electromechanical resonator-based logic elements have revitalized the
notion of mechanical computing as a potential alternative to surpass the limita-
tions of semiconductor electronics. A vital step forward for this technology is to
develop a platform for cascadable logic units that communicate among each other
executable signals of the same form; which is key to construct true and complex
computation machines. Here, we utilize the dynamic characteristics of a clamped-
clamped microbeam vibrating at the second resonance mode to realize cascadable
logic elements. The logic operations are performed by on-demand activation and
deactivation of the second mode of vibration of a clamped-clamped microbeam res-
onator. Fundamental logic gates, such as OR, XOR, and NOT, which constitute a
functionally complete set for digital applications are demonstrated experimentally.
We show that the demonstrated approach unifies the input and output signal wave-
form and performs all the gate operations on a single operating frequency, hence
satisfying the prerequisites to realize cascadable resonator logic devices. This can
potentially pave the way for the development of a novel technology platform for an
alternative computing paradigm. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5049875

Linear and nonlinear dynamics of electrostatically actuated micro/nanoelectromechanical
(M/NEM) resonators have been investigated extensively1–6 and used for various practical appli-
cations including mechanical computing.7–22 The renewed interest in mechanical computing in the
last decade has been driven by the need to replace transistors, which are soon to reach their fundamen-
tal limits due to leakage, interconnect delays, and heat generation; by leakage free, multi-function,
and possibly reconfigurable logic elements. To this end, logic computation via M/NEMS has been an
active research front.7–22 M/NEMS switch based logic devices, despite having some major advantages
like cascadability, ideal leakage properties, and compatibility in harsh environments; suffer serious
limitations, such as mechanical delay, contact reliability, and stiction.7–10 Alternatively, dynamic
M/NEMS resonators have been proposed as logic elements,11–22 where the output logic states have
been encoded in the vibration amplitudes and/or phase.

The idea of M/NEMS resonator based logic device was first proposed as a potential candidate for
energy efficient computing.11 Initially, a piezoelectric L-shaped NEMS structure was experimentally
demonstrated as a nanomechanical XOR gate consuming only 5 fW of power.12 Thereafter, various
dynamical phenomena, such as nonlinear jumps,13–15 parametric excitation,16 electrostatic14,17,18 and
electrothermal19,20 frequency modulation, and multimodal/multifrequency excitation16 have been
exploited to perform primitive logic operations.

In spite of some intriguing developments in this field, micro/nano-resonator based logic devices
have failed to show the potential for cascading, in which the output of one unit serves as input
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for another unit, which limits the practicality of the technology. This is partly because the demon-
strated works either rely on logic inputs and outputs of different signal types; DC as inputs and AC
as outputs,13,15,17–20 or perform different logic operations at different frequencies/modes of vibra-
tion.12,17–21 Operation of various gates at a single frequency and having similar signal type (AC/DC)
as inputs and outputs are necessary prerequisites for eventually cascading logic elements.

Toward this, we demonstrate cascadable logic elements that are operated with AC signals as
inputs and produce AC signals as outputs; all at the same frequency. Differently from the existing
devices,12–21 the proposed technology fulfills the two pre-requisites for cascading and hence, each
logic unit can potentially be operated from the received inputs from other logic elements and produces
outputs that can be used as inputs for others.

The logic element is based on a clamped-clamped (c-c) beam microresonator. The physics behind
the operating principle is the selective activation and deactivation of the second (anti-symmetric)
vibration mode of the resonator utilizing AC signals as logic inputs. The presence (absence) of the
input AC signals corresponds to the logic input 1 (0). The activation (deactivation) of the desired mode
around its resonance frequency results in High (Low) motional signal due to High (Low) vibration
amplitude, which corresponds to the logic output 1(0).

The device is fabricated on a highly conductive Si device layer of silicon on insulator (SOI) wafer
via a two-mask process. The fabrication process involves standard photo-lithography for patterning.
Sputter deposition and lift-off are performed for laying down the Cr/Au pads. Deep Reactive Ion Etch
(DRIE) is used to selectively etch the Si device layer to form the desired structure. Finally, HF vapor
etch of the SiO2 layer is performed to release the microstructure. Fig. 1(a)–(d) shows the schematic,
SEM image, and different vibration modes of the microresonator.

The experimental setup, shown for an XOR configuration in Fig. 2(a), comprises of a network
analyzer that is used to provide the required AC inputs to the gate electrodes. A DC power supply is

FIG. 1. (a) Schematic of the microresonator. (b) SEM image of the fabricated device. (c) Response of the microresonator at
the first resonance frequency. The inset shows the corresponding modeshape. (d) Response of the microresonator at the second
resonance frequency. The inset shows the corresponding modeshape.
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FIG. 2. Demonstration of the XOR and OR logic operations. Schematic of the experimental setup used for (a) XOR, and
(c) OR implementation. The frequency response of (b) XOR, (d) OR implementation under various input logic conditions.
All the logic gates are performed under the experimental parameters of VDC = 70V, VA = VB = 79.5 mV (RMS), P=1 Torr,
and T=250 C.

used to provide a constant DC voltage to the microbeam. The output from the resonator is then readout
by the network analyzer after electronic pre-amplification through a low noise amplifier (LNA). The
experiments are performed under moderate vacuum conditions ∼1Torr.

M/NEMS resonators can be excited to vibrate at various modes depending on the frequency of
the AC loading and the arrangement of the electrodes.23 Symmetric modes are easier to excite by
most electrode configurations while anti-symmetric modes require anti-symmetric electrode config-
urations, i.e., symmetric electrodes cannot excite anti-symmetric modes. The insets in Fig. 1(c) and
Fig. 1(d) show the 1st (symmetric) and 2nd (anti-symmetric) modes of vibration, respectively. In this
work, the activation and deactivation of the second mode through AC signals is used to implement
logic operations. The High (Low) motional signal at on-resonance (off-resonance) vibration defines
the logic output state 1 (0). The second mode of vibration is only activated when the resonator is
excited by AC signals through an anti-symmetric electrode arrangement; for instance a half electrode
on one side of the beam or two half electrodes placed diagonally with respect to each other on oppo-
site sides of the beam. Depending on the choice of the driving and sensing electrodes, different logic
operations can be realized.

As noted from the previous section, the proposed resonator inputs are AC signals; and its high
output at resonance yields an AC motional current, which is converted into AC voltage. All of the
AC inputs and outputs are at the same frequency; the resonance frequency of the second mode. Thus,
logic gates realized with such a scheme are potentially cascadable. Next, we demonstrate examples
of realizing fundamental gates using the proposed scheme.

An XOR gate takes two inputs and produces a High output only when the two inputs are not
identical, i.e., (1,0) or (0,1). Fig. 2(a)–(b) show the experimental setup and the measured frequency
response of the resonator for an XOR gate. A constant VDC bias is applied to the beam at all times.
For the logic inputs (0,0) the beam does not vibrate and the recorded response at the output is
negligible, which corresponds to the Low (0) state. Next, when any of the inputs “A” or “B” is ON,
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i.e., (1,0)/(0,1), the beam is subjected to an asymmetric actuation with a half electrode, which excites
the second mode. Hence, the beam experiences resonance and vibrates at relatively high amplitude
producing high motional signal, which corresponds to the logic output state High (1). Finally, when
both logic inputs are ON (1,1), the beam is excited with a full electrode configuration, a symmetric
force; hence the second anti-symmetric mode does not get excited. Thus, a Low (0) motional signal
is recorded, which corresponds to output sate Low (0). We notice that the signal to noise ratio is
particularly poor in this case. This is due to the fact that the asymmetric forcing required to excite
the second mode of vibration is small. This can be attributed to the large operating gap ∼8µm for the
proposed device. However, for a dedicated design with smaller gaps, the signal to noise ratio can be
improved while keeping the input power at minimum. It is important to note that the XOR case acts
as the limiting case of all the logic operations and the input gate voltages must be large enough to
easily differentiate the signal from the noise floor for this case to ensure the valid operation for other
logic gates.

Similarly a NOT gate can also be realized with slight changes to the electrical connections of
the device shown in Fig. 2(a). In this case the input applied to one of the partial electrodes, e.g., “B”
is fixed at ON (1). When input “A” is ON (1), the beam experiences an excitation through a full
electrode since the “B” is always ON (1), hence showing negligible vibration that produces a low
motional signal. In this case a Low (0) output is recorded in response to a High (1) logic input “A”.
When input “A” is OFF (0), the beam experiences an excitation through the half electrode due to the
active signal through “B”, and vibrates at resonance at the second resonance mode. This records a
High (1) output in response to a Low (0) logic input “A”.

The OR gate produces a Low (0) output only when both inputs are OFF (0). For all other cases
it produces a High (1) output. It also requires a slightly different wiring scheme than the previous
cases. Fig. 2(c)–(d) show the setup and response of the resonator for the OR gate operation. Here,
inputs “A” and “B” are applied to the two half electrodes on each side of the beam placed diagonally
with respect to each other. When both inputs are OFF (0), similar to that of the XOR gate, the device
produces a Low (0) output. When one of the inputs is ON (1), the resonator experiences resonance
due to the half electrode excitation and a High (1) output is recorded. Finally, when both inputs are
ON (1), unlike the case in XOR, the resonator gets excited by the anti-symmetric forces, thereby
exciting the second mode. As a result, a High (1) response is recorded at the output, realizing the OR
gate operation.

We notice that the output signal for (1,1) logic input case for the OR operation is slightly larger
than (1,0)/(0,1) cases. This is attributed to the fact that the drive and sense electrode configuration for
(1,1) logic input case excites the second resonance mode most strongly. We also note a slight hardening
nonlinear response due to this strong excitation; however the device still retains a monostable response.
A nonlinear response is not generally desirable for cascading since it can generate a bistable hysteric
regime. In such cases however one can choose the operating frequency of the device in the monostable
regime to avoid unwanted behavior.

Finally, a schematic illustrating the potential cascading scheme for logic gates developed using
the proposed technology is shown in Fig. 3. We observe that unifying the signal input and output
waveforms and most importantly operating all the gates at the same frequency make the cascading

FIG. 3. Proposed cascading scheme for complex computing. AC inputs at the second resonance mode of vibration are applied
to the resonator as logic inputs. The resonator responds with an AC signal at the output at the input/operating frequency. This
inputs is then transferred after amplification to the next resonator. Since all the demonstrated logic gates operate at the same
frequency, two different gates can be cascaded, for example, a universal NOR gate can be achieved by cascading OR and NOT
gates.



105126-5 Ilyas et al. AIP Advances 8, 105126 (2018)

process feasible and eliminate significant amount of electronic components that would be needed
otherwise. One major challenge that still remains is the fact that the output signal from a resonator
is very small and some kind of amplification is required to bring it to an acceptable level. However,
having developed suitable resonators that fulfill the criteria for cascadability now open the path to
investigate and provide solutions to these subsequent challenges.

Another important factor to consider here is the frequency fluctuation with respect to temperature
change. It must be noted that differently from electrothermally actuated resonators the proposed
resonator is immune to temperature change induced strain due to the fact that the beam and the
environment stay at a state of thermal equilibrium. Hence, the effect of temperature mainly affects
the physical properties of the structure. It has been reported that the frequency varies linearly with the
change in temperature and the frequency shift is negligible compared to the resonance frequency of
the resonator.24,25 Furthermore, the operating principle of the devices does not depend on frequency
shift, but rather on the activation and deactivation of the same mode of vibration. The shift in the
second mode resonance frequency will just change the operating frequency of the logic device and
will not affect the execution of the logic operation. In this case, a proper operating frequency has to
be chosen for operation at different temperatures. These fluctuations become important and must be
considered when cascading two or more resonators to perform complex logic operations.

The logic operation speed (Q/f)26 for the proposed device is estimated to be ∼477 Hz, for Q∼425
at 1 Torr. For the proposed device the energy per logic operation can be estimated using equation (1)

ELogic =
V2

AC

Z
· ts (1)

Z =Zp||RM + R1 (2)

where ts is the switching time, Z is the total impedance in the circuit at resonance that constitutes
parasitic impedance Zp in parallel with the microresonator motional resistance RM , and a series termi-

nating resistor of R1=10MΩ. Parasitic impedance Zp is estimated using Zp = 50Ω × 10
s21
20 ∼112.2 kΩ

at 203 kHz, where S21 is the measured insertion loss (∼67 dB) without biasing the resonator,
VDC = 0V, and terminating the sensing electrode directly to the network analyzer input port (load of
50Ω) without using LNA.27 Similarly, RM ∼0.52 MΩ is estimated by extracting the pure motional sig-
nal at VDC = 70V, and from the measured insertion loss of around 82 dB. Finally, the ELogic of ∼1.2 pJ
is calculated for VAC = 79.5 mV (RMS), Z = 10.1 MΩ, and ts = 2 ms. We notice that the energy
consumption of the proposed device is several orders of magnitude higher than the CMOS transistor,
i.e., 3.7 fJ (45nm node),28 1 fJ (7nm node).29 However, assuming a NEMS resonator with operating
frequency of 1 GHz and a quality factor of 100, energy consumption of 1 aJ is achievable with a
switching speed of 0.1µs. With the advancements in NEMS fabrication and utilizing modern 1D and
2D materials,30 such a resonator is imaginable. We believe that having such a dedicated design can
potentially outperform CMOS technology in terms of lower energy consumption.

Finally, we also note here that damping value determines the quality factor of the device, which
in turn affects the switching speed, frequency bandwidth, and the signal to noise ratio. It is favorable
to have high damping and even operate in air as it is required for practical applications. Higher
damping with higher operating frequency can yield higher switching speeds (f /Q). Moreover, a
larger bandwidth can help in cascaded devices with slight frequency mismatch. However, it must be
considered that higher damping conditions will demand more power in order to operate above the
noise threshold. Hence, there is a tradeoff and dedicated design is required for suitable applications.

In this work, we have experimentally demonstrated potentially cascadable electromechanical
logic devices. The concept utilizes suitable arrangements of logic input and output terminals by
selective activation and deactivation of the anti-symmetric second mode of vibration of a doubly
clamped microbeam. The proposed scheme fits naturally for cascading logic gates to construct more
complex logic circuits due to the fact that it takes AC signals as inputs and provides AC signals at
the outputs, which can be vital to simplify the additional circuits necessary for future technological
platform development. Furthermore, it performs all the aforementioned logic operations at the same
mode of vibration. This not only does unify the operating frequency of different logic operations that
is key for cascading, but also allows us to multiply identical microresonators in a cascaded chain
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to perform complex computing operations. This indicates that the performance optimization of a
single structure is required to optimize the overall performance of the system. This point is very
crucial for the future well optimized generations of such devices, where several nanoresonators are
combined to perform any complex computing operations, such as digit addition and multiplications.
The demonstration of cascadable fundamental logic gates, such as, OR, XOR, and NOT can pave the
way for more aggressive research on the development of such technology for an alternative ultra-low
power computing paradigm.

This publication is based upon work supported by the King Abdullah University of Science and
Technology (KAUST) office of sponsored research OSR under Award No. OSR-2016-CRG5-3001.
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