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We introduce a theoretical concept of logic gates for sequenced data that contain a large number of
data bits to be computed using a nonlinear nanomechanical resonator. Resonantly driven nanomechanical
modes display the bistability of forced vibrations. Near the cusp point on the bifurcation curve, even
a small change in driving force can lead to switching between the vibrational states with significantly
different amplitudes. This enables a highly sensitive implementation of logic gates, including AND, OR, and
XOR gates. The underlying principles are simple and generic, suggesting that our method is applicable not
only to nanomechanical systems but also to a wide variety of bistable physical, chemical, and biological
systems.
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I. INTRODUCTION

Nanomechanical systems are attracting attention in var-
ious fields owing to their desirable features, including low
power consumption and high sensitivity [1,2]. Their fun-
damental behavior has been discussed mainly in physics;
such systems are a good test bed for exploring a num-
ber of nonlinear phenomena, including various types of
bifurcation [3–9], mode coupling [10–12], stochastic res-
onance [13,14], and parametric amplification and oscil-
lations [15–17]. From the perspective of applications,
their capabilities of ultrasensitive sensing, such as single-
molecule detection [18] and force and mass detection
[19–24], have been addressed, and interesting concepts of
electronic devices using nanomechanical motion have also
been discussed [5,25,26]. Notably, in recent years, there
has been considerable interest in nanomechanical com-
puting [27,28]. Nanomechanical memory is realized by
exploiting nonlinear behavior with bifurcation dynamics
[29]; the vibrational state, which describes the stored infor-
mation, is switched by the phase-modulated driving force.
In Ref. [30], such switching was achieved by application
of a dc voltage to the force. Another implementation of
the memory uses a buckled nanobeam characterized by a
double-well potential [31]. Logic gates for various opera-
tions, such as AND, OR, and XOR operations, have also been
realized with use of the nonlinear mode in nanomechani-
cal vibrations [32–38]. These features could contribute to
promising future nanoscale applications [39,40].

A resonantly driven nanomechanical system can display
the bistability of forced vibrations. The range where two
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stable vibrational states coexist is limited by the bifur-
cation curves in the plane of the driving amplitude and
frequency [5,6]. At the cusp point on these curves, the
coexisting states merge. Near this point, a small change
in the driving field can lead to switching between the
states. This highly sensitive feature is advantageous for
sensing applications and quantum measurement [41–43].
In our previous work, we showed that such highly sensitive
resonant-mode behavior could be used in signal process-
ing, particularly for the detection of a digitally modulated
signal [5]. Exploiting this mode behavior, the resonator can
detect quite a weak signal [5,6]. As such a signal is often
buried in noise, we investigated the effect of noise in the
detection; we revealed that optimization with respect to
noise is possible for robust detection.

Here we theoretically address the logic gate with a
highly sensitive resonant mode in a nonlinear nanome-
chanical system. Figure 1(a) shows the system diagram of
the logic gate introduced in this work; the resonator works
as a bidirectional bifurcation amplifier, whose response is
provided in Fig. 1(b) [5]. According to the type of logi-
cal computation considered, sequenced data with N bits,
X = [X1, . . . , Xj , . . . , XN ], where Xj ∈ {0, 1} and 1 ≤ j ≤
N , are encoded in the amplitude of the driving force, F(t).
The amplitude is composed of two components, one of
which excites the highly sensitive nonlinear mode, and the
other of which is the signal, enabling the logical computa-
tion for the data X . In the highly sensitive regime, such
computation is possible even when the signal is weak.
The nanomechanical nonlinear vibration driven by such an
encoded driving force performs a logical computation, and
the result of the computation Y ∈ {0, 1} is obtained as the
final vibrational state.
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FIG. 1. (a) System diagram of a logic gate with a single
nanomechanical resonator. According to the desired computa-
tion, the input sequence X is encoded in the amplitude of the
driving force F(t); see Eq. (3). Exploiting the nonlinear behavior
as shown in (b), we obtain the result Y as the final vibrational
state. (b) Numerical example of nonlinear response with cusp-
type bifurcation (κ ≈ 0.28) [5,6]. When a system is driven close
to resonance, the vibrations display bistability: for the same value
of the driving-force amplitude F2, the vibrational squared ampli-
tude A2 can assume one of the two values of the lower state
S = 0 or upper state S = 1. The inset shows the response in
a highly sensitive regime. When the system operates near the
critical point, for example, κ = 0.90κc ≈ 0.52, the resonating
vibration is quite sensitive to the driving force; even with a small
variation in the driving-force amplitude, it leads to switching to
a different vibrational state.

To realize the logic gates for the sequenced data, one
critical issue is the required number of resonators; although
leading studies have demonstrated the exciting concept of
performing a logical operation with resonators, logic gates
for such data require many resonators [28,35,44]. To per-
form a two-bit XOR operation, one resnator is required
[32]. This means that the logic gates for an N -bit digital
sequence, which often appears in various digital applica-
tions, require N−1 resonators [35,44]. It has been shown
that a single resonator with multiple pumping signals can
perform operations with three digital bits [34]. However,
many pumping signals are required to achieve this opera-
tion, as is a complicated pumping-frequency design. With
the delay-based approach of reservoir computation, the

implementation of logic gates using Duffing nonlinearity
in a silicon beam was reported by Dion et al. [37]. Yao
and Hikihara [38] showed that controlling the logical input
signal with a feedback loop can realize logical operation
in a comb-drive MEMS resonator. Compared with these
pioneering studies, the advantageous feature in the method
introduced here is that a simple encoding method applied
on the driving force can perform a logical operation for
sequenced data. Owing to the use of the highly sensitive
resonant mode, this method can work even with a weak
signal.

II. BRIEF DESCRIPTION OF NONLINEAR
RESPONSE IN NANOMECHANICAL SYSTEMS

We briefly describe the vibrational bifurcation dynam-
ics used in our system in this section. Vibrations in a
nonlinear mode are often discussed with use of a stan-
dard model of vibrational dynamics, the resonantly driven
Duffing oscillator [1,2],

q̈ + 2�q̇ + ω2
0q + γ q3 = F(t), (1)

where � is the friction coefficient, ω0 is the resonant angu-
lar frequency, and γ is the nonlinearity (Duffing) parame-
ter. In nanomechanical systems, the vibrational coordinate
q describes, for example, the displacement of the tip of a
nanocantilever [18] or of the antinode of a double-clamped
nanobeam [19,32,33]. The system is often driven by a peri-
odic force, F(t) = F cos ωst, with force amplitude F and
angular frequency ωs. In cusp-type bifurcation, nonlinear
behavior can be observed in the “frequency-detuning” con-
dition, where the driving frequency is close to resonance;
that is, �ω ≡ |ωs − ω0| � ω0 takes a nonzero value. In
the absence of noise, the solution of Eq. (1) is given as
q(t) = A cos ωt, with vibrational amplitude A and motion
frequency ω. Classical mechanical theory [45] shows that
the frequency ω depends on the amplitude such as ω =
ω0 + (3γ /8ω0)A2, and the squared amplitude A2 satisfies
a nonlinear equation:

A2

[(
�ω − 3γ

8ω0
A2

)2

+ �2

]
= F2

4ω2
0

. (2)

Nonlinear behavior is found in the response of the
squared amplitude to the driving force. To aid understand-
ing, we provide a numerical example in Fig. 1(b). Here,
rewriting ω0 = 2π f0 and ωs = 2π fs, we use f0 = 1.0 kHz,
fs = 1.000 005 7 kHz, γ = 1.0 × 1016 m−2 s−2, and � =
0.01 s−1 to calculate the solution of the nonlinear equation,
Eq. (2). In this case, the dimensionless decay rate, which
is denoted by κ ≡ �/�ω, is calculated as approximately
0.28. These values strongly depend on the structure of
the resonator; practical values can be obtained by mea-
surements and/or theoretical modeling [46,47]. In addition,
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such vibration is often observed with physical quantities,
such as in an electronic current [19,33,46] or optics [36].
When a system is driven close to resonance, the vibrations
display bistability: for the same value of the driving-force
amplitude, the vibration amplitude can take on one of two
values in either the lower state or the upper state. A binary
symbol S indicates in which state the resonator operates:
in the lower state S = 0, and in the upper state S = 1.

A highly sensitive nanomechanical resonator is found in
the case when the difference between the bifurcational val-
ues of the amplitude of the driving force (i.e., F2

L − F2
U) is

very small [5]. We can observe such sensitivity when the
system operates near the critical point, κ = 1/

√
3 ≡ κc.

One example of the response with fs = 1.000 003 1 kHz,
giving κ = 0.90κc, is provided in the inset in Fig. 1(b).
Even with the small variation in the driving-force ampli-
tude, the system changes to a different state, indicating that
the resonating vibration is quite sensitive to variation in the
driving force.

III. DESIGN OF DRIVING FORCE IN LOGIC
GATES FOR SEQUENCED DATA

The response curve in Fig. 1(b) shows an important
characteristic for the development of the logic gate: the
resonator physically behaves as a two-state system, and
the vibrational state depends on the previous one. When
the driving force lies between the bifurcation amplitudes,
F2

U and F2
L , the system is kept in the same state regardless

of the force amplitude. This “memory effect” is useful in
the development of the logic gate because we can save the
information corresponding to a critical vibrational state,
which determines the result, Y. To reflect the critical state
in the result, we originally design the sequential driving
force F(t),

F(t) =
N∑

j =1

FX [j ]gDs

[
t − (j − 1)Ds

]
cos ωst, (3)

where FX [j ] = FB + Fs[j ] is the force amplitude for the
data bit Xj . The biased force amplitude FB satisfying FL <

FB < FU excites the resonator. The encoded signal ampli-
tude Fs[j ] enables the logical computation with the data
bit, Xj . By our denoting gτ (t) as a pulsed signal such that
gτ (t) = 1 when 0 ≤ t < τ and gτ (t)=0 otherwise, each
data bit is described by a pulsed signal with time duration
Ds � 1/ωs. Driving the resonator with this force, we can
obtain the result of the computation as the final vibrational
state after the driving, namely, Y=SN , where Sj ≡S|t=jDs .
This is achieved by our original encoding method: map-
ping the input sequenced data Xj to the force amplitude
FX [j ]. This encoding method depends on the type of logi-
cal operation focused on. Here we focus on the three major
operations, OR, AND, and XOR operations. In addition to

the proposed concept, other operations can, of course, be
considered, including NAND, ONR, and XNOR operations.

A. OR operation

First, we introduce the encoding method for the OR
operation, Y∨ = X1 ∨ · · · ∨ XN ≡ ∨N

j =1Xj , where the oper-
ator ∨ indicates performing the disjunction operation. We
design this method on the basis of observation of the OR
operation for sequenced data. A truth-value table for OR
is provided in Fig. 2(a); we can see that if at least one of
the two variables, X1 and X2, is equal to 1, the result is
X1 ∨ X2 = 1. If this is not the case (i.e., if both variables
are equal to 0), we obtain X1 ∨ X2 = 0. These observations
indicate that performing the OR operation for the sequence
X is described by two cases, case 0 and case 1. The result

If              exists in                 ,

If              for all   ,0 0 0

0 1 1

11

1 1 1

0

Truth -value table of OR

Case 0

Case 1

(a)

Excite large vibration
when              exists

Keep the small vibration
when             for all   

Do not to change the large 
vibration when               

for for

Initial vibrational
state

Case 0

Case 1

(b)

Critical
vibrational state

FIG. 2. Design of the driving-force amplitude FX [j ] based on
the truth-value table for the OR operation. The truth-value table
(a) indicates that if Xj = 0 for all j , taking the OR operation
for X gives the value Y∨ = 0 (case 0). In contrast, if Xj = 1
exists in 1 ≤ j ≤ N , we obtain the result Y∨ = 1 (case 1). To
enable this calculation with a single nanomechanical resonator,
we design the driving force as described in (b); see the green
arrows. Case 1 includes the critical vibrational state, because the
existence of Xj = 1 determines the result Y∨ = 1. To achieve the
above behavior, the encoded signal amplitude Fs[j ] is designed
by Eq. (4).
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Y∨ in case 0 (i.e., if Xj = 0 for all j ) is Y∨ = 0. In con-
trast, in case 1, if Xj = 1 exists in 1 ≤ j ≤ N , we obtain
the result Y∨ = 1. This critical value, which determines the
result, is represented by the critical vibrational state.

To realize the logical operation in the above two cases,
we design the force amplitude, as shown in Fig. 2(b). In
case 1, to obtain the result Y∨ = 1, the final vibrational
state is the upper one, SN = 1. To achieve this, the res-
onator should work in the critical vibrational state for Xj =
1. We realize this using the force amplitude FX [j ] > FL for
Xj = 1, causing the resonator to work beyond the bifur-
cation point BL. Even in the opposite case of Xj = 0, the
vibrational state should be maintained in the upper state to
obtain the result SN = 1. This is achieved with the setting
FU < FX [j ] < FL for Xj = 0. Therefore, the force ampli-
tude is designed to stay in the red highlighted region in
Fig. 2(b).

In case 0, all data bits included in sequence X take
the same value of 0. As the force amplitude FX [j ] corre-
sponding to such a constant sequence takes the same value
for all j , the resulting vibrational state is also the same
across the whole sequence. To obtain the result Y∨ = 0
(i.e., for the final state to be the lower one, SN = 0), the
resonator should continuously work in the lower state (i.e.,
Sj = 0 for all j ). Therefore, the force amplitude for this
case should be set to meet the condition FX [j ] < FL, and
the initial vibrational state should be set as S0 = 0. Com-
bined with case 1, FU < FX [j ] < FL for Xj = 0 [cyan
highlighted region in Fig. 2(b)]. Considering the rela-
tion FX [j ] = FB + Fs[j ], the encoded signal amplitude to
realize the OR operation for sequence data is

Fs[j ] =
{
δ∨ (Xj = 1),
0 (Xj = 0), (4)

where δ∨ > FL − FB for a given biased force amplitude
FB. When Xj = 1, the driving-force amplitude FX [j ] =
FB + δ∨ excites the vibration such that Sj = 1. The ini-
tial value of the amplitude is designed to realize the initial
state, S0 = 0. The system becomes highly sensitive when
the difference between FU and FL is small, as shown in the
inset in Fig. 1(b). In this case, even when δ∨ is small, the
system correctly switches to the other vibrational state. As
such a signal is often buried in noise, we investigated the
effect of noise in the highly sensitive regime [5]; an opti-
mization with respect to noise is possible for robust logical
operations.

B. AND operation

Next we introduce the encoding method for the AND
operation, Y∧ = X1 ∧ · · · ∧ XN ≡ ∧N

j =1Xj , where the sym-
bol ∧ indicates performing the conjunction operation. As
in the OR operation, the method is designed on the basis of
our observations of the AND operation. A truth-value table
for AND is provided in Fig. 3(a); we can see that if at least

0
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Initial
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when                for all   
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for
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vibration when              

for

(b)

Critical
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FIG. 3. Design of the driving-force amplitude FX [j ] based on
the truth-value table for the AND operation. According to the
truth-value table (a), the driving force, which enables us to per-
form the AND operation, is set as described in (b). In case 0, the
critical vibrational state is found because the existence of Xj = 0
determines the result, Y∧ = 0.

one of the two variables, X1 and X2, is equal to 0, the result
is X1 ∧ X2 = 0. If this is not the case, (i.e., if both variables
are equal to 1), we obtain X1 ∧ X2 = 1. These observations
indicate that performing the AND operation for sequence X
is described by two cases, case 0 and case 1. In case 0
(i.e., if Xj = 0 exists in 1 ≤ j ≤ N ), we obtain the result
Y∧ = 0. In case 1, if Xj = 1 for all j , the result is Y∧ = 1.

On the basis of the above observation, we design
the force amplitude for the AND operation, as shown in
Fig. 3(b). In case 0, the result is Y∧ = 0, and the cor-
responding final vibrational state is the lower one, SN =
0. This result can be obtained with the force amplitude,
which belongs to the cyan highlighted region in Fig. 3(b).
The critical state for the data bit Xj = 0 is realized by
FX [j ] = FB − δ∧ < FU. This indicates that when Xj = 0,
the encoded signal amplitude is given as Fs[j ] = −δ∧
satisfying δ∧ > FB − FU.

For the opposite case of Xj = 1, the vibrational state
should be maintained in the lower state. This is achieved
with the setting FU < FX [j ] < FL for Xj = 1. In case 1,
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all data bits included in the sequence take the same value
of 1. Similarly to case 1 in the OR operation, to obtain the
result Y∧ = 1, the resonator should continuously work in
the upper state (i.e., Sj = 1 for all j ). The force ampli-
tude is designed to meet the condition FX [j ] = FB > FU
(i.e., Fs[j ] = 0 when Xj = 1), and the initial vibrational
state should be set as S0 = 1. Combined with case 0,
FU < FX [j ] < FL for Xj = 1 [red highlighted region in
Fig. 3(b)]. The initial value of the amplitude is designed
to realize the initial state, S0 = 1.

C. XOR operation

Performing the XOR operation Y⊕ = X1 ⊕ · · · ⊕ XN
with a nonlinear nanomechanical resonator is achieved by
introducing the following “flipping” mapping of the force
amplitude:

FX [j ] =
{ −FX [j −1] (Xj = 1),

FX [j −1] (Xj = 0); (5)

that is, although the absolute value of the amplitude is
equal to the previous one, its sign is flipped depending on
the data bit Xj . Here the operator ⊕ indicates performing
the exclusive disjunction operation. The absolute value is
determined such that the system operates outside the bifur-
cation region; that is, |FX [j ]| = |FB + δ⊕| satisfying δ⊕ >

max[FL − FB, FB − FU] for a given FB. With these ampli-
tudes, the resonator works outside the bistable region; the
“memory effect” does not exist, and the vibrational state is
simply determined as Sj = −Sj −1 for Xj = 1 and as Sj =
Sj −1 for Xj = 0, or equivalently, Sj = Sj −1 ⊕ Xj . Using
the property that a = b ⊕ c ⇔ c = a ⊕ b for Boolean vari-
ables a, b, and c, we obtain an important relation between
the successive states: Xj = Sj ⊕ Sj −1.

When the mapping rule (5) is used, we can analytically
show that the final vibrational state SN is the result of
the XOR operation (i.e., Y⊕ = SN ). With the two proper-
ties a ⊕ a=0 and a ⊕ 0 = a, in addition to the relation
obtained above, the result is

Y⊕ = X1 ⊕ . . . ⊕ XN

= (S0 ⊕ S1) ⊕ (S1︸ ︷︷ ︸
=0

⊕ S2)⊕︸ ︷︷ ︸
=0

· · · ⊕(SN−1︸ ︷︷ ︸
=0

⊕SN )

= S0 ⊕ SN . (6)

When the initial vibrational state is set to the lower state
(i.e., S0 = 0), we obtain the result, Y⊕ = SN .

IV. NUMERICAL RESULT OF LOGICAL
CALCULATION

We numerically demonstrate our logical calculation
method by simulating a single nonlinear nanomechani-
cal resonator. To clearly focus on the behavior of the

vibrational amplitude, we use a method of averaging
[5] to eliminate a fast-oscillating mode in the vibra-
tion. if we change to dimensionless time t′ ≡ �ω·t and
introduce a change of variables, q = Cres(Q cos ωst +
P sin ωst) and q̇ = −ωsCres(Q sin ωst−P cos ωst) with
Cres = (8ωs�ω/3γ )1/2, Eq. (1) is represented with two
slow variables, Q and P, as dQ/dt′=−κQ+∂g/∂P and
dP/dt′=−κP−∂g/∂Q, where the Hamiltonian g(Q, P) ≡
(Q2+P2−1)2/4 − β1/2Q and scaled driving force β ≡
3γ F2/32ω3

s (�ω)3. Using the above expressions, we
obtain an expression for the vibrational amplitude of A2 =
C2

res(P
2+Q2) without fast-oscillating terms. We numeri-

cally calculate P and Q with the settings used in Fig. 1(b)
(κ = 0.28).

The numerical results for the OR operation are pro-
vided in Figs. 4(a) and 4(b). Here FB = FM + ε and
δ∨ = FL − FM , where F2

M ≡ (F2
L + F2

U)/2 is the mean of
the squared bifurcation amplitudes, and small constant
ε = 6.2 × 10−9. In Fig. 4(a), for the input sequence X =
[0, 1, 0, 0, 0, 1, 0], the initial vibrational state is set to the
lower state, S0 = 0, and Eq. (4) gives us the driving force
β that achieves the calculation. The resulting final vibra-
tional state is S7 = 1, which equals the answer Y∨ = 1.
Notably, even with the long sequences, N = 7 in Fig. 4(a)
and N = 4 in Fig. 4(b), the single resonator can correctly
compute the logical value. Another example is found in
Fig. 4(b); for X = [0, 0, 0, 0], the final vibrational state
is S4 = 0, and we obtain the correct result Y∨ = 0. For
the AND operation, Figs. 4(c) and 4(d) show the results
with the settings FB = FM + ε and δ∧ = FM − FU − 2ε.
With the initial vibrational state of S0 = 1 and the designed
sequential driving force, we obtain the correct results of the
calculation for two input sequences.

For the remaining logical operation of our focus, XOR,
Figs. 4(e) and 4(f) show the numerical results with the set-
tings FB = FM and δ⊕ = FL − FM + ε. The initial state is
set to the lower state, S0 = 0. In the XOR operation, the
number of the data bit Xj = 1 is counted, and the obtained
number in modulo 2 is the result. Owing to the introduced
“flipping” mapping, this data bit induces a change of state,
and the result is found in the final vibrational state. Indeed,
in Fig. 4(e), the number of Xj = 1 is 3, which corresponds
to the change of the state. The final state S5 = 1 gives the
result: Y⊕ = 1. Another example in Fig. 4(f) also gives the
correct result, Y⊕ = 0.

Figure 5 shows the result of the OR calculation when the
system operates near the critical point, κ = 0.90κc. Here
FB = FM and δ∨ = FL − FM + ε with the small constant
ε = 1.9 × 10−12. Compared with Fig. 4(a), this setting
realizes a weak encoded signal amplitude; see Fig. 5(a).
Even with this small variation, Fig. 5 shows that the
proposed method with the nonlinear nanomechanical res-
onator successfully executes the OR operation. The oper-
ation close to the cusp point is vulnerable and must be
performed with care in the presence of noise. As discussed
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FIG. 4. Numerical results of logical computation for the sequenced data X for (a),(b) the OR operation, (c),(d) the AND operation,
and (e),(f) the XOR operation. In each figure, we use different sequenced data to aid understanding of the universality of the proposed
method. Owing to the adequate setting of the initial vibrational state and our designed force β, all results are correctly obtained as the
final vibrational state.

in Refs. [5,48], noise can cause unexpected switching
between the states, which leads to an error. The probability
that erroneous switching is observed increases exponen-
tially with decreasing encoded signal amplitude, δ∨. In the
logical-computation framework introduced, we must con-
sider the case where such an amplitude is sufficiently larger
than the noise level.

One of the essential factors in logical computation is
calculation speed. In the system introduced , this speed
is determined mainly by damping. In the equation of
motion (1) taken as the focus of this work, the damping
is described by the term �. The damping factor deter-
mines the time duration in which the vibration reaches
a stable state. To correctly obtain the solution of the
logical operation, we must wait until the vibration is stabi-
lized every time the driving-force amplitude changes. This
means that the calculation speed depends on the damping.

Increasing � leads to a decrease in the time duration,
meaning increase of the calculation speed.

V. CONCLUDING REMARKS

We theoretically introduce a simple method to achieve
logic gates for sequenced data. A nanomechanical res-
onator is operated as a bidirectional bifurcation amplifier
and, according to the input digital sequence, the amplitude
of the driving force is encoded to achieve the desired log-
ical operation. Focusing on the highly sensitive regime,
we demonstrated that such operations can be performed
even with a small variation in the amplitude of the driv-
ing force or signal. The numerical results showed that a
single resonator successfully works as a logic gate for the
three major logical operations, AND, OR, and XOR, even
for long digital sequences. The principles that underlie
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FIG. 5. OR calculation when the system operates near the crit-
ical point (κ = 0.90κc). Although the encoded signal amplitude
is quite small (see the green arrows), the proposed method with
the nonlinear nanomechanical resonator successfully executes
the OR operation.

bifurcation topology are simple and generic, suggesting
that our method is applicable not only to nanomechanical
systems but also to a wide variety of physical, chemical,
and biological systems with bifurcation dynamics.

The system introduced is quite sensitive to thermal
noise in the highly sensitive regime. As κ approaches κc,
namely, |F2

U − F2
L | goes to zero, the system may often

be switched to a different state by noise at random. Our
theoretical analysis in Ref. [5], as well as previous the-
oretical work and experimental work on nanomechanical
systems [49,50], shows that the probability of such erro-
neous switching is determined by the relation between the
distance to the critical point in the parameter space and the
noise intensity. It exponentially increases with the increase
of the noise intensity. However, noise in nanomechanical
systems is usually small, and with very few exceptions
the experiments on noise-induced interstate switching in
nanomechanical and micromechanical systems were done
by adding external noise rather than relying on the intrinsic
noise of the device. As we showed in Ref. [5], for realis-
tic weak noise, one can have a very reliable switching in
response to a weak signal in the highly sensitive regime
while still being very weakly affected by the noise.

Our method has been designed for a single type of logic
operation such as X1 ∨ X2 ∨ X3 ∨ X4, leading to univer-
sality for this type of logic operation. When a different
type of logic is included [e.g., (X1 ∧ X2) ∨ (X3 ∧ X4)], use
of a memory device enables our method to perform the
logical operation. Such a memory device is required to
store the temporal result of the prioritized calculations,
such as (X1 ∧ X2) and (X3 ∧ X4) in the above example.
The remaining “∨” operation is performed on the basis
of the stored results. Even when a different type of logic
is considered, our method without memory is still effec-
tive for a particular type of logic; that is, nested logic:
((X1 ∧ X2) ∨ X3) ∧ X4. In this case, along with the prior-
itized operation order, our method can be performed with
the introduced encoded driving force.
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