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Coherent signal amplification in bistable
nanomechanical oscillators by stochastic resonance

Robert L. Badze',ll & Pritiraj H'n:-l'laum',Il

Stochastic resonance’ is a counderintuitive concept: the nddition
of noise to o noisy system induces coberent amplification of its
First suggested as o mechanism for the cyclic recurrence
rflce:sﬂ,mhm resanance has heen seen in a wide wariety of
phiysical systemis: bistable ring lasers", superconduct-
g quantum interference devices™ (SQUTDs), magnetockastic
ribhons® and nenrophysiological systems such as the receptors
it crickens” and cravfish®, Although fundamentally important asa
mechanism of coberent signal anyplification, stockstic resonance
has yet to be observed in manoscale systers, Here we repart the
observation of stochastic resormance in batable nanommechancal
silicon eacillators, Our manomechanical systens consist of beams
lhl:w;lmpedumhmdmddrmninmuanmmﬁdllaﬂm
with the wse ol a radi source. Modidation of the source
inbices controllable mldmlgul’ the heuns betwesn two stable,
distinct states, We shserve that the addition of white noise causesa
mrhdmnmc::nn of the signal strength. Seachastic resonance
| systers ol have a function in the realiza-
tien of controllable high-speed nanamechanical memery cells,
and paves the vary for exploring macmscopic quantum coherence
and tunmelling,

Theconditions for a system to eshibit stochastic resonance arewel |
b and faitly robust, First among these & an energy threshold,
Second, there needs o be an applied subthreshold modulation,
which camses the spstemn to cross the threshold, And last, there
moeds b be & sowree of noise, Ome of the classic examples of 2 spstem
tluat undergoes stoclastic resomince is that of a particle in & doabbe
well potential. With mo modulation, the partice will undergn a
transitien between the twowells with the Kramers rate, I'p sce 2000
where AV % the depth of each well and 1 s the strength
temperature-induced nmse. With the addation of external perindic
rrocudation there i an imteractiom between the modulation and the
s, ru-;ul'ing in a resonance in the !iE.I'hl' fri-mise ration {SNR Y,
vihich is defined® as

i uﬂdﬂm],’h'lﬂl=£ [N

Sy
Lt _a]_'.T._I N

where S8 s the height of the power spectrom peak at the
rroscudation frequency 2 and N E = the spectral background.

It i well kneen that, with sutahly srong driving, the linear
response of 2 damped, driven harmonie escillator undergoes a
eransition to that of 8 nonlinear histahle system, which is the famos
Taler instahility, The squaticn of mation is describod by the Duffing
equation with driving force ¥ and driving amplitude o

it b s bt = Feomwr i2)
Here, & and &y are the linesr and nonlinesr spring constants,
vespactively, and - s the damping coefficient describing the dissipa-
tion oof the escillator, The sign of the &, term dhanges depending on

Tamd reni ol Bhpsics, Bagion Wakoesiiy, 580 Dammeawesih Leenge, Basion, Mascach

whether the oscillator is under compressive (positive &} or tensile
{megative k) :rmin.'ﬂwpnwmrﬂﬁ‘ »cubic term in the equation of
miation naturally keads to a term of fourth order in the beam
patenitial, which implies that the oscillator now demonstrates
histahility* ™, Tt s imiportant o note that, regaedless of the sign of
e nonlinear term, both instances will resalt in a bistable oscillztor,
This is clear from the amplinede response of the Dhaffing escllatorn
when looking at the amplitode response a5 4 function of fregquency,
ane fnds that the oscillator s bnger displays the symmetric
loventzian line shape charmcteristic of a damped, driven, linear
harvenic oscillator, Ratber, there i a sharp bend in the peak thar
eretes o region of frequency space inwhicl the oscillator is roult-
walied. I the oscillater is softening, the berd ocouss to e left of the
lecation of the linear peaks ammilarly, the bend i on the nght for a
hardening s|:|||':uﬁ.'L1u.1||m:|lu|'.'-:£a syidern n nonlinear reiponse 1
a hysteresis detned by q:r\g the driving frequency fomaards
backuards I|1m|1!_h the histable region. For instance, in the
rnrn|1n-m|w case, as the frequency is incrensed, the respomse will
follow state | until reaching a point of instahility, whareupon it will
drop sharply in state 2. A dovwmvard sweep will produce the opposite
effert, detining a region invwhich the beam is bistable; these situations.
are reversed for @ softening spring. Fucitation at a single frequency
within this region llows one to access either of the two histahle states.
by the addition of a suitable modulation’, Tn each case, bistzhle
behaviour belds only foe drivirg frequencies ne resonance.
Strictly speaking, the above description is that of & point particle in
a dowble-well potential with no additional modulation or noise
e, For a spatially etended system soch as & doubly damped
beam or string under 2dditional medulation and external nobse, the
mire approprate deseription = the Landay—CGineburg equation, in
swhicla the feld varble & x) replaces the poation vanable =

ddrx) & -te ]
dr

=mdix) — Fixp+u + et i (3)
Here iFis the mndulation Er«[l.nlxy and ) is the added noise
term In their seminal paper, Benzi eral " predicted the emerpence of
stochastic resomance in doubly champod bearm or string described by
e Lansdan—Ginahurg equation with Yon Mearmann boundary oon-
ditions, dfiofde = ddilyfde =0 In addition to the oo stable
homnogenenis solutions cormesponding to the oocupation of either
well, there i exists & class of istanton solutions wlich imphy
that i the presence of anise the string can wedergo 2 transition
butwern the twa wells. In the cse, the srng collective aoordinate
a={ 10 [ ks symchronizes with the medulabon within a
certain range of noie powers. The belaviour of the collective
coondinate as 2 particle in a double-well potential thensfore com
pletes the prjection of the doubly damped beam ingo the canonical
single-particle picture described above,

We have fabricated tvn doubly clamped nanomechanical beams
from single-crystal silicon with e-beam lithograply and dry ceching,
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Frequency sweeps with increasng drive amplitude show a marked
cvolution from the familiar lorentrian response into a shifted
response with a 'd|.1rE| drops and marked is. We perform
forward and reverse frequency muweps it large driving, amplitudes
toy comfirm and record the onset of nanlinear and histahle behaviour,
We then drive each bridge at a single frequency within its anique
histzhle frequency region to gocess both bistable states by means of
thee addition of 2 modulation signal of suitable strength, Our samples
are diiven with the well-known magnetomotive tachnique'’; Fig. 1
o, a iagram of the ciroait wsed to drive the bistable oscillator and
addid white nedze,

Beam 1 is coolad to J0nmk and deiven nonlinear with
Aggive = 0B Tl modulation is made too weak | —5.5dBm)
tor invcduce siwitehing, and e neise @ swept fromm — 71 dBon (7% )
1o — & dBenn {790 W . AL each nodse povwer, 2 ime s s laken Lo
mimator the escllator response. Frgune 24 shows selected time seres
2t different notse poavers, with their asnciated power spectra, Afler
cabaulating the SNR, the data are combined and represented in
Fig. 2B, The resomance is clear and marded, with 2 sharp increase
in SNR at -~ 180W, These noise powers are those coming from the
source rather than the actual poveer incident on the sample.

It has been shown'® that the temperature of the beam is 2 viable
soice of noise, cansing & decrease in switching Bddity and increase
in state noise at termperatures below | B There should therefore be a
temiperature or range of temperatures above 1K whene we would
actually sev an increase inthe SNR. Beam 2 is disconnected foom the
moise source. [n this case, the beam achieves a norilinear respons:
with a srmaller driving amplitude | 1L0dBm]), wheres the amplinsds
mevesaary for switching i mudh greater (16,5 dBm). Because the
msdulation peer is so large, the dectrical sigral actually shows up
in our lock-in technicue, as can be seon m Fig. 34 Again, the left-
hand sade shows segments from the time series at cach emperature

I=.|.s¢u'u||l.|nc|.lannn|| Nolza I
L : |

—— AflEuaors

Figare: 1| Diagram of measurement cirauit, The cirowin serves 1o sxcite the
mankinear mation of the beam, madulate the switching, and sdd i nalse 10
ackicve stochastic resanance. The redinfrequency (ed) source is o Rebde &

driving amplitude of 4.8 dBm (beam 13 or L dRm (heam 2 The
mundulation is produced by an HEF 33255 snihasizer, with an amplitude of
5.5 dRm Cheam 1 er 16,5 dBm (heam 20, In hoth cases the modulazion is 2
sqquare wave with a Frequency of 0.0% Hz The white-noise ssurce is an HP
13220 synthesizer, capabde of creating white noise in a band between 0 and
15 MHz. Fae the temperature sweep heam 2) the nolse seurce wis
disconmecied. The aenuater is an 8 50 resisier, the noter source bas a
scparate I0dR allenuatar af the source sulpul. Our beams are
T o M e x 200 nm in dines nd wre placed in & *He wrpealal
{300 mE En 4 K} af the conére af 2 T mperconducting solennid magn e
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{wath the modulation amplitude highlighted in grey), whereas the
right-hand side shows the ver spectra ohtained st Fourier
trarsform (FFTL Tt is immediately apparenit that the w'ndnns is
ruch moisier than that of bearm |, even vden one takes inko account
the background effect of the modulation. Full switching, is never
really achicved, even for the most responsive time series.

The difficulty in inducing switching behaviour can he understood
by considering the spmmetry of the doublewdl potential, The
vespwings of b 1 bod e the comelusion tat the potential is wry
ey symimetie. Howeves, it sapidly became apparent that this
e et trde of bearn 1 This i especially evident when lnoking at
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Figure 2 | Ry of as 3 functicn of sdded
white: nedse on hum 1 {f st = 2RA5TE MH), A, The lefi-hand graphs
show selected beam responses as a function af added molse power, with lower
POwEE al the 1o The grey hudnxprrseu:mrumndud:mlr.muuuu;

whan & fow spar.
wwitches are seom. Axexpeched, the power ipecirum of the respanss shows no.
Anminant spectral sompanents, With incressing nedst power, s oharrvs an
increass of switch events, as shewn im b {13 oW and © (27 0 W ). Finally, ax
the naise i increased still further, the switches begin eo die out od, 32 mW)
uniil & regime of mo switching ecours (o &3 nW i, The righi-hand colunn of
ploes shivies the FET of the dara in the beit colimin. As cin be expected, there
are sharp peaks ol 005 Hz and all edd harmenics thereof, as beiins the
- wave respanse of e switch. B, Fach individual scan wis procesied L
abiain che SR far cach neise power. The ke 3-8 correspond tothe seans
in A
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Fig. 34 b At el impalse from the modulatiom there is 2 sharp spake
ups e the upper stace, which immediatehy docays down 1o the lower
state; this is an indication that the patential of the bridge is
asymmetric. The ocourrence of incoherent switches down o the
levoer state is 0 prevalent that even whien the SN is maximized, the
switching is noe truby cobwrent. This is in sharp contrast o the very
clean, syrmmetiic bebaviowr showm by beam 1, Tn addition, a look at
thee ponwer spoctra from bridge I reveals the presence of even-order
hammonics, & sure signature of an asymmetric potential '™, The
spring coefficients &, and &y diange with rempesatare, which might
affect the symmetry and even the sape of the potential, Such a
clange is manifested by o shift of the rsonance frequency of the
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Figure 3 | Switching a3 a function of temper o beam 2
farnn = 208348 MHz). A, A the temperatine bs inoreased, switching
hekaviour again re-emerges. The modulation i seen in all graphs. Again, the
right-kasd cobuma shows the FFT al the kefl-hand calisan, demonitaling
e coherence of the signal e the switches re-emenge. The frequency

spectram shmes many more praks than ane wnuld naiveky cxpect from 2

simple sqmare-wave response, This is at least partly due 1o he inereased
number of inceberent switches evidenced in this heam. &, 2000mE;

by 2450 mE; e 26 mk; dl 2AM mE e, 3500 mEL B The SNE was
ahtamed from each individual scam, with a dear resonance ocourming an
~2.E00 msk (26 K The lne shmply connects cach individual temperatire
polnt, with ne it involved or impdied. In contrast to the very broad
reinminee scen with naise pawes, this peak i quite sharp and dies aff very
quickly. This is not wnexspected, because the sweep in lemperaiure uth
smarser than that waed with neise.
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beam with a change in temperature, which i proportional o the
sound velncity B, whiene ¥ iz the Young modulus and g is
thie material densiey. As the temperature is reduced, the modules i
incrensed, leading 0 2 subsequent fncrease in the resomanee fre
quency. Himwever, we found that such frequency shifts were on the
ader of less than 107 within the temperature range we emplived
during these experiments,

Angither important question is the effect of temperatare on the
dissipation coefficient . Should the effect be non-neghigible, there
et a mudtiplicative noise tenn in e Duffing equatior Th in
sharp comtrast to the purely additive moise of the classie theery of
stochastic resomance. The disipation (s most csily quantifiod by
mwasuring the quality factor © of the oscillator a8 & function of
ternperatire. Chr reasurerments of tis quantity indicate that O can
change by as much a8 1006 over the temperature mnge 2-3E.
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Figure 4 | Behaviour of higher harmenies. a. The pewer speciruns (roms o
Feprescntalive limse scric, dbawing the presence al spectral peaks at the odd
harmmnics ol the ssodubation Erequency. This is onz of the hallnsarks of the
squary wave drive and reiponse; a sine wave wnubd have 2 sngle
Fandamsental peak at the madulatisn frequeniy. The thers surves represane
fiis of the peak heighi versus i, the harmenic number: black dismonds, 1y
red line, 1in Y blue cirdes, & " &s expected, the peak height varies as 1,
B, Comparizan of the 53 Far the higher harmonics with the fundamental,
Flled squares, i = | open cireles, i = 3 ornsses i = 5. For comgarisen, all
thres graphs are plosied at the same scale as Fig. 3 g, The SNR for 2ach
Erequency i platled a with 1he v axis platted o @ Bnear, rather than &
logarithimiz, scabe, tn enaphasize the dilference in SN lor sach frequency.
Symbals s in B
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Although this is not a luge effect, it can certainly have 2n impact
on the sysem noise, and is defmitely vaorth exploring in more
detail, The mEnr of stnchastic resnnance has heen hroached in
the literagure! ", bt this provides an avenue for contimeed research
| A, Tulsara, ]wrwuu] comumaricatiom),

A@n'n, an .1n.1ly:j= of each R SRECTIIm pmdu:m the SNRE
value, and these points are compiled to create Fig, 58 The peak of
SNIR is much sharper than that seerin beam 1, This might at keast in
part b due to the rather coarse sweep, when loeked at from the
prspective of irpat pobse. The appasnt inonese in SME at highee
teriperared {3,000 mk) i somewhat misleading, This = due o
the till-present signal from the modulation, which preduces a peak
i thee pesaer spectraim and §s mot due o acnsal switching benween
the rwn bistable states. Filtering the dats to ewisr the effect of
mindulation would undeubtedly produce 2 deaner peer spectrum,
bt the data are presented mw o underscore the presence of
stochastic resonance i a spstem that s less than optimal inopatential
symmetry and background noise.

Iy sharp contrast to most other systemns investigated for sinchastic
TESOIANICS, W 1250 0 Suare-wae modulatinm, as nppmﬁ‘l to the
canamical sine wave. This is an experimental eonsideration, because
we found that switching was much maore easily achieved with a
square wave, Although & seermingly minor technical difference, there
are sowmee important ramifications of the wse of this type of modo-
latiom. Among thise, the modulation signal can be decomposed into
the frarm

L Z-i..umnﬂrﬂ.u..siu-rﬂr 4}

Hewe 5 . is the input signal, # is the harmonic number, and Qs the
modulation angular frequency. For a linear response systerm that
faillerwis ref. 200 this does not sigificantly alter the SNR behaviours the
ratin is still dominated by the fundamental frequency, Heovaever, in
thee presence of & square wave there should be amplifications at other
harmemics (ML Grifomd, persomsal commumication] of the funda-
mental and they should be related to the fundarmental SNE as
SNRUTY SN T = o', For g square wave, andy the odd hanmonics
alsould b present. Figare 4a shows a sepresentarive peer specinm
Frowm beam 1, plotted on a lisewr scale to emplasize the peak height.
s can be seen, the peak lseighits scale most desely 25 Ln®, Feor 2 flat
background moise spectrum, peak height and SNE are the sume
quantity. In addition, Fig. db, ¢ shows the S8Rs from the funda-
mental and the first twoondd harmonics. Figure db shiovs 21l three om
the same seale as Fag. 2B, whenas Fig. 4 shows them plotted on o
linear seale o emphasize the difference in the SN Theoretical
imvestigations in this area are few* bat v hope that in the light of
this experiment more work miglt be done making this distinctiomn.
It iz typical that after exceeding the maximum noise needed to
induce stochastic resonance, the time scan would be characterized by
2 wery mrisy response dominated by incoherent switches caused by
the lange noise power. In contrast, both of these systems shen no
awitching at all when reaching the upper limitof noise poaey, instead
settling on one state, As mentioned above, this is not a systern with a
atatic bistability—rathes, its bistable and vonliness behaviour s
induced By the presence of a strong drive. This drive and the
lipstiresis it creates impart & certain amount of rigidity to the system,
making switching hetween the two states difficuln, Tn comparison
with thie st oof the signal required to both ferm the bistable teo-state
wmm and 1o an.lm:'u. full switching in the ahsence of noise
= 1=10 e, the maxinmem amount of reess induced either exter-
|n].|5- or by temperature 5 orders of magnatude smaller. This i
n'|1.|m|v.1 topic wnrthy of future imvestigation, because this dynamic
ity is one of the fundamental aspects that departs from the
canonical stnchastic resonance mndel,
ve presence of stochastic rsonance in these systems is exciting
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notemly for 1t iherent plysical interest but also becmese 1t brings up
the peasibility of using stochastic resnnance 25 3 means of enhandng
signal processing, 1F the nanomechanical memory element docs
indead turm oat to be a viahle technological inmevation, stochastic
resomance may very well be one of the mechanisms that penmit its
cuweryday use. Fven though our system s manifestly classical, it is
dheschy welated to at lesst one quartwm-mechanical systern (the
macrosoopic quantim larmonie oscillator), The demansteation
af stochastic neserance in this spstem enables e exploration of
stichastic resonana: in a quantum-mechanical contest on a svstem
that 1= at the very forefront of quantum lagic, quantum contrd and
Aquantum compatation,
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Synthesis and properties of crosslinked recombinant

pro-resilin

Christopher M, Elvin', Andrew G. Carr', Mickey G. Husan®, Jane M, Maxwell”, Roger D. Pearson &

Tany Yuocala', Maney E. Liyeu', Darren C. C. Wong"

Resilin i3 a member of o family of dastic proteing teat inclsdes
elxstin, as well as ghuten, gliadin, shductin and spider silks. Resilin
s fowd in specalized reglons of the cutide of most insects,
providing low stiffness, high strain and efficient energy
storage™; it is best known for its roles in insect (ight™ and the
remarkahbe jumping ability of Neas™ and spittle bugs”. Previousdy,
the Drosophila melamoguster COG15920 gene was tentatively
plentified as one encoding o resilinlike protein® | pro-resiling.
Here we report the cloning and of the first exon of the
Drasaphila CG15930 gene as a sluble protein in Escherichio coli.
W sherw that this recombinant protein can be cast intao a rubher-
like hiomaterial by rapid photochemical crosslinking, This ahser-
vation validates the role of the putative elastic repeat matif
in resilin function, The resilience (recovery after deformeation)
of crosslinked recombinant resilin was found to exceed that af
unfilled synthetic polybutadiene, a high resilicnce rubber, We
believe that our work will greatly facilitate structoeal imeesti-
gations into the functional propertees of resilin and shed light on
more general aspects of the structure of elastomeric protans, [n
addition, the ability 1o rapidly st samples of this biomaterial
may enabde its uee in st for both industrial and biomedical
applications

The nutstanding mechanical properties of nesilin were discovered
four decades ago during studies of the Might systems of desert locusts
and dragonflies'™. Weis Ins] proprsed a mindel for elasticity in
which randomly aoiled, crosshinked polypeptide chains urderwent a

screase in entropy upon straining ™. The chemical arosdinks in
resilin from insect joints and tendons occur bebween tyrosine
residues, penerating di- and tityresine', A structural description
of the functional properties of the family of dastic proteins has
heen elusive, but recent studies on elastin' ' suggest that its
elasticity i due to the extremedy dymamic nature of amorphous
v rerpibic dimmain, wisch forma kinetically free, random-netwod

pn .

Marurally erosslinked resilin exhibits two outstanding, material
properties it s high robber efficency (resilionce] and & very high
Exlaguse lafetime. .-\pulfmm its e i flight and locomotion, it s alsn
used for other ingect functions where efficent mergy storage and
repetitive movernent are regquired —for example, mthe ﬂ1l.'ll)d—
producing organes of cicadas' ™ and moths®", as well 2 n crustaceans™.
It & aken present in some sretchable cisticular sirisctures. that de
not possess lang-range elasticity, induding the abdominal wall of
plwsogastric termite queers™ and in the spermatophore wall of

ticks®,

All elastic proteive contzin distinct domaing, of which at least one
i made up of dastic repeat sequences, and they all contain crosslinks
between residucs in either the non-clsstic or elastic domains”. To
prepare recombinant resilin, we chose to express the first exon of the

*, David J. Merrint” & Micholas E. Dixon™®

Ihrusaphila CG15920 gene, which encodes an amino-terminal
dimain in the mutive protein comprising 17 oopies of the putative
elastic repeat motif, GERPSDEYCAPGEGN (ref £1. W cloned and
exprestaed this region (which we refer (o a5 recl-resthing 22 2 soluble
protemn in B ooli {Fg, 1o, Methods and Supplementary Infonmation,
part 1]

“Tin generate wolid, creeslmbed ree l-resilin, comditions were eitab-
Fisdveed Foor Fesrmmz seme ol dityrosine crossdinks betweensohuble proteins
to produce very high maolecular weight crosslinked polymeric
miaterial. Quantitative crosslinking of soluble reci-resilin was
achicved by use of Arthromypess ramoss peroxidase, an enzyme
ket catalyse dityrosine formation™, A solid hiomaterial formed
anly from concentrated (=100mgml ') salutions of purified
el -resiline This method was of limited value for casting material
for physical testing, since the rate of the enmme-catalysed reaction
was uncemtrollebly fast and the catalase activity of the peroxidase
frrmed ooygen bubbles in the sample, O the other hand, RBualii)-
miediated photo-crosslinking™ resulted in vapid, quanticative and
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Flgure 1| and af soluble

ractraala & (8 ST5-PAGE of samples from steps in the parification.
Lans 1, dleared suparnatant fram bpard cellss bains 2, Dew-thromgh from
iJ-Sepha me 3, progein duted from Wi-NTA agarose with 2 30-200 mM
imidazale gradient (arres ) [see Supplementary Information, part 1.6 far
deiails), b, Phodn-crosslinking of seluble rect -resdlin analysed on
SDS-PAGE. Irradiation (600°W at 15.cm ) af & solutisn of protsin

ilmg i comiaining [Ruibpy sl "' 200w and ammsonbum persulphate
LAPS 1M produces polymserized rectoresilin which barely enters & 10%
SDE-PAGE gel tarrenw ), Lane I, with Eu{i) and APS (ns light): bane Z,

e l-reilin naly with Hal 11} oaly; lane 4, with AFS aaby: lane 5, with
Ruin s and APFS, 3 rradintinn as deseridved m Supplemsentary
Infarmation, part | &
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