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ABSTRACT

A new approach to build mesoscopic-size engines that move translationally or rotationally and can perform useful functions such as the
pulling of a cargo is presented. The approach is based on the transformation of internal vibrations of the moving object into directed motion,
making use of the nonlinear properties of friction. This can be achieved by superimposing time-dependent external fields that break the
spatial symmetry. The motion can be controlled and optimized by adjusting the system parameters.

Macroscale thermodynamic engines convert random motionthe friction between the moving object and the substrate on
due to fuel-produced heat into directed motion. Such enginesthe relative velocity. These conditions are rather common
cannot be downsized to the micro- and nanometer scalesfor mesoscale objects with sizes ranging from tenths of
because thermodynamics does not apply to single atoms omanonometers to micrometers. At these length scales, typical
molecules, but rather to large assemblies. Hence a greakubstrates can be considered as spatially uniform. Motion
challenge for the field of nanotechnology is the design and of a mesoscale-size object on a substrate involves interaction
construction of microscopic motors that can transform input of large ensemble of asperities that give rise to static friction
energy into directed or programmed motion and perform (the force necessary to start sliding) and velocity-dependent
useful functions such as transporting cargo. kinetic friction (the force necessary to keep sliding at a given
While a few steps in this direction have already been made velocity)® The dynamical response of such systems is
experimentally;? the investigation of how to transform exter-  nonlinear because the frictional force in a sliding state differs
nally supplied energy in an efficient and controllable way from the static friction.
into performing specific functions on the molecular scale is  The apility to produce directed motion at the nanometer
still at its early stages. Most studies in this field, which have 1 micrometer scales is of broad interest in micromachining
focused on the so-called Brownian motors, relied on the idea gppjications ranging from optics to memory storage and
of particles moving in spatially asymmetric ratchet potentials hegical deviced® To meet high-precision positioning re-
under the influence of stochastic and/or periodic forcés. quirements, these devices should be able to control the
Recently, an alternative concept has been profoed elementary step sizes and to allow long-range motion. Here
which directed motion of molecular-scale engines is achieved o show that all these requirements can be satisfied within
dynamically and no static asymmetry, which has to be built 4,4 proposed approach. The velocity of the engine can be
into in the system, is required. Essential to this approach is,,aiad over a wide range, independent of the direction; the
a presence of spatially inhomogeneous (for instance, periodiC)egine s powerful enough to allow for the transportation of

interaction between a moving object and an underlying 5 c4r46, and the same concept applies for both translational
substrate, which is corrugated on the length scale of theand rotational motions

engine. Then, achieving motion of the engine is based on . _ . .
dynamical competition between the two intrinsic lengths bloCc:igsfaecrhth; %%iisg(frﬁir;c\t/\gcg mt\(;\I/gdi?jse:t]irCe:I |I<i:ir(]a;:rcal
scale, that of the substrate and the object. ) ) y

In this paper, we demonstrate that a similar mechanism springs of spring cpnstam The three blocks are numbered
of transforming fed energy into directed motion can be also 1,2,and3 (from right to left), whereas the two springs are
realized in the case of spatially uniform substrates. The only denqted by 1 (right) and 2 (left). The blocks are located on
necessary condition for this is a nonlinear dependence ofd uniform surface (see Figure 1 for a sketch of the madel

geometry). The effects of the substrate on the blocks are
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Figure 1. (a,b) Sketch of the geometry of the example engine in (a) an atomistic fnddal (b) mesoscale model. (c) Free equilibrium
length along 5 excitation cycles. Dotted and solid lines correspond to free equilibrium length of the front and rear springs, respectively. (d)
Trajectories of the three blocks;-B, from top to bottom. (e) The center mass of the engine as a function of time. The parametéys are:

= 0.57, 77 = 10,Fs = 0.25,F) = F, C = 4.

of nanometefs!! which we consider here. Throughout this The free rest lengtlg(t) depends on which spring is

work, we use the following simple form of the kinetic friction considered, specified by the ind¢x= 1,2 and on time.
The time-dependent modulation &(t) introduces a simple

@ and straightforward mechanism to pump energy into the
system by periodic oscillations of frequenoy To keep the
discussion simple, we will restrict ourselves to a certain

wherex; is the velocity of the block, sign) denotes the  chojce of a(t), resulting in a fixed spatial and temporal

Sign Ofxi, Fg is the ||m|t|ng value of the kinetic friction for correlation between the |engths of different Springs:

zero velocity, and; is the dissipation constant. Writing the

equations of motion, we have to distinguish between sticking a(t)=

and slippage events of a block. If it sticks, its positias,

F= —Fy signf) — 1 %

does not change until the driving forcg,, acting on the % for2mn = wt=<¢,
g the driving 1orcey, acting a[1+Csin(t—¢)] for ¢, + 27n < wt < ¢+a(2n + 1)
block exceeds the static friction. Thus, ] ) )
a for ¢, + w(2n + 1) = wt < 27(n+1)
P (5)
% = 0if |Fly| < Fq (2)
Hereay is the rest length of the unmodulated sprinGss
If the block slips, the equation of motion reads the amplitude of the rest length oscillation (in what follows,
this parameter will be named the modulation amplitude),
m% = F, + Fid r 3) andg; are respectively the driving frequency and the phases

of the spring modulation (see Figure 1c), anid the period
S ) ) number. Obviouslyg, is an intrinsic parameter of the system,
Note that the kinetic friction force is assumed independent gnqc (), andg, are externally adjustable. It should be noted
of thg plock indexi. The driving forcesFy, arisg from _ that the phase differencé\¢ = ¢, — ¢1, rather than the
elastic interactions produced by the externally driven oscil- phases themselves is of importance for further consideration.
can be written in the form than three blocks, and there is a wide range of possibilities
to pump energy into the system depending on different
i __K 2 2 spatially and temporally correlated changes in rest lengths.
Fu=—5V X, | —ay(1)? + (1%, — X5l —ay(1)7], L : )
dr 2 Vx [P0 =X | —ay(0)" + (b = Xl ~2,(0)] Such oscillations can be realized experimentally, for
i=1,2,3 (4) instance, by superimposing an external frequency-dependent
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Figure 2. Dimensionless drift of the engine as a function of phase shift, Black circles and empty squares correspon&&e: 0.5
andF{ = F,, respectively. Her€ = 3, 7 = 10, Fs = 0.25.

field along the substrate whose wavelength is commensurate= 0 when the driving force becomes symmetric in time and
with dimensions of the blocks. The interaction of the varying space. Figure 2 shows that, for given valuesCoand F-,
field with the springs will provide the time dependence and there is a minimal value of the phase shift that is required to
phase shift needed for directed motion. Another possibility maintain a directed motion. For smaller values/af, the
is by implementing different chromophors into the “springs” middle block remains motionless and the front and rear
so that each spring is characterized by a different color. blocks oscillate about equilibrium positions. The value of
Exciting the system remotely can also account for the A¢ defines a length of the time interval where the springs 1
temporal and spatial patterns in the spring modulation thatand 2 work out of phase, the spring 1 contracts, and the
lead to the required motion. spring 2 expands (see Figure 1c). The longer this interval
To describe the motion of the engine, it is convenient to is, the more efficient the engine motion is. Thus the maximal
introduce dimensionless units for coordinates and tie:  drift velocity is achieved foA¢ = 0.57 when the two spring

= Xilao, t = t/r, wheret = 27/w. The dynamical behavior  forces experienced by the middle block act in the same
of the system is determined by the following dimensionless direction.

parameters3j = yt/m, q = Km/?, Fs = F/Kao, r = F/F,, Figure 3 shows the net driftX[] as a function of the
C= _C/(Fs/Kao). To characterize the motion of thg engine, modulation amplitude for given driving parameteds A¢)

we discuss below the dependence of the mean displacemengng a given ratio between the kinetic and static friction:
of the center of mass during one period of vibrations (net £or_ one can see that, in the case of low kinetic friction,
drift), (XUand the mean drift veIOC|tjE;/D= Eﬁﬂh onthe 0 _ g5, five regimes of motion can be isolated, which
system parametersXU= (1/(3Mmag) Ji—y Zn—s"™ [%(t = we denoteR,—R;. The boundaries between these regimes
nr) = X(t = (n = 1)r)]. Most of the results presented below .- 14r0q forrY = 0 are labeled a€), i = 1-4, and are
fla\ie bedecn Sb;amed forA¢ = 0.5, 77 = 10,Fs = 0.25,q marked by dashed lines. In the first reginf, where the

- o andh = S amplitudeC < C{?, the driving force is always lower than

The motion of the center of mass of the engine and its the static friction and the blocks remain stuck to the surface
constituent blocks is shown in Figure-1d. Despite the fact . . . '
The nature of the different dynamical regim&s;-R,, can

that the average external force acting on the engine is zero,b h terized followi iati f the front block

we observe a directed motion. It is important to note that at el c_tar?jc erzed 1o OV\.”ndg \f/atﬂa ion .? i N ronh oct

equilibrium, both the moving object and underlying surface velocily during one period ot the ~e(>l<)0| ation a§(zs) own n
Figure 3b-e. In regimeR;, whereCy’ < C < Cy/, the

are symmetric, and the symmetry in the system is broken ) S - g
dynamically through the introduction of a phase shift between €longation of the front spring induces a "burst” of block

the excitations of the two springs. As a result, the direction Motion in the positive direction, and the block remains
of the motion is determined dynamically and is solely given immobile during the modulation of the rear spring (see Figure
by the spring whose rest length increases first, as in the 3P)- This regime can be called a one-burst regime. In the
atomic scale engirfe® In general, for more than two springs, 'egimeR. (C{) < C < Ci?)), a second burst of motion, this
the “excitation” has to propagate opposite to the desired time in the negative direction, is caused by a contraction of
direction of motion, starting at the block that is frontmost. the rear spring (see Figure 3c). Further increase of the
Therefore, the motion can be easily controlled; in particular, modulation amplitude leads to a new, three-burst regime of
the direction can be chosen independent of velocity. motionRs (C < C < C{)), where an additional interval of

To get insight into the general behavior of the engine, we negative displacement of the front block arises from a
performed numerical simulations of egqs 2 and 3 that describebackward motion of the middle block (see Figure 3d). The
the coupled dynamics of the blocks under externally driven operation of the engine in the regim& and R; is less
oscillations of the connecting springs. First, we present in efficient than that in the one-burst regirRe because of the
Figure 2 the dependence of the net diiK[] on the phase  presence of the intervals of backward motion. It should be
shift, which is the crucial parameter that controls the noted that the length and duration of the bursts in regimes
asymmetry of the driving forces. We shd¥(A¢)Oin the R;—Rs can be tuned with high precision by changing the
interval 0= A¢ < xr only because the drift is an antisym- modulation amplitudeC. This may be useful for microma-
metric function ofA¢ about the pointA¢ = 7, namelyX(w chining applications where high precision positioning re-
+ ¢)0= —[X(r — ¢) Obviously the drift vanishes at¢ quirements are of primary importance.
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Figure 3. (a) Dimensionless drift as a function of the modulation amplitude. The results have been obtained for three values of kinetic

friction, FJ/Fs. 0 (—O—), 0.5 (-O-), and 1 - ®-). Five regimes of motion observed at a low kinetic friction are markeBaRy, Ry,

Rs, andR,. Dotted lines show boundaries between regimes of motions found for thd-gas®. Parameter valuesA¢ = 0.5z, ij = 10,

F. = 0.25. (b-e). Velocity of the front block as a function of time, for four regimes of motion: RpJC = 1.9), (c)R, (C = 2), (d)Rs

(C = 3), and (e)Rs (C = 5.3). HereF) = 0 and other parameters as in Figure 2.

The dynamics in regimeR;—R; can be represented as a  An increase of kinetic frictiorFy washes out the bound-
set of alternating segments of stick and slip motion of the aries between different regimes of motion, and for high
blocks. In contrast, for high modulation amplitudé€s,> kinetic friction, F‘k’ = Fs the mean displacement of the
Cﬁﬁ) (regime Ry), the front block constantly slides (see center of mass, increases monotonically with the amplitude
Figure 3e). Here the driving force acting on the front block of the modulations (see Figure 3a). The engine motion can
at the turning points of its motion is always higher than the be also tuned through a variation of the frequency of
static friction, and the block never stops. In regiRg the oscillations. The dependence of the drift velocity ons
static friction is of minor importance, and it is mainly the determined by a competition between a time scale of ex-
nonlinear kinetic friction that breaks the symmetry of the ternal driving, 1&, and intrinsic time scalesgm/y and
blocks motion and leads to a nonzero net displacement of (mVK)/2,
the engine. The results presented in Figure 3a also demon- The predicted regimes of motion strongly depend on the
strate that, for high modulation amplitudes, the net drift of magnitude of static and kinetic friction, which can be tuned
the engine becomes almost independent of the modulationyy 3 chemical modification of interfaces. Figure 4 shows
amplitude. This behavior can be qualitatively understood if he gependence of the net diiiCon the kinetic frictionF?
we describe the block motion with help of eq 3 only, justified  for four regimes of motionR,—Rs. For the low modulation
when one can neglect the effect of stgtic friction.. Then by amplitudes corresponding to the one-burst regRagthe
summing eq 3 over all blocks and going to Fourier space, ¢yrve with gray circles in Figure 4), we found an expected

we get the following expression for the drift velocity reduction of the drift with increase &%. In this regime, the
o blocks move in the positive direction only, and under these
V= —F. 9y (6) conditions, an increase of the resistant fore€,, sign(),

reduces the overall displacement. A similar trend is observed
wheres = (1/r) f¢ dts(t) and s(t) = sign[X(t)] is a sign of in regimeR, (curve —@— in Figure 4), where the blocks
the momentary velocity of the center of mass. Our simula- spend most of the time sliding in the positive direction. In
tions show that increasing the amplitude within regiRie contrast, a counterintuitive increase of the drift \Am{bhas
does not change the shapeX{f) and correspondingly the  been observed for higher amplitudes (reginfgsand Ry,
value ofs. As a result, the drift velocity reaches the plateau curves—O— and—O— in Figure 4). In these regimes, the
with increase inC. It should be noted that the regimes of front block spends most of time in backward motion, i.e.,
motion that are similar to that described above have beensign(Sign(t))D = signdxi(t)0, and an increase of the
found recently by considering a block motion induced by kinetic friction enhances an asymmetry of the engine motion
asymmetric vibrations of the underlying surfdéé3 and, as a result, intensifies a directed transport. The curve
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Figure 4. Dimensionless drift as a function of kinetic friction. The results have been obtained for the following values of the modulation
amplitudes;C = 1.9 (curve with gray circles)C = 3.0, FJ/Fs > 0.1 (—@—), C = 3.0, FJ/Fs < 0.1 (-O-) andC = 8 (—O—), which
correspond to regimeR;, R;, R;, andRy, respectively. Heréd\¢ = 0.57, and other parameters as in Figure 2.

Figure 5. Dimensionless drift as a function of the mass of the cargo. Filled and empty symbols correspond to a cargo connected to the rear

and front blocks, respectively. Three (a) and two (b) blocks transporting a cargoCHere, FE = Fs, A¢ = 0.57, and other parameters
as in Figure 2.

which corresponds to the reginR follows eq 6, showing  their values ardy/S = 0.95 nNim?, F/S = 0.88 nNAm?,

a linear increase diXOwith FE. where S is an apparent contact area, and the dissipation
To illustrate our results, we use here the values of frictional constant;/m =~ 10° s™*. Then, for the blocks with areg=

forces measured for a microelectromechanical device (MEMS), 10 um? and the modulation frequencyt@ = 100 Hz, our

which presents a microsize silicon block sliding on a calculations show that directed motion can be achieved for

monolayer-lubricated polycrystalline silicon surfdéeror the relative modulation amplitudés > 0.1. For the above

this system, the static and dynamic friction are dominated values of parameters, the mean drift velodity= 4.6 um/s

by adhesion (the gravitational contribution is negligible), and is achieved folC = 0.3, and the corresponding burst (step)
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length equals 46 nm. Varying the amplitudg,one can get  whereKy is the stiffness of the spring connecting the block
a desirable magnitude of step length ranging from a few to to the pivot pointro, and a;;(t) are the rest lengths of the
hundred nanometers. These estimations demonstrate that theprings that join together blocksandj. Our calculations
proposed mechanism provides long-range motion with stepshow that, for the temporal behavior of the rest lengths given
sizes lying in the nanometer range. Hence, this approach mayby eq 5 with the phase shift between excitation of the right
be useful for very high precision positioning requirements and left adjacent springs equal to £#,5he engine makes a
in micromachining application'. complete turn during three periods of excitation. Here, as in

The engine is powerful enough to transport a cargo with the case of the translational engine, the direction of motion
a mass which equals about two-thirds of its own mass. To is opposite to the direction of propagation of excitation. Thus
demonstrate this possibility, we attached an additional massthe direction of rotation can be reversed by changing the
to the front or rear block with the spring of the same stiffness order of the applied excitations.

but with aconstant(not modulated) rest length,. Figure In summary, we have investigated a new approach to build
5a shows the dependence of the net drift on the mass of thenesoscopic-size engines that move translationally or rota-
pulled or pushed cargoy. Performing the calculations, we  tjonally and can perform useful functions such as the pulling
assumed that StatiC and kinetiC friCtiona| fOI’CES fOI’ the Cargo Of a Cargo' The approach is based on the transformation Of
are proportional to its masksc = F{(m/m), Fy . = F, (m/ internal vibrations of the moving object into directed motion
m). It is intriguing that the net drift does not decrease py making use of nonlinear properties of friction. Charac-
monotonically with the mass of the cargo, and there is a teristic of this approach is that a directed motion can be
local maximum in the dependence(@fon m.. The reason  produced on a uniform substrate and thus does not require
for this is that the attachment of cargo does not only introduce any topographical track. We have shown that direction,
an additional resistance force but also breaks the symmetryyelocity, and length of individual bursts of the engine are
of the system. Namely, the attachment of the cargo to the determined by the frequency, amplitude, and shape of the
rear end of the engine suppresses the backward motion andyiprations. Realizations of the proposed concept are not
as a result, can improve a performance of the engine. This|imited by a particular model discussed here, and the engine
effect explains also why pushing the cargo is more efficient can include more than three blocks; there is a wide range of
than pulling, as shown in Figure 5. To stress this point, we possibilities to pump energy into the system depending on

present in Figure 5b results of calculations for the engine, different spatially and temporally correlated excitations of
which includes two blocks connected by the oscillating spring the internal springs.

and a cargo. Without the cargo, this system is temporally
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