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countries in the world. Mitigation of this fun-
damental conflict3,13 must be a priority for any
lion conservation strategy in Africa.
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tions, adapted quantitatively to the micro-
structure geometry and the experimentally
determined free diffusion and mobility of the
microbeads (see supplementary information).
The key feature of the resulting response curve
(Fig. 1) is the negative slope that is symmetri-
cal around the origin — a distinct and un-
ambiguous signature of absolute negative
mobility. We also measured the average bead
velocity by tracking the beads using real-time
video microscopy for different values of UDC
(see supplementary information) and found
that the measured experimental response was
in good agreement with theory (Fig. 1).

To explain how absolute negative mobility
occurs, we consider the small gaps in the
microstructure as ‘traps’ — electrical field lines
can pass through them but the beads cannot.
For 0�UDC�U0, the alternating total voltages
�U0�UDC yield a back-and-forth motion of
the beads along the x direction. Whenever a
bead succeeds in passing through a large gap,
it is trapped by the adjacent small gap in the x
direction (Fig. 1, inset), unless it thermally dif-
fuses sufficiently far in the y direction to pro-
ceed through another large gap. The smaller
the voltage, the more time it has to do so
and the farther it gets before being trapped.
As |�U0�UDC|�|�U0�UDC|, the bead
becomes trapped after moving forwards a
short distance when �U0�UDC�0, whereas
it travels backwards for a longer distance when
�U0�UDC�0, resulting in absolute negative
mobility.

We find that this response by a particle is
very sensitive to particle size, even to the
extent of allowing particles of different sizes to
be steered in opposite directions (our unpub-
lished results). Absolute negative mobility
therefore holds promise for bioanalytical
applications, for example in the sorting of cells,
organelles and biochemical compounds. 
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Noise effects in technological applications, far
from being a nuisance, can be exploited with
advantage — for example, unavoidable ther-
mal fluctuations have found application in the
transport and sorting of colloidal particles1–3

and biomolecules4–6. Here we use a micro-
fluidic system to demonstrate a paradoxical
migration mechanism in which particles
always move in a direction opposite to the net
acting force (‘absolute negative mobility’) as
a result of an interplay between thermal noise,
a periodic and symmetric microstructure, and
a biased alternating-current electric field. This
counterintuitive phenomenon could be used
for bioanalytical purposes, for example in the
separation and fractionation of colloids, bio-
logical molecules and cells. 

Newton’s second law would seem to exclude
absolute negative mobility as a response by a
system at rest to a static force. However, such
paradoxical behaviour has been experimen-
tally observed in semiconductor devices7 and
theoretically predicted in simplified stochastic
model systems8,9. Nonlinear dynamics are nec-
essary to reconcile absolute negative mobility
with Newton’s law, and the system needs to
operate far from equilibrium to avoid conflict
with the second law of thermodynamics.

To provide a proof-of-principle for absolute
negative mobility in a lab-on-a-chip, we
designed a simple microfluidic device con-
sisting of periodically arranged posts with
alternating small and large gaps (Fig. 1; for
methods, see supplementary information).
The device is filled with negatively charged
beads in an aqueous buffer. Electric fields are
generated by applying a voltage along the
x-axis, so that a positive voltage generates a
positive force on the beads along the x-axis.
Applying an alternating voltage, UAC(t), that
switches periodically between �U0, there is
no net motion of the beads for symmetry rea-

sons. This set-up represents our unperturbed
non-equilibrium system at rest. But what will
be the average migration velocity v in the x
direction in response to a static perturbation
voltage, UDC, superimposed on UAC(t)?

To answer this question, we computed the
electric field in the microstructure and,
including thermal-noise effects, simulated the
bead motion by stochastic differential equa-
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Figure 1 | Absolute negative mobility of
polystyrene beads. Movement of 2-�m
polystyrene beads in response to a static voltage,
UDC, superimposed to an alternating-current
voltage that switches between �30 V every 25 s.
Red dots: experimentally measured velocities,
averaged over 40 beads and 200 s. Error bars are
of statistical origin, but variabilities in the beads
and microstructures also contribute. The line
shows the theoretical response characteristics
obtained from numerical simulations. Inset:
partial view (optical micrograph image) of the
poly(dimethylsiloxane) microstructure showing
the rectangular posts and migrating beads 
(dark dots). In both the x and y directions, the
gaps between the posts are alternately smaller 
and larger than the bead diameter. For movie, 
see supplementary information.

18.8 BCs am  11/8/05  5:15 PM  Page 928

Nature  Publishing Group© 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




