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The interaction of light with matter at the nanoscale 
has been a topic of great importance over the past 
several decades. After pioneering work by Ashkin 
et al. [1], optical tweezers have been used to exert 

forces on small mesoscopic particles as well as to detect 
their fluctuations for physical [2,3], chemical [4,5], and 
biological applications [6-8]. Other forms of tweezers use 
forces based on optofluidics [9], plasmonics [10], and 
photophoresis [11].

In addition to passive traps that create potential wells to 
confine particles, there are traps that create virtual poten- 
tials that confine particles using active feedback based on 
position measurements of the trapped object. Such feed-
back traps need only create a force of controlled magni- 
tude and direction and apply confinement based on 
feedback from position measurements. The feedback trap 
can be based on a variety of forces, including electrokinet-
ics [12], magnetism [13], and thermophoresis [14]. 
Sometimes the goal is to apply a more complicated force 
field rather than just creating a trap [15]. Feedback traps 
based on optical tweezers [16] use forces from the under- 
lying harmonic potential to achieve such goals. In this 
article, we explore the idea that using feedback based on 
the measured particle position, one can create essentially 
arbitrary potentials.

Typically, an optical tweezer uses a tightly focused 
Gaussian beam to trap microspheres. In our experiment, 
we trap 1.5 µm diameter silica beads. A particle in a trap 
can be modelled as a dielectric particle placed in an in- 
homogeneous electric field. Forces acting on the particle 
from the external field are categorised into scattering and 
gradient forces. Scattering forces arise from momentum 
transfer from photons to particle and push the particle 
along the direction of propagation of the light. Gradient 
forces arise from gradients in the electric field and act in 
the direction of increasing electric field. If the total gradi-
ent force exceeds the scattering force, a particle is trapped. 

Since an optical tweezer exerts a force to counteract fluc-
tuations, it can be used to provide feedback forces on col-
loidal particles to probe and manipulate their dynamics 
with high resolution and bandwidth. 

Here, we combine the technique of optical tweezers with 
feedback control to create virtual potentials by applying 
varying forces on a particle. The feedback protocolinvolves 
observation of the position of a freely diffusing particle, cal-
culation of a force based on an imposed potential and appli-
cation of that force (Fig. 1). Optical tweezers have previously 
used feedback to create position and force clamps [17-19]. 
In a force clamp, feedback is used to apply a constant force 
on the trapped particle. In a position clamp, the forces are 
varied to keep a particle at a desired position. In our version 
of feedback trap, we update force and position at rates of 
order 100 kHz to create a virtual energy landscape. It should 
be noted that these virtual potentials are discrete approxima-
tions of real potentials. In a real potential, forces are applied 
instantaneously as the position changes, but in a virtual 
potential, feedback forces are set once per feedback loop 
and are approximately constant throughout the loop. The 
performance of a feedback trap is limited by the amount of 
latency (delay) in the control system.1

Our feedback optical tweezer is based on a homemade 
microscope. A water-immersion high-numerical-aperture 
microscope objective (60X, NA = 1.2) is used for trapping. 
A low-numerical-aperture microscope objective (20X, 
NA = 0.4) focuses the detection laser on the trapped particle 
to detect the fluctuations. The trap centre is shifted regu-
larly to create a feedback force. This is done by an acous-
tooptic deflector which is imaged on the back focal plane of 
the trapping objective. Angular deviation of the deflector 
output is translated into a linear shift in the trapping plane. 
A quadrant photodiode detector is used to read the signals 
from the trapped particle. In order to precisely apply the 
feedback forces, the feedback timing should be accurate. 
We use a National Instruments FPGA-based data acquisi-
tion module (NI USB-7855R) that runs at a deterministic 
time step of 10 µs and can read and write signals simultane-
ously. The setup is described in more detail in Ref. [16]. 
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Summary

A closed-loop feedback trap based on optical 
tweezers enables the shaping of arbitrary 
energy landscapes for colloidal particles.
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Using� feedback,�we� create� virtual� harmonic�wells� of� variable�
stiffness�[16].�A�similar�instrument�has�been�developed�indepen-
dently�by�Albay�et al.�[20].�The�discrete�dynamics�of�a�particle�
in�a�virtual�harmonic�well�is�given�as�

 xn+1�=�xn − a
~�(xn�−�xn

t)�+�xn� (1a)

 = −x x G (1 )n
t

n � (1b)

 x xn n n= +− 2 ζ ,� (1c)

where�xn is�the�particle’s�real�position,�x̄n�the�observed�positions,�
xt

n the�trap�position�at�time�tn, xn the�integrated�thermal�noise,�zn 

the�integrated�measurement�noise,�and�G�≡�kv/kt is�a�dimension-
less�gain.�Here,�kv is�the�stiffness�of�the�virtual�trap�and�kt that�of�
the�real�trap.�The�constant�a~ = G[1�—�exp(Dt/tr)]�accounts�for�
the�relaxation�in�the�trap�during�one�cycle�of�the�feedback�loop,�
Dt.�Here,�tr = g /kt�is�the�relaxation�time,�g��the�viscous�drag�coef-
fi�cient.�We�operate�our�trap�in�the�limit�Dt << tr where�a

~ ≈ a ≡�
Dt/tr.�The�feedback�delay�time�is�td =�20�μs�=�2Dt.

Figure�2�shows�that�we�can�change�the�effective�stiffness�of�a�
virtual�trap�using�feedback�at�constant�laser�power.�We�obtained�
a�30-fold�gain�in�the�stiffness�of�the�trap�compared�to�that�of�the�
underlying� harmonic� trap.�Often� changes� in� trap� stiffness� are�
created�by�varying�the�total�laser�intensity�in�the�trap.�In�a�feed-
back� trap,�a�similar�control� is�achieved�by�changing� the�feed-
back�gain�α.�For�large�values�of�α,�the�particle�dynamics�deviates�
from�potential�motion,�showing�oscillations�and�even�instability�
because�of�overcorrection�[21].�We�work�with�α values�where�
the�variance�is�minimum.�

Another� interesting� feature�of� a� feedback� trap� is� its� ability� to�
reduce trap� strength� [16].� In� an� ordinary� optical� tweezer,� the�

axial� stiffness� is� weaker� than� the� transverse� stiffness.� See�
the�inset�in�Fig.�3.�This�asymmetry�is�an�inherent�feature�of�the�
�electric-fi�eld�gradient�of�a�Gaussian�beam.�Figure�3�shows�that�
the� usual� anisotropic� trap� can� be� made� isotropic� in� all� three�
dimensions�using�feedback.�We�used�the�feedback�to�reduce�the�
trapping�strength�in�the�transverse�directions�so�that�it�matches�
the�axial�stiffness.�Isotropy�is�an�important�property,�as�it�allows�
a�force�sensor�to�measure�three-�dimensional�forces�in�a�straight-
forward�manner.�In�an�anisotropic�trap,�one�would�have�to�allow�
for�different�bandwidths�in�different�directions,�which�compli-
cates�the�interpretation�of�force�measurements.

To�demonstrate�the�fl�exibility�of�our�feedback�trap,�we�create�a�
variety�of�virtual�potentials�such�as�harmonic�well,�double-well�
and� linear� potentials� (Fig.� 4).� In�Ref.� [16],�we� have� shown� a�
family�of�double-well�potentials�where�the�barrier�height,�well�
separation� and� the� curvatures� are� controlled� independently.�
Note� that� for� a� linear� potential,� the� curvature� at� the� centre� is�

Fig.�1� One�cycle�of�a�feedback�trap.�Measurement:�estimate�the�
current�position�of�the�particle,�Decision:�calculate�force�
based�on� the� imposed�potential� (red),� and�Action:� apply�
the�force�by�shifting�the�harmonic�well�centre�(blue).

Fig.�2� Power�spectral�density�for�different�feedback�gains.�The�red�
plot�corresponds�to�the�“open�loop”�optical�tweezer�(no�feed-
back).� The� other� curves� correspond� to� different� feedback�
gains.�Feedback�can�create�both�stiffer�and�weaker�traps.

Fig.�3� Power� spectral� density� in� x, y and z directions.� Inset:�
power�spectrum�density�without�feedback.�With�x and y 
feedback,�all�three�dimensions�show�the�same�stiffness.
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governed�by� the� feedback� time� and� the� force� exerted,�F.�The�
basin�at�the�centre�can�be�approximated�by�a�harmonic�well�with�

t x = / ,Fα ∆ ∆γ �where�Dx� is�the�range�over�which�the�harmonic�
approximation�holds.

Other�methods�such�as�time-shared�optical�tweezers�and�holo-
graphic� tweezers� can� create� such� energy� shapes.� Nanometer-
scale� precision� in� displacements� can� be� achieved� with�
holographic�tweezers�[22],�but�the�spatial�scale�of�the�potential�
minima�will�be�diffraction�limited.�If�the�goal�is�simply�to�create�
a�double-well�potential,�timeshared�traps�are�useful.�However,�
in�such�traps,�the�effective�stiffness�per�well�becomes�smaller�as�
well� separation� is� reduced.�Well� separation�and�barrier�height�
are�coupled,�too.�Here,�we�can�independently vary�well�separa-
tion,�well�curvature,�and�barrier�height�[16].

In�Ref.�[16],�we�reduced�the�length�scale�of�these�one�dimensional�
double-well�potentials�to�a�well�spacing�of�10.6�nm�with�a�barrier�
height�of�0.16kBT [16].�These�length�scales�are�far�below�the�dif-
fraction�limit�and�cannot�be�created�with�techniques�such�as�multi-
plexed�or�holographic�tweezers.�The�ability�to�create�a�double-well�
potential�with�low�energy�barrier�but�high�well�curvature�is�impor-
tant,�as�it�traps�the�particle�in�a�well-defi�ned�volume�of�space�while�
still�allowing�for�fast�transitions�between�macrostates.

Currently� we� are� using� our� tweezer-based� feedback� trap� to�
explore�the�Mpemba effect and�its�inverse.�As�described�by�the�

Tanzanian�high-school�student�Erasto�Mpemba�in�1969,�when�
two� identical�water� samples�are�prepared� initially�at�hot�and�
warm�temperatures�and�then�quenched�to�a�cold�temperature,�
the� hot� system� can� cool� (and� freeze)� faster� than� the� warm�
one—a�phenomenon�now�known�as�the�Mpemba�effect�[23].�
The�cooling�anomaly�has�been�predicted�theoretically�in�other�
systems� such�as�nanotube� resonators� [24],� spin�glasses� [25],�
and�experimentally�observed�in�clathrate�hydrates�[26].�Many�
explanations�have�been�proposed,�involving�processes�such�as�
evaporation� [27],� convection� [28],� supercooling� [29],� dis-
solved� gases� [30],� and� hydrogen� bonding� [31].�These� hypo-
thetical� mechanisms� all� have� at� least� some� experimental�
support,�suggesting�that�multiple�factors�can�lead�to�the�anom-
alous�cooling�of�the�Mpemba�effect.�Indeed,�the�problem�with�
traditional�approaches�is�that�there�can�be�too many explana-
tions,� implying� that� they� miss� essential� aspects� of� the�
phenomena.

Our�approach�to�the�Mpemba�effect�is�based�on�a�recent�study�
by�Lu�and�Raz�[32],�who�argued�that�the�Mpemba�effect�can�be�
seen�(and�hence�better�understood)�in�a�much�simpler�context�
(Brownian�particle�in�a�potential)�and�that�the�simplicity�of�such�
situations�can�clarify�the�mechanisms�behind�the�effect.�In�pre-
liminary�work�[33],�we�have�explored�cooling�and�heating�in�a�
tilted� double-well� potential� with� asymmetric� domains.� If� the�
asymmetry� is� chosen� to�give�a�direct�path�between�high-� and�
low-temperature�basins�of�attraction,�we�observe�that�an�initial�
hot� state� cools� to� the�bath� temperature� faster� than�an� initially�
warm�state�[33].

In�summary,�we�have�created�virtual�harmonic�wells�and�static�
double-well�potentials�with�feedback.�The�form�of�such�poten-
tials� can� be� arbitrary� and� are� easily� tunable.�Virtual� double-
well� potentials� have� been� used� previously� to� test� the�
fundamental�relationship�between�information�and�thermody-
namics� [34,35].� Experimental� studies� reveal� that� biological�
processes�such�as�protein�folding�occurs�at�scales�which�can�be�
described�by�the�diffusive�dynamics�in�a�low-energy�landscape�
[36].�The�virtual�potentials�described�here�will�be�useful� for�
such�studies.
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