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explain phenomena in chemical dynamics7, 
the diffusion of atoms on surfaces8 and the 
folding rate of polymers9. This highlights 
the broad relevance of the Kramers theory 
and makes direct experimental evidence of 
the theory’s predictions in simple and well-
controlled systems ever more pressing.

The first experiments of this kind were 
conducted in the underdamped regime 
using current-biased Josephson junctions, 
which can be modelled as a particle in 
a tilted washboard potential. Here, the 
ability to tune the damping alone allowed 
the behaviour predicted by Kramers to be 
singled out10. The overdamped regime was 
investigated using an optical trap in liquid 
that formed double-well potentials for a 
single particle at a constant damping rate11.

The single trapped particle is a one-to-one 
implementation of the Kramers theoretical 
model. Implementations of theoretical 
models in stochastic thermodynamics12 
have also been successfully created by using 
optically trapped nano- and microparticles. 
Until recently, however, such experiments 
have been performed in water and hence 
in the overdamped regime. To investigate 
the transition to the underdamped regime, 
optical traps in gas or in vacuum are 
necessary. Although, in principle, optical 

levitation in a vacuum has been available 
since the pioneering work by Ashkin and 
Dziedzic13 in the 1970s, its full potential as 
a testbed for fundamental experiments in 
statistical physics has only been recognized 
very recently14.

The work by Rondin et al. is a remarkable 
example of this new line of research6. Their 
nanoparticle in a double-well potential is 
a first implementation of such a spatially 
complex optical trap for a dielectric object 
under vacuum conditions. The authors were 
able to optically detect the trajectory of the 
nanoparticle in real time and to observe the 
transitions between the two potential wells. 
Changing the pressure allowed them to tune 
the damping of the nanoparticle motion. This 
allowed a precise measurement of the rates 
of thermally activated escape in the Kramers 
turnover region, showing excellent agreement 
with the theoretical predictions — 77 years 
after the Kramers problem was stated.

One key motivation that revived the 
interest of scientists in optical levitation 
was the prospect of mechanical oscillators 
with unprecedented quality, enabling 
quantum control over the motion of 
relatively massive objects. It is fascinating 
to see that the renewed interest in optical 
levitation has inspired ideas in a new line of 

interdisciplinary research at the interface of 
non-equilibrium thermodynamics, quantum 
optomechanics and optical trapping. ❐
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DNA molecules can be used as building 
elements of molecular robots. So far, 
however, only simple functions have 
been achieved with such DNA robots, for 
instance, walking in a controlled fashion 
and picking up nanoparticles. Now 
Lulu Qian and colleagues from Caltech 
have developed a DNA robot capable of 
performing more complex cargo-sorting 
tasks (Science 357, eaan6558; 2017).

The cargo-sorting DNA robot is 
realized using a simple algorithm and 
three molecular building blocks. It is 
composed of a single-stranded DNA 
walker, one arm and one hand. The DNA 
walker consists of two foot domains of 
6 nucleotides each and one leg domain of 
15 nucleotides. It is capable of a random 
walk along a track of single-stranded 
extensions on a DNA origami surface via 
a reversible strand-displacement reaction, 
exploring the entire DNA origami surface. 
The arm and hand domains can pick 
up cargoes from randomly distributed 
locations, and drop them off at specified 
destinations. Once the cargo is dropped 
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off, the DNA robot is free to visit other 
locations on the DNA origami surface 
and pick up new cargoes. This occurs 
repeatedly until all cargoes are sorted. 
The rigidity of the DNA origami, the DNA 
sequence of the foot domains of the walker 
and the purity of the DNA origami are 
crucial for the successful experimental 
implementation of the DNA robot.

This DNA robot can also execute two 
distinct cargo-sorting tasks simultaneously, 

though the task completion level is 
sacrificed by 16–18% compared to only 
sorting one type of cargo. Furthermore, the 
researchers have shown that more DNA 
robots can work cooperatively to speed 
up the cargo sorting. The DNA robot 
performs an average of 296 steps to sort 
cargoes, which is between one and two 
orders of magnitude larger than previous 
DNA robot designs.

In principle, this system can be 
generalized to sort multiple populations 
of cargoes of various chemical molecules, 
nanoparticles and proteins from 
arbitrary locations without any energy 
supply. Therefore, it may find potential 
applications in chemical synthesis, 
molecular device fabrications and 
programmable therapeutics. However, 
the speed of the DNA robot needs to be 
further improved and more programming 
trials will be required for molecular robots 
to carry out more sophisticated tasks in 
smarter ways.
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