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We experimentally realize a Maxwell’s demon that converts information gained by measurements to
work. Our setup is composed of a colloidal particle in a channel filled with a flowing fluid. A barrier made
by light prevents the particle from being carried away by the flow. The colloidal particle then performs
biased Brownian motion in the vicinity of the barrier. The particle’s position is measured periodically.
When the particle is found to be far enough from the barrier, feedback is applied by moving the barrier
upstream while maintaining a given minimal distance from the particle. At steady state, the net effect
of this measurement and feedback loop is to steer the particle upstream while applying very little direct
work on it. This clean example of a Maxwell’s demon is also naturally operated in a parameter regime
where correlations between outcomes of consecutive measurements are important. Interestingly, we find a
tradeoff between output power and efficiency. The efficiency is maximal at quasistatic operating
conditions, whereas both the power output and rate of information gain are maximal for very frequent

measurements.
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Can a heat engine extract work from a single heat bath?
Can a particle be driven against a fluid flow without being
pushed by an external force? In his celebrated thought
experiment, James Clerk Maxwell presented an example
demonstrating that the observation of microscopic details
makes such processes possible [1,2]. In 1929, Le6 Szilard
quantified the connection between information and thermo-
dynamics by constructing a simple model of an information
engine [3]. Szilard imagined a partition that is inserted into
a vessel containing one gas particle. A measurement is then
used to determine in which half of the vessel the particle is
located, and this information is used to extract work out of
the system via an isothermal expansion process. Crucially,
Szilard found that the amount of work extracted by the
engine in each cycle is proportional to the information
gained by measuring the particle’s position, quantified
by the Shannon entropy [4] of outcome probabilities
S=kgl=—ky,> ;p;Inp;=kgln2. (For pp = p; = 1/2.)

What was conceived as a thought experiment is now a
reality. Theoretical and technological advances have gen-
erated new interest in the deep connection between the
manipulation of information and thermodynamics. An
extensive research effort has led to the development of
fluctuation theorems for processes with feedback [5-8],
investigation of Landauer’s principle [9,10], as well as
several other aspects of the thermodynamics of information
[9,11-15]. Much of the recent progress in the field is
summarized in the review of Parrondo, Horowitz, and
Sagawa [16]. One important result with relevance for
information engines is a version of the second law of
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thermodynamics for processes with measurements and
feedback [5-8],

(W) > AF — kT (I). (1)

Here, (W) is the (ensemble averaged) work done on the
system, AF is a free-energy difference, and (/) =
Y empP(x,m)In[p(x,m)/p(x)p(m)] is the mutual informa-
tion between the measurement outcome m and the state of
the system x. This version of the second law shows that
additional work can be extracted from processes with
positive (7). Both this generalization of the second law
and the fluctuation theorems it is derived from were studied
in several recent experiments [9,11,13,17].

Information engines were realized experimentally in a
variety of systems, such as quantum dots, colloidal par-
ticles, microwave cavities, and more. In many of these
realizations, the time between measurements is very long,
so that the engine’s behavior at a driving cycle does not
depend on what it did in previous cycles. Performing more
frequent measurements is desirable since they are likely to
result in increased power output. However, this enhance-
ment of output is accompanied by a nontrivial time
evolution of the system that expresses itself through
temporal correlations in the statistics of consecutive meas-
urement outcomes. Such correlations make the thermody-
namics of information engines both richer and harder to
analyze. A recent theoretical paper discussed the role of
correlations in a simple two-state system [18]. Here, we
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offer an experimental realization of an information engine
that naturally operates in a regime where correlations are
important. Our experimental setup also has the appealing
feature that it offers an almost clean conversion of infor-
mation to work.

Our information engine resides in a glass chamber,
40 um in height, filled with a dilute colloidal suspension
of poly(2, 2, 3, 3, 4, 4, 4-heptafluorobutyl methacrylate)
(PHM) colloidal particles (d ~ 1 um, n, = 1.38) [19] and
an aqueous solution of 42% sucrose (n,, = 1.42). A
repelling wall, made out of an array of 19 x 3 laser beams,
focused to a diffraction limited spot by a 100x objective,
with a total power of 0.3 W, is placed within the chamber
near a colloidal particle [see Fig. 1(a)]. Relative flow is
introduced by moving the sample with respect to the optical
wall with constant velocity v = 0.100 ym/s using an XY
nanopositioning system (PI-542.2CD). The optical wall is
created and displaced using a holographic optical tweezers
(HOT) setup [21,22]. Optical repulsion of the colloid from
the light wall is achieved by ensuring n,, < n,,. Therefore,
the light blocks the motion of the colloidal particle, but not
that of the fluid.

A colloidal particle placed in the channel will execute a
biased Brownian motion caused by the drag force applied
on it by the fluid, F = —y¥, with y = 6zna, where 7 is the
suspension viscosity and a the particle radius. When the

FIG. 1. (a) A particle driven by flow against a wall is tracked as
it diffuses. Whenever the particle diffuses upstream, beyond a
given threshold distance, the wall is moved closer to the particle.
This measurement and feedback loop is repeated during the
operation of the machine. (b) The effective potential that
the particle experiences (black) is the sum of repulsion from
the optical wall (green) and friction force from the flowing liquid
(blue). The dashed vertical line indicates the threshold distance
above which the wall is moved.

particle is near the barrier, it feels an additional force due to
the effective repulsion of the laser light. Let us denote the
particle’s distance from the center of the barrier by Ax. A
one-dimensional approximation for the potential felt by the
particle is [Fig. 1(b)],

Ueff(Ax) = Uop(Ax) + Uf(Ax)
= Aexp~(8)°/2" 4 ypAx, (2)

where U, is the optical potential created by the HOT, U is
the effective potential arising from the fluid drag force, and
A and o denote the magnitude and width of the optical
barrier.

If left alone, the colloidal particle will relax to an
equilibriumlike state in this effective potential. To create
an information engine, we periodically measure the particle
location and move the barrier upstream when the particle is
found to be far enough from the barrier. Specifically, we
pick a distance Axy, which is located in the linear part of the
potential, and divide the region of Ax > Ax, into cells of
size & = 0.21 pm. This value of § ensures almost error free
measurements [23]. Those cells correspond to the possible
outcomes of measurements of the particle’s position. For
instance, Axg + (j — 1)8 < Ax < Axy + jé is said to be in
cell j. All points with Ax < Ax, are said to be in cell 0. If
the particle is measured to be in cell j # 0, then the barrier
is moved upstream x,(17) — x,(¢7) + j6. No action is
taken when the particle is found in cell 0. [See Fig. 2(a) for
a heuristic depiction of the feedback protocol.] This
operating mechanism is that of an information engine.
When applied, the system will settle into a steady state in
which the particle moves upstream by feedback steps that
rectify thermal fluctuations. Similar models were studied
theoretically in Refs. [24,25]. The former used a simplified
discrete model with a hard wall that allowed for the
calculation of thermodynamic quantities. The latter argued
that maximum output requires using both information and
direct work.

We use conventional video microscopy [26] to track the
particle’s motion with a precision of approximately 12 nm.

Particle

X (pm)

FIG. 2. (a) The potential landscape as a function of distance
from the wall is divided into cells of size 6. When the particle
crosses the threshold Ax, the wall is moved towards the particle,
to place it within cell 0*. (b) Typical trajectory of a particle (blue
line) and wall (green line) in a working information machine.
Dashed lines highlight the wall movements.
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From the particle’s motion under a stationary barrier, we
extract the effective one-dimensional potential acting on the
colloidal particle and its diffusion coefficient (see [23] for
details).

Figure 2(b) depicts a typical trajectory of the particle and
the wall during the machine operation. In the Supplemental
Material we show a movie of an operating machine. A trace
of the trajectory of the particle is overlayed on the movie
(blue), while the position of the light wall is indicated by a
green line. When the feedback is on, the particle gradually
moves against the flow (from left to right). When the laser
is turned off the particle is no longer confined and is carried
away by the flow in a relatively straight line.

Three important quantities characterize the thermody-
namics of the information engine. The useful gained work
in our setup is due to the upstream motion of the colloidal
particle

Wou (x(1)) = yv(x(ty) = x(1:)), (3)

where #; and 7, stand for the starting and ending time of the
experiment, respectively. Work is also done on the colloidal
particle (i.e., the system) when the barrier is moved, since
the potential landscape in which the particle is moving is
modified externally. This work is given by

Win(x(2)) = ZUop. [x(t) = (xp () + Jji6)]
T

= Uop [x(1) = x5 (20)], (4)

where #; and j, are the measurement times and outcomes
corresponding to barrier motion. The last quantity, char-
acterizing the Maxwell demon, is the amount of informa-
tion acquired by measurements. For reasonably sized cells,
we can neglect measurement errors, as is done, e.g., in
Szilard engine. For error free measurements, the Shannon
entropy,

SN = — Z P(mN,mN_l...ml)lnP(mN,mN_l...ml),

(5)

characterizes the mean information gained from a series of
N measurements (with outcomes my, ..., my).

An important feature of our experimental setup is the
appearance of correlations between outcomes of consecu-
tive measurements. Our system exhibits dynamics with two
typical time scales. 7ypp is the mean time it takes the
particle to reach the threshold for barrier motion for the first
time after the barrier was moved (i.e., the mean first passage
time). 7, is the time scale for the relaxation of the
probability distribution to a quasiequilibrium state with a
complete loss of temporal correlations. In our experiments,
tvpp =~ 1 s and 7, ~ 30 s. These time scales should be
compared to the time between consecutive measurements

At. At > 7, means that the correlations between mea-
surements are negligible. This regime is easy to analyze,
and it was studied in many experimental realizations of
information engines. Reducing At leads to increased power
output, accompanied by correlations between measure-
ments. We therefore performed our experiments for several
values of At in the range 0.14-50 s.

At steady state, the system can be characterized by the
mean rate of accumulation of work and information.
Among these, the hardest to estimate is the mean rate of
information growth, I = limy_ ., Sy/NAt. Direct calcu-
lation of the Shannon entropy in Eq. (5) is unrealistic since
it is exceedingly hard to gather enough statistics to deduce
the probability distribution P(my,my_;...m;) with any
degree of accuracy. Nevertheless, our choice of feedback
protocol allows for an approximation, which takes into
account most of the relevant correlations. Consider the
conditional probability describing the evolution after
motion of the barrier. By design, the barrier is moved so
that the particle is placed in cell 0* [indicated in Fig. 2(a)].
This means that the probability distribution that serves as
the initial condition for subsequent evolution is nonvanish-
ing only in a small cell of size 6. We assume that the small
variation of position within cell 0* can be neglected, which
means that to a good approximation, correlations are lost
following barrier motion, a fact that can be expressed
mathematically as P(m;|m;_; # 0,m;_,,...) =~ P(m;|0). O
is a shorthand for m # 0. We stress that this observation
does not mean that all correlations are lost. Correlations can
and do persist when the outcome of a measurement is 0, and
the barrier is not moved. This approximation improves
when 6 becomes smaller.

With the help of this approximation, the rate at which
information is acquired at a steady state can be recast as

}ss:_i Z

tm,m’#:O
+ P(m',0,m)In P(m’,0[0)
+ P(m',0,0,m)In P(m’,0,00) +---], (6)

[P(m', m)1In P(m'|0)

where, for instance, P(m’,0,0,m) is the probability of a
sequence of measurements in which the particle is found in
cell m, then found in cell O twice in a row, and finally is
found in m’. An estimation of Eq. (6) is considerably easier
than that of Eq. (5) since it is built from much shorter
segments of outcomes that are easier to sample. The series
in Eq. (6) converges since the probability to not move the
barrier is expected to decrease for ¢ > 7yp, leading to
smaller and smaller terms. Figure S3 [27] shows the
convergence of information for a different Az; 40 terms
are needed to estimate I, for A7 = 200 s, while 600 terms
are required for Ar = 0.14 s. While an estimation of the
rate of acquisition of information using Eq. (6) is not as
prohibitive as one based on Eq. (5), it was still impossible
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to repeat our experiment enough times to obtain a reliable

estimate of iss. Instead, we have used numerical simula-
tions (Langevin dynamics [28]) to calculate this quantity.
To ensure that the simulations represent the experiments
well, we used the same effective potential and temperature.
We also compared the simulated probability distribution to
be in a given cell P(cell) to its experimentally measured
counterpart [Fig. 3(a)], and we find good agreement
between experiment and simulation probability distribu-
tions. The experimental probabilities are slightly higher
than the numerically calculated probabilities due to the
undercounting of rare events, such as the occupation of
cell 8. Figure 3(b) compares measurements and simulations
of the probability to find the particle in cell 0, and in the
following measurement, find it with Ax > Ax,. Good
agreement is found. In Fig. 3(b), a lack of statistics prevents
the convergence of Pr(0 — 0) at large Az. Our simulations
therefore reasonably reproduce both single and two-meas-
urement quantities.

A fingerprint of the temporal correlations taking place at
high frequency measurements is seen in the probability
distribution of the first passage time (FPT), i.e., the time it
takes the particle to reach Ax > Ax, for the first time since
the barrier was moved. In Fig. S5 [29], the simulated FPT
distribution is plotted for different values of A¢. For a small
At, the FPT distributions exhibit a small peak followed by
an exponential decay. Only the exponential part is observed
for larger values of Az. We believe that this peak represents
occasions in which the particle makes a thermal fluctuation
upstream right after the barrier was moved. Such events
will be less likely to be observed for a larger Az. We expect,
therefore, that short intervals between measurements will
allow the machine to take advantage of the peak in the FPT
distribution, resulting in increased output power.

We now turn to study the thermodynamics of our
information machine. We define the output power of the
machine as:

Wou = (Wou(x(1))) /7, ()

FIG. 4. (a),(c) Comparison between normalized output power
Wou = (Wou)/kgT, direct input power Wy, = (Wy,)/ksT, and
the information rate / s as a function of time between measure-
ments for Axy =2.77 ym (a), and Axy = 3.12 um (c). (b),(d)
Comparison between efficiency # and normalized output power

Wou as a function of time between measurements for Axy =
2.77 ym (a), and Axy = 3.12 yum (c). Simulation results are
presented in lines, while experimental results are presented in
symbols.

where 7 = 1, — t; is the duration of a whole experiment and
(---) denotes average over experimental realizations. In
Fig. 4(a) and Fig. 4(c), (Wi, ), (W), and I are shown as a
function of Ar for Axy =2.77 ym and Axy = 3.12 um,
respectively. The probability distributions of the work rate
were found to be Gaussian [30]. Here, I is the mean
information gain per unit time, calculated from Eq. (6) with
the help of computer simulations. Clearly, both work
and information gain per unit time decrease as 1/Ar for
At > 7,.5. As At becomes smaller, iss increases faster then
the power output [Fig. 4(a)]. We ascribe this behavior to the
fact that for At < MFPT, the main increase in output
power is due to the more immediate recognition of events
of Ax > Ax,, which only marginally increases the output
power. Following [25], we define the efficiency of our
information engine as:

<W0ut>

<Win> + kBT]ss ‘ (8)

}1:

In Fig. 4(b), both the efficiency and output power are
plotted as a function of time between measurements. We
find that the maximum power is obtained in the limit of
frequent measurements, as expected since frequent detec-
tion allows us to move the barrier more often. We also find
that the efficiency saturates at quasistatic conditions.
The efficiency of our machine at the quasistatic limit is
Nmax = 37% for Axg = 2.77 um [Fig. 4(b)] and 7. =
26% for Axy = 3.12 um [Fig. 4(d)]. This value is slightly
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higher than previously reported values for information
engines [11].

The ratio of direct mechanical work applied on our
system to the gained work extracted by the engine is in the
range of 11%-20% according to our simulations and from
6%—-58% 1in our experiments for Ax, = 2.77 ym. For
Axg = 3.12 pm, it’s range is 0.4%—-5% in simulation and
3%—19% in our experiments. Crucially, this ratio can be
tuned by changing Ax,. For large values of Ax,, the
information engine shows an almost clean conversion
of information to work, but this is accompanied with
decreased output power.

In conclusion, we have realized experimentally an
information engine that almost exclusively converts infor-
mation to work. Importantly, our information engine works
at a regime in which correlations between measurement
outcomes can not be ignored. We have estimated these
correlations using a combination of analytical approxima-
tions, Eq. (6), and simulations. Our results show that this
information engine exhibits a trade off between power
output and efficiency that is commonly observed in heat
engines, molecular motors, and other types of nanoscale
machines. The existence of this trade-off suggests that
choosing At ~ 7ygp Will balance between the desire to have
high output power and efficiency.

Our highly flexible and almost pure information machine
offers the possibility to study experimentally several new
aspects of information engines. For example, the relation
between the efficiency and output power, or the amount of
information collected at each step and its dependence on
the size of cells, . Another interesting topic is the effect of
a feedback delay time between measurement and the
application of the feedback on the engine characteristics.
In a recent paper [25], it was suggested that maximization
of output power is obtained when both direct work and
information are used. Our setup allows us to study this by
placing the threshold Ax, on the slope of the Gaussian
barrier. Finally, more elaborate feedback protocols with
memory can be investigated. These would employ past
measurements to determine when and how much to move
the barrier.
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