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Information Engine in a Nonequilibrium Bath
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Information engines can convert thermal fluctuations of a bath at temperature 7 into work at rates of
order kg T per relaxation time of the system. We show experimentally that such engines, when in contact
with a bath that is out of equilibrium, can extract much more work. We place a heavy, micron-scale bead in
a harmonic potential that ratchets up to capture favorable fluctuations. Adding a fluctuating electric field
increases work extraction up to ten times, limited only by the strength of the applied field. Our results
connect Maxwell’s demon with energy harvesting and demonstrate that information engines in non-
equilibrium baths can greatly outperform conventional engines.
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Maxwell’s famous thought experiment proposed a
way to convert information about thermal fluctuations into
energy [1]. Exploring “Maxwell demons’ has improved our
understanding of the second law of thermodynamics [2,3].
Building them, as “information engines,” a concept inspired
originally by Szilard’s model [4], has allowed tests of the
second law applied to mesoscopic length scales [5—10].
The ability of an information engine to extract work
from a single heat bath is reconciled with the second law
because the cost of sensing fluctuations and exploiting
the relevant information equals or exceeds the energy
extracted [3,4,11,12].

That information-processing costs compensate for the
extracted energy implicitly assumes that the measuring
device operates at the same temperature as the engine itself.
If the temperature of the engine bath exceeds that of the
bath connected to the measuring device, net work can be
extracted [13]. But the range of temperatures available for
heat baths is small, which limits engine power, even with
optimized information processing [14]. For example, the
ratio of boiling-water to freezing-water temperatures is
373/273 ~ 1.4, and the ratio of temperatures in an internal-
combustion heat engine is <8, with practical efficiencies
<0.5 [15].

In this Letter, we show experimentally that this limitation
can be overcome by immersing the information engine in a
nonequilibrium heat bath. The environment is out of
equilibrium at macroscopic scales but has practically
unchanged local temperature 7. The measuring device of
the engine is in contact with an equilibrium heat bath also at
temperature 7. Such an information engine extracts
energy from both thermal and nonequilibrium fluctuations.
Similar ideas have been proposed theoretically to take
advantage of active fluctuations produced by bacteria
swimming in a bath [16] and to increase the output of a
Szilard engine [17].
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With carefully chosen experimental parameters, our
engine can extract work at up to 10 times the maximum
rate achievable when connected to an equilibrium bath at
temperature 7. Moreover, we show that energy extraction is
constrained only by practical experimental limits on the
nonequilibrium forcing of the external environment. The
energy extracted can, in principle, exceed the costs asso-
ciated with necessary information processing and control
by orders of magnitude.

Experimental setup.—The information engine consists of
an optically trapped, heavy bead in water that acts as a
thermal bath at room temperature 7" [18]. To force the bath
out of equilibrium, a fluctuating electric field is applied via
electrodes [19]; see Fig. 1(a). Unlike previous experimental
implementations of baths with higher effective tempera-
tures that were based on digitally generated noise [19-22],
the fluctuating field here arises from a physical reservoir,
the amplified Johnson voltage noise of a resistor at
temperature 7. Under gravity, the bead fluctuates about
a mean position because of thermal and nonequilibrium
forces acting on it. For details, see the Supplemental
Material [23], Sec. L

System dynamics.—We model the trapped bead as a
spring-mass system [Fig. 1(b)]. The information engine

(@ = (b) m

FIG. 1. Schematic of information engine in a nonequilibrium
bath. (a) Optically trapped bead in water, subject to non-
equilibrium external noise. This external noise is generated by
electrodes connected to a resistor in a thermal bath, followed by
an amplifier. Both bead and resistor are at room temperature 7.
(b) Schematic of the information engine.
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operates by raising the trap position when the bead
fluctuates above the trap center. The upward fluctuation
of the bead, increasing its gravitational potential energy, is
rectified by ratcheting the trap position. We update the trap
position to convert the thermal fluctuations from the
nonequilibrium bath into gravitational energy, while ensur-
ing that the shifted trap potential does not perform work on
the bead [18].

The position x(z) of a bead trapped in a harmonic
potential centered on A at time ¢ in a nonequilibrium bath
is described by the Langevin equation

x(t) = =[x(t) = A1) = 8, + &) + (1), (1)
—_— N~ N~

restoring force grav thermal ~ noneq

where lengths are rescaled by the bead position’s equilib-
rium standard deviation ¢ = /kgT/k in the trap with
strength « and times by the relaxation time 7, =y/k
of a bead with Stokes’ friction coefficient y in the trap.
The scaled effective mass §, = Amg/ (ko) accounts for the
effects of gravity and buoyancy on a bead with effective
mass Am = Ap(4/3)zr®, with r the particle radius and
Ap the density difference between the particle and the
surrounding fluid. The noise &(7) reflects equilibrium
thermal fluctuations of the water bath and is modeled by
Gaussian white noise with (&(2)&(1')) = 26(t —1').

We measure the bead position at a sampling time
t, = 20 ps. The trap is updated simultaneously with mea-
surements, with a lag of 20 ps. The ratchet feedback
algorithm is

A1 = A+ a (X = 4)O(x — Ay, (2)

for step function ©(-) and scalar feedback gain @. When
the particle position is accurately known and fluctua-
tions arise from an equilibrium thermal bath, feedback
rules of the form of Eq. (2) can extract maximum free
energy [18,35,36].

Nonequilibrium bath.—The second noise {(¢) in Eq. (1)
describes random electrokinetic forcing of strength D,..
The electrokinetic forces combine electro-osmotic and
electrophoretic effects on the bead [37]. Here, we empiri-
cally determine the nonequilibrium-noise strength.

The fluctuating electrokinetic forces arise from the
amplified, low-pass-filtered Johnson noise of a resistor.
In scaled units, the noise term obeys

w £(1) = =L(1) + V/Dcd(1), (3)

where f . is the cutoff frequency set by the filter frequency,
(1)) = 0, and (£(t)é(7')) = 28(t — ¢'). The low-pass filter
generates exponentially correlated colored nonequilibrium
Ornstein-Uhlenbeck noise, (£(£)¢(#)) = Dyefnee /"1,
which tends to white noise for f,, — oo. The dynamics

of particles subjected to such noise have been studied
extensively [22,38-40]. D,. varies from 0 to 83.5 and
fne from 10 Hz to 24 kHz. The trap’s cutoff frequency
fe=1/(2nz,) is 200 + 2 Hz.

Energy measurements.—At each time step, the stored
gravitational (free) energy of the bead changes by

AF 1 = Og(Apst — Ae)- (4)

The average output power is measured using F=
SN (AF})/Nt,, where (-) denotes averaging over multi-
ple trajectories, each of length N time steps.

The work done by the trap on the bead is

Wikt = 5 [t = Aee)* = (o = A7), (5)

N[ =

and the average
W= ZkN:l (W) /Nt

Equation (5) implies that the trap power would be zero
for @ =2 because the trap is ratcheted such that the
particle’s potential energy does not change; however,
during the one-step delay, the particle on average loses
some potential energy [18]. To compensate, the trap should
not be moved as far, which is realized by reducing the
feedback gain a, empirically to o ~ 1.8 when measurement
noise is negligible [36].

Results.—We study the dependence of the information
engine’s output power on the characteristics of the non-
equilibrium noise.

First, we measure the output power F for different noise
cutoff frequencies f,., at fixed amplitude D, = 3.0.
Figure 2(a) shows that the output power increases with

trap power is measured using
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FIG. 2. Output-power optimization for a 3-pm bead at a = 1.8.
(a) Output power as a function of cutoff frequency f,. of the
nonequilibrium bath scaled by the trap cutoff frequency f,,
at nonequilibrium-noise strength D,. = 3.0 and scaled mass
0y = 0.37. Dashed line: high-f . limit, from Eq. (9). Gray line:
measured output power F, at equilibrium (D,. = 0). Black
curve: prediction based on numerical simulations, using the
measured D,.; not a fit. Right axis: ratio of nonequilibrium to
equilibrium output powers. (b) Output power as a function of D,
for high cutoff frequency (f,. = 118). Gray line: measured
output power at D, = 0 and 5, = 0.38. Black curve: scaling-

theory prediction from Eq. (9), showing the asymptotic ~D1¥2

dependence.
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fne» 1n agreement with numerical simulations (see
Supplemental Material [23], Sec. III). The output power
saturates at f,. 2 100: At high f ., the bead cannot follow
the force fluctuations and thus effectively experiences
white noise indistinguishable from that of a thermal bath
with a higher “effective temperature.” Further increases in
the cutoff frequency do not affect the bead’s dynamics. At
low f. the nonequilibrium fluctuations are weaker than
the equilibrium thermal fluctuations, and the output power
equals that in a thermal bath at room temperature. At the
maximum f ., the output power is 2.4x that for a purely
thermal bath.

Next, we study the dependence of the output power on
the nonequilibrium-noise strength D, using a variable-gain
amplifier. We fix the low-pass filter’s cutoff frequency f .
to be ~100 times that of the trap, so that all experiments are
in the limit where the nonequilibrium environment provides
effectively white-noise fluctuations to the bead. Figure 2(b)
shows that the output power increases with the noise
strength D,.. At low D, the power is that achievable
with a purely thermal bath at room temperature. As D, is
increased, the output power increases monotonically. In our
experiments, electrochemical reactions at the electrodes
limit the maximum achievable noise strength and hence the
output power of the information engine. Maximizing both
cutoff frequency f,. and noise strength D,., we achieve an
increase of 14x in output power relative to the equilibrium
case, t0 3.81.6 x 10%kpT/s = 1.6 x 10717 W.

A simple scaling argument in the white-noise limit
explains the observed performance increase: In Ref. [18],
we found the output power of the purely thermal informa-
tion engine to be, for t, < 1 and with F 0= F (Dpe =0),

Py = \/%5};6'55'/2 {1 +erf (j—%ﬂ - (6)

For f,.> 1, the exponentially correlated Ornstein-
Uhlenbeck noise () in Eq. (3) becomes effectively white
noise, relative to the trap’s cutoff frequency f.. In this limit
and ignoring inertial and hydrodynamic corrections to
the overdamped Langevin dynamics of the bead [41], it
makes sense to view the bead as being immersed in a bath
with a higher “effective temperature” T,,.. Since & and & are
uncorrelated,

([e0+ vDuE0| &) + VD)) )

=2(1+ Dy )é(t—1), (7)

and the effective temperature ratio, in physical units, is
Tywe/T =1+ Dy/D or, in scaled units, Tye = 1+ D

Higher (effective) temperature 7', rescales F in Eq. (6)
and the scaled effective mass 5, o 7!/2. We therefore
define

1.0

D,.= 1.1
D,.=0.6
0.0 | Dy =0

F (kgT/t)
o
()]

FIG. 3. Optimizing output power as a function of scaled mass
0, for different nonequilibrium-noise strengths. Markers: experi-
ments; lines: Eq. (9). Red curve parametrically plots maximal F
and &, that maximizes F [calculated from Eq. (10)], as functions
of D..

L (8)
VI+Dye

In the white-noise limit, the output power is thus

F=(+ Dne)\/igge‘sé/z [1 + erf (j%)] _1. (9)

Substituting Eq. (8) for Sg into Eq. (9) gives, for D, > 1,

the asymptotic behavior F~ Drlléz seen in Fig. 2(b).

Finally, we study the dependence of the output power on
the scaled mass J,. Figure 3 shows that for D,. =0,
the output power is maximized at an optimum scaled mass
0y ~0.845 [18]. The optimum arises from a trade-off:
having a larger mass increases the gravitational energy
gained from a favorable up-fluctuation but reduces the
frequency of such fluctuations [18,35].

Figure 3 shows that the optimal mass &, increases
with the nonequilibrium-noise strength D,.. The non-
equilibrium noise increases the amplitude of the bead’s
fluctuation and makes ratchet events more frequent, thereby
shifting the optimal trade-off to higher &, Comparing
Egs. (6) and (9), the maximum output power is achieved
for Sg(Dne) =~ (0.845, and hence, according to Eq. (8), for

Sg (Dne) =

0y 2 0.8451/1 + Dye. (10)
The red curve in Fig. 3 represents the maximum achievable
output power for different nonequilibrium-noise strengths
D,., achieved at optimal &,.

Measure of performance.—As we have seen, operating
an information engine in a nonequilibrium bath with noise
strength D, (and effective temperature T, in the white-
noise limit) can increase output power. At the same time,
the measuring device and controller that gather and exploit
the information used to power the engine are in contact with
an equilibrium bath at temperature 7" and thus independent
of the nonequilibrium driving force D,.

The minimum additional work needed to run the con-
troller is given by the reduction due to the controller’s
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FIG. 4. Numerical estimates of information-engine perfor-
mance in the white-noise limit (f,. = 10*). (a) Output free-
energy gain F [Eq. (9)] and information power P, (minimum
power to perform measurement, erase information, and control
the information engine) as a function of nonequilibrium-noise
strength D,,.. (b) Measure of performance Y as a function of F,
compared with a pulling experiment that drags the particle
upwards at constant velocity, instead of ratcheting. Star indicates
the equilibrium bath, D, = 0. In all calculations, 6, = 0.38 and
t, = 1/40 (experimental parameters). Shaded regions indicate
experimentally accessible nonequilibrium-noise strengths.

dynamics in the conditional entropy [24] H[A|X] of the trap
position 4 given the particle position x [25]. Therefore, the
information power required to measure, erase information,
and control the engine is

H\A | X ] — HIA | X
PinfOE [ k—1| k]t [ k| k]. (11)

In the white-noise limit (f,. — o0), the two conditional
entropies can be estimated from simulations and analytical
approximations (see Supplemental Material [23], Sec. V).
Figure 4(a) compares the input information power Pj,,
with the output rate F of free-energy gain, Eq. (9), as a
function of the noise strength D,.. While the engine output

grows as Drlléz, the input power saturates for large D, in
principle permitting extraction of orders of magnitude more
power than required to run the engine, because larger noise
strength offers more fluctuations to rectify but does not
affect the controller.

The ratio Y = F'/P;;, (power extracted over minimum
operating power) is one possible measure of performance.
Figure 4(b) shows T as a function of the output power F.
With sufficiently strong nonequilibrium fluctuations, out-
put power can exceed input power. In contrast, a “conven-
tional” engine that drags the particle upwards against
gravity at the same velocity v = F/ J, requires trap power
W =12+ d,v and has efficiency < 1 (see Supplemental
Material [23], Sec. V.C). This conventional strategy is more
efficient at low output power, illustrating that rectifying
purely thermal fluctuations is inefficient when using
a measuring device and controller that operate at the
same temperature. However, with sufficiently strong non-
equilibrium fluctuations the information ratchet can extract
energy with a lower operating cost. Experimentally, we do
not reach the regime of larger output than operating power;

however, with the largest experimental noise strengths, the
information ratchet requires less operating power than
the conventional dragging strategy. Increasing the electric
field strengths by using more closely spaced electrodes
and more careful choices of electrode material and bath
composition could substantially increase the achievable
D,. and lead to output powers that exceed minimum
information-processing costs.

The quantity Y has been called an “efficiency” [42,43],
as it measures how much of the information acquired by the
engine’s controller is converted to output work. For the
information engines studied in [42,43], the second law
requires T <1 [12,25,42,43]; however, our performance
measure does not include the input power delivered
by the active process, enabling Y > 1. This is similar to
observing a pseudoefficiency [44] larger than Carnot
efficiency [45-47] in heat engines coupled to active baths.
A convenient way to account for the energy input delivered
by the active process is to compare the net output
power with the rate of effective input “heat” delivered
by the combined effects of thermal and nonequilibrium
baths in the white-noise limit. An effective thermal effi-
ciency defined in this way is lower than the Carnot
efficiency of a heat engine working between the controller
temperature and the effective bath temperature 7. (see
Supplemental Material [23], Sec. V.D), illustrating that the
engine does not violate thermodynamic laws.

Discussion and conclusion.—We have shown experi-
mentally that an information engine in contact with a
nonequilibrium bath can extract and store an order of
magnitude greater power than it can in the same bath
without active fluctuations. If the measuring and control
devices are at the nominal temperature of the bath (without
external forcing) and if the forcing of the nonequili-
brium bath is sufficiently strong, then more energy can
be extracted than the minimum energy needed to run the
measurement-and-control system. Our experiments achi-
eved a performance measure of T = 48.5%, limited only
by the amount of forcing supplied to the bath.

To understand the significance of these experimental
results, we recall that information engines can be connected
to two heat baths, a higher-temperature one for the engine
itself and a lower-temperature one for the measuring
device and controller [13]. This generalized information
engine framework was used recently to automate not
only the demon’s function [4] but also its information
processing [13]. Such engines can produce net positive
work output and, with optimal information processing,
have efficiencies that approach the Carnot limit [14].
Similarly, passive ratchets can extract net work only when
connected to heat baths at different temperatures [48-50].

Our information engine extracts energy from only a very
small fraction of modes of the high-temperature bath. As
Fig. 2(a) shows, an engine need only be supplied with
modes slightly exceeding f, (e.g., fne ~ 103 Hz) to achieve
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half the maximum possible output. By contrast, equiparti-
tion implies that a bath in equilibrium at a temperature T
has modes with equal energies up to phonon frequencies,
kgT/h ~ O(10'3) Hz, with h Planck’s constant [51]. Thus,
the fraction of forced modes is only 10~'°. Put another way,
if the nonequilibrium forcing is removed and the bath
returns to equilibrium, its temperature does not measurably
increase.

Engines can thus extract work from nonequilibrium
modes, while the associated measuring device remains at
equilibrium. Given a white-noise spectrum with frequen-
cies 10-100x higher than the engine cutoff frequency, we
can assign an effective temperature to the nonequilibrium
bath. Because work extraction draws on so few modes, the
effective temperature of the bath can be orders of magni-
tude higher than physical temperatures.

Very high effective temperature and correspondingly
large work-extraction rates are implicit in many old
technologies: Sailboats move because their sails are con-
stantly adjusted to catch the wind; wind turbines generate
power by adjusting their rotors to be normal to the
fluctuating wind direction [52]; self-winding watches
rectify the nonequilibrium fluctuations supplied by move-
ments of the wearer’s arm [50,53]. More recent experi-
mental realizations include ratchets driven by granular gas-
ses [54-58] that achieve effective temperatures ~10'7 K
[59-61] and rotors driven by turbulence [62].

Empirically, the scale of the system in many cases is
observed to correlate with the power extracted. Our experi-
ments use micron-scale beads and extract powers of
2.97 kgT/7, ~107'7 W. For granular media, millimeter-
sized beads lead to extracted powers of 107® W [58]. For
wind turbines, the 100-m scale blades lead to extracted
powers of 105 W [63]. Thus, larger length scales can lead to
an increase in the power that can be extracted from a
fluctuating environment.

Nonequilibrium fluctuations can also be generated
by active media [64-78] such as microswimmer suspen-
sions [79] and active Brownian particles [80]. The huge
effective temperatures that one can achieve suggest the
potential for drastic efficiency increases. Active cyclically
operating heat engines [44—47,81-86] indeed show signifi-
cant performance increases.

Even in isothermal conditions, the work extracted
can exceed the minimum information costs associated
with the engine function. We speculate that exploitation
of fluctuations, as shown here, could be an organizing
principle for molecular machinery, where strong non-
equilibrium fluctuations [87,88] speed up various cellular
processes [89,90].

Finally, our results also highlight a different way to
understand energy harvesting [91-94] by microscopic
devices. Such analyses are often specific to the type of
systems analyzed. For example, mechanical energy harvest-
ers depend heavily on resonant-forcing mechanisms that

make inefficient use of the spectrum of fluctuations [95].
Our approach gives maximum estimates (for a given
fluctuation spectrum) of the power that could be extracted
and can thus serve as benchmarks for existing systems and
may suggest new extraction strategies. The question, which
has only begun to be addressed in special cases, is whether
“intelligently chosen interventions” [96] can outperform
standard passive rectification strategies, such as full-wave
rectifier bridge circuits based on diodes or Brownian
ratchets [97].
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