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Dynamic self-assembly (DySA) outside of thermodynamic equilibrium underlies many forms of
adaptive and intelligent behaviors in both natural and artificial systems. At the same time, the
fundamental principles governing DySA systems remain largely undeveloped. In this context, it is
desirable to relate the forces mediating self-assembly to the nonequilibrium thermodynamics of the
system—specifically, to the rate of energy dissipation. In this paper, numerical simulations are used to
calculate dissipation rates in a prototypical, magneto-hydrodynamic DySA system, and to relate these
rates to dissipative forces acting between the system’s components. It is found that (i) dissipative forces
are directly proportional to the gradient of the dissipation rate with respect to a coordinate
characterizing the steady-state assemblies, and (ii) the constant of proportionality linking these
quantities is a characteristic time describing the response of the system to small, externally applied
perturbations. This relationship complements and extends the applicability of Prigogine’s minimal-

entropy-production formalism.

1. Introduction

Self-assembly (SA)' is a process, in which discrete components
organize spontaneously—that is, without any human interven-
tion—into ordered and/or functional super-structures.! Long
perfected through evolution, SA in biological systems provides the
means by which various proteins organize into multiprotein
complexes,® lipids into cellular membranes, cells into tissues,
bacteria into colonies,*> and higher organisms into swarms,®
schools,” or flocks.? Science and technology have long recognized
the promise of self-assembly (SA) as a versatile way of building
large structures from small objects and as an elegant alternative to
“top-down” fabrication methods. Self-assembled monolayers,>*°
metal-organic  frameworks,"!  nanostructured materials,'?
photonic crystals,'® self-building electric circuits,' “magnetic
hole” effect,’> and polymer sacs/membranes’® attest to the exper-
imental skill and creativity with which scientists and engineers can
currently harness the power of SA to build stable, equilibrium
structures and materials. In this effort, they are aided by equilib-
rium thermodynamics, which tells us that equilibrium assemblies
correspond to the minima of appropriate thermodynamic poten-
tials (Fig. 1a). Although finding predictive relationships between
the interactions acting in a self-assembling system and its final
structure might be difficult, it is, at least in principle, possible.
This convenient situation changes dramatically when the SA
processes occur—Ilike in most animate systems—away from
thermodynamic equilibrium such that assemblies that form
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require constant supply of energy which they continuously dissi-
pate in order to maintain the organized state (Fig. 1b). As argued
in detail elsewhere,? these dissipative or “dynamic” SA (DySA)
systems have the capacity to exhibit adaptability, self-healing, and
even self-replication, and can therefore be considered as candi-
dates for the “smart” materials of the future. For the time being,
however, there are only a handful of man-made, model DySA
systems (Fig. 2) and virtually no theoretical principles describing
their behaviors and/or the relationship(s) between energy dissi-
pation and the mode(s) of system’s organization. This article
suggests one such principle that relates variations in the rate of
energy dissipation to the magnitudes of interparticle forces.

N Equilibrium SA

Fig. 1 Equilibrium vs. dynamic self-assembly. (a) In equilibrium self-
assembly, components organize to minimize an appropriate thermody-
namic potential. The resulting assembly is closed from its surroundings in
the sense that are no systematic flows of mass, momentum, or energy into
or out of the system. (b) In nonequilibrium or “dynamic” self-assembly
(DysA), the structures that form are maintained only through a constant
supply of energy, dE, which is subsequently dissipated as heat, dQ, through
the components’ interactions with each other and with their environment.
Depending on the rate of energy input, a DySA system may adopt different
configurations with qualitatively different “modes” of dissipation.
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Fig. 2 Examples of dynamic self-assembly (DySA). (a) In magneto-
hydrodynamic DySA,***5 millimetre-sized magnetic particles rotate at
a fluid-air interface and organize to form dynamic, open-lattice assem-
blies, in which repulsive hydrodynamic interactions are balanced by
a confining magnetic potential. At equilibrium (i.e., no energy input), the
pieces float at a fluid—air interface and clump together via capillary forces
(left). Introducing a nonequilibrium driving force (right)—here, using
a rotating magnetic field—the system “comes to life” creating a dynamic
assembly maintained by vortex—vortex interactions (see Fig. 3 for more
details). Scale bars = 5 mm. (b) In DySA via dynamic surface tension,*”
hydrogel particles doped with camphor and floating at a water—air
interface move about spontaneously (/eft) due to fluid flows generated by
surface tension gradients. At sufficiently high densities (right), the
particles organize into an open lattice due to repulsive interactions caused
by the Marangoni-type flows. Scale bars = 5 mm. (c) At the nanoscale,
DySA has been used to build dynamic nanoparticle (NP) assemblies, in
which the interactions between proximal NPs are mediated by photo-
izomerizable azobenzene molecules tethered to the NPs’ surface.?*3* NPs
organize reversibly to form crystalline assemblies (right) only under UV
irradiation, which maintains a nonequilibrium distribution of the polar
cis isomers responsible for the attractive interactions between NPs. In the
absence of UV “food”, the crystals fall part. Scale bar = 200 nm.

From a theoretical perspective, DySA structures belong to
a broad class of nonequilibrium (NE) steady-state systems (or
“dissipative structures”'’), in which the production of entropy
(i.e., dissipation of useful energy) directs the emergence of order
(cf. Fig. 1b). Such dissipative structures can be understood qual-
itatively as nature’s “optimal” solutions for the efficient degra-
dation of thermodynamic gradients via dissipative processes. A
generalized quantitative description, however, remains lacking.
For small displacements from equilibrium,® it is well established
that nonequilibrium systems evolve to steady-state configurations
that minimize entropy production (MEP) subject to the externally
imposed NE constraints (e.g., an imposed temperature
gradient).' Beyond this so-called linear regime of NE thermody-
namics, no general variational principle exists, and one must rely
on specific kinetic models to describe a system’s dynamics.

The situation is further complicated in the context of DySA, in
which the forces between discrete components are mediated by
some external medium (usually, a fluid), into which the supplied
energy is ultimately dissipated. To illustrate these difficulties,
consider the specific class of nonequilibrium phenomena
described by Newtonian hydrodynamics. For steady viscous
flows with specified boundary conditions, the minimum energy
dissipation theorem? states that the velocity field satisfying the
Stokes equations (i.e., at Reynolds number, Re = 0) dissipates less
energy than any other velocity field consistent with the boundary
conditions and the continuity equation. For particulate flows,
however, in which one or more solid objects move freely or under
some applied constraints within the fluid domain, it is not clear if
the same theorem applies.?! Nevertheless, there exists some
evidence in the context of low (but finite) Reynolds number
hydrodynamics that the forces imparted on the particle(s) by the
fluid act to minimize the total rate of viscous dissipation, subject
to constraints imposed on the particle(s). For example, a sphere
falling through a vertical cylinder filled with a viscous fluid adopts
a radial position consistent with this minimum energy dissipation
criterion.** Similarly, a cylinder rotating within another cylinder
and separated by a viscous fluid will be forced to a coaxial
configuration, again minimizing the dissipation rate.** These
examples suggest that certain fluidic forces are related to the
viscous dissipation rate and vanish when that rate is minimal. Can
this reasoning be extended to DySA, and can the dissipative
forces mediating self-assembly be related to the total rate of
energy dissipation (or entropy production) of the system? Also,
many (if not, most) DySA systems involve both dissipative and
conservative interactions, the latter being independent of energy
dissipation (for examples, see ref. 2). Can dissipative forces still be
related to energy dissipation in such cases?

These questions are both fascinating and difficult to answer,
since there are very few systems available that are complex
enough to exhibit DySA and yet simple enough to allow exact
calculation of dissipation rates. A class of magneto-hydrody-
namic DySA systems combining dissipative vortex—vortex forces
with conservative magnetic interactions (Fig. 2a and Fig. 3) is
a rare example where both theoretical analysis and experimental
validation are possible. Therefore, we focus our present study on
this specific realization of DySA and investigate the relationship
between the hydrodynamic forces mediating SA and the viscous
dissipation rate. Through numerical simulations, we find that the
dissipative forces, Fp, are related to variations in the dissipation
rate, €, by a characteristic time, 7, describing the response of the
steady-state configuration to external perturbations. Moreover,
the steady-states into which the system ultimately settles are
described by the balance of dissipative and non-dissipative
forces, and do not necessarily minimize dissipation rates, as
would be predicted by the Progogine’s MEP rule. Thus, the
proposed relation between forces and dissipation may prove
useful in describing the steady-state behaviors of DySA systems
beyond the limits of validity for the MEP principle.

2. Magneto-hydrodynamic DySA.>*%°

The model DySA system we consider consists of a collection of
small, millimetre-sized magnetic particles (typically, polymer
pieces loaded with magnetite) floating at a liquid-air interface
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Fig. 3 Modeling of magneto-hydrodynamic DySA. (a) A schematic
illustration of the experimental setup. Spherical particles (gray) confined
to a liquid—air interface rotate with fixed angular velocity w equal to that
of the rotating bar magnet. This rotation causes the particles to move on
a circular trajectory at an angular velocity Q, which depends on w [in the
Stokes limit, Q = Yaw(alrg)?]. For finite fluid inertia (Re # 0), the vortices
generated by the spheres induce a repulsive force, Fp, which is balanced
at steady-state by conservative magnetic force, Fc = —VU, due to the
rotating magnet. (b—c) (left) Experimental images of the steady-state
assemblies of two and three “spinners”; the flows are visualized by
injection of a Crystal Violet dye. (right) Analogous assemblies calculated
numerically; vector flow fields are illustrated by the small arrows, and the
circles trace the steady trajectories of the particles. (d) Hydrodynamic
force, Fp, divided by the Reynolds number, Re, as a function of the
steady-state radial position, r, of the spheres. The fact that these three
dependencies collapse onto one curve illustrates the linear scaling of Fpp
with Re. (e) Excess energy dissipation rate, Ae, versus the steady-state
radial position, rg. Here, the excess energy dissipation rate is defined as
Ade = € — €, Where €. = 167 is the dissipation rate of the two rotating
spheres at infinite separation.

and subject to a magnetic field produced by a rotating permanent
magnet (¢f. Fig. 2a and Fig. 3). Under the influence of this
magnet, all particles experience a centrosymmetric, conservative
force Fc directed toward the magnet’s axis of rotation and
increasing in magnitude with the distance from this axis, r.2* At
the same time, the rotating field causes the particles to spin
around their axes at an angular velocity, w (typically, ~10 Hz)
equal to that of the magnet. These rotations create vortices in the
surrounding fluid and give rise to repulsive vortex—vortex forces,

Fp between the particles. Importantly, these interactions are
dissipative such that they persist only as long as the particles are
kept spinning. The competition between conservative and dissi-
pative forces evolves the system into open-lattice, steady-state
assemblies that slowly orbit the axis of the magnet with an
angular velocity, Q@ = 0.01 Hz. In terms of system energetics, the
energy supplied by the rotating magnet is ultimately dissipated
through the viscous, hydrodynamic interactions of the particles
with the surrounding fluid, and the exact nature of this dissipa-
tion determines the organization of the dynamic assemblies.

This system is particularly well suited for our current study for
two reasons: (1) its behavior has been carefully characterized
through a series of experimental investigations;?*** and the physics
underlying the observed phenomena is well established. (2) The
system’s dynamics can be modeled theoretically using classical
hydrodynamics (e.g., Navier—Stokes equations), in which both the
forces and the dissipation rate are unambiguously defined and
easily calculated from the fluid’s velocity field. Such a theoretical
description has recently been implemented numerically®® and was
found to be in excellent agreement with the experimental obser-
vations.**2* Overall, magneto-hydrodynamic DySA provides an
ideal testing ground for exploring the relationship between energy
dissipation and the forces mediating self-assembly.

3. Theoretical description
(i) Dissipative, vortex—vortex forces

We consider the simplest (but see Numerical Simulations) case of
two, neutrally buoyant, spherical “spinners” of radius a rotating
with a constant angular velocity, w, in a viscous fluid (Fig. 3).3°
The motion of the fluid outside the spheres is governed by the
Navier-Stokes equations for an incompressible, Newtonian
fluid. Scaling times by w™!, lengths by a, velocities by aw, and
pressure by uw, where u is the dynamic viscosity, the dimen-
sionless equations are given by Re[0u/0t + u-Vu] = — Vp + Vu
and V-u = 0, where u is the velocity field. Here, Re = pa*w/u is the
Reynolds number describing the relative magnitudes of inertial
and viscous effects (in experiments, Re is ~0.01-1), and p is the
fluid density. At the surface of the spheres the velocity of the fluid
is equal to that of the solid surface (i.e., “no slip” condition), far
from the spheres fluid velocity approaches zero.

The fluid motions induced by the rotating spheres give rise to
the vortex—vortex forces. Introducing the stress tensor, 6 = —pé
+ 7, where d is the unit tensor, and 7 = Vu + (Vu)' is the viscous
stress tensor, the force acting on sphere i is given by

F g) = J n-dS"”, where n is the unit normal directed out of the
S0

particle, and integration is carried out over the sphere’s surface.

Note that all quantities are dimensionless: stress tensors are

scaled by uw and forces by pwa?.

(ii) Conservative, magnetic forces

In addition to Fp, the particles also experience “conservative”
forces due to magnetic confinement. It has been shown previously
that the confining potential is quadratic in the distance
from the magnet’s axis of rotation, U(r) = 8r%, such that the force
Fc = —VU scales linearly with r.2** With these two forces, the
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dynamics of the particles are described by, m®dV?/dt = F§ + F2,

where m) = 3 ma’p is the mass of particle 7, and P is its velocity.

(iii) Numerical simulations

The Navier-Stokes (NS) equations for the system were solved
numerically on 64°, 96°, 1283, and 160 grids (to eliminate finite-
size effects) using the so-called force coupling method (FCM), in
which the solid spheres are approximated by locally distributed
body forces acting on the fluid (cf. ref. 30 for numerical details and
Fig. 3b and c for representative flow fields). This method had been
validated extensively through comparison with experiments for
various types of fluidic systems,?'-? including the DySA spin-
ners.’® Here, we applied this method to investigate various
configurations of particles for Reynolds numbers, Re = 0.05 to
0.2. Although computationally demanding even for the case of
two particles (about two days on Intel Xeon 5160 processor with
the smallest 64 space grid and 10° iterations to achieve steady-
state; for more particles or larger separations, more grid points
are needed—e.g., 128 grid requires ~40 days of computation),
the FCM approach enables direct calculation of both the
hydrodynamic forces, Fp, between the particles as well as the
viscous dissipation rates, ¢, for each steady-state configuration.
To find the forces, we applied a series of confining potentials of
the form U(r) = Br? and integrated the governing NS equations
until reaching the steady-state configuration. At steady-state, the
two particles follow a circular trajectory of radius, rg, about the
axis of the applied potential, where the value of ry, depends on
both the magnitude of the potential, 3, and on the Reynolds
number, Re. To maintain this steady trajectory, the repulsive
hydrodynamic force, Fp, is exactly balanced by that due to the
external potential—i.e., Fp = 2fr. In this way, we calculated Fp,
as a function of the radial position, r, for several steady-state
configurations, rg (¢f. Fig. 3d). Similarly, the total viscous dissi-
pation rate (scaled by ua’w?), €, was calculated in the usual
manner from the steady-state flow field as e = Y [(7-7)d ¥V, where
the dot denotes the tensor product, and the integral is carried out
numerically over the entire simulation domain (c¢f. Fig. 3e). At
steady-state, the kinetic energy of the fluid is constant, and the
dissipation rate may also be expressed in terms of the power
delivered by the rotating particles as e = — >3- V? + T3-w?,
where T§ is the torque generated by the fluid on sphere i. To
confirm the consistency of the numerical method, we verified that
these two approaches for the calculation of € give the same results.
Furthermore, in the case of an isolated sphere, the numerically
calculated e agreed with the Stokes value to within 0.02%.

Results and discussion
(i) Dissipative force, Fp

The repulsive, hydrodynamic force between the particles is
a consequence of finite fluid inertia and depends linearly on the
Reynolds number, Re, for the range of Re studied here (Fig. 3d).
Qualitatively, this force originates from the secondary flows
induced about each sphere, whereby the fluid flows in towards
the poles of the particles (i.e., along the axis of rotation) and
outwards near their equators.*® The radial outflow from each
particle thus acts to “push” the particles apart. This

hydrodynamic force, Fp, is repulsive for all separations (i.e., acts
in the positive r direction) and decays monotonically to zero as
the steady-state separation, r, increases to infinity.

(ii) Rate of dissipation, €

The dissipation rate, €, also decreases with increasing particle
separation (Fig. 3e) and approaches the value of e(ryg — ®) =
167, in agreement with the analytical solution for two isolated
spheres.®® Thus, in the absence of the applied potential, the
repulsive hydrodynamic force, Fp, directs the particles to the
state of minimal energy dissipation, in accordance with MEP. If,
however, the particles are forced together by an applied magnetic
potential, the dissipation rate increases due to an increase in the
torque, Tp, required to rotate the particles at a constant angular
velocity, w.** The steady-state to which the particles evolve is
then different from the state of minimal dissipation.

(iii) Heuristics of the Fp vs. € dependence

We are now in position to seek the relationship between the
steady-state values of Fp and e. Although the force is always
perpendicular to the particles’ velocities, ¥, and therefore does
not contribute explicitly to the steady-state dissipation rate (since
e=> 3 V? + T§-w"?), the two quantities are related through
the flow field of the fluid. Before discussing the simulations, let us
first outline the intuitive reasoning behind the results. First, it is
reasonable to expect that the relationship we seek should incor-
porate not the absolute value of ¢ but the variation in the dissi-
pation rate with respect to changes in the steady-state particle
configurations (e.g., changes in rg for two particle systems). The
rationale behind this hypothesis is that if the dissipation rate
were constant for all possible particle velocities and spatial
configurations, there would be no “driving force” to choose any
one of them. In addition, in the absence of the conservative
forces, one should expect the system to evolve such as to mini-
mize the dissipation rate (as prescribed by MEP). These
considerations suggest a relationship between Fp and the nega-
tive of the gradient, —Ve, which for circular orbits of the particles
simplifies to —de/drg. Next, through dimensional analysis, any
relationship between Fp and de/drg will require a quantity
with the units of time, which in general may vary from one
steady-state to another (ie., it might depend on rg).
Therefore, the simplest relationship one can postulate is

de . . . .
Fp(rg) = —Tss(rss)ﬁ(ﬂg. 5); this functional form agrees with
SS

the observed behavior that the magnitude of the force vanishes as
the dissipation rate approaches its minimum value (for constant
w constraints). In this equation, the key parameter is 7, which is
some characteristic time describing the various steady-state
configurations. Of course, this time should have the same phys-
ical meaning for all steady-states and for different Reynolds
numbers. Also, by loose analogy to the so-called Lyapunov
exponents (or Lyapunov times) used in dynamical systems theory
to describe the rate of convergence/divergence of neighboring
trajectories, we hypothesize that the characteristic time, 7, is
related to the evolution of particle trajectories in the vicinity of
steady-states.
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(iv) Verification and interpretation (Fig. 4 and Fig. 5)

To verify this hypothesis, we analyzed the effects of small
external perturbations on the system’s steady-states. These
perturbations are effected by instantaneously changing® the
parameter 8 describing the magnetic confinement, U(r) = (12,
and allowing the particles to evolve/“relax” toward their new
steady-state orbit, . During this evolution, the speed of the
particle changes compared to the unperturbed system, AV = V
— V. When the confinement becomes “stronger” (8 increases),
AV initially decreases (Fig. 4c) before ultimately increasing to the
higher rate of the new steady-state (¢ < r); if the potential
becomes weaker (8 decreases), the particles initially speed up
before settling to a lower velocity expected for the ' > ry orbit.
Since the phenomena involved in both situations are analogous,
let us focus on the ¥ < ry case. Here, the initial decrease in
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Fig. 4 Results of the numerical simulations. (a) A schematic illustration
of the perturbation used in the calculation of the characteristic times, 7.
The system—initially, at steady-state (solid curve) determined by the
potential U(r)—is perturbed by the instantaneous application of a new
potential U'(r) and subsequently evolves towards a new steady-state
trajectory (dashed curve). (b) The origin of the inertial lift force, Fi,
caused by the perturbation. Upon changing the potential from U to U,
the radial forces on the particle are no longer balanced, such there is a net
force, AF = F —Fp, pushing the particles towards the origin. The
resulting radial velocity component, V', creates a lift force, Fi, = w x V,,
which initially decreases the tangential velocity, V', relative to the
unpertubed trajectory. (c) Difference in the particle speeds between the
perturbed and unperturbed particle trajectories as a function of time. (d)
Evaluation of the characteristic time, 7, from the semi-logarithmic plot
of AV(t) — AV, vs. time. Within this short time interval, the calculated
curve is well approximated by an exponential dependence AV(7) — AV, =
exp(—t/tss). Here, we present three typical curves for the characteristic
time; the other >20 analyzed curves have the same characteristics. (e)
Difference of radial velocity components, V', — V., for the perturbed and
unperturbed particle trajectories plotted as a function of time. (f) Char-
acteristic time scaled by Re as a function of the steady-state radial
position, rg, of the spheres.
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Fig. 5 Validation of the proposed relation between the hydrodynamic
forces and the gradients of the dissipation rate: Fp = —7de/drg. Here,
the numerically calculated force, Fp, plotted as a function of —rgde/drg
for different Reynolds numbers, Re, falls nicely onto a straight line with
slope of unity. The computational errors for the characteristic time are
within the size of symbols representing their values on the plot.

particle speed (Fig. 4c) is the result of a transient, inertial lift force
of the type described by Rubinow and Keller®*® for a rotating
sphere translating relative to the fluid in a direction perpendicular
to its axis of rotation (c¢f. Fig. 4b). Qualitatively, the origin of this
force may be understood as a consequence of Bernoulli’s prin-
ciple, whereby the fluid flows more rapidly over one side of the
rotating sphere than over the other; therefore, there is a pressure
difference acting on the sphere in the direction, Fi = o x V.
Importantly, this force initially opposes the acceleration of the
sphere towards its new steady-state velocity but eventually gives
way to the expected increase in AV as the particles move closer
together. From the time evolution of AV, we find that AV(¢) —
AV, = exp(—titg), (Fig. 4d), where 7 is the characteristic time
used to relate the force and the dissipation rate—even for different
steady-states, 1y, and Reynolds numbers, Re (Fig. 5).

Qualitatively, 7 is the time required for the particle to accel-
erate from its initial trajectory and begin its quasi-steady
approach towards the new steady-state. This is best illustrated by
examining the difference in the radial velocity components of the
perturbed and unperturbed trajectories, AV, = V', — V. (Fig. 4e).
Here, we see that the particle accelerates rapidly, with a charac-
teristic time scale, 74, before reaching a quasi-steady velocity
with which it gradually approaches the new steady-state (note:
the latter requires a long time and is not illustrated in the figure).
Importantly, because this time is related to the inertial acceler-
ation of the particle, it depends linearly on the Reynolds number,
Re, (Fig. 4f)—indeed, as it should in order to relate the force
(also linearly proportional to Re) and the dissipation rate
(independent of Re). Furthermore, this acceleration time is
a monotonically increasing function of the initial steady-state
radial position, rg.

From a more general perspective, the characteristic time, 7,
provides a measure of the difference between the actual per-
turbed trajectory and a hypothetical quasi-static trajectory, in
which the particles would evolve slowly enough as to maintain
the steady-state flow field. For example, when the particles are
close to one another, they interact more strongly, such that
changes in the flow field relax to steady-state rapidly, and 7 is
small. For particles far apart, however, they interact only weakly
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and it requires more time for the system to relax to steady-state;
consequently, 7 is large. This interpretation of 74 in terms of
differences between “real” trajectories and quasi-static trajecto-
ries may potentially prove useful in the generalization of the
proposed relation between forces and dissipation to systems with
more assembling components and/or different types of dissipa-
tive interactions.

Conclusions

In summary, we investigated the relation between energy dissi-
pation and the forces mediating self-assembly in the prototypical
DySA system of magneto-hydrodynamic SA. Through numer-
ical simulation of the system’s dynamics, we found that hydro-
dynamic forces between the rotating particles are directly
proportional to the gradient of the energy dissipation with
respect to a coordinate characterizing the steady-state assembly.
The constant of proportionality linking these otherwise disparate
quantities is a characteristic time describing the response of the
steady-state particle velocities to small, externally applied
perturbations. Importantly, this previously unreported connec-
tion between forces and energy dissipation enables a potentially
useful method for the calculation of forces or dissipation rates in
the context of DySA. For example, if the externally applied
forces, Fc, are known, the characteristic times, 7, may be esti-
mated experimentally by perturbing the steady-state configura-
tion and monitoring the trajectories of the components
transitioning to a new steady-state (in direct analogy to the
methodology presented here). The local gradients of the dissi-
pation rates can then be found from Ve = —Fp/ts = Fc/Tg, and
when integrated over different steady-states, can be used to
reconstruct the system'’s dissipation “landscape”, e. Conversely,
if the dissipation rates are measurable experimentally (e.g., via
calorimetric measurements on the steady dissipative assemblies),
the proposed relation enables the calculation of the various
dissipative forces guiding the organization of the system. Of
course, further work is needed to investigate the validity of this
relation for systems comprising more components (initial results
indicate that it holds for three-component systems) and for
different types of dissipative interactions.
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