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Equilibrium statistical physics derives its power from foun-
dations like the First and Second Laws, and Legendre Trans-
forms mapping macroscopic observables (U, V,N) to conjugate
forces (T, p, µ). We generalize this structure to nonequilib-
ria via Caliber Force Theory (CFT), replacing state entropies
with path entropies, and (U, V,N) with dynamic observables
(node probabilities, edge traffics, and cycle fluxes). CFT
derives their conjugate driving forces via exact fluctuation-
response equalities valid far from equilibrium. This complete
force-observable coordinate system provides a foundation for
designing nonequilibrium flows across three paradigms:

(i) Transport rules: CFT derives a “third Kirchhoff’s law”
of stochastic transport. For parallel transitions without inter-
nal cycle drives, edge forces act as conductivities dictating
flow allocation, equating both net flux and traffic ratios to
the edge force ratio. Beyond molecules, CFT parses the fit-
ness of adaptive populations into a static “generalism” compo-
nent and a dynamic “tracking” gain. This decomposition pro-
vides orthogonal protocols to suppress pathogens: fast switch-
ing eliminates tracking, while tuning time fractions minimizes
generalism.

(ii) Forward design via response relations: CFT general-
izes Maxwell-Onsager and fluctuation-response symmetries far
from equilibrium, uniting and extending past results. By map-
ping rate perturbations to force tunings, CFT enables rapid
analytical evaluation of response gradients. In Arrhenius-type
networks, node energies act as isotropic flux “scalers,” while barrier energies act as topological “routers.”
Applying these rules to kinetic proofreading (e.g., DNA polymerase, the ribosome) reveals how raising
discard barriers to retain correct substrates yields a “free lunch”: simultaneous improvements in speed,
accuracy, and energetic cost. Wild-type biological copiers have nearly saturated this exact barrier-tuning
direction.

(iii) Inverse design via conjugate coordinates: CFT identifies optimal rate configurations under fixed
cycle free-energy constraints (e.g., ATP hydrolysis). For single-cycle processes, dynamic efficiency—the
ratio of cycle flux to total traffic—is maximized when each step shares equal traffic. Applied to F1-
ATPase, this “equal-traffic” principle explains its in vitro dynamic inefficiency, which is driven by futile
ADP binding and releasing. Generalizing to multi-cycle networks, this principle dictates rational enzyme
inhibition: an inhibitor is most potent when the leakage pathway (E-EI-EIS-ES) maintains equal traffic.
Ultimately, CFT provides a unified physical foundation for the rational control and evolutionary under-
standing of nonequilibrium machines.
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