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Driven by continuous energy injection, active systems inherently break time-reversal symmetry, exhibiting anomalous physical
behaviors that defy equilibrium thermodynamic descriptions. Mechanical laws nonetheless retain their universal validity, provid-
ing a reliable basis for understanding these non-equilibrium systems. In this Perspective, we examine how mechanical analysis
yields physical insight into dry active matter. We first introduce exotic mechanical behaviors of passive probes in active baths, and
then examine the definition of pressure, demonstrating how the intrinsic pressure framework provides a consistent and convenient
physical explanation for diverse active phenomena. Furthermore, we explore how introducing microscopic chirality breaks spatial
parity, forcing mechanical constitutive equations to expand into the antisymmetric tensor space. Finally, we outline promising

future directions for the mechanics of active matter.
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1. Introduction

From bacterial colonies to synthetic active colloids, active
matter units continuously convert available energy into self-
propelled motion [1-4]. This persistent energy input funda-
mentally breaks time-reversal symmetry and, consequently,
violates detailed balance. Such a departure from equilibrium
not only gives rise to various anomalous collective phenom-
ena [5-9], but also endows active matter with intriguing me-
chanical properties [10, 11]. In this context, returning to the
fundamental laws of mechanics provides a reliable approach
to deciphering these non-equilibrium systems [12, 13].

In this Perspective, we illustrate how a mechanical view-
point illuminates diverse phenomena of dry active matter,
where hydrodynamic interactions are absent. We first ex-

amine how the self-propulsion of active bath particles in-
duces anomalous mechanical behaviors, ranging from non-
Markovian tracer dynamics to constraint-dependent effective
interactions. Expanding to a broader scope, we explore the
mechanical equilibrium of active matter and elaborate on the
intrinsic pressure framework, revealing that the aforemen-
tioned anomalies essentially originate from the fact that the
spatial distribution of the polarization force density is shaped
by the properties of the embedded probes. Furthermore, we
demonstrate how breaking time-reversal and spatial parity
symmetries via microscopic chiral activity endows response
tensors with antisymmetric components, yielding a rich phe-
nomenology of odd mechanics. Finally, we conclude by out-
lining the open challenges and future research directions.
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2. Probe Mechanics in Active Baths

In the study of active fluids, introducing a passive tracer
serves as a canonical method to probe local mechanical
properties. Unlike classical thermal baths governed by the
fluctuation-dissipation theorem, the persistent energy injec-
tion in active baths fundamentally breaks time-reversal sym-
metry, giving rise to novel mechanical phenomena.

For the single-probe dynamics, the persistent self-
propulsion of active particles and the resulting local struc-
tural relaxation introduce a history-dependent memory ker-
nel [14, 15]. A free tracer thus experiences non-Markovian
colored noise with pronounced heavy tails [16,17], while the
geometric asymmetry of the probe further induces a nonzero
mean force or torque through differential active particle ac-
cumulation (see Fig. 1(a)) [18-20]. When the probe is ex-
ternally driven, the structural relaxation of the active bath
instead manifests as a pronounced microstructural asym-
metry. As active units dynamically reorganize around the
moving probe, the resulting local stress imbalance drasti-
cally reduces the effective microviscosity—termed “swim-
thinning” [21]—and can even exert a net forward thrust yield-
ing a negative effective friction [14,22].

When multiple passive inclusions are introduced, the
asymmetric accumulation of active particles around their
boundaries generates effective depletion forces. Unlike the
attractive Asakura-Oosawa depletion force in equilibrium
suspensions [23], active depletion forces can shift to repul-
sion (Fig. 1(b)) [24] and are highly sensitive to inclusion ge-
ometry [25]. Crucially, the surface-generated active currents
around asymmetric bodies further mediate long-range forces
and torques between inclusions, which do not obey the action-
reaction principle [26].

More intriguingly, these effective interactions cannot be
uniquely determined by spatial configurations of probes;
rather, they substantially depend on the external constraints
imposed on the passive inclusions (Fig. 1(c)) [27]. This con-
straint dependence stems from a direct mechanical feedback:
a rigidly fixed obstacle forces active units to pile up into a
dense, high-pressure boundary layer, whereas an object al-
lowed to yield or move relieves this local stress, dynamically
reshaping the surrounding density profile. Such constraint
dependence manifests across various mechanical properties,
dictating the mechanical pressure on passive inclusions [28],
the active noise experienced by a trapped tracer [29], and
the active depletion torques between anisotropic bodies
(Fig. 1(d)) [30].

These anomalous mechanical phenomena can be quanti-
tatively characterized through calibrated optical or magnetic
traps and statistical analysis of probe behaviors [18,27,31,32]
and share a common physical origin: the dynamic, non-

equilibrium restructuring of the active fluid around the pas-
sive inclusions. Capturing the underlying physics of these
diverse anomalies motivates a unified framework based on
mechanical equilibrium.
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Figure 1 Anomalous mechanical phenomena governed by
active structural reorganization. (a) Geometry-induced net
torque driving the spontanecous rotation of an asymmetric
gear immersed in a bacterial bath (reproduced by permission
from Ref. [18]). (b) Long-range effective forces between pas-
sive plates mediated by self-propelled colloidal hard spheres
(reproduced by permission from Ref. [24]). (c) Constraint-
dependent effective forces due to the dynamic accumula-
tion of self-propelled particles (adapted by permission from
Ref. [27]). (d) Constraint-dependent effective torques on pas-
sive anisotropic objects immersed in an active bath (repro-
duced by permission from Ref. [30]).

3. Mechanical Equilibrium of Active Matter

Whereas the violation of detailed balance in active systems
invalidates traditional equilibrium thermodynamics, the dy-
namical evolution of these systems remains strictly dictated
by fundamental mechanical laws. Consequently, a purely
mechanical analysis provides a reliable basis for bridging mi-
croscopic active units and macroscopic phenomena. A cen-
tral question for such an analysis is how to formulate a local
pressure for generic dry active systems. Unlike passive sys-
tems, active systems contain an additional ingredient—the
self-propelling force F*—which is conventionally regarded
as an internal force. A natural strategy is to absorb it into the
stress tensor, defining an effective active pressure [33-35].
One can start from the conservation equation for the number
density n, Oyn = —V - J", obtained by integrating the evo-

http://ams.cstam.org.cn/

Page 2 of 10



Page 3 0of 10

oNOYTULT D WN =

Acta Mechanica Sinica

Sun, et al. Acta Mech. Sin., Vol. 2?2, 22? (2026) ?777-3

lution equation over particle orientations. The particle flux
along x reads:

dpk

W= 4 = S+ L), M

where fI" = n(F*®e,) is the polarization force density emerg-
ing from the self-propelling forces, f& = n(F*) the exter-
nal force density, PX = n(Mv?2) the kinetic pressure with M
the particle mass, and I; () the contribution from interparti-
cle interactions, whose spatial integral defines the interaction
pressure P*(z) = [*°I(2') dz’ [36].

For torque-free active Brownian particles (ABPs) with spa-
tially uniform activity, the polarization force density takes
a pure-divergence form that can be fully absorbed into a
swim pressure P® = F2J% /D,, where J2 denotes the po-
lar order flux. The active pressure is then defined as P? =
PX 4 P¢ + Ps, providing valuable physical insight into vari-
ous active phenomena [37-39]. In generic systems, however,
the polarization force cannot be reduced to a pure divergence
and the mechanical equilibrium condition based on the active
pressure reads [40,41]:

dPa __ pext n m d F* F*

where R, denotes a torque-induced source of polar order.
The last two terms—arising respectively from spatial vari-
ation of self-propulsion and from torques—do not vanish in
generic systems, where they cannot be interpreted as recog-
nizable mechanical forces. In such systems, the active pres-
sure exerted on the wall depends on the specific particle—wall
interaction and boundary geometry, and cannot serve as a
state function determined by the bulk (Fig. 2(a)) [10,42,43].
This breakdown has been directly observed in experiments on
active disks confined by flexible bead chains, where the mea-
sured wall pressure varies with the chain’s mechanical com-
pliance [44]. Moreover, the local definition of active pressure
is notunique in generic systems, as different formulations that
coincide for ABPs produce distinct values [41].

As an alternative framework, intrinsic pressure rests on
a different physical picture: a dry active matter system
comprises not only the active particles but also an exter-
nal environment—often left implicit—that exerts the self-
propelling force on the active particles. Once the mechanical
analysis is restricted to the active-particle phase, the polar-
ization force naturally enters the force balance as an exter-
nal force (Fig. 2(b)), rather than as an internal contribution
to be absorbed into the stress. Reorganizing the flux relation
Eq. (1) gives:

TR
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Figure2 Mechanical equilibrium and surface tension in ac-
tive matter. (a) For elliptical active particles, distinct particle-
wall interactions drive spontaneous piston motion, illustrating
the breakdown of the traditional equation of state (reproduced
by permission from Ref. [10]). (b) The emergent polarization
force density directed toward the boundary (arrows indicate
self-propulsion directions) exactly compensates for the pres-
sure gap between the boundary and the bulk (adapted by per-
mission from Ref. [41]). (c¢) The mechanical surface tension
of MIPS calculated via the intrinsic pressure framework is sig-
nificantly positive (reproduced by permission from Ref. [45]).

1

= P S G)
where P! = PX 4 P° retains the conventional form of pres-
sure in passive systems, which is directly accessible in active-
matter simulations [46]. In this formulation, every term car-
ries a transparent mechanical meaning such that the intrinsic
pressure provides a natural and convenient framework for an-
alyzing the mechanics of dry active matter without introduc-
ing additional complexity [41]. Experimentally, this force
balance has been verified on a programmable robotic plat-
form, where the intrinsic pressure and the integrated polar-
ization force density—extracted independently from particle
trajectories—were shown to compensate exactly across the
activity interface [47].

This local force balance, in turn, reveals the unified phys-
ical origin of the mechanical anomalies described in Sect. 2:
these anomalies, from geometry-induced directed forces to
constraint-dependent interactions, can now be understood
through the specific spatial distributions of the polarization
force density f™. The conceptual advantage of this frame-
work is further manifested in analyzing the interfacial ten-
sion of motility-induced phase separation (MIPS) for mini-
mal ABPs: in contrast to the counterintuitive negative surface
tension obtained via the active pressure [48], Li et al. [45]
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4. Odd Mechanics of Chiral Active Matter

While the preceding sections focus on the mechanical con-
sequences of translational self-propulsion, active matter ex-
hibits a richer phenomenology when its constituent units pos-
sess intrinsic rotation or structural chirality [49-53]. Tradi-
tionally, linear response tensors connecting stress to strain or
strain rate are symmetric [54]. However, chiral active matter
simultaneously breaks time-reversal and spatial parity sym-
metries, forcing the mechanical constitutive equations to ex-
pand into an antisymmetric (odd) tensor space [11, 55-57].
The resulting stress response takes the general form:

= (B§ja + Rnr) X, 4)

where R, = R}, is the conventional symmetric (even)
component, and R}, = —Ry,;. is the emergent antisym-
metric (odd) component. Depending on the physical context,
X, represents the velocity gradient Oy v; in chiral active flu-
ids (giving rise to odd viscosity), or the displacement gra-
dient O, u; in chiral active solids (giving rise to odd elastic-
ity). Physically, the odd non-dissipative viscosity generates
transverse stresses in response to the applied shear, while the
non-conservative odd elasticity enables net work extraction
during closed deformation cycles (§ o;;du;; # 0, shown
in Fig. 3(a)) [11, 56]. Such antisymmetric responses have
been quantitatively measured—odd viscosity in chiral col-
loidal fluids of spinning magnets [58], and odd elasticity in
microcontroller-driven active metamaterials [59].

This antisymmetric tensor structure represents a macro-
scopic transverse response, generating anomalous transport
and boundary phenomena. Passive tracers within chiral ac-
tive baths experience odd mobility (Fig. 3(b)) and odd diffu-
sivity [60-62], while the chiral fluid itself exhibits a Hall-like
transverse flux upon flowing through obstacle matrices [63].
At geometric boundaries, the odd-viscosity-enhanced attrac-
tive depletion force pins passive cargo to the interface, en-
abling robust unidirectional edge transport (Fig. 3(c)) [64].
In addition, confinement introduces density inhomogeneities,
driving spatially oscillating edge flow due to rotational vis-
cosity [65].

S ; LN oo _
Rotation @ FShear 1
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e o

Figure 3 Odd mechanics in chiral active matter. (a) An-
tisymmetric odd response tensors enable non-conservative
work extraction during closed deformation cycles (repro-
duced by permission from Ref. [11]). (b) The odd mo-
bility characterizes the orthogonal drift of a driven passive
tracer in a chiral active bath (reproduced by permission from
Ref. [61]). (c) Topologically protected edge flow enables ro-
bust cargo transport aided by odd-viscosity-enhanced deple-
tion interactions (reproduced by permission from Ref. [64]).
(d) The synergy of odd viscosity and odd elasticity drives the
phase separation of active spinners into stripes (adapted by
permission from Ref. [66]).

Beyond fluid transport, such antisymmetric mechanical re-
sponses govern large-scale structural instabilities and phase
transitions in odd media. In active solids, the odd stress field
drives the spontaneous glide of dislocations, kneading crys-
talline lattices into macroscopic whorls [51]. Extending from
structural defects to macroscopic instabilities, the interplay
of odd viscosity and odd elasticity induces an effective neg-
ative compressibility, driving the phase separation of active
spinners into stripes (Fig. 3(d)) [66].

Odd mechanics establishes a unified theoretical framework
for chiral active matter. By translating microscopic symme-
try violation directly to macroscopic antisymmetric response
tensors, it provides the mechanical origin of the diverse phe-
nomena of chiral active systems.
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5. Outlook

The preceding discussion focuses on dry active matter, where
hydrodynamic interactions among particles are negligible.
Extending this perspective to wet active matter, in which mo-
mentum is no longer absorbed by the dissipative substrate but
transferred through the fluid medium [1, 3, 67], is the next
step toward broader applicability. The active particles and
the fluid thereby constitute a coupled two-component system:
particle self-propulsion drives flow fields that generate addi-
tional stress, while the fluid in turn mediates hydrodynamic
interactions among particles. At the probe level, the recent
work by Ning et al. [68] demonstrated that the bacterium-
generated flow field produces a long-range attraction be-
tween parallel plates, overwhelming the repulsion from di-
rect bacterium-plate collisions. For the mechanical frame-
work, the fluid-mediated interactions can potentially be re-
expressed as effective external forces on the active particle
phase, extending the intrinsic pressure framework to sus-
pended active particles in wet systems. Nevertheless, how
such an extension modifies the interfacial mechanical balance
and determines the interfacial tension in wet motility-induced
phase separation remains an open question.

When the focus shifts to the interaction mechanism, ac-
tive systems regulated by communication-mediated interac-
tions represent a further direction of growing interest. In such
systems, particles sense and respond to neighbors through
communication protocols rather than direct collisions, as real-
ized experimentally in light-controlled active colloids [69,70]
and programmable robotic swarms [71]. This endows the
collective with novel properties: interaction ranges deter-
mined by perception rather than particle size [70,72,73], non-
reciprocal couplings that arise from the asymmetry among
agents [74], and response rules that can be actively designed
and tuned [75]. Whether these features can be exploited to
organize active matter into collective mechanical modes—
programmable stress transmission, topologically protected
signal transport, or sustained extraction of work from the
environment—represents an open frontier with implications
for designing active functional materials and autonomous ma-
chines [76,77].

Beyond these two frontiers, the mechanical viewpoint ex-
tends naturally to other settings: finite inertia or viscoelas-
ticity introduces explicit time-dependence, requiring gener-
alized constitutive equations that incorporate memory ker-
nels [78-80]; for biological assemblies, traction forces, sub-
strate adhesion, and tissue-level stress redistribution consti-
tute the mechanical basis of morphogenesis and collective
migration [81-85]. Regardless of the complexity of the sys-
tem under investigation, mechanical analysis retains its valid-
ity precisely where equilibrium thermodynamic descriptions

cease to apply. As the scope of active matter research expands
into fluid-coupled, information-mediated, and biological en-
vironments, a rigorous mechanical perspective provides not
merely physical insight but a unifying language across these
domains.
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Anomalous mechanical phenomena governed by active structural reorganization. (a) Geometry-induced net
torque driving the spontaneous rotation of an asymmetric gear immersed in a bacterial bath (reproduced by
permission from Ref.~\cite{angelani2009self}). (b) Long-range effective forces between passive plates
mediated by self-propelled colloidal hard spheres (reproduced by permission from
Ref.~\cite{ni2015tunable}). (c¢) Constraint-dependent effective forces due to the dynamic accumulation of
self-propelled particles (adapted by permission from Ref.~\cite{liu2020constraint}). (d) Constraint-
dependent effective torques on passive anisotropic objects immersed in an active bath (reproduced by
permission from Ref.~\cite{li2022active}).
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(a) Non-interacting elliptical ABPs
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30 Mechanical equilibrium and surface tension in active matter. (a) For elliptical active particles, distinct
particle-wall interactions drive spontaneous piston motion, illustrating the breakdown of the traditional
equation of state (reproduced by permission from Ref.~\cite{solon2015pressure2}). (b) The emergent
32 polarization force density directed toward the boundary (arrows indicate self-propulsion directions) exactly
33 compensates for the pressure gap between the boundary and the bulk (adapted by permission from

34 Ref.~\cite{sun2025intrinsic}). (c) The mechanical surface tension of MIPS calculated via the intrinsic
35 pressure framework is significantly positive (reproduced by permission from Ref.~\cite{li2025surface}).
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0Odd mechanics in chiral active matter. (a) Antisymmetric odd response tensors enable non-conservative
work extraction during closed deformation cycles (reproduced by permission from
Ref.~\cite{scheibner20200dd?}). (b) The odd mobility characterizes the orthogonal drift of a driven passive
tracer in a chiral active bath (reproduced by permission from Ref.~\cite{poggioli20230dd?}). (c)
Topologically protected edge flow enables robust cargo transport aided by odd-viscosity-enhanced depletion
interactions (reproduced by permission from Ref.~\cite{yang2021topologically}). (d) The synergy of odd
viscosity and odd elasticity drives the phase separation of active spinners into stripes (adapted by
permission from Ref.~\cite{ding20240dd}).
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