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Confinement-driven emergence of hyperuniform fluids
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Controlling emergent structural order in spatially constrained systems is a fundamental challenge. Using
large-scale simulations of a model fluid at equilibrium conditions, we show that geometric confinement alone
can stabilize fluid and hyperuniform labyrinthine phases. Moreover, confinement can induce self-assembly into
distinct regimes—ranging from nonhyperuniform to antihyperuniform configurations—providing a robust mech-
anism for tuning spatial order. Our results identify confinement as a minimal design principle for engineering
systems with target structural properties, including (anti)hyperuniformity, without relying on genetic or chemical
specificity, and with broad applications in multiple disciplines and technologies.
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I. INTRODUCTION

Confined fluids are ubiquitous in numerous scientific and
technological contexts, including biology, nanotechnology,
and microfluidics. The thermodynamic, dynamic, and struc-
tural characteristics of these fluids can be profoundly modified
by the degree of confinement and the specific geometry of
the confining environment [1–11]. At the nanoscale, boundary
interactions shape phase behavior: Attractive walls enhance
ordering and freezing, while repulsive boundaries suppress
crystallization by amplifying density fluctuations [12–14]—
though exceptions, such as mono/bilayer water ice formation
in graphene slit pores, exist [15,16].

Beyond modifying bulk properties, confinement directs
self-assembly, stabilizing emergent phases that depend on
the confining geometry. Cylindrical or spherical confinement
yields helices and concentric layers [17–20], while slit pores
favor layered arrangements including structured yet fluid-
like states [21–25], as seen in confined water and complex
liquids [3,6,26,27]. The nature of the confining boundaries—
soft, as in biological systems, or hard, as in (multi)graphene
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enclosures—can impose long-range structural perturbations
[26,28,29]. Despite extensive research into the effects of
confinement on fluid properties, the mechanisms by which
confinement governs structural order remain insufficiently un-
derstood. This open question has far-reaching implications
across disciplines and technologies. It forms the central focus
of the present study, with particular emphasis on emergent
hyperuniform (or superhomogeneous [30]) and long-range
structural organization. Disordered hyperuniformity is a strik-
ing form of long-range order in which density fluctuations
are anomalously suppressed at large scales, akin to crystalline
solids, yet without periodic or quasiperiodic order. Hyperuni-
form states are characterized by a vanishing structure factor
at small wavenumbers, lim|k|→0 S(k) = 0 [31]. The ratio H =
S(0)/S(k′), where k′ is the wavenumber at the largest peak
height of S(k), measures how close a system is to perfect hy-
peruniformity [32]. Systems in which H � 10−3 are deemed
to be nearly hyperuniform. Such degree of hyperuniformity
has been detected in out-of-equilibrium systems as different as
jammed packings, amorphous materials, active matter, open
quantum systems, biological tissues, ecosystems, and neural
networks [33–50], among others. On the other hand, achiev-
ing disordered hyperuniformity in equilibrium fluids remains
challenging.

Here, we conduct large-scale molecular dynamics simula-
tions of a complex fluid at equilibrium conditions confined
within slit pores across a range of densities and temperatures.
Within a specific density regime, the fluid spontaneously
self-organizes into two-dimensional (2D) layers with hype-
runiform, labyrinthine structures (H � 10−3)—an emergent
behavior that persists across different system sizes and con-
finement geometries. Additionally, we identify a broad class
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FIG. 1. The CSW fluid under slit-pore confinement. (a) Representative simulation snapshot showing a small section of the confined fluid
(red particles) at ρ = 0.3 and T = 0.3 after rapid annealing and equilibration (τ = t0). The confinement between two parallel walls (blue:
bottom wall attractive, top wall repulsive) produces eight well-defined layers, labeled l1, l2, . . . , l8 from the attractive wall outward. (b) The
density profile along the z axis characterizes the layers, with the interlayer spacing δz approximately matching the repulsive radius RR of the
CSW potential [inset in panel (b)]. (c) Snapshots of a subregion (50 × 30 in units of a) in the xy plane (� 2.6% of the total system area) for
each layer labeled as li (where i = 1, . . . , 8), highlighting the particle arrangement within individual layers.

of effectively antihyperuniform layers (H � 101), charac-
terized by long-wavelength density fluctuations that exceed
those of a Poissonian reference (frequently arising near criti-
cality or in regimes prone to cavitation [51]).

Our findings demonstrate that confinement-based protocols
provide a tunable, robust, and theoretically grounded strategy
for engineering hyperuniform and antihyperuniform fluids un-
der equilibrium conditions. By exploiting confinement as a
design parameter, this approach enables precise control over
long-range structural correlations, offering practical pathways
for the development of advanced materials and nanofluidic
systems.

II. MODEL

We perform large-scale molecular dynamics simulations of
an anomalous liquid as a prototypical example of a complex
fluid, modeled by a continuous sholdered well (CSW) poten-
tial [2], confined in a slit pore with an attractive structured
bottom wall and a repulsive structureless top wall [Fig. 1(a)].
The CSW fluid belongs to the category of isotropic soft-core
models with two characteristic length scales, which coarse-
grain the interactions of solids featuring different crystal
phases (polymorphs) or amorphous states (polyamorphs), as
well as fluids exhibiting unusual properties, such as structural,
diffusion, and density anomalies. They have been shown to
describe properties of complex liquids, including colloidal
suspensions, protein solutions, or liquid metals and, to a
limited extent, water [52]. The CSW effective interaction po-
tential between two particles at a distance r is [Fig. 1(b)]

U (r) ≡ UR

1 + exp(�(r − RR)/a)

− UA exp

[
− (r − RA)2

2δ2
A

]
+ UA

(a

r

)24
, (1)

where RA and RR represent the distances of the attractive
minimum and the repulsive radius, respectively; UA and UR are
the energies of the attractive well and the repulsive shoulder,
respectively; δ2

A is the variance of the Gaussian centered at

RA; and � is the parameter controlling the slope between the
shoulder and the well at RR.

We set the parameters UR/UA = 2, RR/a = 1.6, RA/a =
2.0, and (δA/a)2 = 0.1, following Refs. [2,53,54]. We also
use � = 30, consistent with previous bulk studies [53].
We use LAMMPS [55] to simulate the system in the NV T
ensemble, where N is the number of particles, V the
volume of the simulation box, and T the temperature.
Temperature, density, length, and time are expressed in re-
duced units: T ∗ ≡ kBT/UA, ρ∗ ≡ ρa3, r∗ ≡ r/a, and t∗ ≡
(a2m/UA)1/2. For clarity, reduced units are used throughout
the manuscript without the asterisk notation. Further de-
tails on the model, simulation parameters, wall structures,
and annealing protocols can be found in the Supplemental
Material [56].

III. RESULTS

In our investigation, we systematically vary density and
temperature, performing thermal annealing at two different
rates to explore emergent structural order (see the Supple-
mental Material [56]). Using different system sizes, we allow
the formation of nl = 5, 8, and 10 layers at high density and
low temperature. In the following, we describe the properties
of the eight-layer system and refer to other system sizes as
needed.

At low temperatures, the 2D number density profile along
the wall-to-wall separation coordinate z exhibits distinct peaks
and no population between consecutive layers [Fig. 1(b)]. As
the temperature increases, these peaks broaden and weaken,
eventually merging into a uniform profile away from the at-
tractive wall (Figs. S8 and S9 of the Supplemental Material
[56]).

Snapshots [Fig. 1(c)] reveal a templating effect of the at-
tractive wall on layer l1, which in turn molds l2, a pattern
that propagates across layers (li for i > 2). The cascading
“molding” effect is evident in adjacent layer pairs (Fig. S10
of the Supplemental Material [56]), where each layer fills
the voids left by the one below it. The first peak of the
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FIG. 2. Layer-by-layer hyperuniformity index H for slow an-
nealing rate. Calculations are presented for systems at low (ρ =
0.2, left panel) and high (ρ = 0.3, right panel) density. H at T =
0.3 (black circles), T = 0.5 (red squares), and T = 0.7 (green
rhombuses).

interlayer two-point correlation function gz(r) (Fig. S15 of
the Supplemental Material [56]) appears at a distance greater
than RR/a = 1.6 for all couples of adjacent layers, which
corresponds to the region where the interparticle potential is
always attractive [see inset of Fig. 1(b)]. This confirms that the
interlayer structural correlations are governed by energetically
favorable particle arrangements.

A structured (crystallinelike) wall combined with a re-
pulsive, structureless wall strongly modulates layer density,
leading to a decreasing profile due to the attractive effect of
the structured wall [Fig. 1(b), and Figs. S8 and S9 of the
Supplemental Material [56]]. This effect persists across vari-
ous attractive wall structures—including triangular and square
lattices with different lattice constants (d = a and d = 1.5a
for triangular, d = a and d = 1.25a for square)—and over a
broad range of thermodynamic conditions. Such modulation
is crucial for stabilizing competing structural arrangements
within layers, as will be discussed in the forthcoming section.
In particular, stripe (labyrinthine) phases form at specific layer
densities, with estimates suggesting ρ � 0.53 [2], matching
our system (Fig. 3). These phases are observed across all
attractive wall types (Figs. S11–S14 of the Supplemental Ma-
terial [56]). In the following, we will focus on the triangular
wall geometry with d = a, unless stated otherwise.

At low temperature (T = 0.3) and high density (ρ = 0.3),
the confined fluid exhibits competing structural arrangements
across layers [cf. Fig. 1(c), Figs. S10 and S11 of the Sup-
plemental Material [56]]. The first layer forms a compact
triangular lattice with pointlike and linear defects. Layer
l2 shows a mixture of triangular, kagome, honeycomb, and
stripe phases, while layers l3–l7 are dominated by stripes
increasingly interspersed with low-density triangular regions
(d � RR/a). The eighth layer stabilizes into a low-density
triangular lattice with void defects. Interestingly, l1 and l8
display isocrystalline structures—identical patterns with dif-
ferent lattice constants—arising from the CSW potential’s
soft shoulder, consistent with its known polymorphism and
polyamorphism, as generally observed in isotropic soft-core
potentials with two characteristic length scales [53]. At lower
density (ρ = 0.2), a similar sequence occurs, except the com-
pact triangular lattice in l1 is suppressed and the low-density
triangular lattice emerges already in l3.

Given the distinctive features of each layer and their sharp
separation at low T (see Figs. S8 and S9 of the Supplemental
Material [56]), we analyze density fluctuations on a

FIG. 3. Scaling of the hyperuniformity index H at different layer
densities. Data, color coded by their 〈|ψ6|〉 values, are for systems
with eight and ten layers at (ρ, T ) = (0.2, 0.3) (circles), (0.2, 0.5)
(squares), (0.3, 0.3) (upward triangles), (0.3, 0.5) (downward tri-
angles), and τ = t0, 10t0. While H is largely uncorrelated with
〈|ψ6|〉 within the range ∈ [0.4, 1], it exhibits an average exponen-
tial decrease over 5 orders of magnitude from a relatively large
value of H0 = 11.37 (the zero-density limit for H ) toward H �
10−3, following Hmax = H0 exp(−ρ/ρ1) (black dashed line), with
ρ1 = 0.13. Notably, at ρ � 0.5, H drops to a nearly hyperuniform
value when 〈|ψ6|〉 � 0.3, regardless of (ρ, T ). The arrows indicate
typical snapshots for each thermodynamic condition, showing com-
pact triangular lattices with minimal defects (ρ = 0.3, τ = 10t0,
〈|ψ6|〉 � 1) and stripe phases (〈|ψ6|〉 � 0.3) associated with emerg-
ing hyperuniformity.

layer-by-layer basis. For each layer li, we compute the 2D
structure factor S(k), by projecting particle coordinates onto
the xy plane, averaged over 5 (for slow annealing) to 10 (for
fast annealing) independent quenches. We report the corre-
sponding hyperuniformity index H for fast annealing and for
each layer in Fig. 2.

Rapid quenches at low temperature yield structure factors
decaying as S(k) ∼ kα (α > 0) below a characteristic k∗ in
most layers [Fig. S1(b) of the Supplemental Material [56]],
suggesting H = 0. The peak shown by S(k) at the small value
k = k∗ is associated with a characteristic length scale that is
compatible, by visual inspection, with the typical distance be-
tween topological defects [see Fig. S1(c) of the Supplemental
Material [56]]. The values of the exponent α for the different
layers are in agreement with its estimation from the number
variance σ 2(R) [see Figs. S1(b) and S1(d) of the Supplemen-
tal Material [56]], which scales as RD−α for 0 < α < 1 with
D = 2 [51]. Under slower annealing [Fig. S1(a) of the Supple-
mental Material [56]], k∗ is shifted toward smaller k indicating
a larger characteristic length scale originating from a reduc-
tion of defects. As larger systems and improved statistics are
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required for firm exponent estimates, to remain conservative,
we report the hyperuniformity index H = S(k →0)/S(k′),
with S(k′) taken at the highest peak and S(k → 0) extrapo-
lated using a fourth-order even polynomial.

At low temperatures (T = 0.3 and T = 0.5), the profile of
H (li ) is nonmonotonic, as shown in Fig. 2 for two densities,
namely, ρ = 0.2 (left panel) and ρ = 0.3 (right panel). This
nonmonotonic trend in H is the result of a general increase
in disorder (and thus in H) as layer density decreases, and
a sharp decrease in H associated with the emergence of
stripelike configurations at low temperature and intermediate
layer densities (ρl ∼ 0.5), as also shown in Fig. 3. H (li )
varies significantly between � 10−3 and � 10. Layers with
H � 10−2 typically exhibit either a defected triangular lattice
or labyrinthine phases [e.g., l3, l4 in Fig. 1(c) for ρ = 0.3,
and l2 for ρ = 0.2, in Fig. S10 of the Supplemental Ma-
terial [56]], akin to hyperuniform labyrinthlike structures in
the Swift-Hohenberg model [57]. Layers with 10−2 < H < 1
[e.g., l2, l5, l6 in Fig. 1(c) for ρ = 0.3, and l3, l4, l5 for ρ =
0.2, in Fig. S10 of the Supplemental Material [56]] display
phase separation, while those with H > 1 (e.g., l8 for ρ =
0.3, and l6, l7 for ρ = 0.2, in Fig. S10 of the Supplemental
Material [56]) exhibit cavitation, where small-wavenumber
density fluctuations resemble diverging S(k → 0) in antihy-
peruniform systems [51,58]. Defects, such as vacancies and
dislocations, reduce hyperuniformity in proportion to their
concentration [59]. In our system, just 2% random point de-
fects in an otherwise perfect triangular lattice significantly
lower hyperuniformity, and correlated defects, such as grain
boundaries, suppress it further, with the H index rising with
defect correlation and assuming values larger than those asso-
ciated with liquid stripes arrangements (Figs. S6 and S7 of the
Supplemental Material [56]).

At higher temperatures (T = 0.7), H (li ) saturates around
H � 10−1 due to thermal noise, which induces interlayer dif-
fusion and disrupts the fluid’s layering, particularly for li with
1 < i < 8 (Figs. S2–S4 of the Supplemental Material [56]). In
the Supplemental Material [56], we further expand upon the
mathematical properties of the number variance linked to the
H index. The breadth of values acquired by the hyperunifor-
mity index, which spans 4 orders of magnitude, upholds the
large variety of properties that can be obtained within a single
experiment.

For the eight-layer system, the averaged bond-orientational
order 〈|ψ6|〉 (see the Supplemental Material [56]) ranges from
� 0.3 in stripe phases to � 1 in nearly defect-free triangu-
lar lattices (Fig. 3). Correspondingly, the H index decreases
with density, reaching � 10−3. Strikingly, layers with local
density � 0.5 consistently form stripe patterns (〈|ψ6|〉 � 0.3)
with H between 10−1 and 10−3, marking the universal on-
set of hyperuniformity. Averaging over quenches suggests
Class III hyperuniform stripes with S(k) ∝ kα, 0 < α < 1 [cf.
Fig. S1(b) of the Supplemental Material [56]], though larger
systems are needed for firm exponents.

We distinguish fluid- and solidlike layers via the 2D mean-
square displacement (see the Supplemental Material [56]). At
ρ = 0.3, all layers are solid at T = 0.3, while at T = 0.5
only l1 and l2 remain solid, the others becoming fluidlike
(Fig. 4). Notably, both solid- and fluidlike layers can be nearly
hyperuniform, consistent with rigidity-transition models in

(a) (b)

FIG. 4. Solid- and fluidlike layers. (a) 2D mean square displace-
ment for τ = t0 at ρ = 0.3 and T = 0.3 (black) or T = 0.5 (red) for
li with i = 1, . . . , 8 from bottom to top. At T = 0.3 (black), all layers
are solidlike, as indicated by 〈(�rxy )2(t0)〉 < R2

R = 2.56. At T = 0.5
(red), layers li with i � 3 exceed the 2.56 threshold, consistent with
fluidlike, diffusive behavior (blue dashed line). Lines with symbols
represent l4, having a stripe structure at both temperatures. (b) At
T = 0.5, the stripe phase in l4 (bottom panel, showing a small por-
tion of the xy snapshot at t = 0) evolves along fluidlike trajectories
(wiggly lines in the top panel) over a time window t0, while preserv-
ing the stripe pattern.

epithelial tissues [60]. This indicates that hyperuniformity
is not tied to rigidity, but arises from cooperative motions
preserving long-range correlations. For instance, l4 at T = 0.5
remains nearly hyperuniform (H ≈ 3 × 10−3) despite diffu-
sive dynamics within stripe channels.

IV. CONCLUSIONS

In this work, we have performed large-scale molecular dy-
namics simulations at equilibrium conditions of the CSW fluid
model, a general model that describes complex fluids such as
globular proteins, soft colloids, and liquid metals. We demon-
strate that confinement can modulate density fluctuations
and tune the zero-wavenumber structure factor (isothermal
compressibility) across a broad range of system conditions,
stabilizing hyperuniform labyrinthine fluids and revealing a
diverse array of emergent phases.

By systematically varying thermodynamic conditions, slit-
pore width, and wall geometry, we induce layered structures
with distinct long-range ordering spanning 4 orders of
magnitude. These include (1) effectively hyperuniform layers
appearing as defected crystals or labyrinthine stripe patterns,
(2) nonhyperuniform layers characterized by coexisting
crystalline patches of different symmetries and defects,
indicative of a phase separation, and (3) antihyperuniform-like
crystalline layers with extended and void defects (cavitation).
These findings highlight the role of confinement in shaping
structural complexity and regulating density fluctuations in
self-assembled fluids. Our setup reveals labyrinthine stripe
patterns as a universal arrangement that occurs across diverse
working conditions and exhibits hyperuniform behavior.
Such patterns have been widely observed in magnetic
fluids and confined magnetic monolayers [61], amphiphilic
monolayers, type I superconductors [62], block copolymer
films [63], hard-sphere systems [64], and various biological
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processes, including brain convolution development [65],
fingerprint formation [66], and skin wrinkling [67], among
others.

Finally, we anticipate that the stripe phase in the CSW
model is linked to peaks in specific heat, as observed in
2D hard disks surrounded by a soft corona [68], despite its
inclusion of an attractive term in the potential. While this
term may alter phase stability, it is likely to do so only un-
der conditions of extreme confinement [69]. However, the
presence of multiple layers in our model complicates direct
measurements, as confinement naturally selects the density of
each layer. Additionally, we expect the heat capacity to exhibit
multiple peaks at different densities, each corresponding to the
formation of distinct phases in individual layers. Future stud-
ies will investigate how confinement affects phase transitions
and thermodynamic anomalies, thereby further elucidating the
role of geometric constraints in complex fluids.
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