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Dense colloidal suspensions can propagate and absorb large
mechanical stresses, including impacts and shocks. The wave
transport stems from the delicate interplay between the spatial
arrangement of the structural units and solvent-mediated effects.
For dynamic microscopic systems, elastic deformations of the
colloids are usually disregarded due to the damping imposed
by the surrounding fluid. Here, we study the propagation of
localized mechanical pulses in aqueous monolayers of micron-sized
particles of controlled microstructure. We generate extreme localized
deformation rates by exciting a target particle via pulsed-laser
ablation. In crystalline monolayers, stress propagation fronts take
place, where fast-moving particles (V approximately a few meters per
second) are aligned along the symmetry axes of the lattice. Conversely, more viscous solvents and disordered structures lead to faster
and isotropic energy absorption. Our results demonstrate the accessibility of a regime where elastic collisions also become relevant for
suspensions of microscopic particles, behaving as “billiard balls” in a
liquid, in analogy with regular packings of macroscopic spheres. We
furthermore quantify the scattering of an impact as a function of the
local structural disorder.
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he mechanisms of propagation and absorption of large stresses
in particulate materials can be very different depending on the
size of the particles and their arrangement. For regular packings of
macroscopic spheres, e.g., in a Newton’s cradle, stress pulses, including impacts and shocks, are conveyed through elastic contacts
(Hertzian interactions) (1–3). This makes it possible to direct and
focus them, if the material provides specific paths [e.g., linear
chains (4, 5) or lattices (6)] for the stress propagation (7, 8). The
presence of a dispersing fluid does not alter this physics, provided
that two neighboring grains/particles gain enough relative inertia
to perform elastic scattering, mediated by hydrodynamic interactions (9–11).
Instead, dense disordered packings of macroscopic grains
are materials whose energy absorption is controlled by local
structural rearrangements and dissipation (12, 13). Absence of
inertia in dense suspensions of microparticles and nanoparticles
typically prevents elastic collisions and provides similar routes for
energy dissipation (14–17). At high Peclét numbers, shear dominates the structural response of the material and Brownian diffusion becomes negligible. For example, at sufficiently high strain
rates (up to γ_ ≈ 103 s−1) and volume fractions, shear establishes
highly dissipative particle chains, where lubrication films break
down and the response is dominated by frictional contacts (18–
21), leading to a viscosity increase (discontinuous shear thickening). Additionally, during impacts, “snow-plough” jammed
fronts of nondeformable spheres propagate through the material
and efficiently absorb energy (14, 22, 23).
Here, we investigate the mechanism of localized stress propagation in 2D crystalline lattices and disordered ensembles of
microparticles in a liquid. Using pulsed laser ablation (PLA)
to excite localized mechanical pulses (24), we access a regime
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of extremely high local shear rates, sufficient to induce interparticle Hertzian contacts and therefore a response analogous
to the one of regular and disordered collections of macroscopic spheres. We study the effects of fluid viscosity and
microstructural order on the stress propagation at the singleparticle level.
Colloidal monolayers are prepared using a suspension of
light-absorbing (SiO2 half-covered with 50 nm of gold) and lighttransparent (SiO2) particles (radius R = 3.69 μm) that sediment toward the bottom glass surface of an observation cell (SI
Materials and Methods and Fig. 1A). The coated particles function as “shock initiators” (SIs). When a metallic surface is illuminated by pulsed laser light, heat is not dissipated quickly
enough, and some material is ablated from the surface. The
expansion of high-pressure plasma generates an isotropic pressure wave (Movie S1) that travels away from the ablated material
(25, 26). SIs that are confined and have the axis that links the
Au-coated and the uncoated hemispheres oriented perpendicular to the substrate (Fig. 1A) behave in the same fashion. Under
illumination with pulsed laser light [laser energy (LE) 0.09 μJ <
LE < 0.25 μJ, λ = 532 nm, pulse duration tpulse = 4 ns, radius of
the laser spot ≈ 3R], the ablation of the gold coating triggers an
ultrashort (f = 1=2πtpulse = 40 MHz) pressure wave. This effect is
illustrated in Fig. 1B. Upon PLA of the gold cap, the SI does not
move, but a radial pressure wave develops and pushes the surrounding particles outward (red arrows). At radial distances
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Fig. 1. Local excitation of colloidal monolayers via PLA. (A) Sketch of the
experimental setup: Au-coated particles (SIs) on a glass surface are selectively
excited by a green, pulsed laser beam and simultaneously imaged using a
high-speed camera. (B) If the SI is sintered onto the substrate, the isotropic
pressure wave generated by Au ablation sets into motion close-by particles
and vanishes at larger distances. The arrows mark the particle displacements:
The longest arrow denotes a displacement of 1.9 μm, and the others are
drawn to scale (the arrows are magnified by a factor 8 for clarity). Particles with no arrow do not move. (C ) Displacements farther away from
the SI (white circle) occur only through interactions between particles
aligned in chains. The red circles mark the moving particles. (D) Optical
image of a colloidal lattice including one SI surrounded by uncoated
beads. (E ) High-speed frame after excitation, showing the preferential
stress propagation along the symmetry axes of the crystal (red arrows;
see also Movie S2).

larger than a few particle diameters, no motion is observed,
suggesting that the pressure wave, and consequently the particle
velocities, have decayed to zero. Despite this fact, in a semidiluted monolayer (Fig. 1C), some particles that are located far
away from the SI are also set into motion (red circles). Remarkably, the stress propagates only where the particles are
close enough to contact and form chains. This observation
rules out any possible long-distance displacement caused by the
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1712266114

pressure wave or fluid flows associated to the ejected Au
plasma, which are strictly isotropic (Fig. 1B and Movie S1).
Particle–particle interactions are responsible for the propagation, instead. Further details on PLA are in SI Materials
and Methods.
To study these interactions in well-defined structures, we assemble highly ordered (mean hexagonal order parameter ψ 6 =
0.95 ± 0.05) 2D colloidal lattices of light-transparent particles
(Fig. 1D, white particles) with a single light-absorbing inclusion
(Fig. 1D, black particle). Under illumination of the SI by a laser
pulse, the pressure wave sets into motion the first surrounding
layer of particles. These particles travel radially due to inertia
(Fig. 1B) and transmit the stress to the rest of the lattice (Movie
S2). Here, the particles located along the symmetry axes of the
monolayer move more efficiently than the others in the lattice
(Fig. 1E, red arrows).
We monitor the propagation of strain through the colloidal
crystals by recording images at ∼300 kHz and by measuring the
global velocity V of the particles from their overall displacements
(SI Materials and Methods and Fig. 2 A–D). We reach velocities
up to few meters per second, far beyond the typical velocities of
colloidal particles tracked in shear experiments (27–29). The
laser pulse energy determines the initial velocity V0 of the first
layer of particles around the SI, as discussed below and in SI
Materials and Methods. The lattice efficiently absorbs small
stresses (e.g., Fig. 2A), whereas more intense perturbations
propagate further in the crystals, traveling primarily along the
symmetry axes (e.g., Fig. 2D). When the viscosity of the surrounding fluid is increased, at similar maximum propagation
distances, the propagation becomes less directional, and all
particles, including those not on the crystalline axes, undergo
measurable displacements (compare Fig. 2E, η = 1 mPa·s and
Fig. 2F, η = 4 mPa·s).
To understand the physics behind the propagation/absorption
of local strains, we perform 2D numerical simulations of discrete
particle lattices (SI Materials and Methods). We model the particles’ motion accounting for Stokes’ drag, Hertzian contacts
(30), and hydrodynamic lubrication forces (31). We also set
values for the average interparticle gap before excitation (d =
400 nm) and for the particle surface roughness (ξ = 8.5 nm) that
match the experimental conditions (SI Materials and Methods
and Fig. S1 A and B). We do not include contact friction between
the particles. Friction between the particles and the substrate is
also neglected, since a thin fluid film is always present and prevents direct contact (SI Materials and Methods and Fig. S1C).
The simulations are initialized by setting the excitation velocity
V0. Numerical results for η = 1 mPa·s and η = 4 mPa·s (Fig. 2 G
and H) faithfully reproduce the experiments shown in Fig. 2 E
and F and reveal that the more isotropic propagation at large η
stems from increasing lubrication forces, through which moving neighboring particles drag each other. The propagation
depth of the strain waves into the colloidal lattice is estimated
by studying the wave decay within the directions of maximum
propagation, i.e., the symmetry axes around the SI. Numerical
simulations allow the perturbation to be monitored by looking
at the instantaneous particle velocities Vp (Fig. 2 I and J) along
the alignment direction, from the excitation spot (Vp = V0) to
the periphery (Vp  V0). The signature of interparticle contacts is revealed by a steep wavefront radiated from the SI, as
long as the Hertzian elastic potential is involved in the interactions between the colloids (SI Materials and Methods and SI
Discussion). The data confirms that larger fluid viscosity causes
faster dissipation along symmetry axes. As soon as the momentum is too weak to lead to contact and elastic deformation,
the steep front disappears in favor of a smoother decay (Fig.
2J, for t > 0.2 μs) driven by the diffusion of particle inertia,
mediated by the fluid viscosity (SI Materials and Methods
and SI Discussion). The speed of the steep wavefronts (Fig. 2I,
Buttinoni et al.
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Fig. 2. Propagation of strain waves in 2D colloidal crystals at different excitation levels. (A–D) Experimental data in water (η = 1 mPa·s). The stress is
transmitted along the six symmetry axes of the crystals. The global velocities V and the propagation distance increase with the laser pulse energy (LE). LE is
(A) 0.09, (B) 0.14, (C) 0.15, and (D) 0.16 μJ. The red crosses correspond to the SIs. The surrounding white particles were not tracked because of their out-of-plane
displacement (buckling). The size of the dots does not match the physical size of the particles. (E and F) In fluids with larger viscosity η, the stress propagation
becomes more isotropic. LE is (E) 0.17 and (F) 0.25 μJ; η is (E) 1 and (F) 4 mPa·s. (G and H) Numerical simulations (drawn using Voronoi tessellation; see
SI Materials and Methods) show the same behavior; η is (G) 1 and (H) 4 mPa·s. Excitation velocity V 0 is (G) 12 and (H) 26 m/s. (I and J) Decay of the
instantaneous velocity V p along a particle chain; η is (I) 1 and (J) 4 mPa·s. The colors correspond to different particles, from black (first particle next to
the SI) to red.

cw ≈ 165 ± 25 m/s and Fig. 2J, cw ≈ 275 ± 95 m/s) is at least one
order of magnitude larger than the velocity of the colloids and
one order of magnitude smaller than the wave speed in the
bulk material of the particles (c0) or in the solvent (cwater), i.e.,
V0  cw  (c0, cwater). This distinct separation of timescales
rules out any effect of flow advection or wave propagation
in the fluid on the elastic wave radiation through the particle
network. At these wave speeds, the wavelength λ = cw/f in the
lattice is similar to the size of the particles and the size of the
laser spot (∼10 μm, SI Materials and Methods).
Experimentally, resolving the instantaneous particle velocity or the wavefront speed requires accuracy far beyond the
capacity of high-speed optical imaging. Instead, the energy
absorption properties and the full acoustic features (32) of the
monolayers can be quantified from the decay of the global
velocity V of the particles, and compared with the simulations.
First, we fix the initial conditions, i.e., the LE in the experiments (Fig. 3 A–C, LE = 0.17 μJ) and the excitation velocity
V0 in the numerical simulations (Fig. 3 D–F, V0 = 12 m/s), and
then increase the viscosity of the medium (SI Materials and
Methods). The quantitative agreement between simulations
and experiments indirectly supports the hypothesis that the
laser intensity determines the initial particle velocity. After
Buttinoni et al.

excitation, the wave propagation is strongly affected by the
solvent viscosity due to the fluid flow induced by the motion of the particles. This is further quantified by Fig. 3G,
which shows how the global particle velocity decays along the
symmetry axes of the crystal, i.e., along chains of particles j =
1, 2, ..., 6, as a function of their distance L from a given particle i
with velocity Vi (SI Materials and Methods). A semilog plot of the
data reveals an exponential decay Vj>i = Vi · expð−L=latt Þ, where
the attenuation length latt measures the penetration depth of the
mechanical perturbation. On average, latt decreases with the
viscosity of the dispersing fluid (Fig. 3G, Inset). Experiments
(solid symbols) and simulations (empty symbols and solid line)
reveal a similar response of the material to the applied pulse,
in agreement with the velocity maps shown in Fig. 3 A–F. In
the simulations, the attenuation length is robustly extracted
from the decay of the energy field E, ~latt, compatibly with the
decay of the velocity field, latt = 2~latt [SI Materials and Methods: E
is proportional to the kinetic energy of the particles, E(r,t) ∝
exp(−r/~latt) ∝ V2(r) ∝ exp(−2r/latt), where r is the distance from
the source].
The radial motion of the particles away from the SI is the
consequence of two distinct mechanisms: (i) a radial expansion,
driven by inertia and normal lubrication forces with diffusive
PNAS Early Edition | 3 of 6

Fig. 3. Average strain wave penetration depth in 2D colloidal crystals dispersed in fluids with different viscosity. A fast dissipation in highly viscous
fluids is revealed by the (A–C) experimental and (D–F) numerical velocity maps
for η = (A and D) 1, (B and E) 4, and (C and F) 10 mPa·s. Initial conditions are
fixed LE (experiments, LE = 0.17 μJ) and fixed instantaneous initial velocity
(simulations, V0 = 12 m/s). The average value of ψ 6, calculated over a circular
region with a four-lattice-constants radius centered on the Sis, is (A−C) 0.98 ±
0.02 for the experiments and (D–F) 1 for the simulations. This dissipation is
quantified by the (G) decay of the global velocity V for any initial velocity Vi of
particles aligned along the symmetry axes of the crystal, plotted versus the
distance from particle i (in units of 2R). Solid symbols correspond to experimental data obtained by averaging over ∼10 chains. Dashed lines are fits to
the experimental data by an exponential law Vj>i = Vi · expð−L=latt Þ with a
characteristic attenuation length latt. The colors correspond to η = 1 (black), 4
(red), and 10 (blue) mPa·s. (Inset) Experimental (solid symbols) and numerical
(empty symbols) attenuation lengths as a function of the viscosity of the dispersing medium. The solid line shows the trend of the numerical data.
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momentum transfer and (ii) a weakly attenuated propagation,
triggered by elastic deformations of the particles (9–11) (SI
Materials and Methods). The first regime involves dissipation
due to Stokes’ drag and tangential lubrication interactions.
In the second regime, when two colloids reach sufficiently
small separation distances, the strain rate and the stress in the
interstitial fluid diverge: the fluid clamped by its viscosity (11)
within the surface roughness behaves in a “solid-like” manner
(9, 33), and the particles deform elastically (strain > 10−4)
against the confined liquid layer. The particle surface roughness identifies the critical cutoff distance for occurrence of
elastic deformation (9) (Fig. S1A). The behavior of latt with η
can be, in fact, only explained by taking into account elastic
deformation of the particles, as captured by 2D numerical
simulations (SI Materials and Methods) and compatibly with
an elementary 1D description (SI Discussion). These conditions (V ≈ 1 m/s, γ_ −1 ≈ 10−6 s to 10−9 s) are in contrast to the
case of jamming suspensions under shear flows (e.g., shear
thickening γ_ −1 ≈ 10−1 s to 10−3 s), in which the fluid has time
to escape upon particle−particle contact (20, 21). These
shear rates are also two to three orders of magnitude larger
than macroscopic shear rates observed for impact protection materials employing shear-thickening fluid, but may become relevant for higher-energy projectiles, e.g., in spacecraft
shielding (34).
The data presented were obtained using perfect hexagonal
lattices. However, the stress propagation is drastically affected by particle misalignments (Fig. S3) and by the presence
of structural defects in the lattices. We report the velocity
maps of monolayers that include local defects, such as a dislocation (Fig. 4A) or a vacancy (Fig. 4B). In both cases, the
stress propagation is abruptly arrested at the defect. In the
extreme case of disordered (glassy) monolayers (SI Materials
and Methods and Fig. 4C), the wave propagation becomes
very short-ranged, even when the SI is illuminated at high
power (LE = 0.16 μJ). Numerical simulations of aqueous
monolayers (η = 1 mPa·s, V0 = 12 m/s) with a controlled degree of disorder (SI Materials and Methods) highlight the
propagation depth of stress pulses as a function of the hexagonal order parameter ψ 6 (Fig. 4D). The attenuation length
~latt of the ballistic coherent (35) field (SI Materials and
Methods) swiftly drops to ∼2R, because of multiple scattering
(35), within 0.85 < ψ 6 < 1 (Fig. 4D, Inset, red), while the
packing (area) fraction ϕ of the material remains constant
(Fig. 4D, Inset, blue). This indicates that local order dictates
the propagation of strain. Values of ψ 6 < 0.85 unavoidably
lower the packing fraction and increase the initial separation
d between the colloids (Fig. 4E). Fig. 4F shows the dependence of ~latt on d in disordered (any ψ 6 < 1, red) and
crystalline (ψ 6 = 1, black) monolayers. In the crystalline case,
~latt depends weakly on d, whereas disordered structures cause
stronger attenuations. This observation, in conjunction with
Fig. 4E (ψ 6 vs. d), demonstrates that the decay of strain pulses
in samples with randomness is due to multiple scattering
rather than to the packing density.
All of our observations unambiguously show how the
propagation of localized “extreme” strain waves depends on
the excitation energy, the local particle arrangement, and the
solvent viscosity. This mechanism is qualitatively different
from direct (frictional) and indirect (hydrodynamic) contactbased models describing fluids jamming at lower shear rates.
Instead, it sheds light on the mechanical response to much
faster deformation rates, e.g., during impact and shocks, offering insights on the stress propagation and energy absorption of dense suspensions where elastic contacts can be
specifically designed, e.g., by introducing local defects or by
changing the solvent viscosity.
Buttinoni et al.
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Fig. 4. Strain propagation in the presence of local disorder. (A–C) The pulse induced by the SI rapidly fades when traveling through (A) dislocations,
(B) vacancies, or (C) glassy structures. The circles corresponding to particles are drawn with a size proportional to their value of ψ 6. (D) Attenuation length ~l att
(in units of 2R, numerical data) extracted from the energy decay of the ballistic pulse (SI Materials and Methods) in colloidal monolayers excited in water at
V0 = 12 m/s. Each point is an average of 20 configurations. (Inset) At 0.85 < ψ 6 < 1, the packing (area) fraction ϕ is constant (blue data) and ~l att shows a rapid
decrease (red data); ϕ and ψ 6 are computed within a disk of radius 50 μm around the SI (i.e., the center of simulating box). (E) At ψ 6 < 0.85, the hexagonal
order parameter ψ 6 and the initial mean interparticle distance d start to be strongly correlated. (F) Attenuation length ~l att as a function of d for a perfect
crystal (black circles) and for disordered structures (red circles) prepared as described in SI Materials and Methods. The effect of the interparticle distance on
~l att is weak (black data), and the energy decay is mostly due to an increase of disorder.
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