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We present an experimental study of capillary surfers, a new fluid-mediated active
system that bridges the gap between dissipation- and inertia-dominated regimes. Surfers
are wave-driven particles that self-propel and interact on a fluid interface via an extended
field of surface waves. A surfer’s speed and interaction with its environment can be
tuned broadly through the particle, fluid, and vibration parameters. The wave nature of
interactions among surfers allows for multistability of interaction modes and promises a
number of novel collective behaviors.
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Active matter systems have recently attracted considerable interest for the possibility of extend-
ing statistical mechanics to incorporate nonequilibrium phenomena, as their constituents locally
consume energy in order to move or exert forces on each other [1,2]. There has been extensive work
on dissipation- [3–16] and inertia-dominated [17–23] active systems (e.g., bacterial suspensions and
fish schools, respectively), but our understanding of the intermediate regime [24] between these
two extremes is currently limited [25]. Self-propelled particles are natural or artificial particles
that generally represent the constituents of such active systems, as they convert energy from the
environment into directed motion [26].

Vibrating platforms are suitable sources of diffuse energy to observe macroscopic self-propelled
particles [27,28] and their collective behavior [29–34]. Indeed, solid asymmetric particles can
self-propel with an internal source of energy [35,36] or by rectifying the mechanical vibrations of
the platform on which they move [27,37,38]. In particular, such “dry” active systems [39] represent
important and successful platforms to demonstrate collective behavior in table-top experiments and
to evaluate theoretical predictions. On the other hand, fluid interfaces are convenient platforms for
the self-propulsion of natural [40] and artificial bodies, including solid particles [41–45], drops
[28,46–48], and small-scale robots [49]. When the fluid interface is vibrating, millimetric droplets
may self-propel by bouncing on the sloped surface wave they generate in select parameter regimes
[28,50], and floating drops may be deformed and driven by surface waves [46–48]. For floating
drops, propulsion mechanisms based on asymmetric vortex generation [48] and wave radiation
pressure [47] have been proposed, but the drops are difficult to manipulate directly due to their
self-adaptive nature. The study of capillary wave-driven bodies at the fluid interface is relevant
to the propulsion of [40,51,52] and interactions between [53,54] water-walking insects, controlled
particle transport and patterning at fluid interfaces [55–57], and novel propulsion mechanisms for
autonomous interfacial “micro”-robots [43,58].

We here introduce capillary surfers [Fig. 1(a)]: highly tunable solid particles that self-propel on a
vibrating liquid surface due to the asymmetric radiation pressure of their self-generated surface
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FIG. 1. A capillary surfer self-propels on a fluid interface due to its self-generated waves (supplementary
video 1). (a) Oblique wave field visualization, in which colors are obtained from the distorted reflection
of a yellow and blue background on the fluid surface. (b) Surfer geometry. (c) Side view schematic of the
experimental setup (not to scale). The fluid has density ρ, surface tension σ , dynamic viscosity η, and depth
H . (d) Dependence of the surfer speed U on the forcing frequency f and forcing acceleration γ , as collapsed
by the nondimensional propulsive force scaling in Eq. (1), with L = 4.20 ± 0.03 mm, w = 2.70 ± 0.03 mm,
a = L/2. Inset: Dependence of U on the asymmetry a/L for f = 100 Hz, γ = 3.3 g, L = 6.44 ± 0.02 mm,
w = 4.13 ± 0.02 mm.

waves. Two surfers interact via these surface waves and self-organize into multiple interaction
modes, while multiple surfers exhibit collective behaviors. Generally, our results suggest that
capillary surfers hold promise as a platform that bridges the gap between dissipation- and inertia-
dominated active systems.

Millimetric surfers [Fig. 1(b)] with width w = 1.75–7.09 mm and length L = 2.78–10.85 mm
were manufactured out of white polytetrafluoroethylene (PTFE) sheets with density 2.2 g/cm3,
which are chemically hydrophobic. An adhesive PTFE sheet with thickness 0.40 mm was attached
to the upper surface of a PTFE sheet with thickness 0.82 mm. A laser cutter (Universal Laser
Systems, VLS 4.60) was then used to cut out rectangular profiles with rounded corners (with radius
equal to 0.17L) to avoid sharp corners along the contact line, which were observed to reduce the
reproducibility of the surfer motion due to irregular wetting. In order to introduce an asymmetry in
the surfer distribution of mass, a laser engraved line was used as a guide to cut out a portion of the
upper adhered layer using a fine razor. Taking inspiration from marine terminology, in the following
we refer to the front and back of the surfer as the “bow” and “stern,” respectively. The height of the
surfer’s stern and bow were h+ = 1.22 mm and h− = 0.82 mm, respectively. The center of mass
of the surfers was thus offset with respect to their in-plane geometric center. Surfers were gently
deposited on a bath of water-glycerol mixture with density ρ = 1.1756 ± 0.0003 g/cm3, viscosity
η = 0.0197 ± 0.0005 Pa s, surface tension σ = 66.4 ± 0.5 mN/m, and depth H = 5.73 ± 0.06
mm and supported at the liquid-air interface by virtue of the equilibrium between their weight,
hydrostatic forces, and surface tension. The contact line of the bath was pinned to the surfer’s
base perimeter. As a result of their mass asymmetry, surfers were slightly tilted in equilibrium
[Fig. 1(c)] and the deformation of the interface varied along their perimeter. For the parameters
explored here, the surfer’s tilt during oscillation was substantially smaller than the tilt of asymmetric
self-propelled granular particles on a vibrating plate [27]. With a pinned contact line and symmetric
contact area, mass asymmetry was a requirement to obtain self-propulsion, yet propulsion can be
realized with virtually any surfer shape. The liquid bath was vertically driven by an electromagnetic
shaker with acceleration �(t ) = γ cos(2π f t ) with f the forcing frequency in the range 40–100 Hz.
All experiments were performed below the Faraday threshold, the critical vibration amplitude above
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which subharmonic standing waves form spontaneously at the free surface [59]. A viscous mixture
of water and glycerol was used to increase the Faraday threshold, thereby expanding the accessible
driving parameter regime for the present study. Steady and unsteady Faraday wave fields have
been previously shown to result in passive particle migration [45] and redistribution [56,60]. A
monochrome USB camera (Allied Vision, Mako) with a macro lens for video acquisition was
mounted above the bath and normal to its surface. In order to increase the contrast of the video
recordings, the bath’s base was constructed of a black acrylic plate. The shaker system was placed
inside an acrylic box to isolate the bath from ambient air currents and contaminants. More details
on experimental methods and procedures are available in Supplemental Material [61].

As soon as the bath was set into vibration, a surfer generated propagating surface waves as a
result of the relative vertical motion between the surfer and bath, a consequence of the difference
in inertia between the surfer and the liquid. Correspondingly, the surfer moved along its long
axis in the direction of its thinner half [Figs. 1(a) and 1(c)]. The contact line remained pinned
to the surfer’s base perimeter at all times. Due to the frequencies considered, surface waves were
in the capillary regime with wavelength λ = 2π/k given by the dispersion relation (2π f )2 = σk3/ρ

in the deep-water limit kH � 1. In the parameter regime explored, λ = 3.3–5.2 mm, which is
comparable to the surfer size. In the absence of external perturbations or manufacturing imper-
fections, the surfer moved with constant velocity U along a rectilinear trajectory. We proceeded by
analyzing the motion of a single surfer as a function of the forcing parameters, the surfer asymmetry,
and its size (Fig. 1(d) and supplementary Figs. S1 and S2 in Ref. [61]). For a given surfer size
and asymmetry, and at a fixed forcing frequency f , the surfer speed increases with the forcing
acceleration γ . For a fixed acceleration amplitude, the speed decreases with frequency. In all cases,
the surfers move significantly slower than the phase speed of their self-generated propagating waves.

In order to rationalize this dependence on the driving parameters, we consider the wave radiation
stress generated by the surfer. The radiation stress S of surface waves may be defined as “the excess
flow of momentum due to the presence of the waves” [62] and has the form S = (3/4)σA2k2 for
capillary waves of amplitude A and wave number k. Note that this definition has units of force per
length; nevertheless, we use the term stress or pressure to remain consistent with the prior literature
[62]. Experimental measurements of the dependence of the surfer speed on its asymmetry show that
the speed is maximized when the displacement of the center of mass relative to the in-plane geomet-
ric center is maximized, which corresponds to the highest difference in the equilibrium deformation
of the liquid surface between stern and bow [inset of Fig. 1(d)]. The radiation stress generated by
the surfer thus exhibits a fore-aft asymmetry: Waves of larger amplitude A+ are generated at the
stern, where the effective mass is larger, while waves of smaller amplitude A− are generated at
the bow. As a result, the surfer experiences a net propulsive force Fp = (3/4)σk2w(A2

+ − A2
−) via

an asymmetric momentum flux, where w is the surfer width. An analogous propulsion mechanism
via an asymmetric self-generated capillary wavefield was suggested for floating drops [47] and
a waterbound honeybee [52] and recently demonstrated via direct wavefield measurement for a
robotic version of the capillary surfer, the “SurferBot” [58]. We assume that the wave amplitudes
A± are proportional to the bath forcing amplitude γ / f 2 and, using the capillary wave dispersion
relation to relate k and f , we define a nondimensional propulsion force F ∗

p = Fp/(σw) that thus
scales as

F ∗
p ∼

(ρ

σ

)2/3
γ 2 f −8/3. (1)

Figure 1(d) shows that the experimental speed measurements for a single surfer over a range of
driving amplitudes and frequencies can be collapsed along a single curve when plotted as a function
of this nondimensional propulsion force (see raw data in supplementary Fig. S1 [61]), confirming
the hypothesis of wave radiation stress as the mechanism underlying surfer propulsion. Additionally,
for small speeds, this curve follows a linear trend which suggests a corresponding linear (viscous)
resistance. Recent work has demonstrated that for disks pinned atop a fluid interface at similar
scales, the principal resistance to motion along the interface arises from the skin friction over the
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FIG. 2. Interaction of surfer pairs (see also supplementary video 2). (a) A collision yielding scattering.
(b) A collision yielding a n = 2 orbit. (c) Oblique view of two orbiting surfers. [(d)–(j)] Bound modes
observed in experiment with n = 1 for f = 100 Hz and γ = 3.3 g. (d) Head-to-head, (e) back-to-back,
(f) orbit, (g) promenade, (h) tailgate, (i) t-bone, and (f) jackknife. In experiments, L = 4.20 ± 0.03 mm,
w = 2.70 ± 0.03 mm, a = L/2.

wetted base of the disk [63]. Since the relevant viscous diffusion timescale (tν = H2ρ/η) in the
present work is approximately 1 s, and the surfers typically move much less than a body length
each second, we expect that a locally fully developed linear shear flow develops beneath the surfer
leading to a linear drag law (Fν ≈ ηUwL/H). For higher speeds, deeper baths, less viscous working
fluids, or partially immersed surfers, other nonlinear drag effects will likely become relevant.

Surfers may interact with each other through the propagating waves they generate on the fluid
interface. Specifically, when two free surfers come within a few capillary wavelengths of each other,
they deviate markedly from their rectilinear motion. This wave-mediated interaction has two possi-
ble outcomes. In a scattering process the surfers repel each other and ultimately recover rectilinear
motions in new directions [Fig. 2(a)]. Alternatively, the surfers can enter a stable bound mode after
a brief transient period [Fig. 2(b)]. In general, the outcome of the interaction depends on the initial
condition of the surfers’ relative motion. The number of bound modes varies with forcing frequency
and amplitude. When the system was driven at f = 100 Hz and γ = 3.3 g (i.e., close to but below
the Faraday instability threshold γF = 3.80 ± 0.05 g) two surfers of equal size and speed with length
L = 4.20 ± 0.03 mm, width w = 2.70 ± 0.03 mm, and a = L/2 exhibited the maximum number
of bound modes. Variation of the experimental parameters, including liquid viscosity, generally
resulted in a reduction of the number of observable modes. With these parameters, we observed up to
seven qualitatively distinct bound modes [Figs. 2(d)–2(j) and supplementary video 2]: head-to-head
(d), back-to-back (e), orbiting (f), promenade (g), tailgating (h), t-bone (i), and jackknife (j). In the
head-to-head (back-to-back) mode the two surfer bows (sterns) face each other [Figs. 2(d) and 2(e)].
While these modes are static, the remaining five modes are dynamic. In the orbiting mode, the two
surfers orbit around the system’s center of mass [Fig. 2(f)]. In the promenade mode, they proceed
side by side with constant speed along a rectilinear trajectory [Fig. 2(g)]. In the tailgating mode,
the two surfers are aligned along their major axis, with the bow of one surfer pointing toward the
stern of the other, and they move with constant speed along a rectilinear trajectory [Fig. 2(h)]. In the
t-bone mode, the two major axes are perpendicular to each other and the bow of one surfer points
toward the stern of the other, while they both execute a circular trajectory [Fig. 2(i)]. The jackknife
mode has a similar configuration except the two sterns are close to each other [Fig. 2(j)]. Curiously,
this rich catalog of bound modes shares many similarities with recent numerical predictions of
pairwise bound modes for fully immersed two-sphere swimmers at intermediate Reynolds number
[64] despite the apparently different fluid mechanisms mediating the interactions. In particular, the
two-sphere swimmer recovers stable modes with similar arrangements to the following, back-to-
back, promenade, and orbiting modes observed in the present interfacial system. In our system,
bound modes can be obtained by either varying the initial conditions of a two-surfer impact or by
varying the initial positions and orientations of two surfers manually positioned near one another.
The back-to-back, tailgaiting and jackknife modes could not be realized in an impact event. Note that
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FIG. 3. Promenade modes. In (a)–(d), γ = 3.3 g and f = 100 Hz. (e) Dependence of the dimensionless
intersurfer spacing d/λ on the forcing acceleration γ for fixed forcing frequency f = 100 Hz. (f) Dependence
of d/λ on f just below the Faraday instability threshold. f ranges from 50–100 Hz in increments of 10 Hz, and
the corresponding values of γ /g are 1.1, 1.5, 2.0, 2.3, 3.0, and 3.3. d is defined here as the distance between
the surfers’ nearest edges or specifically the distance between the centers of mass minus the surfer width w.
L = 4.20 ± 0.03 mm, w = 2.70 ± 0.03 mm, and a = L/2.

should the vibration be eliminated, the surfers cease to propel and immediately collapse in towards
each other under the influence of capillary attraction [65]. In each mode the two surfers exhibit
discrete equilibrium spacings d ≈ nλ where n = 1, 2, . . . . The maximum order nmax is different for
each mode and depends on the properties of the liquid, vibration, and surfers. nmax and the individual
surfer speeds for each mode are available in the Supplemental Material [61]. We focused on the
promenade mode as in our experiments it exhibited the largest nmax = 4 (Fig. 3). First, we fixed
the forcing frequency and measured the promenade spacing for increasing forcing acceleration. The
spacing d increases very slightly with forcing acceleration γ [Fig. 3(e)] but is significantly more
sensitive to the forcing frequency f . The normalized spacing d/λ is approximately independent of
f , showing that the equilibrium spacings are quantized by the capillary wavelength in the range
of forcing frequencies explored [Fig. 3(f)]. The promenade speed increased with n but was always
lower than the speed of a single surfer. As an individual surfer’s waves are being continuously
generated and propagating outward, the time-averaged wave slope experienced by a neighboring
surfer is zero. However, due to its own synchronized vertical oscillation, the time-averaged lateral
wave force is nonzero and exhibits an oscillatory spatial dependence, a mechanism identified in
recent theoretical work [66] and expanded on in our companion theoretical paper [67].

Many-body experiments show that capillary surfers have potential as constituents of a novel
active system (Fig. 4 and supplementary video 3). For instance, a many-body promenade mode
[Fig. 4(a)] and a superorbiting state of eight surfers [Fig. 4(b)] have been observed in experiments.

FIG. 4. Examples of collective behavior of surfers (supplementary video 3). (a) Promenade mode of four
surfers. (b) Superorbiting mode of eight surfers. (c) Lattice mode of four surfers. (d) Composite mode of four
surfers. Experimental parameters: f = 100 Hz, γ = 3.3 g, L = 2.78 ± 0.01 mm, w = 1.75 ± 0.01 mm, and
a = L/2.
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Multiple surfers can also arrange in static lattices [Fig. 4(c)] or exhibit exotic roto-translating
bound states [Fig. 4(d)]. While there have been extensive studies on overdamped active systems [2],
mediated by viscous hydrodynamic forces that decay monotonically with distance, a collection of
surfers has the peculiar feature of being characterized by wave-mediated interactions, which results
in long-range spatially oscillatory forces defined by alternating regions of attraction and repulsion.
This feature is a consequence of fluid inertia and responsible for the multistability of a discrete set
of interaction states, as documented here for the promenade mode (Fig. 3).

Collective behaviors at a fluid interface have been observed with camphor boats [68] and walking
droplets [34] previously but only within a relatively narrow parameter space defined by the physical
constraints of these systems. The two-surfer interaction landscape (Fig. 2) already far exceeds those
documented for the aforementioned systems. Ultimately, the surfer system is a largely tunable and
accessible experimental platform that has the potential to fill the gap between active systems at
low and high Reynolds numbers: The surfers used in the present work self-propel at intermediate
Reynolds number Re = ρUL/η ∼ O(1), where both fluid inertia and viscous forces are relevant.
Recent reviews [25,26] underline the need for experimental platforms and theoretical frameworks
to explore active systems in this intermediate regime, which has received far less attention than the
purely viscous and inertial limits. It is anticipated that such systems could exhibit novel classes
of self-organizing behaviors, such as soliton-like waves, shocklike phenomena, new flocking states
(e.g., Fig. 4), and nonequilibrium phase transitions [25,26].
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