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ABSTRACT

A quarter century of progress in holographic optical trapping has yielded fundamental advances in the science
of classical wave-matter interactions. These efforts have drawn attention to the connection between wavefront
topology and wave-mediated forces, including the interrelated roles of orbital and spin angular momentum,
and the interplay between conservative intensity-gradient forces and non-conservative phase-gradient forces.
Holographically structured force landscapes can act as knots, micromachines and even tractor beams and have
permeated application areas ranging from biomedical research to quantum computing. Lessons learned from
holographic optical trapping recently have been applied to acoustic micromanipulation, with remarkable effect.
Beyond an overall leap in the force scales that can be achieved with sound, advances in acoustic trapping are
casting new light on the nature of wave-matter interactions, including the role of nonreciprocal wave-mediated
interactions in creating novel states of organization.
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1. INTRODUCTION

The introduction of holographic optical trapping twenty-five years ago1–4 catalyzed a revolution in the science
and applications of wave-matter interactions.5 The scene for this burst of activity was set by the discovery
of optical tweezers, which demonstrated that forces exerted by structured light waves can usefully trap and
manipulate small objects.6 Holographic trapping unlocked the potential of this breakthrough by leveraging
computer-generated diffractive elements to sculpt ordinary beams of light into optical force landscapes7 with
tailored properties.8 The dynamic control afforded by holographically projected arrays of optical tweezers has
been used to assemble biological cells and colloidal building blocks into functional structures9–12 and to organize
ultracold atoms into quantum computers.13–15 Holographic projection also can be used to shape the wavefronts
of trap-forming beams,4,16 thereby affording independent control over forces and torques that are governed by
the wave’s amplitude, phase and polarization.17

Figure 1(a) presents a standard implementation of holographic optical trapping that illustrates both the
simplicity and flexibility of the technique and also its fundamental limitation. The wavefronts of a laser beam
are imprinted with a computer-generated hologram by a spatial light modulator (SLM). The modified beam then
is relayed to the input pupil of a microscope objective lens, which focuses it into the sample. The field in the
focal plane of the objective lens at axial coordinate z = 0 may be usefully approximated as the Fourier transform
of the modified beam in the plane of the SLM.2,4 This insight provides a basis for computing the holograms
needed to project desired volumetric light fields.

The basic implementation in Fig.‘1(a) typically uses a phase-only SLM and linearly polarized light. Elab-
orations on this theme also can provide independent control over the amplitude18 and polarization19,20 of the
projected light, allowing for fully vectorial trapping. Even these sophisticated implementations, however, are
limited to the single wavelength of light provided by the laser.
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on an illuminated particle at position r:,26–28

F(r) =
1

2

3
∑

j=1

ℜ
{

αEj∇E∗

j

}

(2a)

=
1

4
α′ ∇

3
∑

j=1

u2
j +

1

2
α′′

3
∑

j=1

u2
j ∇ϕj , (2b)

up to dipole order in the multipole expansion of the incident and scattered fields. Equation (2) is appropriate
for an isotropic particle, such as a homogeneous sphere, whose size, ap, is small enough to satisfy the Rayleigh
condition, kap < 0, where k = ω/cm is the wave number of light in a medium with speed of light cm. The
particle’s light-scattering properties contribute to the force it experiences through the real and imaginary parts
of the dipole scattering coefficient, α = α′ + iα′′. An analogous set of expressions describe contributions to the
force due to the light’s magnetic field. Magnetic forces tend to be very much weaker than electric forces for
dielectric particles, and consequently are less often discussed.

By isolating contributions to the time-averaged force due to the field’s amplitudes and phases, Eq. (2b)
helps to clarify the nature of the wave-matter interaction and provides guidance for designing trap-forming
holograms. The first term in Eq. (2b) describes the manifestly conservative intensity-gradient force responsible
for stable trapping in optical tweezers.6 The second term describes a force that is directed by phase gradients
and generally does not conserve the particle’s mechanical energy. Phase-gradient forces account for the transfer
of orbital angular momentum from helical modes of light to optically trapped particles.16,29,30 Equation (2b)
furthermore reveals that the optical force experienced by an isotropic particle is independent of constant offsets
in the relative phases, ϕj(r), and therefore is independent of the light’s state of polarization, at least at dipole
order. This means that any spin-dependent forces arise at higher order in the multipole expansion and therefore
are likely to be comparatively weak.

The formulation of acoustic forces follows largely by analogy to the theory of optical forces.31 Sound travels
as a pressure wave,

p(r, t) = u(r) eiϕ(r) e−iωt (3)

through a fluid medium. If the wave’s amplitude, u(r), is sufficiently small, the medium may be treated as
inviscid, and the pressure serves as a scalar potential for a velocity wave,

v(r, t) = −
i

cmρm
∇p, (4)

where cm is the speed of sound in a medium of mass density ρm. The time-averaged dipole-order force experienced
by a small isotropic sphere in such a sound wave is

F(r) =
1

2
ℜ{Ap∇p∗}+

1

2

3
∑

j=1

ℜ
{

B vj∇v∗j
}

, (5)

where A and B are the monopole and dipole scattering coefficients, respectively.

There is no equivalent to the monopole scattering term in optical trapping because illuminated objects
generally do not have a scalar response to the light’s oscillating potential, such as developing an oscillatory
charge. The acoustic scattering coefficients for a sphere of radius ap depend on the density and sound speed of
the particle, ρp and cp, respectively.

3. WAVE-MEDIATED INTERACTIONS

Particles moving through wave-generated force landscapes interact with each other through the waves they
scatter. A particle at position r1 in an electromagnetic wave, E0(r), scatters the field,

Es(r, r1) = α1 E(r1) · S1(k(r− r1)), (6)
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to position r, where S1(kr) is the tensor-valued Lorenz-Mie scattering function for the particle. The total field
incident on a neighboring particle at position r2 is

E(r2, r1) = E0(r2) +Es(r2, r1) (7)

Substituting this into Eq. (2a) yields the net force on particle 2:

F2(r2) ≈ F0(r2) + F21(r2, r1), (8)

where the wave-mediated interaction is dominated by interference between the scattered and incident waves:
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This expression is asymmetric under exchange of the labels, 1 and 2, which means that the wave-mediated
interaction force is nonreciprocal,

F21(r2, r1) ̸= −F12(r1, r2), (10)

unless the two particles have identical scattering characteristics. The difference represents a net force acting on
the two particles’ center of mass. This apparent violation of Newton’s third law arises because the two-particle
system is not closed; the recoil momentum is carried away by the scattered wave.

The reciprocal part of the wave-mediated interaction is oscillatory in the particles’ separation, and generally
is attractive at short range. In the context of optical trapping, this wave-mediated attaction is known as optical
binding.32 In the context of acoustic trapping, it is referred to as the secondary Bjerknes interaction.33

The possibility of observing dynamical effects arising from nonreciprocal wave-mediated interactions has
been proposed in theory34 and in simulation.35 Figure 2 presents a straightforward experimental observation
of the phenomenon. In this case, millimeter-scale beads of expanded polystyrene are levitated in an acoustic
trapping pattern at 40 kHz created with the instrument depicted in Fig. 1(b). Three beads of different diameters
are trapped as a cluster in the central node. Additional beads of the same composition are trapped in the
neighboring nodes above and below the three-particle cluster and therefore are separated from each other by half
the acoustic wavelength. The traps are strong enough that gravity may be neglected. For particles that differ
only in their radius, the net nonreciprocal force tends to drive the pair of particles along the line connecting
their centers with the larger particle in the lead. Consequently, the cluster in Fig. 2 tends to revolve around the
central ẑ axis in the right-handed sense. This rapid motion does not result from the topology of the standing
wave, but rather is a consequence of the consolidated cluster’s heterogeneous wave-scattering properties.

4. DISCUSSION

The nonreciprocal part of a wave-mediated interaction does mechanical work on pairs of particles and, in that
limited sense, violates conservation of energy for the system of particles. Nonreciprocal scattering therefore joins
engineered phase gradients as a mechanism to transfer energy between the projected wave and collections of
particles. More generally, a suitably structured wave can serve as a reservoir of energy that objects can tap into
to establish distinct states of organization. Objects propelled by phase-gradient forces are examples of driven
matter and can self-organize in non-trivial ways.36–38 The trajectory of an individual driven particle, however,
is programmed into the projected force landscape.

Motion driven by nonreciprocal wave-mediated interactions has a different nature. As the example in Fig. 2
demonstrates, individual particles might not move at all within the force field created by the wave. The ability of
collections of particles to harvest energy from the wave depends not just on their individual scattering properties
but also on their instantaneous configuration. The ability of such collections of objects to transduce energy from
a reservoir into directed motion identifies them as a class of active matter.35,39 Activity based on non-reciprocal
pair interactions appears not to have been previously identified as a distinct mechanism for self-organization
and has distinctive features. The transduction rate in such systems, for example, is not an intrinsic property of
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