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1 Optical scattering, gradient, and binding
forces

The analysis in the manuscript was guided by comparing
two types of scattering bodies, Polystyrene (PS) and Sil-
ica (SiO2) particles, denoted as HIP and LIP. Initial cal-
culations were done comparing the relative strengths of
three optical forces: the scattering force, gradient force,
and binding force.

The scattering force is a first-order optical force which
arises from the back-reflection of incident photons? . The
scattering force is non-conservative and is dependent on
the direction of light propagation. We determine the
strength of the force through simulating a single particle
in single plane wave.

The gradient force is a first-order optical force due to the
induced dipole moments generated in the scattering object
by the incident light29. The force is completely conserva-
tive and is highly depended on the gradients in the electric
field. We determine the strength of the force through sim-
ulating a single particle in a standing wave generated by
two counter-propagating plane waves. The two counter-
propagating waves negate scattering forces, the standing
wave pattern generates gradients in the optical field which
apply gradient forces onto the single object.

The optical binding force is a second-order optical force
due to the modification of an incident field on an object
by the scattered fields of other objects11. Optical bind-
ing is a combination of conservative and non-conservative
forces. We simulate the force by placing two objects sepa-
rated in cross-polarized counter-propagating plane waves.
The counter-propagation negates the first-order scatter-
ing forces while cross-polarizing removes the standing
wave suppressing the first-order gradient force. Remain-
ing forces must be due to optical binding effects.

At the size range of interest we find that PS particles
have relatively stronger scattering forces while LIPs have
relatively stronger gradient forces. The conclusion made is
that HIPs are stronger scatterers.

2 Numerical Simulations
The numerical simulations were achieved using a Coupled
Dipole Method (CDM) based scattering code27,28. In each
case, we ensure 10 dipoles per wavelength is used. We use
an iterative solver in which the number of iterations are set
until the root mean square of the dipole moments converge
to < 1%.

The 2-dimensional maps were generated by running a
stand-alone simulation at each particle displacement. A
single particle was fixed at an origin while a second particle
was moved along a 2-dimensional space on the plane in the
immediate vicinity of the fixed particle.

3 Force map generation
The force maps were generated using CDM based simula-
tion. By placing two particles in a cross-polarized counter-
propagating field, we calculate the radiation forces placed
on each particle. Filling out the 2-dimensional space is
done by fixing one object at an origin and repeating the
simulation for various displacements.

4 Correlating volume mean squared differ-
ence (VMSD) with mean squared displace-
ment (MSD)

3-Dimensional videos were taken of particles undergoing
Brownian motion. 19 individual particles located in a sin-
gle volume were averaged to generate a reference particle.
We used the reference particle to simulate particle motion
by shifting it a known amount in a generated noisy back-
ground. The results of the simulated displacements along
different axes are provided in Fig. 1. We can correlate the
size of the simulated step to the value of taking the sum
squared volume difference (VSD) of the array before and
after the step. We found that larger displacements corre-
spond to a larger VSD in general. One limitation is that the
motion in the z-direction is underrepresented compared to
motion in the x-y plane due to the inherent asymmetry of
the particles imaging profile along the z-axis. This limita-
tion does not allow us to place an absolute estimate of how

Journal Name, [year], [vol.],1–4 | 1

Electronic Supplementary Material (ESI) for Soft Matter.
This journal is © The Royal Society of Chemistry 2022



(d) (e) (f)

x = x0 + dx 

volume 1 volume 2 |volume 2 - volume 1|2

Σ|volume 2 - volume 1|2

(b) (c)(a)

Fig. 1 A simulated PS particle displaced along the x, y, and z axis plotted against a corresponding squared volume difference.

fast the objects are moving in physical units; however we
can still measure the relative motion under the assumption
that the motion in the compared systems share similar axial
preferences. Observations of the data support this assump-
tion. The second limitation is that the VSD value is capped
at displacements that are slightly larger than the particle
diameter. At the volume rate of 10 volumes/s, particles un-
dergoing Brownian motion are moving slow enough; how-
ever we have observed that particles undergoing optical
binding forces can be propelled much faster. One way to
alleviate the limitation is to record at a higher volume rate;
however, it is currently unfeasible to cover the full range of
possible particle speeds. This limitation is also present in
traditional tracking methods.

Although the motion of the fastest particles are under-
represented in the VSD values, the VMSD method still al-
lows a maximum value to be assigned. Traditional track-
ing methods would not be able to assign a velocity value
at all. We also note that underrepresenting the motion of
the faster moving particles only acts to underrepresent the
strength of the findings.

The VMSD at any given time is determined by subtract-
ing two subsequent volumes from each other, removing the
contribution from the background, and dividing by the to-
tal number of particles in the frame:

∆(t) =
1

Np(t)

volume∑
i,j,k

(pi,j,k,t − pi,j,k,t−dt)
2 −∆0

 (1)

The background contribution, ∆0, is determined in each

video by monitoring the squared difference of sections that
have zero particles. We find a non-zero constant value
which can be subtracted to remove contributions that are
due to noise. The number of particles, Np, is estimated by
the following:

Np = c0

volume∑
i,j,k

|pi,j,k,t − bi,j,k|+ c1 (2)

Where bi,j,k is belongs to a volume representing the sample
devoid of particles. c0 and c1 are fitting parameters deter-
mined by linearly fitting the number of particles found by
traditional tracking methods to

∑volume
i,j,k |pi,j,k,t − bi,j,k| for

a system of particles undergoing Brownian motion. Some
results in Fig. 2. For the HIPs, we show that for diffusive
particles and particles interacting in a weak field, there is
a clear correlation between the VMSD and the true MSD
(Fig. 2). For the LIPs, we also find correlation between the
VMSD and true MSD for the diffusive particles; however
in a weak field, the correlation is reduced. We found that
in a weak field, the Lower-index particles tended to pack
into tight formations which effected the individual track-
ing capabilities. Thus we utilize the purely diffusive cor-
relation to justify the use of VMSD in a difficult tracking
atmosphere.

We represent the motion in terms of the VMSD values
relative to the Brownian Motion case. Doing so allows us
to compare the HIP and LIP systems in how their motion
changes relative to diffusive motion.
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Fig. 2 VMSD values compared to 2-dimensional mean squared dis-
placement (MSD) in the xy-plane for (a) HIP (PS) and (b) LIP (SiO2)
particles.

5 Electronic Supplementary Information
All movies are 2 mins played in real-time.

5.1 Movie S1

HIP (Polystyrene) particles in cross polarized counter-
propagating beam (peak power density - 1.5 mW/µm2).

5.2 Movie S2

LIP (SiO2) particles in cross polarized counter-propagating
beam (peak power density - 1.5 mW/µm2).

5.3 Movie S2

HIP (Polystyrene) particles in standing wave (peak power
density - 1.5 mW/µm2).
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