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Artificial soft matter systems have appeared as important tools to harness mechanical motion for
microscale manipulation. Typically, this motion is driven either by the external fields or by mutual
interaction between the colloids. In the latter scenario, dynamics arise from non-reciprocal interaction
among colloids within a chemical environment. In contrast, we eliminate the need for a chemical
environment by utilizing a large area of optical illumination to generate thermal fields. The resulting
optothermal interactions introduce non-reciprocity to the system, enabling active motion of the
colloidal structure. Our approach involves two types of colloids: passive and thermally active. The
thermally active colloids contain absorbing elements that capture energy from the incident optical
beam, creating localized thermal fields around them. In a suspension of these colloids, the thermal
gradients generated drive nearby particles through attractive thermo-osmotic forces. We investigate
the resulting dynamics, which lead to various swimming modes, including active propulsion and
chiral motion. We have also experimentally validated certain simulated results. By exploring the
interplay between optical forces, thermal effects, and particle interactions, we aim to gain insights into
controlling colloidal behavior in non-equilibrium systems. This research has significant implications
for directed self-assembly, microfluidic manipulation, and the study of active matter.

Introduction

Out-of-equilibrium soft matter systems display a range of complex
behaviors including active propulsion1–12, self-organization13–15,
and other emergent dynamics16–20. These phenomena arise as a
result of the mutual interaction between the individual element
and external stimuli21,22. Artificial synthetic colloidal systems
provide a controlled test bed for studying this behavior23. Vari-
ous external fields such as optical24–32, chemical28,29,33, electri-
cal34–38 and magnetic fields37–40 are commonly used as manip-
ulation techniques. Most of the studies are based on inherently
asymmetric systems where the structural or compositional asym-
metry induces force imbalance leading to the active motion of the
structure25,41–48.

On the contrary, researchers have proposed the use of symmet-
rical colloids with different chemical reactivity to enable active
motion without inherent asymmetry49–54. In these cases, the
dynamics of the colloidal structures are powered by the non-
reciprocal interactions. However, these methods require chemi-
cal environments such as hydrogen peroxide49 or water-lutidine
mixtures50,51. Such requirements restrict the usability of these

a Department of Physics, Indian Institute of Science Education and Research (IISER)
Pune, Pune, 411008, India
‡ rahul.chand@students.iiserpune.ac.in
∗ pavan@iiserpune.ac.in
† Electronic supplementary information (ESI) available. https://drive.google.
com/drive/folders/1VT2lkM6BqkX1lu6vUXnMUAYOkZOORJ5t?usp=sharing

platforms.

Regarding this, some recent studies show that in an aqueous
medium, colloidal particles can be dragged to the heat center by
the thermo-osmotic slip flow produced by it55–57. One can uti-
lize this process to harness non-reciprocal attractive interactions
without any chemical environment. In systems with absorbing
and non-absorbing colloids, these interactions induce imbalance
and drive the motion58. Recently, we have reported the direc-
tional motion obtained through such thermo-osmotic interactions
in various optical confinement (such as Gaussian, line, and ring
beam)58,59. The interaction between the absorbing and non-
absorbing colloids fuels the dynamics. However, the induction
of similar dynamics in an unconfined environment is yet to be ex-
plored in detail. These may have broad applications in areas such
as directed self-assembly60, microfluidic manipulation61–64, and
the exploration of non-equilibrium processes in active matter65.

Motivated by this, in this article, we use numerical simulations
to explore the dynamics of colloidal structures made of absorb-
ing thermally active (A) and non-absorbing passive (P) colloids
under broad-area optical illumination (see Fig. 1(a)). Such illu-
mination generates temperature gradients without any confine-
ment potential. We examine how these gradients affect particle
motion and interactions, leading to different swimming modes
(see Fig. 1(b)). Our experimental results support these find-
ings. This study advances the understanding of the control of
colloidal dynamics through optical and thermal manipulation in
non-equilibrium systems66.
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Fig. 1 Schematic of the dynamics. (a) When an aqueous colloidal suspension of thermally active (A) and passive (P) colloids is illuminated by a large
optical field, the thermally active colloids absorb the laser energy and heat up. This results in a temperature difference between the colloids. (b) The
temperature difference induces thermo-osmotic interactions between the colloids. As a result, different colloidal structures, such as dimers, trimers,
and quadromers, are formed, and they exhibit various swimming modes.

Simulation model
In our study, we have considered thermally active and passive
colloids to investigate the dynamics arising from the tempera-
ture difference between the colloids. The thermally active col-
loids are absorbing, and the passive colloids are non-absorbing in
nature. The resultant dynamics of the system are studied by solv-
ing the coupled Langevin equation, which describes the influence
of various forces and thermal noise on the motion of colloids. The
Langevin equation governing the dynamics can be expressed as:

γi⃗vi = F⃗ext
i + η⃗i

Where, v⃗i represents the instantaneous velocity of colloid i, γi

is the viscous drag coefficient, F⃗ext
i denotes the external force act-

ing on colloid i, and η⃗i accounts for the thermal noise-induced
force. The external force F⃗ext

i encompasses contributions from
both the external optical field F⃗o

i and the mutual interaction
forces F⃗ int

i j arising from other colloids j. Additionally, the body
forces between colloids are modeled using Lennard-Jones inter-
action forces, denoted as (LJ)i j. Therefore, we can express the
external force as:

F⃗ext
i = F⃗o

i +∑
j ̸=i

L⃗Ji j +∑
j ̸=i

F⃗ int
i j

Our primary interest lies in the colloidal dynamics resulting
from mutual optothermal interactions under broad optical illumi-
nation. In this context, we can simplify our analysis by neglecting
the optical force component, allowing us to rewrite the external
force term as:

F⃗ext
i = ∑

j ̸=i
L⃗Ji j +∑

j ̸=i
F⃗ int

i j

When the colloids are subject to thermal fields, the signifi-
cant interaction documented in the literature is through thermo-

osmotic interactions55–57. These interactions occur when a local
thermal field induces a thermo-osmotic slip flow v⃗s in the vicinity
of the colloids, potentially dragging nearby colloids toward the
heated colloids. The interaction force can be defined as:

F⃗ int
i j = F⃗TO

i j = γi⃗vs, j

Here, F⃗TO
i j indicates the thermo-osmotic interaction force on

colloid i due to the thermo-osmotic flow (⃗vs, j) produced by colloid
j. As the passive colloids are non-absorbing in nature, they cannot
induce thermal fields and the consequent thermo-osmotic flow,
resulting in:

v⃗s, j = 0 ⇒ F⃗ int
i j = F⃗TO

i j = γi⃗vs, j = 0

Taking all these considerations into account, we can formulate
the coupled Langevin equation as follows:

γi⃗vi = η⃗i +∑
j ̸=i

L⃗Ji j +∑
j ̸=i

F int
i j

By numerically solving this equation, we can explore the dy-
namics that emerge in a colloidal suspension composed of both
thermally active (A) and passive (P) colloids under broad optical
fields.

Results and discussion

Active motion of dimer structure

Under broad optical illumination, thermally active colloids effec-
tively harness laser energy and dissipate heat. This process gen-
erates a localized temperature distribution around the thermally
active colloids. This thermal field results in thermo-osmotic slip
fluid flow, which acts as an environmental cue to manipulate the
motion of nearby colloidal particles. Specifically, when the ther-
mally active colloids interact with their passive counterpart, these
thermo-osmotic interactions become non-reciprocal, forming var-
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Fig. 2 Dynamics of colloidal dimer under large area optical illumination. The attractive thermo-osmotic interaction between one thermally active (A)
and a passive (P) colloid leads to the formation of an active dimer (AD) structure. (a) The trajectory of such an AD is shown. The trajectory of the
colloids without any thermo-osmotic interaction is shown in (b). The corresponding mean squared displacement (MSD) for (a) and (b) is shown in (c).
The MSD undergoes diffusive to ballistic and, again, diffusive transition with increasing timescales. In the absence of interaction, the colloids undergo
random diffusion, and the MSD scales linearly, indicating the role of the thermo-osmotic interaction for the formation of AD and the resulting active
propulsion. The orientation vector for the active dimer structure is illustrated by the black arrow in (a). (d) The mean squared angular displacement
(MSAD) the orientation vector indicates that although the AD undergoes active motion, its orientation shows a diffusive trend.

ious bound structures. The simplest possibility is a dimer struc-
ture composed of one thermally active (A) and passive (P) col-
loid. Due to the non-reciprocity of the interactions, these dimer
structures exhibit propulsion behavior as illustrated in the tra-
jectory depicted in Fig. 2(a). In contrast, when the attractive
thermo-osmotic interaction force is ignored, the constituent col-
loids revert to their independent diffusive motion. This is evident
from the trajectory shown in Fig. 2(b), where each colloid fol-
lows its own diffusive path and does not exhibit any correlated
motion (see SI video 1). We have calculated the mean-squared
displacement (MSD) to quantify these dynamics, as presented in
Fig. 2(c). The MSD analysis reveals distinct behaviors at varying
timescales: at very short timescales, the dimer exhibits a diffu-
sive linear trend; at moderate timescales, it transitions to ballis-
tic motion; and at very large timescales, it again displays diffu-
sive characteristics. This behavior is emblematic of typical active
systems67. However, when the attractive thermo-osmotic inter-
action between the colloids is ignored, the MSD remains linear
across all timescales, indicating the absence of activating factors.
This observation suggests the vital role of slip flow-induced non-

reciprocal attractive interactions in sustaining the activity. The
dimer structure propels without any chemical environment. Fur-
thermore, we can associate a specific orientation direction with
this active dimer structure, represented by a black arrow connect-
ing the centers of the two colloids in Fig. 2(a). To investigate
how the orientation of this active dimer structure evolves, we es-
timated the mean squared angular displacement (MSAD) of this
directional vector, as shown in Fig. 2(d). Slope 1 suggests that
the orientation of the active dimer lacks any inherent rotational
bias.

Inducing rotational bias

To gain deeper insights into the dynamics that emerge from evolv-
ing colloidal structures due to temperature differences, we sim-
ulated the dynamics of trimer and quadromer configurations.
There are two distinct configurations, AT1 and AT2. (i) AT1
contains one thermally active colloid (A1) paired with two pas-
sive colloids (P1 and P2) and (ii) AT2 contains two thermally
active colloids (A1 and A2) alongside one passive colloid (P1).
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Fig. 3 Dynamics of active trimer and quadromer structures and the emergence of chirality. Two possible trimer configurations are: (a) containing one
passive (P1) with two thermally active colloids (A1, A2) and (b) two passive (P1, P2) with one thermally active colloid (A1). The trajectories of both
these trimer configurations exhibit only active propulsion without any preferred chirality or handedness. In contrast, the active quadromer structures
composed of two passive (P1, P2) and two thermally active colloids (A1, A2) exhibit (c) anticlockwise and (d) clockwise handedness based on their
respective arrangement of the constituent colloids. (e) The corresponding time evolution of the orientation vector for active quadromers, shown in
(c) and (d). (f) The mean squared displacement (MSD) and the mean squared angular displacement (MSAD) indicate the activity signature in both
linear and angular coordinate.

In both these trimer configurations, the non-reciprocal thermo-
osmotic interaction can only lead to an imbalance of effective
force along the structure’s symmetry line. As a result, they both
exhibit propulsion behavior similar to the active dimer structure
(see SI video 2). Fig. 3(a) and 3(b) show the corresponding
time-evolving trajectories of these two trimer configurations. We
can clearly observe from the trajectory that although these trimer
structures undergo active propulsion, they also do not show any
preferred angular motion (see supplementary information 1).

In contrast, if we consider a quadromer structure composed of
two passive and thermally active colloids (as shown in Fig. 3(c)),
due to the respective arrangement of the colloids, the passive col-
loid P1 is relatively more distant than the passive colloid P2 from
the thermally active colloid A2. This leads to different magnitudes
of attractive thermo-osmotic force acting on the passive colloids.
The thermo-osmotic force on P2 is more than P1. As a result, P2
tends to move faster than P1. But since the quadromer moves
together, the trajectory tends to move toward the colloid P1, re-
sulting in an anticlockwise chiral motion, as depicted in Fig. 3(c).
Similarly, these active quadromer structures can exhibit clockwise
motion, as shown in trajectory Fig. 3(d), by altering the relative
location of the thermally active colloids (see SI video 3). We can
define an orientation vector of the colloidal quadromer along the

line joining from the center of mass of the passive colloids P1
and P2 to the center of mass of the thermally active colloids A1
and A2. The time evolution of the orientation vector clearly in-
dicates the persistent angular motion in the case of both chiral
quadromers, as shown in Fig. 3(e). These chiral quadromers can
reconfigure the constituent colloids due to the stochastic Brown-
ian noise and can switch from one kind of handedness to another
(see SI video 4). The calculated mean squared displacement and
the mean squared angular distribution vector for such a chiral
quadromer structure are shown in Fig. 3(f). In contrast to the
active dimer and trimer structure, in this case, we observed a
transition from linear to quadratic and, again, linear in both MSD
and MSAD. This suggests that although the structures exhibit pre-
ferred handedness at very long timescales, both the handedness
of the colloids are equally probable and will effectively show dif-
fusive behavior in both length and angular scales. Similar chiral
motion is also observed in natural active systems68–71. Similar
dynamics have been observed and studied in artificial colloidal
structures with inherent asymmetric structures or with chemical
environments24,42,50,72–76. But here, we show the dynamics in
symmetric colloids with a non-chemical environment purely due
to the optothermal interaction.
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Fig. 4 Influence of magnitude of temperature difference on the dynamics of the active structures. An incremental trend of the linear velocities (v) of
the active dimer (AD) and both active trimer structures (AT1 and AT2) are shown in (a). The corresponding incremental trend of the linear (v) and
angular velocities (ω) for the active quadromer structures are shown in (b). The dashed lines indicated the linear fit.

Control of the dynamics by the magnitude of temperature dif-
ference

In the previous sections, we have shown how the temperature
difference between the colloids and the resulting thermo-osmotic
interaction leads to active propulsion and chiral motion in differ-
ent colloidal structures. To understand the change in dynamics
with the magnitude of the temperature difference, we simulated
the dynamics with four different mismatch values. These tem-
perature differences can be altered in real geometry by chang-
ing the intensity of the incident in a broad optical field. Our
results show that the active velocities of the dimer, trimer, and
quadromer structures exhibit a clear incremental trend with in-
creasing temperature difference, as indicated in Fig. 4 (a) to 4(b).
Additionally, the angular velocity of the quadromer structure dis-
plays a similar trend, indicated in 4(b). The dashed lines in these
figures represent corresponding linear fits. This suggests both ac-
tive propulsion and angular velocities scale linearly with temper-
ature difference values owing to the variation in the intensity of
the incident optical field.

Experimental validation

We conducted a series of experiments to validate our simulated
results. We used melamine formaldehyde (MF) colloids with a di-
ameter of 2 µm as passive (P) colloids and nano-particulate iron-
oxide infused polystyrene (PS) colloids with a diameter of 1.3
µm as thermally active (A) colloids. Broad optical illumination is
essential to replicate the dynamics observed in our simulations.
However, our laser diode produced relatively limited optical out-
put. So, instead of a uniform broad illumination, we employed a
defocused optical illumination with intensity 64 µW/µm2 to in-
duce a temperature difference between the thermally active and
passive colloids. Our experimental design utilized a dual-channel
optical setup, as shown in Fig. 5(a). A 532 nm continuous-wave
Gaussian laser beam served as the light source, which was cou-
pled to the sample plane using a 50x, 0.5 NA objective lens. Ad-
ditionally, a white light source was integrated into the setup via
a beam splitter to facilitate visualization of the dynamics. The
sample plane was positioned away from the objective lens’s focal

plane (F, dashed line in Fig. 5(a)), resulting in a defocused larger
illuminated area compared to while positioning it at the focus.
The defocused beam heats the thermally active colloids, setting
up a temperature gradient between the thermally active and pas-
sive colloids. These temperature gradients enable the resulting
thermo-osmotic interactions. To capture the dynamics of the col-
loids, we collected signals from the sample plane using a 100x,
1.49 NA oil immersion objective, which were then projected onto
the sensor of a CCD camera. The trajectories of the colloidal par-
ticles were extracted from recorded video files using the Track-
Mate77 extension of Fiji software78. The defocused optical field
harnessed the temperature difference between the colloids and
facilitated thermo-osmotic interactions that formed dimer struc-
tures exhibiting active dynamics (SI video 5). A representative
trajectory of such a dimer structure is illustrated in Fig. 5(b),
which corroborates our simulated results of the coupled active
motion of dimer structures formed by one passive (P) and one
thermally active colloid (A). If we replace the thermally active
colloid with a passive colloid (P’) of the same composition and
size, then no tightly bound dimer structure that exhibits active
motion is formed (see SI video 6). Thus, evidence is provided to
support our claim. This is because the passive polystyrene colloids
(P’) do not possess any absorbing agent like the nanoparticulate
iron oxide in the thermally active colloids. They lack the ability to
produce the thermal field. Thus, the attractive thermo-osmotic in-
teraction is absent in this case, and as a result, the colloids do not
form tightly bound dimer structures and undergo diffusive mo-
tion individually, as indicated by the trajectory in Fig. 5(c). The
corresponding logarithmic plot of the experimental mean squared
displacement (MSD) of the active dimer and the passive dimer are
shown in Fig. 5(d) and (e), respectively. The experimental slope
of the MSD of the active dimer is 1.79, which is close to 2. In
contrast, for the passive dimer, the slope is close to 1 for the in-
dividual particles. This highlights the active motion of the dimer
structure, which is facilitated by the non-reciprocal interaction
between the constituent colloids. The experimental propulsion
velocity of the active dimer structures can be obtained by fitting
the experimental MSD with the equation MSD(τ) = 4Dτ + v2τ2,
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Fig. 5 Experimental validation of the active propulsion. (a) Experimental setup used for the experiments. (b) The trajectory of an active dimer
structure composed of one passive (P) and one thermally active colloid (A). (c) The trajectory of a dimer structure when the thermally active colloid
(A) is replaced by a passive colloid (P’) of the same composition and size. The corresponding bright field optical images are shown in the inset. (d)
The average mean squared displacement (MSD) of the active dimer structures of dimer structure clearly shows that the slope of the curve is 1.79,
which suggests that the motion is ballistic. The 1.06 slope of the mean squared angular displacement (MSAD) indicates that the orientation vector
is diffusive. (e) The corresponding slope of the mean squared displacement for the colloids in (c) is close to 1, indicating the colloids undergoing
diffusive motion in the absence of the thermo-osmotic interaction.

where D and v are the diffusivity and propulsion velocity of the
structures42. We obtain the propulsion velocity as v = 2.60 µm/s.
We have also noticed that this active velocity increases with in-
creasing intensity of the optical illumination (see supplementary
information 2). To validate that the active dimer structures do
not show any preferred angular motion, we calculated the mean
squared angular displacement (MSAD) of the orientation vector
(as shown in (Fig. 5(d)) and found that the slope is close to 1,
suggesting the diffusive nature. Furthermore, we have also ob-
served similar active motion signatures in trimer colloidal struc-
tures, as predicted by our simulated results (see SI video 7). How-
ever, due to the limited optical illumination over a limited area of
the sample plane, we were not able to observe the active motion
displayed by active quadromers. However, we anticipate that sim-
ilar dynamics can also be observed experimentally using a proper
broad area of optical illumination with sufficient optical intensity.

Conclusions

Thus, in this study, we have explored the intricate behaviors of
colloidal structures composed of thermally active and passive col-
loids by solving coupled Langevin equations. Our investigation
revealed various emerging swimming modes, including active
propulsion and chiral handedness, which are primarily driven by
temperature differences between the constituent colloids result-
ing from an attractive nonreciprocal interaction between the col-

loids as we found that these emerging dynamics are absent when
the non-reciprocal attractive interactions are ignored.

In contrast to the available literature, we did not rely on
any chemical environment, such as hydrogen peroxide or 2,6-
Lutidine, to harness the nonreciprocal interaction49–53. In our
study, the non-reciprocal interaction between the colloids is em-
ployed by the thermo-osmotic slip fluid flow due to the temper-
ature difference of the colloids. These interactions result in an
inherent force imbalance within the structures, leading to both
propulsion and chiral motion influenced by the constituent col-
loidal particles. Additionally, we observed that the dynamics of
the colloidal structures can be enhanced or diminished by tuning
the magnitude of the temperature mismatch, achievable through
uniform optical illumination across a large area and by control-
ling the intensity of the illumination. We have experimentally
validated the active dynamics of colloidal structures where a de-
focused laser illumination maintains the temperature difference
between colloids.

In addition, since the dynamics emerge due to thermo-osmotic
flow produced by the heated colloid in aqueous solution, this plat-
form is potentially useful for cargo transport. This study may
also contribute valuable insights into the dynamics of colloidal
structure, paving the way for potential applications in micro-
engineering79–81 and microfluidic devices61–64.
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