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Abstract

Photothermal bubble holds promising for microfluidics, microfabrication, drug deliv-

ery, chemical engineering, and soft robotics, arising from its inherent features and

advantages, such as easy formation, remote operation, rapid response, tunable flexibil-

ity, and biocompatibility. This review systematically examines advances in photother-

mal bubble generation and manipulation over the past decade, focusing on nucleation

mechanisms, growth dynamics, and motion control. Three principal modes of bubble

motion are analyzed: horizontal locomotion driven by laser translation; spontaneous

bouncing/oscillatory motion under stationary laser irradiation; and three-dimensional

actuation via optimized heating configurations. We highlight representative appli-

cations demonstrating the versatility of photothermal-driven bubble manipulation,

and discuss the related limitations associated with photothermal bubble actuation

in various application scenarios. Furthermore, we present outlook for key challenges

and future directions for broader implementation. This review offers fundamen-

tal insights into the underlying dynamics and control mechanisms of photothermal

bubbles, facilitating the transition of this technology from laboratory research to

practical applications.

INTRODUCTION

Bubbles have been recognized for their fundamental role both in nat-

ural phenomena and technological applications, due to their unique

physicochemical properties and versatile functionalities.1–4 For exam-

ple, micro-nano bubbles, with high stability, adjustable size, and

ability to generate free radicals, have emerged as a promising solu-

tion for green cleaning.5, 6 Air bubbles, generated and dispersed in

pulps, have been widely used for mineral flotation by leveraging

hydrophobic interactions and buoyancy effects.7, 8 Recent advances

in interfacial science and bubble–particle interactions have catalyzed

the development of sophisticated bubble-enabled technologies in

cross disciplines.9, 10 In materials science, direct bubble writing has
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unlocked programmable fabrication of polymer foams with hierarchi-

cal architectures, where gas-core/liquid-shell structures are precisely

patterned to tailormechanical, thermal, andacoustic properties atmul-

tiple scales.11, 12 In microfluidics, bubbles serve as dynamic actuators,

functioning as on-demand micropumps (via Marangoni flows or oscil-

latory expansion) and microvalves (through gas–liquid interface pin-

ning), enabling precise fluidic control in lab-on-a-chip systems.13–15 In

biomedical engineering, innovations utilize bubbles as multifunctional

platforms, including drug-loaded liposomes for targeted delivery,16, 17

acoustically propelled micromotors for noninvasive surgery,18, 19 and

ultrasound contrast agents for enhanced imaging.20, 21

The breakthroughs and advancements in bubble-based technolo-

gies have created an imperative for advancing fundamental research
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in bubble dynamics.22–24 Especially, the precise control of bubble char-

acteristics, such as size, stability, and spatial positioning, is critical for

optimizing their performance in diverse applications. Two fundamental

approaches have been developed for bubblemanipulation: passive and

active methods.25, 26 Passive techniques typically rely on engineered

microstructured surfaces or chemical modifications to guide bubble

behavior.27 For instance, superhydrophobic surfaces with patterned

wettability gradients can direct bubble movement,28 while micro-

cavity arrays can stabilize bubble size and position.29 While passive

trapping and control techniques provide distinct advantages in sim-

plicity, low cost, and energy savings, their practical application is often

constrained by limitations in manipulation flexibility and structural

reconstruction.

In contrast, active methods utilize external energy inputs30

(e.g., acoustic,31–34 electric,35, 36 magnetic fields,37–40 or optical

excitation)41–45 to dynamically control bubbles. Acoustic methods,

which primarily employ ultrasonic or surface acoustic waves, offer

the convenience of controlling multiple bubbles simultaneously, but

selective manipulation of a single bubble remains challenging.32 Elec-

tric field methods, which manipulate bubbles via dielectrophoresis or

electrowetting, are ideal for high-speed and precise control; however,

sequential processing requires complex electrode circuit designs and

lacks reconfigurability.46 For magnetic manipulation, bubbles must be

loaded with magnetic nanoparticles or attached to magnetic beads,

a process that may introduce contamination.39 Optical methods,

utilizing different laser sources through optical tweezers or the

photothermal effect, offer the highest spatial resolution, allowing

for precise trapping and manipulation of either single or multiple

bubbles.47 In particular, photothermal techniques, which are based

on laser heating, have emerged as a particularly versatile platform for

both bubble generation andmanipulation.48–50

The photothermal effect usually relies on focusing laser light

on photothermal materials (such as gold nanoparticles [GNPs] or

carbon-based absorbers) to produce localized heating, which subse-

quently triggers vapor nucleation and bubble growth during laser

irradiation.51–54 This local heating also generates a surface tension gra-

dient at the bubble–liquid interface, leading to a thermal Marangoni

flow (or “thermocapillary flow”) that effectively governs bubble

motion.55–58 Using the photothermal Marangoni effect, typical bubble

motion modes—such as planar translation on a substrate,59 periodic

bouncing in bulk liquid,60 and complex 3D motion from coupled flow

forces61—have been demonstrated. Furthermore, multiplexed laser

addressing via spatial light modulation or holographic techniques

allows for the independent, versatile, and programmable control

of multiple bubbles, thereby enabling parallel and high-throughput

processing.62

In this review, we systematically examine recent progress in

photothermal-mediated bubble dynamics, including the nucleation

and growth dynamics of photothermal bubbles, the typical manipula-

tion modes mediated by photothermal effects, and the representative

applications of bubble-based technologies. The review is organized in

terms of the bubble scenario, as illustrated in Figure 1. First, bub-

ble generation via the localized photothermal effect is discussed. The

designs and working principles and corresponding bubble dynam-

ics are elaborated for two kinds of photothermal bubbles: surface

bubble (including the “plasmonic bubble”) and floating bubble. Then,

we comprehensively summarize bubble manipulations mediated by

photothermal effects in three cases: (i) the locomotion of surface

bubbles driven by thermal-Marangoni flow; (ii) the periodic bounc-

ing/oscillatory motion of bubbles via coupling bi-directional flows; (iii)

the 3D dancing motion of floating bubbles realized by sophisticated

laser heating designs. Lastly, we demonstrate bubble applications in

microfluidic control, microrobots, microfabrication, and targeted drug

delivery, and discuss the operational boundaries, stability limitations,

and scalability challenges associated with photothermal bubble actua-

tion. Perspectives regarding the future development of photothermal

bubble manipulation and applications are outlined.

NUCLEATION AND GROWTH DYNAMICS OF
PHOTOTHERMAL BUBBLES

When laser light irradiates an absorbing medium, the local temper-

ature rises due to the photothermal effect, generating photothermal

bubbles. If the wall or liquid is highly absorbing, typically with a laser

penetration depth of several micrometers, the temperature increase

is confined near the solid–liquid interface, as shown in Figure 2a,

while the bulk liquid temperature remains nearly unaffected. Con-

sequently, bubble nucleation occurs predominantly at the interface,

forming a surface bubble. In contrast, when the wall is optically trans-

parent to the laser and the liquid is moderately absorbing, with a

penetration depth on the order of centimeters, the temperature rises

along the laser path through the bulk liquid, as shown in Figure 2b.

This enables bubble nucleation within the liquid, leading to the for-

mation of a floating bubble. To compare these photothermal bubbles,

Table 1 summarizes their operating conditions and physical mecha-

nisms,which include the generationmethods, bubble size,mechanisms,

performance, and applications.

Nucleation mechanism of photothermal bubbles

In the absence of pre-existing nucleation sites, the surrounding liquid

can become highly superheated, reaching temperatures well above its

boiling point.82 The theoretical limit of this superheating is the liquid

spinodal temperature, indicated by the green solid line in Figure 2c.71

However, classical nucleation theory (CNT) predicts that in prac-

tice, the presence of impurities or interfaces significantly lowers the

required critical superheat. According to CNT, as the radius of a bub-

ble nucleus increases, the system’s free energy, composed of interfacial

and volumetric contributions, exhibits a local maximum at a critical

radius Rc, as shown in Figure 2d.71 This maximum represents the ther-

modynamic energy barrier for nucleation. Overcoming this barrier

requires the liquid to reach a specific superheat temperature, the so-

called nucleation temperature Tn, which corresponds to a critical laser

irradiation intensity. Upon exceeding the threshold laser intensity, a
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F IGURE 1 Manifestations of photothermal-mediated bubble generation, manipulation and application. (a) Illustration for two kinds of
photothermal bubbles, including surface bubble and floating bubble. Reproducedwith permission.51, 63–65 Copyright 2017, Royal Society of
Chemistry. Copyright 2014, American Chemical Society. Copyright 2012, Optical Society of America. Copyright 2022, Springer Nature. (b) Sketch
for three typical cases for photothermal bubble manipulation, including locomotionmotion, oscillatorymotion, and 3Dmotion. Reproducedwith
permission.61, 65–69 Copyright 2014, Springer Nature. Copyright 2016, American Chemical Society. Copyright 2021, National Academy of
Sciences. Copyright 2022, Springer Nature. Copyright 2021, American Chemical Society. Copyright 2025, American Physical Society. (c) Exhibition
for typical photothermal bubble-based applications in fluid control, soft robotics, materials fabrication, and drug delivery. Reproducedwith
permission.49, 70–72 Copyright 2011, Royal Society of Chemistry. Copyright 2019,WILEY-VCHGmbH. Copyright 2024, Elsevier. Copyright 2021,
AIP Publishing.
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F IGURE 2 Physical mechanism of photothermal bubble nucleation and growth. (a,b) Schematic diagrams of the temperature distribution
resulting from the laser-induced photothermal effect for (a) an absorbing solid or a highly absorbing liquid and (b) amoderately absorbing liquid. (c)
Schematic phase diagram of water, indicating the theoretical liquid spinodal line (green solid line) and the experimentally measured nucleation
temperature (blue solid line). (d) Free energy of homogeneous bubble nucleation as a function of the nucleus radius. Reproducedwith permission.73

Copyright 2024,Wiley-VCHGmbH. (e-g) Schematic diagram of photothermal bubble growth under different temperature distributions: (e) growth
within the thermal boundary layer; (f) growth outside the thermal boundary layer; (g) growth under focused laser irradiation.

nucleus generated by density fluctuation will grow beyond the critical

radius Rc, leading to the onset of photothermal bubble nucleation.

Thermally controlled growth mechanism of
photothermal bubbles

The dynamics of a spherical bubble growing in an infinite liquid

medium are often described by the well-known Rayleigh–Plesset

equation.82–84 This equation is derived from the conservation of mass

andmomentum (the Navier–Stokes equations) and takes the following

generalized form:

pb(t) − p∞(t)
𝜌l

= R
d2R
dt2

+
3
2

(
dR
dt

)2

+
4𝜇l
𝜌lR

dR
dt

+
2𝜎
𝜌lR

, (1)

where p∞(t) and pb(t) are the pressures in the liquid far from the bub-

ble and within the bubble, respectively. R, 𝜌l,𝜇l, and 𝜎 are the radius,

density, dynamic viscosity, and surface tension of the liquid.

During the early, inertia-dominated stage of growth, viscous effects,

surface tension, and the initial bubble radius can often be neglected.

If the pressure difference Δp = pb(t) − p∞(t) remains approximately

constant, Equation (1) reduces to an asymptotic form with a constant

growth rate:

Ṙ =

√
2
3
Δp
𝜌l
. (2)

As the bubble grows larger, the rate of vaporization at the interface

becomes limited by heat transfer. By balancing the conductive heat flux

from the superheated liquid with the latent heat required for vapor-

ization, the growth rate in this thermally controlled regime is given

by85, 86:

Ṙ =
𝜌lcpl(T∞ − Tsat)

L𝜌v

√
3Dl

𝜋t
, (3)

where T∞ and Tsat are the liquid temperature far from the bubble and

the saturation temperature; cpl and Dl are the liquid’s specific heat and

thermal diffusivity at constant pressure; 𝜌v is the density of vapor; and

L is the latent heat of vaporization.

Growth dynamics of surface bubbles

The growth dynamics of a photothermal bubble are strongly influ-

encedby the surrounding temperature distribution,87, 88 as sketched in

Figure 2e–f. For a bubble sitting on the solid interface, if it is confined

within the thermal boundary layer, its growth is primarily governed

by the temperature evolution at the interface.88 According to Equa-

tion (3), if the superheat ΔT = T∞ − Tsat is constant, the bubble radius

scales as R ∼ t1∕2. More generally, if the superheat itself varies in time

as ΔT ∼ tn, the scaling becomes R ∼ tn+1∕2. This asymptotic solution

provides a good description for thermally limited growth when the

bubble is immersed within the thermal boundary layer (Figure 2e) or
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at a laser spot (Figure 2g), where the thermal field is well-defined.

Once the bubble diameter exceeds the thermal boundary layer thick-

ness (Figure2f), the dynamics aremore complex that the growth is then

governed by a nonuniform temperature field and a coupled interaction

between thermal diffusion and vapor/gas diffusion.63, 71, 87

The growth dynamics of a surface photothermal bubble can be gen-

erated by using a continuous-wave (CW) near-infared laser light shone

onto a chromium pad49 (Figure 3a). Once the threshold laser power

density (7.4W/cm2) is exceeded, the bubble nucleates and grows grad-

ually. The volume of the bubble increases almost linearly with time,

showing a power-three dependence between the bubble radius and

time (R3 ∝ t). From the experimental evidence that the bubble keeps

growing as long as the laser irradiation is maintained, and when the

laser is turned off, the bubble shrinks but does not collapse, they

deduce that the vaporization of the liquid and degassing of dissolved

air, both contribute to the bubble growth. But further detailed anal-

ysis is not provided. Additional dynamics of a surface photothermal

bubble was revealed by focusing a 405-nm laser onto a gold-coated

substrate.89 The bubble expansion rate shows the dependence on the

laser power, with particularly rapid expansion occurringwithin the first

100 ms of illumination (Figure 3b). Notably, the experiments provide

evidence for the gaseous (rather than vapor) nature of photothermal

bubbles: Upon laser off, bubbles undergo gradual shrinkage due to the

sudden temperature decrease but remain stable for extended peri-

ods (hours). This persistence contrasts sharply with the instantaneous

collapse expected for vapor bubbles, fundamentally differentiating

photothermal gas bubbles from conventional boiling phenomena.

In order to confirm the nature of the photothermal bubble, and the

role of the dissolved gas in bubble dynamics, the evolution of a pho-

tothermal bubble in plasmonics was studied under CW illumination.63

Compared to the heating of an absorbing surface with a focused laser

beam where the heating area is diffraction-limited, illuminating a plas-

monic nanostructure (noble metal nanoparticles) with a laser beam

at their plasmonic resonance wavelength can confine the heat at the

nanoscale, which makes the bubble generation more efficient and

controllable.51, 73 The generated surface bubbles due to the plasmonic

resonance is referred as “plasmonic bubbles.” To investigate bubble

dynamics, a region approximately 7 μm in diameter was heated for

20 s to generate a bubble under steady-state conditions (Figure 3c).

This steady state is characterized by a gas molecule depletion at the

vicinity of the bubble during heating, but upon stopping heating (dur-

ing the bubble shrinkage), a molecule accumulation is observed around

the bubble. Based on the assumption that the bubble dynamics is

governed by a diffusion process of the gas molecules in the liquid,

considering that the pressure difference across the bubble interface

(i.e., between the gas (P) and liquid (P∞) pressures) is governed by the

Young–Laplace equation as P − P∞ = 2𝜎∕R (where𝜎 is the surface ten-

sion of the gas–liquid interface), and assuming the ideal gas condition

(PV = NRgT, where V = 4𝜋R3∕3 is the bubble volume, N is the amount

of gas molecules (in moles), Rg is the gas constant, and T is the bubble

temperature), the bubble radius evolution during the bubble shrinkage
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F IGURE 3 Growth dynamics of photothermal bubbles generated at absorbing substrates. (a) Dynamics of a surface bubble on an absorbing
pad under the irradiation of a 980 nm laser. Reproducedwith permission.49 Copyright 2011, Royal Society of Chemistry. (b) A surface bubble
formed on a gold coated glass coverslip. Reproducedwith permission.89 Copyright 2013, Royal Society of Chemistry. (c) The radius evolution and
lifetime of a plasmonic bubble. Reproducedwith permission.63 Copyright 2014, American Chemical Society. (d) The growth dynamics of a
plasmonic bubble for air-equilibrated water and degassedwater. The bubble growth process can be divided into two phases with a crossover in
between. Reproducedwith permission.78 Copyright 2017, American Chemical Society. (e) Dynamics of a photothermal floating bubble. The linear
growth of bubble radius is interpreted by the scaling evolution of temperatureΔT ∼

√
t. Reproducedwith permission.65 Copyright 2022, Springer

Nature.

is derived63:

dR
dt

= −
2𝜎DRgT

KR2(P∞ +
4𝜎

3R
)
, (4)

whereD is the diffusion coefficient,K is theHenry’s law constant of the

gas. For long-livedbubbles that are at least a fewmicrometers in radius,

the term 4𝜎∕3R can be discarded.90 In this approximation, the solution

of Equation (4) reads:

R(t)
3
= −

6RgTD𝜎

P∞K
t + const. (5)

The scaling relation of R ∼ −t1∕3 is evidenced experimentally

(Figure 3c), which reveals that the bubble is not made of water

vapor but of air molecules coming from the liquid. Also, the lifetime of

the bubble can be simply estimated as 𝜏 =
P∞K

6RgTD𝜎
R3.

In addition to the shrinkage dynamics of photothermal surface bub-

bles, the growth dynamics of plasmonic bubbles was investigated,

clarifying the distinct contributions of vapor and dissolved air to

the growth process.78 The growth dynamics can be divided into two

regimes: an initial short nucleation phase (regime I, < 10 ms) and sub-

sequently a much longer growth phase (regime II) (Figure 3d). The

bubble radius in the initial regime I scales with time as R(t) ∼ t1∕6 by

considering that the laser heating is mainly consumed by the evapora-

tion of water and the heating efficiency decreases with the increasing

of bubble volume, and the scaling law matches well with the experi-

mental finding of R(t) ∝ t0.16. The identical growth rate for bubble in

air-equilibrated water and degassed water observed experimentally

further implies that the initial bubble growth in regime I is dominated

by explosive vaporization of water. The long-term bubble dynamics

in regime II is precisely described by the production-limited growth

model90 that predicts the bubble radius as R(t) ∼ t1∕3 by considering

the local oversaturationand themassdiffusionof thedissolvedgas. The

diffusion-controlled bubble growth rate is consistent with the shrink-

age rate,63 implying that the dissolved air plays a crucial role in the

long-term bubble dynamics.

Growth dynamics of floating bubbles

Although surface bubble dynamics are now well understood, research

on floating bubbles in the liquid phase is less advanced, as their

inherent instability under normal conditions hinders systematic study.

Microbubble can be produced by immersing tip-coated fibers in
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liquids.64 Carbon nanoparticles are deposited onto the fiber end-

face due to thermophoresis and pressure gradients via immersing the

fiber in a solution of nanoparticles dispersed in ethanol and launch-

ing a laser beam through the waveguide.91, 92 Light absorption by the

nanoparticles provides an extremely localized area over which ther-

mal fluctuations lead to spontaneous formation of bubbles as a result

of vaporization of the liquid. The bubble grows until reaching a maxi-

mumsize, and thendetaches from the fiber tip once thebuoyancy force

exceeds the “attachment” force 2𝜋RF𝜎 (where RF represents the effec-

tive size of the area covered by nanoparticles onto which the bubble

is being formed). In fact, this floating bubble is essentially the same as

the plasmonic bubble described above, but due to the small contact

areabetween thebubble and the fiber tip, thebubble experiencesweak

adhesion and ismore likely to detach from the contact surface and float

in the liquid phase, allowing for 2D or 3Dmanipulations.61, 80, 93, 94

To investigate the growth dynamics of floating bubble nucleated in

the bulk liquid through liquid absorbing, our group introduced a type

of laser heating by using a medium power near-infrared (NIR) laser

(with a wavelength of 980 nm) to impact on pure water (Figure 3e).65

Due to the absorption coefficient of 0.45/cm at 980 nmwavelength for

water, a vapor bubble is formed underwater at an elevated tempera-

ture, once the laser power exceeds the threshold value (1.9 kW/cm2).

During the bubble growth within 50 s, the bubble radius has a ten-

dency to increase linearly with time, which is different from both the

1/6-power lawdominatedbyexplosiveevaporation, and the1/3-power

law dominated bymass diffusion of the dissolved gas due to local over-

saturation. We interpret the linear growth of bubble radius by the

scaling evolution of temperature ΔT ∼
√
t. According to the Plesset–

Zwick approximation for thermal controlled growth of bubble,82 if the

temperature obeysΔT ∼ R∗tn−0.5C(n), then the bubble radius takes the

form R = R∗tn, where C(n) is a constant for specific n. Our experiments

are for the case n= 1.

MULTIMODE MANIPULATIONS OF BUBBLES

Since both surface and floating bubbles exhibit extended lifetimes

under CW laser irradiation, their diversemanipulation for awide range

of applications can be achieved by harnessing photothermally induced

flows and long-range hydrodynamic forces. This section summarizes

three typical bubble motion modes enabled by laser heating: the 1D

or 2D locomotion of surface bubbles, the periodic bouncing or oscilla-

tion of plasmonic and floating bubbles, and the 3Ddancing and orbiting

of floating bubbles. We focus on these three types of photothermally

driven manipulation and discuss the underlying mechanisms of the

respective strategies.

Physical mechanism of bubble motion driven by
photothermal effects

When a laser irradiates a liquid, it generates complex temperature dis-

tributions and flow fields, leading to intricate bubble motion due to

photothermal effect. The local heating of absorbing substrates usually

creates a thermal gradient along the bubble–liquid interface. This ther-

mal gradient affects the surface tension of the liquid, as most liquids

have a negative constant value of 𝜕𝜎∕𝜕T, where 𝜎 is the surface tension

and T is the temperature. Thus, the presence of a temperature gradi-

ent will decrease the surface tension in the warmer region and create

a flow toward the colder region, as the liquid attempts to minimize

the total surface energy, known as thermocapillary flow or thermal

Marangoni flow.47 The forces governing bubble motion in such a con-

figuration are primarily the buoyancy force Fb, the Stokes drag force

Fv , and the thermalMarangoni force Fm, as shown in Figure 4a–c.

The buoyancy force (Figure 4a) arises from the hydrostatic pressure

in the fluid:

Fb =
4
3
𝜋R3

b
𝜌lg, (6)

where Rb is the radius of the bubble, 𝜌l is the density of the liquid, and g

is the gravitational acceleration.

The Stokes drag force (Figure 4b) is induced by liquid viscosity

and depends on the relative velocity between the bubble and the

surrounding liquid:

Fv = 6𝜋𝜇Rbv, (7)

where 𝜇 is the dynamic viscosity and v is the relative speed of a bubble

to the surrounding liquid.

In a temperature field with a uniform gradient, bubbles in the liquid

driven by thermal Marangoni flow experience a net movement toward

the high-temperature regions,55 as shown in Figure 4c. This force can

be estimated by82

Fm = 2𝜋R2
b

d𝜎
dT

dT
dx
. (8)

In practice, when a laser vertically irradiates a liquid, the resulting

temperature distribution can trigger natural convection in the bulk liq-

uid, as shown in Figure 4d. This establishes an axisymmetric stagnation

point flowwith associated viscous and thermal boundary layers. In this

configuration, the coupling of forces across different coordinates must

be considered. A schematic of the typical force balance is depicted

in Figure 4e. By decomposing the forces in each coordinate, the bub-

ble’s motion along principal directions can be determined, ultimately

enabling the prediction of its three-dimensional trajectory.

1D and 2D locomotion of bubbles driven by the
thermal Marangoni flow

For bubbles in liquid, the optically induced temperature gradient

results in a net movement of the bubble toward the warmest loca-

tion, which corresponds to the position of the laser beam spot. In other

words, thebubble canbeeasily navigatedby translatingor scanning the

laser spot.

An optically actuated thermal Marangoni force, generated by local

laser heating of an absorbing substrate, can trap and transport air
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8 of 19 DROPLET

F IGURE 4 Physical mechanism of bubble motion driven by photothermal effect. (a–c) Schematic diagrams of forces acting on a bubble: (a)
buoyancy force due to hydrostatic pressure; (b) stokes drag force from relative motion between the bubble and the surrounding liquid; (c) thermal
Marangoni force arising from a surface tension gradient induced by a temperature gradient. Reproducedwith permission.73 Copyright 2024,
Wiley-VCHGmbH. (d) Simulated temperature distribution and flow field under vertical laser irradiation of the liquid. Reproducedwith
permission.81 Copyright 2024, National Academy of Sciences. (e) Force analysis of a floating photothermal bubble in the configuration shown in
(d). Reproducedwith permission.69 Copyright 2025, American Physical Society.

bubbles (Figure 5a).59 A bubble follows a laser spot scanned across the

substrate, and itsmaximum transport velocity scales linearlywith laser

intensity, as the intensity generates themagnitude of the induced ther-

mal gradient. Simulations verify that temperature and surface tension

gradients drive a horizontal flow from the hot to the cold side of the

bubble, propelling it toward the heated region (Figure 5b).95 Moreover,

a bubble centered over a symmetric thermal gradient is stably trapped.

Here, the horizontal Marangoni flow vanishes, but a vertical temper-

ature gradient establishes a convective flow. This induced circulation,

perpendicular to the substrate, facilitates particle micromanipulation.

Laser heating can be used to directly generate thermal bubbles,

rather than injecting air bubbles into the fluidic chamber. Conse-

quently, the size andmovement of the bubble can be flexibly controlled

by adjusting the exposure time and the location of the laser. A low

power weakly focused CW laser (532 nm) was applied to create a

thermal bubble on a silver film.74 By moving the laser spot, the loca-

tion of the bubble is easily manipulated, allowing the direct-writing of

micropatterns on the substrate with accumulated particles (Figure 5c).

A thermal bubble generated by a CW laser (405 nm) irradiating on a

gold-film–coated substrate demonstrated a different approach to par-

ticle manipulation, whereby particles carried by the bubble could be

precisely guided along a predefined path (Figure 5d).76

The motion of particles can be analyzed by considering long-range

forces (thedrag force arising from the convective flow) and short-range

forces (surface tension andpressure forces, vanderWaals force) simul-

taneously. When particles are introduced into a flow field around a

photothermal bubble, the particles are first driven toward the bubble

surface by the heat-induced convective flow, and then trapped on the

bubble’s surface by a balance of a surface tension force and a pressure

force.76 This combination of forces enables the attraction of particles

that are both near and far away from the bubble and the manipulation

to any predefined location.

However, it should be noted that if the force balance between

surface tension and pressure force is not satisfied, particles will be

pushed away from the bubble at the ceiling and squeezed to the bub-

ble at the floor. At the corner between the bubble and substrate, the

particles are attracted to the substrate by the short-range van der

Waals force.74 This feature facilitates a new micro-lithography tech-

nique called “bubble-pen lithography,” which uses the bubble as a pen

to directly write patterns with micro- or nano-sized particles.67, 96, 97

As shown in Figure 5e, the bubble can be generated due to the

plasmon-enhancedphotothermal effects andcaptures and immobilizes

the colloidal particles on the substrate through coordinated actions

of Marangoni convection, surface tension, gas pressure, and substrate

adhesion. Through translating the laser beam tomove the bubble, arbi-

trary single-particle patterns and particle assemblies with different

resolutions and architectures can be created.

To improve the efficiency of manipulation, parallel generation

and transportation of microbubbles can be achieved by creating

multiple localized optical patterns using optical elements such as
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HU ET AL. 9 of 19

F IGURE 5 The locomotion of bubbles driven by thermalMarangoni flow. (a) Optically actuated thermalMarangoni movement of an air bubble
in silicone oil. The bubble follows the position of the laser spot, as it is scanned in the xy-plane. Reproducedwith permission.59 Copyright 2007, AIP
Publishing. (b) The simulated flow field around a bubble. Reproducedwith permission.95 Copyright 2011. AIP Publishing. (c) The direct-writing of
micropatterns bymanipulation a thermal bubble bymoving the laser spot. Reproducedwith permission.74 Copyright 2011, Royal Society of
Chemistry. (d) The demonstration of particle-manipulation that particles can be attracted to the bubble and then be precisely controlled bymoving
the bubble along a prescribed route. Reproducedwith permission.76 Copyright 2014, Royal Society of Chemistry. (e) Schematic andWorking
principle of bubble-pen lithography. Reproducedwith permission.67 Copyright 2016, American Chemical Society. (f) The cooperation of multiple
bubbles by using a spatial light modulator to improve themanipulation efficiency. Reproducedwith permission.62 Copyright 2017, Springer
Nature.

micromirrors,98 spatial light modulators,99 or scanning mirrors.100

Hu et al.66 designed an interactive control system with a scanning

mirror and a touch screen interface to achieve matrix assembly of

polystyrene particles by four thermal Marangoni flow–driven bubbles.

Figure 5f shows collaborative microscopic manipulation by using 50

independently driven bubbles.62 To activate up to 50 microbubbles, a

single laser beam is split into 50 spots focused on the absorbing layer

of the substrate by using a programmable spatial light modulator. The

parallel, independent actuation of each bubble in a different direc-

tion is achieved, and actuation of pairs and groups of bubble-based

microrobots in various trajectories is demonstrated.

Periodic bouncing/oscillatory motion driven by
combined photothermal and gravitational fields

Themanipulation of bubbles and bubble-basedmicrorobots is typically

restricted to 2D translation, owing to their formation and actuation

on substrate surfaces. The resulting motion is dictated by the balance

between the thermally generated Marangoni force and the bubble–

substrate interfacial forces. An asymmetric thermal force weaker than

the interfacial forces results in inefficient driving. Moreover, adhesive

resistance from the substrate typically limits transportation speeds

to hundreds of micrometers per second. To diversify manipulation
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10 of 19 DROPLET

modes and improve performance, strategies enabling substrate-

detached motions—like vertical bouncing or oscillation—have been

developed.

This section primarily reviews the periodic bouncing/oscillatory

motion of photothermal bubbles. Such vertical motion is generally gov-

erned by the competition between several dominant opposing forces,

including buoyancy, the thermal Marangoni, and Stokes’ drag force. To

facilitate bubble detachment from surfaces, strategies such as using

hydrophilic substrates or optical fiber tips (which minimize contact

area) are often utilized, enabling the driven forces to readily release

the bubbles.

As demonstrated in Figure 6a, the controllable bubble bouncing

motion was realized on a GNP decorated surface with a hydrophilic

silica coating.60 When GNPs are irradiated by a CW laser at their

resonance frequency, a huge amount of heat is rapidly produced due

to the plasmonic effect, a plasmonic bubble nucleates and grows on

the surface during the laser-on period. After the laser is switched off,

the plasmonic bubble detaches through the wetting of the substrate

and rises upward driven by the buoyancy force. The bubble can then

be pulled back to the substrate by the thermal Marangoni force once

the laser is switched on. This rising and falling motion is governed by

the competition between forces, including the buoyancy force, the

thermal Marangoni force, the added mass force, and the Stokes’ drag

force, which can be described by the following equation 60:

F = −
10
3
𝜋𝜌R3

b
z̈(t) − 6𝜋𝜌vRbż(t)

(
1 +

Rb
z(t)

)
+

4
3
𝜋𝜌R3

b
g + 2𝜋R2

b

𝜕𝜎

𝜕T
𝜕T
𝜕z

,

(9)

where z(t), ż(t), and z̈(t) are the displacement, velocity, and acceleration

of the bubble. The four terms on the right side of the equation are the

addedmass plus liquid acceleration, Stokes’ drag force, buoyancy force,

and the thermal Marangoni force. The initial acceleration process of

the bubble is influenced by the added mass force, while the rising in

the bulk solution is subjected to buoyancy and drag forces. Once the

laser is turned on, the bubble moves back to the substrate due to the

thermalMarangoni force.

Besides the active modulation of the incident laser, the vertical

bouncing motion of bubbles can also be spontaneously triggered via

competition of solutal and thermal Marangoni forces in binary liquids.

The periodic bouncing of a plasmonic bubble has been reported in a

water/ethanol binary liquid (Figure 6b).68 Once a bubble touches the

hot substrate, the selective vaporization of ethanol near the substrate

causes a downward Marangoni flow at the bubble interface, pushing

the bubble upward. For a rising bubble, the solutal Marangoni force

decreases more rapidly with increasing bubble height, and the thermal

Marangoni force dominates bubble motion. Then, the bubble is pulled

back to the substrate. This process repeats and the bubble can bounce

for several dozens of cycles. The forces acting on the bouncing bubble

can be described by Equation (9) by including the solutal Marangoni

force Fs−M = 2𝜋R2
b
𝜕𝜎

𝜕c

𝜕c

𝜕x
, where c is the solute concentration. For appli-

cations, the bouncing dynamics of bubbles in multicomponent liquids

give insights into the improvement of efficiency in processes like

electrolysis and catalysis.103

In photoelectrochemical (PEC) water splitting, bubble formation

and coverage on the photoelectrode reduce the effective electrode–

electrolyte contact area, lowering reaction efficiency—an effect that

intensifies as bubbles grow.104 Bubble bouncing and rising near the

surface can enhance heat transfer, and bubble collisions can improve

local mass transfer, thus increasing chemical reaction efficiency. Light-

chopping technology was employed to achieve bubble bouncing on a

TiO2 photoelectrode (Figure 6c).101 By modulating the laser on/off

times, they directionally regulated the bouncing characteristics. This

chopping approach significantly shortened bubble growth time and

reduced detachment diameter compared to continuous illumination.

Additionally, coalescence-induced bubble jumping/detachment has

been explored.105 Using the thermal Marangoni effect to drive bub-

ble sliding and coalescence, jumping occurs upon the release of surface

energy. For smaller bubbles, jumping rather than full detachment is

often observed, as their weaker buoyancy and lesser surface energy

release hinder permanent departure from the electrode.

For thermally generated floating bubbles at the optical fiber tip,

bouncing behaviors can be implemented by heating liquids with

another optical fiber deposited with nanoparticles. The 2D bouncing

manipulation of photothermal bubbles in ethanol by using two optical

fibers has been investigated (Figure 6d).80 The generation of a bub-

ble on the fiber tip is carried out by allowing the passage of beam B

(A) while beam A (B) is obstructed. Once the bubble is created, beam

B (A) is obstructed and beam A (B) is allowed to pass, heating up the

other fiber tip. The bubble is affected by the temperature gradient on

the opposite fiber tip and is attracted toward it. The periodical bounc-

ingmanipulation in 2D of the floating bubble between two vertically or

horizontally placed fibers can be realized by alternately lighting one of

the fibers.

Despite the remarkable progress in bouncing bubbles, the exquisite

manipulation of bubbles in pure liquids by decorating the thermal flow

field with simple apparatus remains largely unreported. Recently, by

introducing a thermally conductive interface, our group observed the

spontaneous periodic bouncing motion of a photothermally generated

floating bubble within pure water (Figure 6e).65 The nucleation and

growth of this floating bubble occurs underwater due to the volumetric

absorption of 980 nm laser by pure water. A highly conductive sap-

phire glass is used as a coverslip to rapidly dissipate the heat near

the solid cover, which results in the unique formation of a tempera-

ture inversion layer (TIL). The depth-dependent bi-directional thermal

Marangoni force originated from the formation of TIL is responsible

for the bouncing behavior. When the bubble rests near the cover, the

downwardMarangoni force acts as thedriving force to push thebubble

away from the solid wall. However, it will be pulled back driven by the

upward thermal Marangoni force and buoyancy force when they are

far away from theTIL. As a result, the bubble bounces along the vertical

direction near the hot spot. The bouncing regime, defined by the lower

and upper bound radii (Rlow and Rup), and its frequency are derived

froma forcebalanceamongbuoyancy, downwardMarangoni force, and

upward Marangoni force. A fascinating dancing motion of the float-

ing bubble was revealed by translating the laser spot horizontally, as
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HU ET AL. 11 of 19

F IGURE 6 The periodic bouncing/oscillatorymotion of bubbles driven by photothermal effects. (a) Plasmonic bubble bouncing behavior
during laser on and off on gold nanoparticle-decorated surfaces with a hydrophilic silica coating. Reproducedwith permission.60 Copyright 2023,
Wiley-VCHGmbH. (b) Periodic bouncing of a plasmonic bubble in an ethanol–water binary liquid due to the competition of solutal Marangoni
force and thermalMarangoni force. Reproducedwith permission.68 Copyright 2021, National Academy of Sciences. (c) Bubble bouncing behavior
regulated by laser choppingmode on a horizontal photoelectrode surface. Reproducedwith permission.101 Copyright 2022, American Chemical
Society. (d) Manipulation of amicrobubble between two vertically or horizontally opposed and off-axis optical fibers due to the switching of the
temperature gradients. Reproducedwith permission.80 Copyright 2018, Optical Society of America. (e) Vertical bouncingmotion of a floating
photothermal bubble due to the competition between the bi-directional thermalMarangoni force and the buoyancy force. Reproducedwith
permission.65 Copyright 2022, Springer Nature. (f) Spontaneous horizontal oscillatorymotion of a photothermal bubble by impacting a laser on
ethanol. The viscous driving force and the restoring thermalMarangoni force are responsible for the oscillation. Reproducedwith permission.81

Copyright 2024, National Academy of Sciences. (g) Bubble bouncing caused by the competition between buoyancy, indirect radiation pressure, and
Stokes force. Reproducedwith permission.102 Copyright 2020,WILEY-VCHGmbH.

discussed in Section “3D dancing motion of bubbles via sophisticated

designing of laser heating.”

The advantage of this volumetric laser heating system is that the

thermally induced flow field can be modulated by changing the liq-

uid medium. When irradiating the 980 nm NIR laser into ethanol, a

horizontal oscillatory motion mode of the photothermal bubble was

identified by our group (Figure 6f),81 instead of the vertical bounc-

ing motion. By analyzing the temperature distribution and flow field

around the bubble, the vertical bouncing motion is suppressed due

to the relative large upward viscous drag force compared with that

in water. The occurrence of horizontal oscillatory motion is due to

the competition between the restoring horizontal thermal Marangoni

force and the disturbing viscous drag force, since the temperature is

higher at the center, the horizontal thermal Marangoni force tends to
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12 of 19 DROPLET

stabilize or trap the bubble at the center, while the viscous drag force

induced by the stagnation flow tends to sweep the bubble away from

the center.

The expansion of bubbles can also lead to their bouncing motion.

A novel mechanism called indirect radiation pressure is introduced,

which drives the bouncing motion of floating plasmonic bubbles

(Figure 6g).102 The bulk plasmonic bubble is generated when a GNP

suspension solution is irradiated by a laser. The bubble rises due to

buoyancy and falls due to the indirect radiation pressure force Fm orig-

inating from asymmetric vaporization. Because the indirect radiation

pressure force Fm is size dependent, the bouncing behavior of the bub-

ble appears only when the Fm is larger than Stokes drag force and ends

when the buoyancy dominates.

3D dancing motion of bubbles via sophisticated
designing of laser heating

The preceding sections show that photothermal effects have estab-

lished diverse techniques for 1D and 2D bubble manipulation. How-

ever, despite the challenges, achieving noninvasive and precise 3D

trapping and control remains crucial for applications such as targeted

drug delivery, microfluidics, and optofluidics.

Consider that the thermal Marangoni effect can induce large and

long-range forces acting on bubbles, it is possible to realize 3D manip-

ulation of bubbles via sophisticated designing of laser heating in bulk

liquids. Based on the Marangoni force–driven manipulation of float-

ing bubbles between two fiber ends,80 Sarabia-alonso et al.61 realized

the 3D steady-state trapping and manipulation of bubbles in liquids by

using an array of three fibers with deposited nanoparticles (Figure 7a).

When all three optical fibers are illuminated with lasers, the bub-

ble can be trapped in the middle of the fiber array. The 3D transfer

of bubbles from one fiber to another is implemented by sequentially

switching on and off the lasers. However, the invasion of optical fibers

significantly reduces the benefits associated with optical manipulation

of contactless.

For the sake of formation of TIL in our previous work,65 the vertical

bouncing of photothermal bubbles is obtained. By introducing another

degree of freedom, that is, the horizontal translation movement of the

laser beam,we realized the intriguing 3Ddancingmotion of the bubble,

which not only presents the excellent steerability with the laser beam,

but also preserves the bouncing behavior along the vertical direction

(Figure 7b).81 The horizontal translation of the bubble is driven by

the thermal Marangoni force along the x direction to push the bub-

ble toward the hotter area of laser beam, since the thermal gradient

(
dT

dx
) arises from the local heating in the course of the translation. The

preserved bouncing behavior subject to the translation is due to the

temperature gradient
dT

dz
along the z direction within TIL. By compar-

ing the two timescales for the formation of
dT

dx
(local dwelling timescale

𝜏d ∼ 2rl∕vl , where rl and vl are the radius and translation speed of the

laser beam) and
dT

dz
(the characteristic timescale for the heat transfer

𝜏c), various trajectories of the bubble are demonstrated that bounc-

ing dominates at a lower speed (𝜏d > 𝜏c) while translation dominates at

a higher speed (𝜏d < 𝜏c). By taking advantage of the unique bouncing

and steerability features of this dancing bubble, through the pre-

cise control of the specific interaction with the preexisting objects

including walls, bubbles, droplets, or nanoparticles, we successfully

demonstrate its versatile capability to leap over a wall, coalesce with

bubbles, form the core(bubble)-shell (droplet) structure, and collect

particles within water (Figure 7b), which shows significant applica-

tion potential in soft robotics, materials manufacturing, and water

treatment.

To further investigate the intrinsic influence of liquid physicochemi-

cal properties on bubble motion mode in the volumetric laser heating

system,65, 81 by exploring the various liquid medium from ethanol

to hexane, our group observed a spontaneous 3D-periodic orbiting

motion mode of a photothermal floating bubble (Figure 7c), which

extends the spectrum of multimode motions beyond the 1D and 2D

paradigms.69 As revealed in our previous works,65, 81 the 1D vertical

bouncingmodeof the bubble is produced inwater by a downward ther-

mal Marangoni force (Fzm) and an upward viscous drag force (F
z
v), while

the 2D horizontal oscillatory motion mode of the bubble in ethanol

is induced when the viscous drag force from the stagnation flow (Fxv)

becomes dominant, and the thermal Marangoni force (Fxm) acts as a

restorative force. Particularly, the 3D-orbiting motion mode of the

photothermal bubble in hexane is attributed to the subtle interplay

between the interfacial flow due to the thermal Marangoni effect and

the bulk flow from the thermal buoyancy effect, and it acts as a syn-

ergistic coupling mode between the 1D vertical bouncing mode and

the 2D horizontal hovering mode. Generally, the multimode motions

of the bubble within different liquids are determined by the force bal-

ance between the thermal Marangoni force (Fim = Δ𝛾id, where Δ𝛾i is

the surface tension gradient, and d is the bubble diameter) and the vis-

cous drag force (Fiv = 6𝜋𝜇vid, where vi is the relative velocity between

the bubble and the surrounding liquid along the i-direction) along each

axis, thus a phase diagram providing insight into the active tailoring

of the three oscillation modes can be constructed through a single

dimensionless number Σi
69:

Σi =
Fiv
Fim

=
ReiSc
Mai

, (10)

where the Reynolds number Rei = 𝜌vid∕𝜇 for the bulk flow estimates

the viscous drag force Fiv , the Marangoni number Mai = Δ𝛾id∕𝜇Dm

(where Dm is the molecular diffusivity) for the interfacial flow indi-

cates an estimate of the thermal Marangoni effect, while the Schmidt

number Sc = 𝜇∕𝜌Dm for liquid properties. The findings not only reveal

the underlying intriguing physicochemical hydrodynamics, but also

possibly shed light on the 3D bubble manipulation technologies and

bubble-based applications.

APPLICATIONS OF PHOTOTHERMAL
BUBBLES

To date, bubble-based technologies have shown great promise

in diverse areas such as material processing,106 energy

harvest,107, 108 environment treatment,109 soft-robotics,10, 22 and
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HU ET AL. 13 of 19

F IGURE 7 3D dancingmotion of bubbles via sophisticated designing of laser heating. (a) 3Dmanipulation and trapping of a bubble due to
photothermal effects via sequential laser heating by three optical fibers. Reproducedwith permission.61 Copyright 2021, Optical Society of
America. (b) The dancing behavior of a floating photothermal bubble which not only presents the excellent steerability with the laser beam, but
also preserves the bouncing behavior along the z vertical direction. The potential application characterizations are also demonstrated. Reproduced
with permission.65 Copyright 2022, Springer Nature. (c) Periodic 3D-orbitingmode of a photothermal bubble in hexane. And a phase diagram of
bubble multimodemotions in pure liquids is built. Reproducedwith permission.69 Copyright 2025, American Physical Society.

biomedicine.16, 17, 72 Herein, we highlight several key applications

of photothermal bubbles within microfluidic control, microrobots,

microfabrication, and targeted drug delivery.

Photothermal bubbles facilitated liquid control in
microfluidic devices

The photothermally generated surface bubbles have been used to

manipulate fluids in microfluidic devices, allowing for the develop-

ment of microfluidic valves or pumps. Zhang et al.49 demonstrated the

function of laser-induced thermal bubbles as in-channel micro-valves

and on-spot micro-pumps (Figure 8a). The open/close state of the

micro valve can be controlled by the contraction and expansion of the

bubble, then the fluid condition can be manipulated in the microchan-

nel. With asymmetric tear-shaped pads, a pumping flow velocity can

be controlled by adjusting the laser power, with a variation range

of 100–400 μm/s. This bubble technique features simple microflu-

idic fabrication, high bubble size controllability, freely chosen location,

proximity to the point of interest, and easy integration with lab-

on-a-chip systems. But, continuous laser heating can damage fragile

biological samples. Hence, acoustically oscillating bubbles are typically

usedaspumps,mixers, or filters formicrofluidic aoolications.9, 13, 20, 112

Compared with the long lifetime of thermally generated bubble

under CW laser irradiating, pulse laser–induced cavitation bubble was

used in digital microfluidic devices,113 where high-speed on-demand

droplet generation was achieved. The actuation mechanism of pulse

laser–driven droplet generation is based on laser pulse–induced,

rapidly expanding cavitation vapor bubbles. When an intense laser

pulse is focused in a liquid medium such as water, the strong optical

field induces water molecule breakdownwhich generates a hot plasma

at the focal point.114 The heat quickly dissipates into the medium and

creates a rapidly expanding cavitation bubble to perturb the stable oil–

water interface and push the neighboring water into the oil channel to

form aqueous droplets. The lifetime of a bubble from laser excitation

to collapse depends on size and varies from tens to hundreds of

microseconds, which enables on-demand droplet generation at rates

up to 10,000 droplets per second with precise volume control in a

single-layer microfluidic device without any additional on-chip

mechanical pumps or valves.
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14 of 19 DROPLET

F IGURE 8 Typical applications of photothermal bubbles. (a) Amicro-valve andmicro-pump based on the photothermal surface bubble.
Reproducedwith permission.49 Copyright 2011, Royal Society of Chemistry. (b) Bubble-based hydrogel microrobot system showing the assembly
and patterning of cells with an additional manipulation stub. Reproducedwith permission.75 Copyright 2012, Royal Society of Chemistry. (c)
“optoacoustic tweezers” utilizing photothermal bubbles as microrobots and combining acoustic radiation forces to trap cell. Reproducedwith
permission.89 Copyright 2013, Royal Society of Chemistry. (d) Schematic of plasmonic bubble-assisted assembly of micro-sizedmodules.
Reproducedwith permission.70, 77 Copyright 2019,WILEY-VCHGmbH. Copyright 2020, American Chemical Society. (e) Fabrication for ring
structure (I) and 3Dmicrocylinder structure (II) of assembled nanoparticles based on laser-induced plasmonic bubbles. Reproducedwith
permission.71, 79 Copyright 2011, American Chemical Society. Copyright 2024, Elsevier. (f) Bubble-generating drug release platform by irradiating
laser on drug loaded nanoparticles (I) or liposome structures (II). Reproducedwith permission.110, 111 Copyright 2021, Springer Nature. Copyright
2025,MDPI.
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Photothermal bubble–based microrobots

Photothermal bubbles are excellent transporters of mesoscopic

objects ranging frommetallic nanoparticles96 to microstructures,70, 77

due to their convenient manufacturing, easy manipulation, and precise

control, which demonstrates their efficacy as a novel tool for micro-

manipulation. For example, Hu et al.75 demonstrated a photothermal

bubble–based hydrogel microrobot, which allows cell manipulation.

The hydrogel structure acts as a buffer between cells and the actuat-

ing bubble, reducing shear stress on the cell membrane and avoiding

the risk of cell deathwhen directly using the photothermal bubbles due

to heating (Figure 8b). Ten separate yeast cells are assembled into an

“H” shapebyusing the bubble-basedhydrogelmicrorobotwith an addi-

tional manipulation stub, and an assembly of a 3×4 array of agarose

microgel blocks is realized.

Another approach to avoid the cells’ damage from overheating

during the manipulation via photothermal bubbles is to combine the

advantages of optical and acoustic method. Xie et al.89 developed an

“optoacoustic tweezers” which utilizes the photothermal effect to gen-

erate bubbles in a micro chamber and acoustic radiation forces to

trap cells (Figure 8c). By taking advantages of both photothermal bub-

ble generation and acoustic-based trappingmechanism, the integrated

technique is capable of creating programmable, complex patterns in a

biocompatible manner.

As the 2D operation and assembly of microparticles, cells, or

microstructures have been well controlled by the bubble-basedmicro-

robots, the demand on 3D manipulation of modules becomes promi-

nent. Wang et al.115 used the flow field generated by bubble motions

to perform a 3D operation upon cell-laden hydrogel micromodules

to manufacture biological tissue in vitro. Although the micromodules

can realize 3D movement under the action of the flow field, the con-

trollability of the bubbles and micromodules is limited. Moreover, the

technology places certain requirements upon the shape of the micro-

modules, and there must be holes in the center to allow it to be

picked up, collected, and aligned. To solve the issue, Dai et al.70, 77

used a surface photothermal bubble acting as a microrobot to real-

ize the 3D operation and assembly of microstructures (Figure 8d),

which provides more opportunities for the construction of biological

tissues. With the generation and gradual growth of the photother-

mal bubble, microstructures can be lifted by the rising convective

flow and then rotated in 3D. By changing the position of the light-

controlled bubble, the 3D conformations of various microgels can be

adjusted.

For bubble-propelled motors, laser-induced vapor flows are

adopted to offer the powerful propulsive force to actuate robots. Yang

et al.116 demonstrated the propulsion of a millimeter-sized object by

continuously shining a laser on the tail of the light absorber. A vapor

jet flow is formed when the photothermal effect is strong enough

to convert liquid water into vapor, and a floating paper is propelled.

Wang et al.117 reported a helicopter-like rotary flying photoactuator

by using the vapor jet propulsion. Recently, Li et al.118 proposed a

laser-driven bubble-propelled hydrogel microrobot by utilizing an

improved photothermal material enhancing the bubble generation

ability. With larger bubbles, the movement speeds of the micromotor

is significantly increased. Also, the bubble-based microbot can be

controlled to achieve a variety of locomotion modes by adjusting the

laser parameters.

While bubble-based microrobotics is advancing and demonstrates

considerable application potential, substantial challenges persist. Pri-

mary concerns encompass the operational stability of photothermal

bubbles over extended periods, their controllability in 3D settings,

and their capability to accomplish sophisticated assembly operations.

Considerable efforts are still required to bridge the gap between

technological innovation and practical applications.

Photothermal bubbles mediated microfabrication

Due to the natural hollow structure, bubbles are highly suitable as tem-

plates for the fabrication of holowmicro-nano structurematerials. Fujii

et al.79 demonstrated the fabricationandplacementof a ring-like struc-

ture of nanoparticles by using a laser-induced thermal bubble on a gold

surface (Figure 8e-I). The photothermal bubble acts as a template for

the formation of the ring structure. Both Marangoni convection flow

and capillary flow around the bubble are responsible for the driving

force to assemble nanoparticles into the ring structure from the solu-

tion. Due to the feasibility of precise positioning of the ring structure

by translating the laser focusing point, various patterns of rings such as

arrays and letters and even a double-ring structure can be fabricated

without any photomasks or any templates.

Recently, Wang et al.71 realized the additive manufacturing of

3D microstructures through repetitively nucleated plasmonic bubbles

(Figure 8e-II). The dispersed polystyrene microparticles in ethanol are

guided by a thermal Marangoni convection flow around the bubble

and deposited at the three-phase contact line. By taking advantage of

the on/off modulation of laser irradiation, repetitively nucleating and

detaching of the plasmonic bubbles are achieved, which facilitates the

3Dmicrostructure fabrication that microparticles can be continuously

deposited along the vertical direction to form a 3D hollow microcylin-

der. This manufacturing method paves the way for 3D microstructure

manufacturing by using photothermal bubbles.

Photothermal bubbles in drug delivery

Drug delivery systems, which protect drug molecules during the trans-

port process and release them as required, play a key role in disease

therapy. Extensive work have been conducted on targeted drug deliv-

ery with the goals of overcoming the limitations of traditional drug

therapy and enabling accurate drug delivery and treatment.119 Using

bubbles to achieve targeted drug delivery has attracted increasing

attention because of their good drug delivery capacity and stimuli-

responsivity.120, 121

In recent years, bubble-containing liposomes have been developed

for targeted drug/gene delivery. The liposomes usually consist of one

or more gas pockets (e.g., air, oxygen, perfluorocarbons) and a flexi-
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ble covering layer (e.g., lipids, proteins, polymers), and the composition

of liposomes can be easily adjusted as required to meet the needs

of specific molecules by using different fabrication techniques, such

as freeze-lyophilization and reverse phase evaporation methods.16, 17

We focus on bubble-generating liposomes that could generate bub-

bles in response to the photothermal stimuli. Zhao et al.122 developed

a smart light-responsive liposome for cancer diagnosis and therapy by

surface modification. The liposome is coated with a gold shell followed

by modification with two kinds of ligands. The drugs are encapsulated

in the liposome. Once the liposome adheres to tumor cells through the

binding between the ligands on liposome surfaces and receptors on

tumor cell surfaces, the position and size of the tumor can be easily

diagnosed. NIR irradiation triggers the decomposition of the liposo-

mal drugs, generating CO2 bubbles that disrupt the lipid structure and

release the drugs.Meanwhile, the photothermal effect of the gold shell

also enhances tumor cell killing.

Different from the generation of bubbles through chemical decom-

position reactionmediated by the laser heating, photothermal bubbles

can be directly generated to control drug release. Lee et al.110 devel-

oped a thermo-responsive bubble-generating drug release platform by

irradiating NIR laser on drug loaded nanoparticles (Mel@PFH@MTX-

PLA) (Figure 8f-I). Here, melanin acts as the laser-absorbing material

and generates heat once it is irradiated. The temperature increase

could cause the phase transition of perfluorohexane (PFH), resulting

in dramatic bubble generation, which triggers the drug (Methotrex-

ate) release. Recently, Kim et al.111 also proposed an NIR-responsive

microbubble delivery platform for controlled drug release in cancer

therapy (Figure 8f-II). The system consists of an oil phase, 2H,3H-

perfluoropentane (PFC), a photosensitizer (IR-780), and an anticancer

drug. In the absence of laser stimulation, IR-780 and the drug coexist in

oil andPFC tomaintain a stablemicrobubble (liposome) state.Once IR-

780 absorbs the NIR light, PFC undergoes a phase change from liquid

to gas, which induces the liposome expansion and collapses, thereby

facilitating efficient drug delivery in the body. This system combines

photothermal effects and bubble dynamics to enable precisely con-

trolled drug release, whichmay overcome nonspecific drug release and

enable localized, targeted anticancer therapywithminimal side effects.

In addition to drug delivery, laser-induced cavitation bubbles show

promise in suppressing tumor growth and spread. This capability stems

from the destructive shock waves and microjets produced during bub-

ble collapse, which can kill tumor cells or facilitate drug uptake by

penetrating vascular or cellular barriers.123, 124 Despite progress in

bubble-assisted therapy, enhancing the robustness and biocompatibil-

ity of these systems continues to be a key challenge.

SUMMARY AND OUTLOOK

In this review, we have provided an overview of the advances in pho-

tothermal bubble research over the last 10 years, from the fundamen-

tals of nucleation and growth dynamics under localized laser heating

to the multi-mode manipulation techniques enabled by photothermal

effects, as well as their associated applications. Although photother-

mal bubbles offer unique capabilities due to their intense, localized,

and rapid energy conversion, and have opened up a novel path for

the development of microfabrication,125 micromanipulation,70 robot

propulsion,126 and clinical therapy,123 the inherent complexity of bub-

ble dynamics and manipulations present substantial challenges that

hinder widespread, reliable, and scalable implementation.

The inherent instability, chaotic dynamics, and sensitivity to envi-

ronmental conditions constrain practical applications of photothermal

bubbles. For instance, the nucleation, growth, and collapse of bubbles,

together with the associated flows (e.g., microstreaming and jetting),

rely on laser parameters (e.g., power, pulse duration, and focus),127

material properties (e.g., absorption coefficient, viscosity, and surface

tension),69 and local environment (e.g., contaminants and dissolved

gases),78, 128 complicating the bubble dynamics. For bubble manipula-

tion, precise control of bubble motions in 3D paths remains extremely

challenging. For applications, the intense localized heat may cause the

transferred material or the substrate to undergo unintended ther-

mal modification, melting, or decomposition, especially for biological

materials.129 And, the high shear forces generated by microstreaming

and the shockwaves/pressure spikes resulting frombubble collapse can

lyse or severely damage fragile cells, thereby limiting their utility in live

cell sorting or analysis.130

To overcome these challenges, multidisciplinary efforts are

required. For example, advanced models or simulations should be

developed by considering the effect of light absorption, heat transfer,

fluid dynamics, and bubble mechanisms, to precisely predict the

bubble motion. Novel materials and structures need to be further

investigated, such as slippery surface,45, 131 engineering photothermal

absorbers with higher efficiency, improved stability, and biocom-

patibility. Furthermore, employing coordinated control via hybrid

physical fields or multi-physical-field is promising. For instance, to

mitigate the risk of cellular damage caused by localized laser heating

in photothermal bubble microrobots, acoustic fields were integrated

with photothermal excitation where laser-induced microbubbles

were generated near target cells, and their motion was then precisely

controlled via acoustic waves, enabling efficient, non-contact cell

manipulation with high biocompatibility.132 Similarly, optoelectronic

tweezers and optoacoustic tweezers have been successfully applied in

micro/nano-manipulation.89, 98, 133, 134 These advancements suggest

that multi-physical-field synergy will serve as a foundational strategy

for future functional integration in bubble-based technologies.
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