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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Photopyroelectric tweezers that combine the advantages of light and electric fields have been firstly achieved.

- Photopyroelectric tweezers induce a large driving force (�mN) when exposed to low-intensity near-infrared irradiation.

- Photopyroelectric tweezers enable remote and programmable manipulation of objects with diverse materials (polymer,
inorganic, and metal), different phases (bubble, liquid, and solid), and various geometries (sphere, cuboid, and wire).

- Photopyroelectric tweezers are not only adaptive to various media but also generic to portable macroscopic manipulation
platforms and microscopic manipulation systems, enabling cross-scale (size: mm to cm) manipulations.

- Photopyroelectric tweezers allow for diverse applications in robotic and biomedical domains includingmanipulating hydrogel
robots, sorting particles, assembling living cells, manipulating a single cell, and stimulating cells.
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Optical tweezers and related techniques offer extraordinary opportunities
for research and applications in physical, biological, and medical fields.
However, certain critical requirements, such as high-intensity laser beams,
sophisticated electrode designs, additional electric sources, or low-conduc-
tive media, significantly impede their flexibility and adaptability, thus hinder-
ing their practical applications. Here, we report innovative photopyroelectric
tweezers (PPT) that combine the advantages of light and electric field by uti-
lizing a rationally designed photopyroelectric substrate with efficient and
durable photo-induced surface charge-generation capability, enabling
diverse manipulation in various working scenarios. These PPTs allow for
remote and programmable manipulation of objects with diverse materials
(polymer, inorganic, and metal), different phases (bubble, liquid, and solid),
and various geometries (sphere, cuboid, and wire). Furthermore, the PPT
is not only adaptable to high-conductivity media but also applicable to
both portable macroscopic manipulation platforms andmicroscopic manip-
ulation systems, enabling cross-scale manipulations for solid objects, liquid
droplets, and biological samples. The high-level flexibility and adaptability of
the PPT extend to broad applications in manipulating hydrogel robots, sort-
ing particles, assembling cells, and stimulating cells. By surpassing the lim-
itations of conventional tweezers, the PPT bridges the gap between macro-
scopic and microscopic manipulations, offering a revolutionary tool in
robotics, colloidal science, biomedical fields, and beyond.
INTRODUCTION
Remote and non-invasive manipulation techniques have led to significant

breakthroughs in various fields including colloidal science, robotics, medicine,
and biology.1-6 Over recent decades, these manipulation techniques have devel-
oped into diverse forms, such as acoustic tweezers,7 magnetic tweezers,8 and
electrostatic tweezers,9,10 which have proven to be valuable tools for manipu-
lating micro/nanoparticles, microrobots, and liquid droplets, among others.
These tweezers have all evolved from their predecessor, optical tweezers, which
were invented by Ashkin et al. in 1986.11 Optical tweezers, as a revolutionary tech-
nique, have been extensively investigated for trapping particles (with sizes
<30 mm, such as colloids, cells, molecules, etc.) at the micro- to nanoscale using
optical gradient forces (piconewtons, �10�12 N).1,4,12,13 Despite their significant
progress, optical tweezers still have inherent limitations due to the critical require-
ments of tightly focused high-intensity laser beams (�13 107 mWmm�2) and
high refractive index contrast between the trapped objects and the surrounding
liquid media, which can damage fragile objects and significantly reduce manip-
ulation diversity.1,5,13

To address the challenges mentioned above, optical tweezers have been
combined with various photosensitive materials, including plasmonic,
opto-thermal/refrigerative, and semiconductor substrates, resulting in the
development of alternative technologies such as plasmonic tweezers,14,15

opto-thermal/refrigerative tweezers,16-18 opto-thermoelectric tweezers,19-21

and optoelectronic tweezers.22-29 Among these technologies, optoelec-
tronic tweezers (OET) have gained significant attention due to their ability
to produce non-uniform electric fields in the liquid medium, based on the
photoconductive effect of semiconductor substrates. These light-induced
non-uniform electric fields create substantial dielectrophoresis forces
(nanonewtons, �10�9 N), allowing for the manipulation of nanoscale and
microscale particles with lower light power density (�10 mW mm�2),
which is otherwise impossible using other optical tweezers.2,3,30 However,
ll
such combination with the semiconductor substrates also brings unde-
sired issues.2,31,32 Firstly, the production of non-uniform electric fields in
conventional OET is vitally dependent on a sophisticated semiconductor
substrate sandwiched between top and bottom indium tin oxide electrodes
biased with an external electric source, which not only leads to a narrow
manipulation area (�<2 cm2), but also complicates the manipulation plat-
forms. Secondly, these semiconductor substrates can only work in low-
conductivity media (<0.001 S cm�1) owing to their finite photoconductivity,
thus creating insufficient trapping forces. Thirdly, these substrates are
easily contaminated by the manipulated particles due to non-specific
bonding, thereby affecting the performance of OET. These issues signifi-
cantly hinder the flexibility and adaptability of OET, thus impeding their
practical applications.2,13,33

Here, we first report a new concept of a photopyroelectric tweezer (PPT) that
combines the dual advantagesof light and electric fields, imparting unrivaledflex-
ibility and adaptability for diverse object manipulation in various working sce-
narios. Different fromprevious tweezers (Figures 1A–1F and S1), the PPT utilizes
a rationally designed photopyroelectric substrate that efficiently and durably gen-
erates surface chargeswhen exposed to low-intensity near-infrared (NIR) (as low
as�8.3mWmm�2) irradiation,34,35 thereby inducing a large driving force (micro-
newtons, as large as �4.6 3 10�5 N) without the need for high-intensity laser
beam, sophisticated electrode designs, and additional electric sources. Such
PPT allows for remotely and programmably manipulating objects with diverse
materials (polymer, inorganic, and metal), different phases (bubble, liquid, and
solid), and various geometries (sphere, cuboid, and wire) (Figures 1G, 1H, and
S2–S4; Video S1). Moreover, this PPT is not only adaptive to various media
with wide-range conductivities (0.001–91.0 mS cm�1) but also applicable to
portable macroscopic manipulation platforms and microscopic manipulation
systems with on-demand manipulating areas (12.5–96.0 cm2; Figures 1B, S5,
and S6), enabling cross-scale manipulations for solid objects ranging from
5 mm to 2.5 mm, liquid droplets ranging from 1 pL to 10 mL (Video S2), and bio-
logical samples from single cells to cell assemblies (Video S3). Such high-level
flexibility and adaptability of the PPT extends to diverse applications in robotic
and biomedical domains, including manipulating hydrogel robots, sorting parti-
cles, assembling living cells, manipulating single cells, and stimulating cells.
The PPT overcomes the limitations inherent in conventional tweezers, bridging
the gap between themacroscopic andmicroscopicmanipulations, and suggests
promising potentials for broad applications in robotics, colloidal, biomedical
fields, and beyond.
RESULTS AND DISCUSSION
Design of PPT
The PPT platform comprises two key components: a NIR laser light source

and a PPT device, which contains a liquid medium and a photopyroelectric sub-
strate (Figures 1A and 1B). In particular, the photopyroelectric substrate con-
sists of a superhydrophobic ferroelectric polymer layer made of Ga-In liquid
metal microparticle-embedded poly(vinylidene fluoride-co-trifluoroethylene)
(LMPs/P(VDF-TrFE)) composites, and a lubricant-infused slippery layer (Figures
1C and S7; see supplemental materials and methods). Here, the polymer layer
serves to generate real-time surface charges based on the photopyroelectric
effect, whereas the lubricant layer reduces motion resistance, suppresses
contamination, and prevents the charge screening effect caused by conductive
media, as previously proposed in our work.34 When the photopyroelectric sub-
strate is exposed to NIR light irradiation, the embedded LMPs in the polymer
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Figure 1. PPT design (A) Schematic illustration of
PPT device consisting of a liquid medium, a lubricant
layer, and an LMPs/P(VDF-TrFE) film sandwiched
between top and bottom poly (methyl methacrylate)
(PMMA) slides. (B) Photograph of the PPT platform
containing a NIR laser light source and a portable PPT
device with a large manipulation area of 12.5 cm2.
Scale bar: 10 mm. (C) Schematic illustration of the
PPT platform for object manipulation based on
the photopyroelectric effect. (D) The output voltage of
the PPT device upon exposure to NIR irradiation (po-
wer density: 100 mW mm�2, frequency: 0.5 s ON and
5 s OFF). (E) The voltage changes increase from 0.26
to 3.34 V with an increase in the laser power density
from 2 to 111mWmm�2. (F) The light-induced charge
density of the PPT shows slight variation from 870 to
590 pC mm�2 by increasing the medium (silicone oil)
thickness from 1 to 10 cm. Error bars are calculated
from five independent measurements. (G) Manipu-
lating 5-mm SiO2 particle, 1 pL water droplet, and
10 mL water droplet in a non-conductive medium
(silicone oil, Video S2). (H) Manipulating a live medaka
egg cell (1 mm diameter), and the time-lapse trajec-
tory of 1-mm POM bead in a conductive medium
(water, Videos S3 and S4).
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composites rapidly convert light into a local temperature increase, leading to a
decrease in P(VDF-TrFE) polarization and thus generating surface charges as
compensation at the irradiated area (Figures 1C and S8). Upon turning off
the light irradiation, the temperature decreases, causing an increase in the
P(VDF-TrFE) polarization to its initial status and thus leading to the disappear-
ance of the surface charges. This charge generation capability is demonstrated
by the temporary voltage output, which increases with an increase in the irra-
diated laser power density (Figures 1D, 1E, S9, and S10). It is worth noting that
A B C
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this robust charge generation capability shows
negligible variation either in various media of
large-range thicknesses (1–10 cm) or wide-
range conductivities (1.16–91 mS cm�1; Fig-
ures 1F and S11). Such results suggest that
the PPT not only eliminates the need for
sophisticated electrode designs and additional
electric sources, but also eliminates the unde-
sired charge screening effect caused by the high-conductivity media, which
was otherwise impossible in previous works.22,36–38

Manipulation mechanism
We next conducted a model to elucidate the underlying mechanism of

PPT-induced object dynamics (see supplemental materials). As shown in Fig-
ure 2A, bringing a NIR laser spot close to an object situated on the photopyro-
electric substrate immersed in a non-conductive medium results in a surface
Figure 2. Mechanism of PPT (A) Schematic illustra-
tion of manipulating an object with PPT in a non-
conductive medium, where Fe,x determines the object
dynamics. (B) The electrical potential mapping and
distribution along the L (x axis distance from the
irradiated spot center to the object center) direction
upon exposure to NIR irradiation (L-direction width of
the laser spot: 0.5 mm). (C) The Fe,x, Fe,y, and Fe,z can
be tuned by changing L. (D) Schematic illustration of
manipulating an object with PPT in a conductive
medium, where Fe,x and Fg determine the object dy-
namics. (E) The side view of the aimed object located
at the conductive medium-lubricant interface before
being exposed to NIR irradiation. (F) The electrical
potential mapping and distribution at the side view of
the aimed object situated at the medium-lubricant
interface when exposed to NIR irradiation. The light-
induced Tx exerts on the conductive medium-lubri-
cant interface around the aimed object and its
immersed part in the lubricant layer. (G) Phase
diagram showing the object dynamic behaviors in
non-conductive and conductive media, along with
changes in the relative dielectric constant of objects
(left: green dot, solid objects; blue dot, liquid droplets),
the object position in the conductive medium (middle:
orange area, solid objects situated at the medium-
lubricant interface; blue area, solid objects situated on
the medium-lubricant interface), and the medium
conductivity. D is the distance from the medium-
lubricant interface to the object center. H is the
thickness of the lubricant layer. Error bars are calcu-
lated from five independent measurements.
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Figure 3. PPT for cross-scale object manipulation (A) Manipulating a 1-mL SA droplet and a 0.5-mL CaCl2 droplet first assembled into a hydrogel-chain robot, then crossing a maze
and transporting the red solid cargo in a closedmicrofluidic chip filled with a silicone oil medium. Scale bar: 2mm. (B) Schematic illustration of the PPT-integratedmicroscopic system
for manipulating microparticles. (C) PPT system for programmably manipulating 5-mm polystyrene (PS) particles in a silicone oil medium. The yellow lines indicate the time-lapse
trajectory of the PS particles, which move along the pre-set “PPT” path. The spatial and temporal resolution of the PPT can be revealed by tracking both the irradiated spot (pre-set
velocity: 105 mm s�1) and the particle central positions. Scale bar: 10 mm. (D) General capability of the PPT for manipulating objects with diverse materials, phases, and shapes. (E)
Comparison of the PPT performances with the reported optical tweezers (OT), OET, opto-thermophoretic tweezers (OTPT), and opto-thermoelectric tweezers (OTET).

REPORT
charge-induced large non-uniform electric field at the irradiation area (Fig-
ure 2B), which induces Maxwell stress tensors (Tij) on the object that can be
expressed as39

Tij = ε0εr

�
EiEj � 1

2
dijE2

�
(Equation 1)

where T, ε0, εr, dij, and E are the Maxwell stress tensor, the dielectric constant of
vacuum, the relative dielectric constant of the aimed object, the Kronecker delta
notation, and the electric field intensity, respectively. Maxwell stress tensor dis-
tribution in the x direction (Tx) exerting on the object is obtained by a finite
element analysis, as shown in Figure S12, suggesting that the Tx centralizes
on both front and rear surfaces of the object, with a greater magnitude on
the front surface near the area subjected to irradiation. The integration of the
Maxwell stress tensors yields the driving force Fe on the aimed object, which
can be expressed as
ll
Fe =

ZZ
T,ndS (Equation 2)

where n is the surface unit normal and dS is an elementary surface area of the
object. The simulation results of the COMSOL Multiphysics suggest that the Fe
components Fe,y are negligible due to the symmetric Maxwell stress tensors in
the y direction (Ty), and thus the combined Fe,x and Fe,z determine the object dy-
namics.9,35 Notably, when theNIR laser spotmoves to L =0.7mm, Fe,x increases
to itsmaximumvalueof46mN,which is six and three ordersofmagnitudehigher
than that of optical tweezers and OET, respectively (Figure 2C).2 In a conductive
medium, the interaction between the light-induced Tx and the conductive me-
dium-lubricant interface plays a crucial role in contrast to a non-conductive me-
dium (Figure 2D).40 Such interaction creates a potential well (x axis component,
Fg) and Fe,x, thus exerting control over the object dynamics (Figures 2E, 2F, S13
and S14). These results indicate that the driving forces exposed to the aimed
The Innovation 6(1): 100742, January 6, 2025 3
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Figure 4. PPT for various applications (A) Sorting SA hydrogel and POM particles in a silicone oil medium by adjusting the laser power density of the NIR irradiation from 5 to 28mW
mm�2. Scale bar: 5 mm. (B) Assembly of SA and CS hydrogel beads into the letters “S,” “I,” “A,” and “T” in a silicone oil medium. Scale bar: 2 mm. (C) Non-invasive assembly of human
umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) in a silicone oil medium. Scale bar: 250 mm. (D) Non-invasive manipulation of a live PC 12 cell in cell
culture medium. Scale bar: 20 mm. (E) Schematic illustration of manipulating ionic channels of cells in cell culture medium. (F) Fluorescent images of PC 12 cells before and after the
NIR irradiation. Scale bar: 100 mm. (G) Ca2+ signals of cells for the control and test. Error bars are calculated from five independent measurements.
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objects can be facilely regulated by varying the electric field (i.e., laser power
density), the aimedobject dielectric constant and size, or the relative positionbe-
tween the object and the laser spot (L, in the non-conductivemedium; D/(H + D),
in the conductive medium).

We further experimentally demonstrate that the object dynamics are consis-
tent with the simulation results (Figure 2G). As shown in Figures S15–S17 and
Video S5, polyformaldehyde (POM), glass, and metal balls can be facilely manip-
ulated on the photopyroelectric substrate in a non-conductive medium, and the
average velocity increases with higher laser power density, larger relative dielec-
tric constant of the object, and smaller object size. Conversely, when placed on
control substrates without photopyroelectric effect, these balls remain immobile
due to the absence of a light-induced driving force (Figure S18). In addition, we
have also elucidated that POM, glass, and hydrogel balls can be similarly manip-
4 The Innovation 6(1): 100742, January 6, 2025
ulated in a conductive medium (Figure S19; Video S6). In contrast to their
behavior in the non-conductive medium, these balls float at the conductive me-
dium-lubricant interface. Furthermore, their average velocity increases with
increasing laser power density, or decreasing D/(H + D), which can be achieved
by modifying the object size, the thickness of the lubricant layer (H), or the
immersed depth of the object in the lubricant layer (D) (Figures S16, S20 and
S21). Moreover, the PPT exhibits adaptability to various media with a wide range
of conductivities, ranging from 0.001 to 91mS cm�1. These results suggest that
the conductive medium does not significantly influence the object dynamics.

PPT for diverse manipulation
Leveraging its flexibility and adaptability, the PPT enables precisemanipulation

in both macroscopic and microscopic scenarios. As shown in Figure S22A and
www.cell.com/the-innovation
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Video S7, a green droplet containing sodium alginate (SA) (4 wt %) can bemanip-
ulated and then fusedwith a red droplet containing calciumchloride (CaCl2) (1M)
in a silicone oil medium, leading to the rapid formation of a physically crosslinked
SAhydrogel-bead robot. These hydrogel-bead robots canbe precisely assembled
into a hydrogel-chain robot by selectivelymanipulating a droplet stepwise using a
portable laser pointer (Figure S22B; Video S8). Interestingly, the hydrogel-chain
robot exhibits caterpillar-like behavior, successfully navigating through a maze
and transporting a red cargo to the destination within a closed microfluidic
chip owing to the high spatial and temporal resolution of the PPT (Figure 3A;
VideoS9). Furthermore, three SAhydrogel-bead robots can be collectivelymanip-
ulated by a single laser beam, resembling the behavior of an ant colony in nature
(Figure S22C; Video S10). In addition, both airflow and liquid flow can also be
facilely manipulated (Figure S23), which holds great promise for applications
including gas transport or fluid collection.41,42 Beyond precise manipulation in
a non-conductivemedium, six POMballs can also bemanipulated and patterned
into a triangle shape in an aqueous medium (Figure S24).

In addition to its macro-scale manipulation capabilities, the PPT platform is
also adaptable for integration with a microscopic system for micro-scale object
manipulation. As shown in Figures 3B and S25, the homemade microscopic
manipulation system (i.e., PPT system) consists of three core components: soft-
ware for programming the scanning speed and path of the NIR laser spot, a fluo-
rescent light source andCCD forfluorescence imaging of themanipulatedobject,
and the PPT device. Similar to macro-scale manipulation, various microparticles
can be facilely manipulated in both non-conductive and conductive media, and
their velocities andmotion paths canbepre-programmed. As shown inFigure3C,
a single polystyrene particle with a diameter of 5 mm can move precisely along
the pre-set “PPT” path with a pre-set velocity of 105 mm s�1 in a silicone oil me-
dium (VideoS11). Furthermore, SiO2 particles with diameters of 5 and 20 mmcan
also be manipulated in an aqueous mediumwith a pre-set velocity of 80 mm s�1

(FigureS26). Note that these particleswould not contaminate the photopyroelec-
tric substrate owing to the rational design of the lubricant layer, which prevents
bonding between the aimed object and the substrate. Compared with previous
tweezers,11,17,18,20–23,27,31,43–50 the PPT not only demonstrates overwhelmingly
collective performances including generality to objects with diverse materials
(polymer, inorganic, and metal), different phases (bubble, liquid, and solid), and
various geometries (sphere, cuboid, and wire), as shown in Figure 3D, but also
imparts cross-scale manipulation of objects ranging from 5 mm to 50 mm,
achieving high velocities of 9.33 103 to 9.63 103 mm s�1 solely using low laser
power density ranging from8.3 to 111mm�2 (Figure 3E; Tables S1 and S2), over-
coming the inherent limitations in conventional tweezers.
PPT for various applications
We further harness the robust PPT for broad application scenarios. Firstly, we

demonstrate that the PPT enables particle sorting according to their relative
dielectric constant or size differences. Figure 4A and Video S12 shows that three
green SA hydrogel particles (diameter: 0.9 mm) and six POM particles with
different size (diameter: 0.9 and 2.5 mm) were mixed together. By applying a
low laser power density (5 mW mm�2), three green SA hydrogel particles were
first sorted by a single laser beam because of their large interaction with the
tweezer. After increasing the laser power density to 28 mW mm�2, three white
small-size POM particles were then manipulated to a specific position, while
the other three red large-size POM particles were left at their initial position
because their interaction with the tweezer could not overcome the resistance
from the medium and the photopyroelectric substrate. Furthermore, the PPT
can be used for precise and remotemanipulation of large SA and small chitosan
(CS) hydrogel robots to assembly into a “SIAT” pattern (Figure 4B).

In addition, the PPTallows for biocompatiblemanipulation for constructing cell
assemblies by adding primary human umbilical vein endothelial cells andmesen-
chymal stem cells into the hydrogel particles (Figure 4C). Moreover, the PPT can
manipulate a single live PC 12 cell in a non-invasive manner (Figure 4D). Such
robust capability offers an innovative platform for investigating cell assembly
and organoids. Note that the PPT can be used for stimulating PC 12 cells unprec-
edentedly (Figure 4E). As shown in Figure 4F, PC 12 cells were cultured on the
photopyroelectric substrate in the absence of a lubricant layer. After 3 days,
the cells adhered onto the substrate with high density, indicating the good
biocompatibility of the substrate. To investigate the interaction between cell ac-
tivities and thePPT,we further performdynamic calcium (Ca2+) imaging of PC12
ll
cells cultured on the substrate (Figures 4F and 4G). For PC 12 cells on the photo-
pyroelectric substrate, the fluorescence increases upon NIR light irradiation, sug-
gesting that the PPT induces the ion channels to open in the cells owing to the
unique photopyroelectric effect.34,35,51-56 On the contrary, the fluorescence
shows no change for PC 12 cells on the control substrate without photopyroelec-
tric effect, indicating negligible cell activities (Figures S27 and S28). These results
suggest that the PPT could open new avenues for next-generation manipulation
techniques, bringing an innovative tool in the fields of robots, colloidal science,
organoids, tissue engineering, and neuromodulation.57–63
CONCLUSION
In summary, we first propose a novel PPT that combines the dual advantages

of light and electric field, imparting unrivaled flexibility and adaptability for diverse
object manipulation based on the photopyroelectric effect. Eliminating the need
for high-intensity laser beams, sophisticated electrode designs, and additional
electric sources, this innovative PPT enables remote and programmable manip-
ulation of objects with diversematerials (polymer, inorganic, andmetal), different
phases (bubble, liquid, and solid), various geometries (sphere, cuboid, and wire),
and cross-scale sizes (mm to cm). Together with its high adaptability to various
media and generality to both macroscopic manipulation platforms and micro-
scopic manipulation systems, the PPT finds diverse practical applications in
manipulating hydrogel robots, sorting particles, assembling different cells,
manipulating a single cell, and stimulating cells. We envision that the PPT,
bridging the gap betweenmacroscopic andmicroscopicmanipulations, will offer
unprecedented opportunities in robotics, material science, and biomedical fields.
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