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Optical fibre gripper for high-performance 
3D micromanipulation
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Shenglai Zhen1, Benli Yu1, Zhixiang Huang1, Fang-Wen Sun2, Jiaru Chu2, Yanlei Hu2 ✉, 
Li Zhang4 & Dong Wu1,2 ✉

Optical tweezers offer precise, non-contact control, but operate in a limited force 
regime and impose strict requirements on the characteristics of the targets as well  
as the environmental conditions1–4. Millimetre-scale mechanical tweezers can offer 
higher gripping force but are not suitable for precise manipulations5–11. Integrating 
microgrippers directly at the optical fibres provides a new approach for precise 
micromanipulation. However, existing fibre-integrated tweezers still face challenges 
in achieving high-performance manipulation of micro-objects (for example, single 
cells) within narrow spaces, mainly due to simplified architectures, constrained designs 
and millimetre-scale footprints12–14. Here we report a three-dimensional (3D) optical 
fibre gripper (OFG), which is fabricated by two-step, two-photon polymerization.  
The OFG consists of rigid photoresist microclaws and soft thermoresponsive hydrogel 
muscle doped with silver nanoparticles, and its size is only 38 × 38 × 61 μm3. The OFG 
exhibits a force-to-mass ratio of about 340 μN mg−1, outperforming previously 
reported fibre-integrated tweezers by one to two orders of magnitude. The OFG can 
manipulate opaque particles, irregular micromechanical components and diverse 
single-cell types. We further demonstrated its potential in 3D microassembly of 
complex microdevices (bearings, shafts and gearboxes) and biomimetic sampling in 
the narrow environment (<300 μm). These results position the OFG as a compact fibre-
tip manipulator for 3D micromanipulation, offering reversible and tunable gripping  
in an intermediate force regime between optical field trapping and millimetre-scale 
mechanical tweezers.

Microscale object manipulation, including single-cell manipula-
tion15–17, microstructure assembly18,19 and microdevice transfer20,21, 
is of great significance in the fields of biomedical engineering, 
micro-electro-mechanical systems and micro- and nanophoton-
ics. Among existing micromanipulation strategies, microgrippers 
(microtweezers) have attracted considerable interest owing to their 
compact structure, versatile actuation mechanisms and ease of sys-
tem integration. However, most mechanically, magnetically or pneu-
matically and hydraulically driven microtweezers exhibit relatively 
large structural footprints5–11, which hampers their ability to achieve 
high-precision manipulation at the single-cell scale and precludes 
operation in confined spaces smaller than about 300 μm. By contrast, 
optical tweezers enable non-contact, high-precision manipulation and 
are widely used for microscale and sub-microscale objects, particu-
larly those below approximately 1 µm (refs. 4,22). However, because 
they rely on light trapping1, their usable forces are typically in the 

piconewton range, which limits stable manipulation of heavy or opaque  
structures.

Optical fibres offer excellent light transmission, mechanical flex-
ibility and a compact form factor23–27, making them an attractive 
platform for integrating microtweezers aimed at high-performance 
micro- and nanomanipulation. Recent studies have demonstrated 
fibre-integrated micromanipulation by incorporating light-responsive 
materials (such as hydrogels and liquid crystal elastomers) at the fibre 
tip using approaches, including self-rolling12, mechanical embed-
ding13,14 and ultraviolet (UV) curing techniques28. However, most exist-
ing fibre-based microtweezers rely on a single constituent material. 
Rigid material provides mechanical robustness but lacks deformability, 
whereas soft materials enable large deformation yet typically suffer 
from slow response and low force-to-mass ratios, thereby limiting their 
gripping performance. Moreover, optical-fibre-based microtweezers 
at present are generally large-sized (ranging from about 270 μm to 
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several millimetres) and predominantly two-dimensional (2D) planar 
structures, which makes it challenging to achieve high-precision manip-
ulation of complex or irregular microtargets at the single-cell scale.

To address these challenges, we report an integrated three- 
dimensional (3D) optical fibre gripper (OFG), which consists of a rigid 
photoresist ‘skeleton’ and a soft thermoresponsive hydrogel ‘muscle’ 
doped with silver nanoparticles. On near-infrared laser illumination 
delivered through the optical fibre, the doped silver nanoparticles 
convert light energy into heat, triggering constraint-induced aniso-
tropic deformation of the hydrogel and thereby actuating the grippers. 
The OFG is directly fabricated on the end face of commercial optical 
fibre by two-step femtosecond laser two-photon polymerization (2PP). 
Despite its compact footprint (38 × 38 × 61 μm3), the device exhibits a 
fast actuation response (76.7 ms) and a high force-to-mass ratio of about 
340 μN mg−1, representing a one or two orders of magnitude improve-
ment over previously reported fibre-integrated actuators. We further 
demonstrate reliable manipulation of single cells, sub-10-μm irregular 
objects, as well as 3D assembly of complex microstructures. More
over, owing to its compact structure, the OFG enables high-precision 
minimally invasive sampling in confined bile duct, highlighting its 
potential as a versatile micromanipulation platform for biomedicine 
applications and micro- and nanomanufacturing.

Structural design of OFG
In the biological musculoskeletal system, precise motion control arises 
from the coordinated operation of two core modules29: (1) contraction 
force generation by muscle tissues and (2) mechanical force transfer by 
skeletal structures. Inspired by this model, we designed a bioinspired 
OFG, in which optical fibre acts as an energy-delivery channel, trans-
mitting external energy to the OFG, soft thermoresponsive hydrogel 
doped with silver nanoparticles mimics the ‘muscle’ for the driving 
force generation, and rigid photoresist microclaws act as a ‘bone’ for 
mechanical output (Fig. 1a). The OFG is directly manufactured on the 
cleaved facet of a multimode optical fibre (50 µm core diameter and 
125 µm cladding diameter) using 2PP. The resulting OFG features a 
compact 3D architecture with overall dimensions of 38 × 38 × 61 µm3 
(Fig. 1b,c), well matched to microscale manipulation tasks, such as 
effective grasping and release of single cells or sub-10-µm targets.

The opening and closing of the OFG are regulated by near-infrared 
laser illumination delivered through the optical fibre. In the absence 
of laser, the hydrogel remains hydrated and swollen, maintaining the 
mirotweezers in a closed state (Fig. 1d and Supplementary Video 1). 
On illumination with the 808 nm laser, the doped silver nanoparticles 
convert the laser energy into heat, inducing rapid hydrogel contrac-
tion and consequently opening the microtweezers. In this design, 
the optical fibre serves as a guided energy-delivery pathway, and the 
hydrogel-photoresist composite structure converts the absorbed light 
into mechanical work, forming an integrated fibre-tip microsystem 
with a bioinspired skeleton–muscle architecture.

Photothermal actuation of OFG
OFG was constructed in situ on the cleaved facet of a multimode optical 
fibre by a two-step 2PP process that sequentially fabricates the rigid 
photoresist microclaws and the soft thermoresponsive hydrogel doped 
with silver nanoparticles (Methods, section ‘2PP-based 3D fabrication 
of OFG’; Supplementary Figs. 1, 2, 7–10; and Supplementary Video 2). 
The working mechanism of OFG relies on the synergistic response of 
thermosensitive hydrogel and photothermal nanomaterials (Fig. 2a). 
The hydrogel network is doped with silver nanoparticles with excellent 
photothermal conversion ability. In the swollen state, the 3D polymer 
network of the hydrogel is stabilized by extensive hydrogen bonding 
with water molecules, resulting in volumetric expansion that maintains 
the gripper in a closed configuration. On irradiation with a near-infrared 

laser, the embedded silver nanoparticles rapidly convert light energy 
into heat, leading to a localized temperature increase. This photother-
mal heating disrupts the hydrogen-bonding interactions between the 
polymer chains and water molecules, triggering water expulsion from 
the polymer network and pronounced gel contraction, which mechani-
cally drives the opening of the OFG.

For the hydrogel muscle structure, we selected 20 mW and 400 nm 
voxel spacing as representative fabrication parameters to obtain 
well-formed structures with  notable swelling response in water (Sup-
plementary Fig. 3a). The thermoresponsive properties of the hydrogel 
are measured using a temperature-controlled platform, with a swelling 
rate ranging from −0.23 to 0.1 (Supplementary Fig. 3b). Notably, the 
low critical response temperature of the hydrogel lies within the physi-
ological temperature range compatible with cell viability, providing a 
thermal operating window suitable for safe single-cell manipulation. 
The mechanical properties of the rigid microclaws can be controllably 
tuned by adjusting the processing energy of SZ2080 (Supplementary 
Fig. 3c).

The deformation behaviour of the composite microstructure was 
governed by the mechanical properties of the soft thermally responsive 
hydrogel and the rigid photoresist (Supplementary Figs. 4 and 5). The 
microclaw consists of three arms (Supplementary Fig. 6) anchored 
to the fibre end through a column of 6 µm diameter. Compared with 
two- or four-arm configurations (Supplementary Fig. 11), the three-claw 
configuration achieves a better balance between gripping performance 
and fabricating complexity, with higher practicality and stability.

The optical actuation performance was characterized by coupling 
an 808 nm near-infrared laser into the distal end of the optical fibre and 
recording the microclaws motion at 4,352 frames per second (Fig. 2b). 
After laser irradiation for 1.15 ms, the hydrogel began to respond. The 
OFG reached 75% of its maximum opening stroke (14.9 µm) within 
76.7 ms, and subsequently stabilized within 1 s, with an opening dis-
tance of 19.9 µm. On laser off, the microclaws retract from the maximum 
opening to 14.9 µm within about 105 ms, followed by a further recovery 
to near-zero displacement within around 429 ms. Periodic actuation 
was further evaluated under varying drive frequencies with a fixed 
laser pulse width of 80 ms. As the driving frequency increased, the 
opening–closing stroke gradually decreased (Supplementary Video 3). 
When the frequency was less than 5 Hz, the OFG maintained 75% of the 
maximum opening and closing stroke (Fig. 2c). Higher frequencies 
caused incomplete recovery and smaller stroke. Moreover, no obvious 
degradation was observed over 910 consecutive cycles (Fig. 2d and 
Supplementary Video 4). Extended 48 h endurance tests show stable 
actuation for >8.7 × 104 cycles under typical driving powers (Supple-
mentary Information section 2 and Supplementary Figs. 12–14).

Owing to the composite material structure design, our OFG out-
performs previously reported optical fibre-based microtweezers in 
terms of response speed (76.7 ms) and operating frequency (5 Hz). 
By contrast, traditional fibre-integrated microtweezers based on 
single-material systems typically operate at about 1 Hz (refs. 12,14,28), 
and exhibit slower response, which limits their applicability in rapid 
micromanipulation.

Coupled optical–thermal–mechanical multiphysics simulation 
further verified the response characteristics of the OFG under dif-
ferent laser powers (Fig. 2e,f, Supplementary Information section 3 
and Supplementary Video 5). At a laser power of 29 mW, the hydro-
gel shrank to its designed state, resulting in zero net displacement. 
Beyond this threshold, the opening–closing stroke increased with 
the input power. At 205 mW, the experimentally measured displace-
ment was 22 µm, compared with a simulated value of 23 µm, showing 
good agreement. Notably, the required power depends on nanopar-
ticle loading: high-density silver nanoparticles reduce the actuation 
power to 6–8 mW, markedly suppressing laser leakage. The hydrogel 
can also be doped with other photothermal nanoparticles (for example, 
Fe3O4, excitation wavelength 1,060 nm) to shift actuation wavelength, 
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providing additional pathways to improve laser safety (Supplementary 
Figs. 15 and 16).

High-performance manipulation by OFG
Leveraging its rapid actuation and precise control, the OFG enables a 
series of microscale manipulation tasks (Fig. 3a). Here, an XYZ stage 
was used to position target objects (positioning module), whereas 
an XZθ stage was used for the position control of OFG (end-effector 
module). An 808 nm semiconductor laser delivered optical excitation 
from the opposite end of the optical fibre, while the entire operation 
processes were recorded by two cameras (Supplementary Fig. 17). 

The manipulation sequence consisted of four steps: (1) target approach 
(laser off, OFG closed); (2) target capture (laser on, OFG opened and 
aligned with the silica ball, then turned off the laser to achieve grip-
ping); (3) transport (laser off) and (4) target release (laser on). The 3D 
translation stages were mainly used for spatial control to provide stable 
and repeatable positioning, whereas the OFG enabled gripping and 
releasing. If necessary, vibration can be applied to assist in detaching 
from the target (Supplementary Figs. 18–20). Notably, OFG operation 
requires only a compact semiconductor fibre laser, offering a stream-
lined experimental setup. By contrast, conventional pneumatic and 
hydraulic drive systems typically rely on bulky and complex external 
devices (such as pressure controllers, vacuum controllers30,31), and 
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design: a thermoresponsive hydrogel acts as an artificial muscle, a rigid SZ2080 
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200 µm (b); 20 µm (c,d).
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these microtweezers are generally limited to manipulating objects 
larger than 50 μm, which restricts flexible handling of morphologically 
complex targets at the subcellular scale.

Beyond transparent silica spheres, OFG can also capture opaque 
and irregular objects (Fig. 3b). We successfully captured and released 
alumina spheres of various sizes (diameter 9–24 μm; Supplementary 
Video 6), suggesting that the reflectance of the grasped object does 
not affect the performance of the device. Moreover, the OFG can also 
manipulate irregular micro- and nanotargets, including silicon carbide 
microfragments, polymer microrings and micropentagonal stars. How-
ever, owing to geometric and mechanical constraints of the current 
design, the OFG is not suitable for manipulating submicron objects 
(≤1 μm) or for operating in fully enclosed spaces.

Leveraging the flexible and precise manipulation abilities of OFG, 
we achieved programmable microscale assembly operations. We 
arranged the target particles in a binary format (1 = with microsphere 

and 0 = without microsphere) within three 1 × 3 grids and successfully 
spelt out ‘AHU’ (Fig. 3c, Supplementary Fig. 21 and Supplementary 
Video 7). Beyond planar manipulation, OFG also enables accurate 
placement of microspheres at different heights (0 µm, 20 µm and 
40 µm above the substrate; Supplementary Video 8), demonstrating 
3D manipulation abilities (Fig. 3d).

To quantify the net lifting force delivered to an external load (the axial 
component of the resultant gripping forces and friction), we fabricated 
an on-chip microspring force sensor (Fig. 3e). Using a bead attached 
to the microspring (Supplementary Video 9), we found that the spring 
elongation decreases with increasing driving power (Fig. 3g), corre-
sponding to a net axial lifting force of 0–3.4 μN (0–70 µm elongation; 
Supplementary Information section 6 and Supplementary Fig. 22). 
In this test, the OFG operates in a partially closed state because the 
bead–microspring geometry prevents microbead from being fully 
seated between the claws.
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In the fully closed state, the OFG can exhibit greater load capacity. In 
this state, the OFG successfully lifted copper wire of length 20 cm and 
diameter 20 µm (Fig. 3f and Supplementary Video 10), corresponding 
to a net pulling force of about 4.9 µN (Fig. 3i). Noting that the device–
fibre bonding strength is about 8.92 mN (Supplementary Fig. 23), 
indicating that the measured net lifting force in the fully closed state 
is not interface-limited but constrained by the current claw geometry. 
Structural optimization could therefore further increase the lifting 
capacity.

Considering that the device mass is only about 14.3 ng, its force- 
to-mass ratio is as high as about 340 µN mg−1, which is at least an 
order of magnitude higher than that of existing optical fibre actua-
tors (Supplementary Table 2). The larger force-to-mass ratio means 
that the small-sized OFG can not only manipulate μm-sized targets 
with high precision but also has the load capacity for targets of mil-
limetre to centimetre scale, highlighting the unique advantages of 
the hydrogel-photoresist composite microstructure in load capacity.

The gripping force of OFG can be defined as the normal contact force 
exerted by the claw tips on the surface of the grasped object. Using 
calibrated microspring probes, we measured a peak gripping force of 
about 2.2 µN per claw (Fig. 3h, Supplementary Information section 8 
and Supplementary Figs. 24–26). Because claw deformation is continu-
ously tunable using the drive laser power, the effective gripping force 

can be adjusted in a grey-scale manner, which is particularly relevant 
for handling delicate objects such as living cells.

The OFG featured a single-cell-scale structure dimensions, 
millisecond-level response time and micronewton-level output force, 
supporting programmable 3D manipulation of complex microtargets, 
and offering a universal platform for various future micromanipulation 
applications, such as microassembly (Supplementary Information 
section 9, Supplementary Fig. 27 and Supplementary Videos 11 and 12).

Delicate single-cell manipulation by OFG
The OFG has adjustable driving force, compact structure size and flex-
ible manipulation mode, which makes it very suitable for single-cell 
processing tasks (Fig. 4a). In the study of cell migration, differentiation 
and cell-microenvironment interaction, it is crucial to achieve accu-
rate and non-destructive placement of single cells32–34. By emulating 
the pinching action of human fingers, OFG enables targeted capture, 
transfer and release of single cells.

Here, HeLa cells were used as a representative human cell line with 
well-characterized and reproducible biophysical properties35. After 
trypsin treatment, the cells were transformed into suspended spherical 
individuals, which were captured and transferred into cell microcages 
one by one by OFG under a driving power of 60–80 mW. (Fig. 4b and 
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Supplementary Video 13). The captured cells subsequently exhibited 
normal adhesion and spreading and division during culture (Fig. 4c,d 
and Supplementary Fig. 28). To quantify viability after the full grasp–
transfer–release procedure, we increased the sample size to 120 cells. 
After 4 h incubation (37 °C, 5% CO2), Calcein-AM/PI staining yielded 
98.7% viability by fluorescence statistics and 99.2% by manual count-
ing (Fig. 4e and Supplementary Fig. 29). Apart from HeLa cells, other 
cell types, including fibroblasts (3T3), thyroid cells (Nthy-ori 3-1) and 
colorectal cancer cells (Caco-2), were also manipulated with high 
viability, further demonstrating the broad applicability of the OFG 
for high-viability, single-cell manipulation across various cell types 
(Supplementary Fig. 30).

We demonstrated precise patterning manipulation by using 2PP 
to print 3 × 3 scaffold arrays (Fig. 4f), placing single HeLa cells at pre-
defined positions. The scanning electron microscopy (SEM) images 
confirmed successful cell adhesion and growth, with some cells com-
pleting division, further validating that the OFG manipulation did not 
compromise cell function (Supplementary Fig. 31).

Apart from binary on–off actuation, the OFG could provide grey-scale 
control of the grasping interaction, enabling controllable cell deforma-
tion. As shown in Fig. 4g, the cell aspect ratio (width to height) increased 
from 0.81 at 0 mW (maximum closing force) to 1.14 at 30 mW, indicating 
that maintaining a finite drive power can partially counterbalance the 
elastic restoring force and thus soften the grasp in a continuous man-
ner. Furthermore, we demonstrated the cooperative operation of two 
OFGs to isolate individual cells from a cell cluster. One OFG (angled to 
avoid interference) held the cell cluster, whereas the other OFG gripped 
a single cell and pulled a single cell free (Fig. 4h and Supplementary 
Video 14). The cell aspect ratio increases with pulling displacement 
and peaks at detachment, followed by partial recovery.

Moreover, we demonstrate the versatility of the platform, including 
stable single-cell capture under fast flow (up to about 7,500 µm s−1) 
and two distinct puncture modes: (1) a sharpened-tip OFG directly 
punctures the cell membrane and (2) a standard OFG grips a cell and 
precisely delivers it onto a pre-positioned sharp microneedle for 
substrate-assisted puncture (Supplementary Fig. 32).

These results indicate that OFG can realize the non-damaging 
manipulation of single cells in 3D space, providing a powerful tool 
and platform support for studying the mechanical behaviour, motil-
ity characteristics and differentiation of single cells in artificial  
microenvironments.

Sampling in narrow environment by OFG
With its compact dimensions (38 × 38 × 61 µm3) and subcellular spatial 
manipulation ability, the OFG is well suited for operation in confined 
environments that are inaccessible to conventional biopsy tools. Com-
pared with commercial biopsy forceps (diameter of about 2.3 mm), the 
OFG is approximately 20-fold smaller in diameter (Fig. 5a), even thin-
ner than the jaws of an ant (Supplementary Fig. 33), and can smoothly 
pass through a glass capillary with an inner diameter of only 300 µm 
(Fig. 5b,c). To experimentally evaluate OFG performance in confined 
spaces, we constructed a glass capillary model with a length of 13 mm 
and an inner diameter of 300 µm (Fig. 5d). The OFG successfully tra-
versed capillary and reached its distal end, at which it captured and 
released 15 µm diameter silica microspheres (Fig. 5e). These results 
demonstrate the ability of OFG to manipulate object in narrow environ-
ments, such as gripping cells or thrombus in sub-millimetre capillaries, 
a task that remains challenging for conventional, larger-scale tweezers.

Moreover, we performed sampling operations using the OFG in 
freshly excised rabbit bile ducts (Supplementary Video 15). Figure 5f 
shows the photograph of the liver, gallbladder and bile duct after 
removal. A stainless steel catheter with an outer diameter of 0.51 mm 
and an inner diameter of 0.27 mm was used as a protective sheath, 
and the OFG was deployed through the catheter. After advancing the 

catheter to the target area (Fig. 5g), the OFG was opened by laser activa-
tion, brought into contact with the target by stage translation, and then 
closed by laser to grasp it (Fig. 5h). The target was then extracted from 
the bile duct lumen. Subsequent SEM images show that the sample is 
captured at the tip of the OFG (Fig. 5i, pseudo-coloured red). Moreover, 
image-guided catheter navigation (for example, X-ray), together with 
controlled OFG extension and retraction, enables a feasible pathway 
towards future in vivo studies (Supplementary Fig. 34). These results 
demonstrate that the OFG enables precise picking, placement and 
sampling within narrow spaces, highlighting its potential for minimally 
invasive operation in anatomical structures.

Discussion
Here we report an optical fibre tip gripper that integrates a rigid pho-
toresist skeleton with a soft, thermoresponsive hydrogel muscle doped 
with silver nanoparticles, forming a compact optically driven micro-
manipulation platform. The OFG exhibits millisecond-scale actuation 
(76.7 ms), micronewton-level clamping force (4.9 μN) and an overall 
footprint of only 38 × 38 × 61 µm3, resulting in an exceptionally high 
force-to-mass ratio of 340 µN mg−1. This value exceeds that of previ-
ously reported fibre-integrated microtweezers12–14,28 by more than an 
order of magnitude, and surpasses conventional optical tweezers by 
three to five orders of magnitude1,2. Importantly, the OFG eliminates 
the need for bulky external actuation apparatus and enables scalable 
fabrication based on standard commercial optical fibres.

Beyond basic capture and release functions, the biomimetic 
three-claw architecture enables reliable manipulation of opaque and 
irregular micro-objects and supports the assembly of complex mocro-
components. Moreover, the OFG enables delicate single-cell manipu-
lation and can perform high-precision sampling in confined spaces.

This fibre-tip platform supports extensive morphological customiza-
tion of the microgrippers (Supplementary Fig. 35). Furthermore, the 
fibre-based OFG is inherently compatible with a broad range of posi-
tioning platforms (including robotic arms and endoscopic systems), 
as well as medical image guidance, enabling operation across complex 
postures and trajectories and thereby establishing a pathway towards 
integrated and multifunctional manipulation systems. Collectively, 
these abilities highlight broad application potential in microassem-
bly, single-cell manipulation, minimally invasive interventions and 
microsurgery.
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Methods

Materials
Standard silver nitrate titration solution was purchased from Codow. 
N-isopropylacrylamide, N,N′-methylenebisacrylamide, diphenyl 
(2,4,6-trimethylbenzoyl) phosphine oxide, polyvinylpyrrolidone K30 
and ethylene glycol were purchased from Aladdin. The SZ2080 pho-
toresist was purchased from IESL-FORTH. Multimode optical fibres 
(core diameter 50 μm, cladding 125 μm) were purchased from YOFC. 
All chemicals were used as received without further purification.

Preparation of the hydrogel precursor
The hydrogel precursor was prepared by dissolving 400 mg of N- 
isopropylacrylamide, 30 mg of N,N′-methylenebisacrylamide, 30 mg of 
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and 50 mg of polyvi-
nylpyrrolidone K30 in 450 μl of ethylene glycol. The solution was stirred 
thoroughly until fully mixed. The ink was stored in the dark at 4 °C.

Preparation of the silver precursor
A silver precursor solution was prepared by dissolving 14.1 mg of sil-
ver nitrate and 13.4 mg of trisodium citrate in 1 ml of deionized water 
under vigorous stirring. Aqueous ammonia (25 wt%) was then added 
dropwise under continuous stirring until the solution became transpar-
ent, indicating complete complexation. After preparation, the solution 
was stored in a dark place.

2PP-based 3D printing of the OFG
Initially, a commercial optical fibre cleaver was used to produce a 
flat-end face on a multimode optical fibre. SZ2080 photoresist was 
applied onto the fibre-end face and cured by heating at 100 °C for 1 h 
on a hotplate. Using a custom-built femtosecond laser, two-photon 
polymerization 3D printing system, a rigid microclaw structure was 
fabricated at the fibre tip using 3D beam scanning. Following polymeri-
zation, the structure was immersed in ethanol for 1 h to remove residual, 
unpolymerized photoresist. The hydrogel precursor was subsequently 
applied to the claw structure, and a second 2PP step was performed for 
accurate spatial printing of the hydrogel component. The processed 
fibres, along with the photoresist and hydrogel materials, were then 
immersed in ethanol for 5 min to remove unpolymerized hydrogel mate-
rial. Finally, the entire structure was placed in a prepared silver nitrate 
reduction solution and immersed for 5 min. Near-infrared laser light 
was introduced from one end of the optical fibre, transmitted through 
the fibre and irradiated the structure at the other end (Supplementary 
Video 2). This process induced a photochemical reduction reaction, 
depositing silver nanoparticles within the hydrogel material.

Cell culture
HeLa cells were obtained from Shanghai Priman Biotechnology and 
cultured in a humidified incubator at 37 °C and 5% CO2. The cells were 
maintained in HeLa cell complete medium (CM-0101, Procell system). 
For single-cell manipulation experiments, the cells were detached using 
0.25% Trypsin-EDTA (Gibco) at 37 °C for 30 s. The cell suspension was 
subsequently centrifuged at 150 × g for 5 min and resuspended in fresh 
medium to the desired density.

Characterization
SEM imaging was conducted using an EVO18 secondary electron sys-
tem (ZEISS). Before imaging, the samples were critical-point dried and 
sputter-coated with an approximately 3–5 nm gold layer. Bright-field 
images were acquired using a Leica DMI 3000B inverted optical micro-
scope. Energy-dispersive spectroscopy mapping was performed using 
cold-field emission SEM (Hitachi SU8220). Actuation dynamics were 
captured by a high-speed camera (Chronos 2.1-HD). The deformation 
of OFG was extracted from image sequences based on pixel coordinates 
and converted using the calibrated pixel-to-length ratio. Because pixel 

coordinates are discrete, the resulting deformation values are quantized, 
which can lead to repeated values and step-like changes in the source data.

Preparation of adhesive-modified samples
To capture the closed configuration of the OFG during sampling 
under SEM (Fig. 5i), we prepared samples with enhanced adhesion and 
allowed the OFG to sample them before dehydration. The sample was 
prepared as follows: carboxymethyl cellulose (50 mg), carrageenan 
(20 mg) and xanthan gum (80 mg) were weighed and mixed to homoge-
neity, followed by dropwise addition of glycerol (2,500 μl). Separately, 
calcium carbonate (3,000 mg) was ground in a mortar for 30 min to 
yield highly micronized particles, which were then incorporated into 
the mixture in three portions with thorough stirring after each addi-
tion. The final sample was obtained after sufficient homogenization.

Animal models and ethical approval
Freshly excised rabbit hepatobiliary tissues were obtained as by- 
products from commercially slaughtered New Zealand rabbits intended 
for food production, and live New Zealand rabbits were used for in vivo 
bile duct manipulation experiments. All procedures related to tissue 
procurement and all in vivo animal experimental protocols, includ-
ing pain management, surgical procedures and humane euthanasia, 
were reviewed and approved by the Institutional Animal Care and Use 
Committee of the Shenzhen Advanced Medical Services (approval no. 
AASE2511013R).

Finite-element simulations
Multiphysics simulations were performed using finite-element analysis. 
The simulation model accounted for photothermal energy conver-
sion, thermal conduction, hydrogel swelling–shrinkage and induced 
structural deformation. Additional simulation is provided in the Sup-
plementary Information, Table 1, Section 3.

Data availability
Source data are provided with this paper. All other data that support 
the findings of this study are available from the corresponding authors 
upon reasonable request.
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