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Supplementary Note 1 | Experimental methods for the effectiveness of the thread-clearing structure using particle tracking velocimetry
Robots without and with TC structures were used to propel in gelatin phantom (mixed with fluorescent particles, FluoSpheres-1 µm, F13082, Thermo Fisher Scientific Inc., USA) for more than 3 BL. Afterwards, they were taken out by tweezers, with gelatin adhered to them, and inserted into transparent gelatin phantom and excited with 532 nm laser (LCX-532L, OXXIUS, France) with the beam expanded by a Powell lens (LGL130, Thorlabs, Germany). The propulsion was recorded using a digital camera (EOS, Canon, Japan) with a 5x objective and a long pass filter (OD4-550 nm, Edmund Optics, Barrington, USA). After transporting one BL, the effectiveness of the thread-clearing of the BrainBot is quantified by measuring the percentage of the cleared particles to the originally adhered ones. The clearing effectiveness was 55% without TC compared to 94% with TC, the details are shown in Supplementary Fig. 3c and Supplementary Video 2.

Supplementary Note 2 | Experimental methods for the visualization of the thread-clearing mechanism using a simplified single thread structure
Clearing mechanism of the thread were visualized through experiments on the clearing of the adhered material using a simplified single thread model with and without TC structures. We 3D printed the simplified thread structures and assembled with the magnet, and actuate the rotation similar as the BrainBot in the brain-mimicking phantom (3% w/v gelatin) under the external rotating magnetic field. The thread tip of the manufactured samples was firstly submerged in a drop of gelatin solution mixed with fluorescent particles (1 µm, F13082, Thermo Fisher Scientific Inc., USA), and inserted into the brain-mimicking phantom. The laser beam of 532 nm was adjusted to excite the fluorescent particles inside the gel plug in the thread models. Videos were recorded by a customized microscope (Cerna, Thorlabs) with a 5× objective (MY5X-802B, Thorlabs Inc., USA), a filter cube (TLV-TE2000-TOM, Thorlabs), and a digital camera (Andor Solis ZYLA 4.2, Oxford Instruments, UK). For the sample without TC structures, the gel plug tracing particles co-rotate with the thread, filling up the groove. However, for the ones with TC structures, the particles experienced co-rotation, pushed-out, pushed-back, and eventually, cleared-out of the thread. This phenomenon shows the clearing of the thread with TC structures, and the surrounding material will occupy the space that is cleared out, leading to continuous propulsion in viscoelastic medium.

Supplementary Note 3 | Numerical simulation results of the thread-clearing structure
The numerical simulation results are shown in Supplementary Fig. 7. Without the TC, the dynamic viscosity fields show a layer of unyielded gel on the robot surface within the groove. With the TC, a larger yielded region is observed near the robot surface, and a low-viscosity region develops at the tip of the TC and extends outward as a cone-shaped envelope. These features indicate that the TC yields a larger volume of the surrounding medium. The velocity-magnitude contours and streamlines show that the momentum does not diffuse substantially away from the device. In Supplementary Fig. 7c, we depict the radial velocity component in the two sampling planes passing through the center of the device and cutting the groove at the rear of the TC structure (Supplementary Fig. 7c(i)) and in front of the TC (Supplementary Fig. 7c(ii)). It is clearly seen that the fluid is pushed out of the groove in front of the TC and drawn into the groove at the rear. As expected, no significant radial velocity component was detected in the axisymmetric case without the TC in agreement with the streamline pattern in Supplementary Fig. 7b (top panel), whereas streamlines indicate purely rotational flow. In addition, a numerical analysis was performed to assess the effectiveness of the TC in promoting mass transport in and out of the groove. The mass flow rate was calculated through a control plane cutting the groove in the radial direction (Supplementary Fig. 7d(i), red surface), as well as through the circumferential control surface encircling the groove (Supplementary Fig. 7d(ii), green surface). Without the TC, the net mass influx across the radial sampling surface and across the circumferential sampling surface are ~4.6 µg s-1 and ~0.46 µg s-1, respectively (Supplementary Fig. 7d(iii)). The order-of-magnitude difference reveals that the medium in the groove co-rotates with the device without radial in-/outflux. On the contrary, with the TC, the net mass influx across the radial sampling surface and across the circumferential sampling surface are ~4.2 µg s-1 and ~4.3 µg s-1, respectively, indicating most fluid in the groove is pulled in and pushed out of the groove across the circumferential sampling surface by the TC structure. These numbers agree with the order-of-magnitude estimate of the mass flux obtained assuming rigid-body rotation of the material confined to the groove. The net mass influx across the circumferential control surface without the TC is an order-of-magnitude smaller than the one with the TC. The simulation results reveal that the TC structure generates localized high shear stress in the adhered co-rotating plug, inducing radial flow and interaction with the surrounding stationary medium to clear the plug from the groove and maintain the helical structure of the BrainBots.

[bookmark: _Hlk241070248]Supplementary Note 4 | Experimental methods and results of the robot optimization
The optimization goal of design parameters is to increase the propelling velocity and the load-carrying force. The optimization was first carried out in a 3% w/v gelatin phantom, with five design parameters of the robot, namely, the tip design, the pitch, the location of the TC structures, the total length of the threads, and the rotating frequency. Supplementary Fig. 9 shows the results. The apex of the robot does not make a significant difference in propulsion velocity in gelatin. The robot has a peak velocity with the pitch of 125 μm. The optimal number of the TC structures is one TC per thread at the end of every 1 mm length of the robot body (named “With TC”). The increase of the total length of the thread is not linear for robot propelling in gelatin, i.e. the velocity of 2 mm and 3 mm-length robots are not significantly different. The velocity and the thrust force both increase linearly with the rotational frequency at least until 4 Hz.
The design parameters were further studied for the robot propelling in porcine brain tissues. The results are shown in Supplementary Fig. 9. The robot with two-pronged apices propels significantly faster than the one with a flat end. The optimal pitch is 125 μm, similar to that observed in gelatin. The robot with TC structures remained continuous penetration, while the ones without TC almost stalled after 5 minutes rotation in the porcine brain (Fig. 2e and 2f). The velocity significantly increases with the total length of the thread. There’s an optimal rotation frequency at around 2 Hz for both the propulsion velocity and the thrust force (Fig. 2m and 2n). The optimized parameters of the BrainBot are reported in Supplementary Fig. 8.

Supplementary Note 5 | Experimental methods of the force measurement
To measure the thrust force of the BrainBot, the load-carrying structure (Supplementary Figure 17b) was used. One end of a copper wire (50 μm diameter, ELEKTRISOLA, Germany) was attached to the cap structure, while the opposite end was connected to the tip of a force sensor (403A, Aurora Scientific, Canada). The robot–wire assembly was then inserted into ex vivo porcine brain tissue, and the robot was magnetically actuated and the stall force was measured. A custom MATLAB program was employed to record and analyse the data. The propulsion forces of the BrainBot were measured in both the gelatin phantom and the porcine brain tissues. At each actuation frequency, five experiments were conducted, to ensure reproducibility and account for experimental variability.

Supplementary Note 6 | Brain phantom preparation
A 3% (w/v) gelatin solution was prepared to mimic the mechanical properties of brain tissue and serve as a tissue phantom. First, 3 g of gelatin (G1890, Sigma-Aldrich, Germany) was weighed and added to 100 mL of deionized water. The water was gently heated in a microwave, and the gelatin was gradually incorporated while continuously stirring to ensure complete dissolution. The prepared gelatin solution was then poured into Petri dishes at room temperature and held at room temperature for 20 minutes to degas. The samples were then stored at 4°C for 2 hours to ensure full gelation. This yielded stable, transparent brain-mimicking phantoms suitable for microrobot propulsion tests.

Supplementary Note 7 | Experimental methods of the designed magnetic navigation system (MANAS)
Magnetic actuation of BrainBot was driven by a custom system consisting of four rotating magnet assemblies, adapted from a previously reported design1. Each magnet assembly consisted of two permanent magnets (NdFeB-N45, 60 × 60 × 30 mm3, Earthmag GmbH, Germany) and fixed in a cage to drive with a stepper motor (23HS2442, ACT MOTOR GmbH, Germany). Synchronous rotational frequency of all motors was achieved by using a microcontroller (Arduino Nano IoT, Italy).
The actuation setup achieves 14 mT at the centre of surrounding magnets in an accessible volume of 24 × 59 cm2 and ∅35 mm from XY- and XZ-planes, respectively. The resulting magnetic flux density was measured using a 3-axis magnetometer (Hall Probe C with F3A Magnetic Field Transducers, SENIS, Switzerland) with a customized motorized XYZ-translational system (LTS300C/M, Thorlabs GmbH, Germany). The measured magnetic flux density was validated with finite element simulation results using COMSOL Multiphysics (AC/DC Module, COMSOL AB, Sweden). The magnetic remanence of the permanent magnet was set as 1.345 T. The boundary condition was defined as Infinite Element Domains to accurately approximate the behaviour of the field in an unbounded domain. A 3 mm-long, 380 µm-diameter diametrically magnetized NdFeB core embedded in the robot exerts a driving torque of ~4.6 µN·m, producing body rotation, and thus, helical propulsion. 

Supplementary Note 8 | Experimental methods for sequencing of the mini-biopsy samples
Biopsy tissues taken from the patient GBM samples were treated to extract the DNA, and downstream DNA sequencing was performed following procedures.

DNA Isolation
DNA was isolated from tissue samples (~0.1 µL) that were immediately snap-frozen upon receipt and subsequently stored at -80 °C. Samples from Position1 and Position2 were lysed overnight using the QIAamp DNA Mini Kit (Qiagen), following the manufacturer’s protocol. DNA was eluted in 100 µl of AE buffer and stored at -80 °C. Samples from Position3 and Position4 were processed in parallel using the MinElute Gel Extraction Kit (Qiagen), also with overnight lysis according to the manufacturer’s instructions. In this case, DNA was eluted in 10 µL of AE buffer and stored at -80 °C.

NGS Method
From the tumour DNA regions of interest were amplified using a custom designed amplicon panel according to the protocol “QIAseq Targeted DNA V3 Panel” (QIAGEN, Hilden, Germany). The panel covers either hotspot mutation or whole genes of AKT1, CDKN2A, KLF4, NF1, NF2, PIK3CA, PIK3R1, POLR2A, PTEN, SMARCB1, SMO, STAG2, SUFU, TP53, TRAF7, and TERT promotor. During library preparation unique molecular barcodes and sample specific indices were incorporated according to the protocol. Indexed libraries were then quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, USA) and paired end sequenced on a lllumina NextSeq2000 platform. HG19 was used as reference genome for bioinformatic analyses. The bioinformatics evaluation was performed using the Biomedical Workbench from CLC using a customized analysis algorithm with following filters: coverage  ≥ 200, allele frequency ≥ 2 %.

Supplementary Note 9 | Rheology of the gelatin phantom
The rheological properties of the gelatin phantom were characterized using both oscillatory shear and rotational measurements using a rheometer (MCR 302, Anton Paar, Germany) equipped with a cone-and-plate geometry (20 mm diameter, 0.27 mm gap). Oscillatory tests were performed at a constant strain amplitude of 1%, within the linear viscoelastic region, while sweeping the frequency from 0.1 to 100 Hz. The storage modulus (G′) and loss modulus (G″) were recorded to evaluate the elastic and viscous responses of the material. Continuous rotational measurements were conducted by applying a stress sweep ranging from 0 to 3000 Pa to determine the yield stress of the gelatin phantom. All experiments were carried out at room temperature. Each measurement was repeated three times independently.
The results are shown in Supplementary Fig. 6. The complex viscosity decreases with increasing angular frequency showing a shear thinning behaviour. The G′ remains higher G″ across the entire frequency range without a crossover point, revealing a predominantly elastic, solid-like response. The Herschel–Bulkley- Papanastasiou (HBP) model2 was fit to capture the stress–shear rate relationship using the average of three independent measurements. The fitted curve indicates a finite stress required to initiate flow, with a yield stress of ~1871 Pa. The gelatin phantom exhibits shear-thinning, viscoelastic, and yield-stress characteristics, making it suitable for mimicking soft biological tissue. The details of the HBP model are summarised in Supplementary Fig. 7a.
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Supplementary Fig. 1 | BrainBot transverses the entire porcine brain. a. Picture of the porcine brain used for whole-brain-penetration, b. Stitched ultrasound images demonstrating the penetration of the entire porcine brain of 6.7 cm. The field of view was limited by the ultrasound probe, thus the probe was moved to follow the robot during video capture. Ultrasound images show the robot can advance and steer to avoid pia and vessel structures (hyper-echoic features). The total traversal time was 15.8 min, corresponding to an average speed of 0.07 mm s⁻¹.
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Supplementary Fig. 2 | Pictures of tissue plugs filling the threads of BrainBots without and with thread-clearing (TC) microstructures after 5 min of propulsion in the porcine brain. The robots were localized via ultrasound imaging and subsequently carefully retrieved by performing a surgical incision posterior to the device position. Five individual robots are shown as examples for each group.
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Supplementary Fig. 3 | Pictures of the TC clearing effectiveness experiment using PTV for the robots in the gelatin phantom. a. The robot without TC; b. The robot with TC structures; and c. The percentage of cleared particles after the propulsion of one body length, * p<0.05.

[image: ]
Supplementary Fig. 4 | Particle tracking velocimetry (PTV) results of the thread models without TC in the robot frame with a cylindrical coordinate. a. The trajectory of the tracked particle over time. The colour represents time. b. The radius and the angle of the tracked particle over time.
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Supplementary Fig. 5 | Particle tracking velocimetry (PTV) results of the thread models with TC in the robot frame with a cylindrical coordinate.  a. The trajectory of the tracked particle over time. The colour represents time. b. The radius and the angle of the tracked particle over time.
[image: ][image: ][image: ]Supplementary Fig. 6 | Rheology results of the gelatin phantom (Supplementary Note 9). a. Average complex viscosity, b. average storage and loss modulus, and c. yield stress result fitting to the Harschel-Bulkley-Papanastasiou (HBP) model1. Error bars represent standard deviations.
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Supplementary Fig. 7 | Computational fluid dynamics (CFD) simulation results for the Herschel–Bulkley–Papanastasiou (HBP) gelatin-fitted model1. A rotational frequency of 0.41 Hz was applied to the device walls. a. Fitted parameters for the HBP model used in the simulations, along with the corresponding mathematical definition and apparent viscosity over shear rate plot. b. Sampling plane and the mid-groove location showing dynamic viscosity distribution, velocity-magnitudes and streamlines for the BrainBot with and without TC (left to right, respectively). c. Radial velocity vector field, colored by the velocity magnitude, shown on two radial sampling planes rotated with respect to the symmetry plane (shown schematically by dashed lines in the middle drawing). (i) At the rear of the TC relative to the direction of rotation, the flow is directed into the groove. (ii) At the front of the TC, the flow is directed out of the groove. d. Mass flux analysis. Two sampling surfaces were set at (i) a radial cross-sectional surface (red) in the groove, and (ii) a circumferential closed surface (green) around the groove. (iii) Simulated net mass influx at these two sampling surfaces for the simplified robot groove structure without and with the TC structures, respectively.
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Supplementary Fig. 8 | BrainBot schematic and picture. a. Design parameters: core diameter  = 420 μm, thread diameter  = 594 μm, magnet diameter  = 380 μm, pitch = 125 μm, lead  = 500 μm, mean diameter  = 507 μm, helix angle  = 72°. b. A microscopic image of the BrainBot.
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Supplementary Fig. 9 | Propulsion results of BrainBot in a gelatin phantom with different parameters to be optimized. The propulsion velocity against different designs in a. the tip, b. the pitch, c. the number of TC structures (TC Full features two TC structures at distinct positions along each thread within one pitch, whereas TC Half features one TC structure per thread at the end of each pitch. The “With TC” design is described in Supplementary Note 4), d. the total length, e. the rotational frequency; f. The thrust force against the rotational frequency. ns: not significant, * p<0.05, ** p<0.01, *** p<0.001.


[image: ]Supplementary Fig. 10 | Propulsion results of BrainBot in a porcine brain with different parameters: a. the tip, b. the pitch, and c. the total length. ** p<0.01, *** p<0.001.
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Supplementary Fig. 11 | Minimum turning radius of the BrainBot navigating in the porcine brain with the total helical lengths of 1 mm and 3 mm, *** p<0.001.
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Supplementary Fig. 12 | A picture of the BrainBot tested in a postmortem porcine head in the experimental operation room. The magnetic navigation system (MANAS) is designed with a large gantry aperture of 24 cm to incorporate a porcine head, and two large circular gantry apertures for the C-arm X-ray imaging.
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Supplementary Fig. 13 | MANAS characterization. a. CAD drawings of the actuation system. The black dot indicates the centre point of the system. b. Magnetic flux density distribution in the YZ-plane at X = 0. c. Characterization of the superimposed magnetic field along the X‑axis across the centre point. Dots represent the experimental results, and solid lines correspond to the finite‑element simulation results.
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Supplementary Fig. 14 | Navigation of the BrainBot visualized and guided by ultrasound imaging in a porcine brain.
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Supplementary Fig. 15 | Results of the mini-biopsy procedure. a. A picture of the ex vivo porcine brain used for the biopsy experiment, the white triangle indicates the location of the injected methylene blue, b. picture of the robot with biopsied tissue with blue stains (indicated by white arrows) in the biopsy cavity.

Supplementary Fig. 16 | Concentrations of a. biopsied cells and b. DNA, measured by the cell counter and the UV-Vis spectrophotometer, respectively.b
a
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Supplementary Fig. 17 | Results of the load-carrying experiments. a. Schematics of the tethered load-carrying. b. SEM picture of the load-carrying structure and the CAD drawing showing the flat conical cap-and-socket joint assembly. c. Image of the carried optical fibre (250 μm diameter) deep into the porcine brain and showing its tip location by emitting a green laser light. d. Snapshots of the ultrasound video that shows the robot carries the tethered cargo forward through the brain tissue (also see Supplementary Video 10).
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Supplementary Fig. 18 | Safety assessment. Microscopic images of the cell viability assays, comparing the non-treated control group with the BrainBot-treated group.
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Supplementary Fig. 19 | Microscopic images from histology. a-c. Mini-biopsy tissue samples from the patient tumour, d-f. damage made by BrainBots’ penetration in porcine brains.

Supplementary Fig. 20 | Characterization of the damage caused by BrainBot penetrating ex vivo porcine brain tissue. a. The maximum damage distance is 535 ± 59 µm. b. The damaged area has an average area of 0.099 ± 0.047 mm2 (mean ± SD, n = 22).a
b
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Supplementary Fig. 21 | Snapshots of the ultrasound video showing the guided drug delivery procedure by the robot (see also Supplementary Video 14).
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Supplementary Video 1 | BrainBot propelling in the brain phantom.
Supplementary Video 2 | Thread clearing effectiveness of the TC structure.
Supplementary Video 3 | Co-rotation of the adhered material on the robot without the TC structure.
Supplementary Video 4 | The clearance of the adhered material on the robot by the TC structure.
Supplementary Video 5 | 3D propulsion trajectory of the robot in the brain phantom.
Supplementary Video 6 | Penetration of the entire porcine brain.
Supplementary Video 7 | Ultrasound guided navigation in the porcine head.
Supplementary Video 8 | Ultrasound guided biopsy in the porcine brain.
Supplementary Video 9 | BrainBot steering to bypass an obstacle under ultrasound guidance.
Supplementary Video 10 | Ultrasound guided transportation of an optical fibre through the porcine brain.
Supplementary Video 11 | Cargo transportation and deployment mechanism of a microwire.
Supplementary Video 12 | BrainBot transporting a microwire in the phantom and the porcine brain.
Supplementary Video 13 | Fluoroscopy guided navigation in the porcine head.
Supplementary Video 14 | Ultrasound guided drug delivery in the porcine brain.
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