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S E N S O R S

Miniature magneto-ultrasonic machines for wireless 
robotic sensing and manipulation
Xurui Liu1,2†, Hanchuan Tang1*†, Na Li1, Linjie He1, Ye Tian1, Bo Hao2, Junnan Xue2, Chaoyu Yang2, 
Joseph Jao Yiu Sung3, Li Zhang2,4*, Jianfeng Zang1,5*

Intelligent miniature systems capable of wireless sensing and manipulation hold considerable promise for ad-
vancing biomedical applications. However, the development of these systems has been substantially hindered by 
sensing-actuation incompatibility at small scales. To overcome this challenge, we propose a robotic sensing ap-
proach that integrates embedded ultrasonic soft sensors (EUSSs) with magnetic actuators, resulting in a wireless 
sensor-integrated miniature machine with seamless integration and minimal interference between fields. The 
EUSS, with its compact dimensions (1.3 millimeters by 1.3 millimeters by 1.6 millimeters), softness (98 kilopascals), 
and lightweight design (4.6 milligrams), is compatible with both soft and rigid components in terms of deform-
ability and size. By engineering onboard transducers and using passive ultrasound communication along with 
external magnetic fields, we could wirelessly detect and regulate environmental parameters such as force, vibra-
tion, viscosity, and temperature. Demonstrations in rabbit and porcine models show the potential for robotic 
feedback control, accurate drug dosing, and in situ physiological monitoring, paving the way for real-world ap-
plications of intelligent miniature machines.

INTRODUCTION
Miniature machines, typically just a few millimeters in size, have 
attracted considerable attention because of their high degrees of 
freedom and compactness, making them ideal for use in confined 
and hard-to-reach areas (1–3). These miniature machines are ex-
pected to revolutionize medical interventions by overcoming the 
limitations of traditional tethered methods, such as endoscopy, par-
ticularly in terms of accessibility and long-term manipulation (4). 
For example, they could perform direct, real-time monitoring with 
high spatial resolution, sensing deep-tissue biomechanical and 
biochemical properties (5–7), thus providing dynamic feedback to 
guide therapies and monitor disease progression. Moreover, pre-
cise drug delivery systems embedded within these platforms could 
achieve accurate control over timing and dosage, minimizing off-
target effects and maximizing therapeutic efficacy in treatments 
such as chemotherapy or localized immunotherapy (8). Therefore, 
this capability supports precise treatment delivery, patient safety, 
and improved therapeutic outcomes.

Magnetic actuation enables compact systems with fast, wireless, 
and precise control of force and torque, thereby improving the de-
formability and mobility of miniature robots (9–13). However, min-
iature machines are required to integrate effective feedback control, 
sensory capabilities, and data transmission to function effectively in 
an in vivo environment. Cointegrating communication and sensing 
with external magnetic actuation is difficult at small scales. For ex-
ample, although wireless bioelectronic systems provide real-time 

data acquisition (14–17), precise environmental interaction (18), 
and autonomous operation in challenging environments (19), most 
still rely on onboard batteries that add mass and volume and de-
grade magnetic maneuverability (15, 20). Battery-free approaches, 
such as electromagnetic coupling, are promising, but transmission 
interference and short communication ranges (<10 cm) remain 
limiting (17, 21). In parallel, recent advances in magnetomechanical 
resonators have opened opportunities for tracking and sensing in 
miniature devices (22). However, their integration into magnetic 
miniature machines is challenging because of interference from 
nearby ferromagnetic objects, which can shift resonance frequencies 
and reduce sensing accuracy. By contrast, ultrasound sensors pen-
etrate deeply and are insensitive to magnetic fields, making them 
attractive for wireless sensing of physiological signals (23–26). Nev-
ertheless, the lack of effective robotic transduction and integration 
schemes has hindered the development of miniature machines for 
interventional and implantable applications. As a result, achieving 
advanced functionalities, such as feedback micromanipulation, in situ 
physiological monitoring and regulation, and targeted dose sensing 
and delivery, remains a challenge.

In this study, we introduce a robotic sensor approach, as illus-
trated in Fig. 1 and movie S1, combining embedded ultrasonic soft 
sensors (EUSSs) and magnetic actuators for a prototype design of 
miniature machines. This method simultaneously achieves wireless 
sensing and manipulation of miniature machines without onboard 
electronics or traditional digital/analog communication at a small 
scale. EUSSs have a two-dimensional phononic crystal structure 
(23, 27, 28) that incorporates air chambers as periodically arranged 
scatterers embedded within a soft polymer matrix (silicone rubber) 
(fig. S1). This design facilitates passive communication with ultra-
sonic waves and enables extreme miniaturization by incorporating 
microbubble arrays into the magnetic machine (Fig. 1A). Unlike 
traditional hydrogel-swelling methods used to induce microdefor-
mations in ultrasonic sensors, our approach integrates the actua-
tor component as a direct interface between the sensing unit and 
the environment. This integration not only broadens the range of 
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physical parameters that can be detected, such as force, vibration, vis-
cosity, and temperature, but also enhances capabilities for feedback-
driven robotic manipulation, accurate dose sensing and delivery, 
and in situ physiological monitoring and regulation. The EUSS ef-
fectively reflects ultrasound waves within a specific frequency range, 
leveraging the structure-related phononic bandgap (figs. S2 to S6). 
The final EUSS design is a compact cubic structure measuring 1.3 mm 
by 1.3 mm by 1.6 mm and weighing 4.6 mg (Fig. 1C and fig. S7). The 
robotic sensing system, using magnetic actuator-induced microde-
formation of the EUSS, converts environmental signals into strain 
changes, which are detected as frequency shifts in the ultrasound 
response (Fig. 1D).

RESULTS
Design and workflow of a magnetomotive ultrasound 
imaging system for robotic sensing
We designed the magnetomotive ultrasound imaging system in three 
stages (fig. S8). First, a linear array ultrasound probe, mounted on a 

six–degree-of-freedom (DoF) robotic arm, was used to capture im-
ages and track miniature machines. The robotic arm allowed precise 
maneuvering to select the ultrasound imaging plane accurately. Sec-
ond, a custom-designed graphical user interface was implemented 
to fine-tune ultrasound parameters, which optimized the collection 
of radio frequency (rf) data. The system’s core was an ultrasound 
imaging probe that emitted targeted ultrasound signals at specific 
frequencies, coupled with specialized software for managing the 
ultrasound interface and handling the acquisition and analysis of 
backscattered data. This software provides extensive control over 
various settings of the ultrasound imaging probe, including window 
size and position, depth, gain, focus, frequency, line density, and rf 
scan lines, allowing for customization to meet the specific needs of 
each imaging scenario. The final stage involves postprocessing the 
collected raw rf data. A fast Fourier transform (FFT) was applied to 
analyze multiple rf lines in the time domain. In the frequency do-
main, specific frequencies were filtered, and the peak frequency 
was selected as a function of collection time. This comprehensive 
approach ensured high precision in data acquisition and analysis, 
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Fig. 1. Mechanism of miniature magneto-ultrasonic machines for wireless robotic sensing and manipulation. (A) The concept of EUSSs integrates with a miniature 
magnetic machine for wireless robotic sensing and manipulation. (B) A simulation of the sound scatter field shows the EUSS before and after mechanically induced defor-
mation. (C) A photograph illustrates the EUSS and the robotic sensor demonstrator next to a coin with a 30-mm diameter. Scale bar, 2 mm. (D) The workflow of our system 
converts environmental signals—such as mechanical forces, vibrations, strains, and physiological factors like viscosity and temperature—into mechanical strain through a 
sensor-integrated machine. This strain actively modulates the bandgap of the EUSS, and the corresponding ultrasound response is then captured by an ultrasound probe.
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which was critical for effective ultrasound-based sensing in minia-
ture robotics. To evaluate the noise-signal ratio of our system, we 
measured the echo frequency of the EUSS in a stable environment 
over several seconds and calculated the SD (σ) of the dataset (fig. S9). 
The σ value was found to be 124.8 Hz. Using the three-sigma rule to 
detect outliers, we determined that the detection limit for the echo 
frequency was 374.4 Hz.

Characterization of EUSSs
To evaluate the ultrasonic communication performance, an EUSS 
was placed in a water tank to simulate the acoustic impedance of soft 
tissue (around 1.5 MRayl). We characterized the sensor’s response 
within a spherical coordinate system (Fig. 2A), analyzing the back-
scattering signal variations with changes in both the tilt angle (θ) 
and the rotation angle (φ) at different incident angles (fig. S10). At 
normal incidence, where both θ and φ were zero, the echo peak fre-
quency remained stable at around 6.13 MHz. When θ was fixed at 0° 
and φ varied from 0° to 45°, the echo peak frequency showed mini-
mal fluctuation (Fig. 2B). However, when θ was set to 15°, changes 
in φ induced measurable variations in the lattice constants of the 
phononic crystal, thereby affecting its reflection characteristics. Our 
experiments confirmed that at an incident angle of less than 15°, the 
echo peak frequency decreased from 5.93 to 5.72 MHz as φ varied 
from 0° to 45°. This pronounced angle dependence enabled us to 
accurately determine the normal incidence angle on the basis of the 
echo peak frequency fluctuations, ensuring precise system alignment 
(figs. S11 to S13).

The intensity of the backscattering signal also varied across dif-
ferent rotational angles (Fig.  2C), with maximum amplitude ob-
served only at normal incidence. Symmetrical incident angles (θ 
and −θ) exhibited similar peaks and valleys within the frequency 
spectrum, particularly between 5 and 7 MHz (Fig.  2D), demon-
strating structural symmetry. When scanning at these angles and 
recording the frequencies, consistent spectral features were noted. 
Ultrasound parameters were further adjusted to five scanning lines 
with 0.4-mm spacing, and the root mean square error (RMSE) of 
the base frequency (f₀) was analyzed (fig. S14). At a tilt angle of 0° 
(normal incidence), RMSE was minimized to 0.032 MHz. The σ val-
ues for angles from 0° to 15° were consistent with those from 0° to 
−15°, reflecting the sensor’s structural symmetry.

This characterization protocol enabled optimization of the ultra-
sound beam incident on the EUSS on the basis of the echo peak 
frequency. Because our sensing approach relied on ultrasound imag-
ing, all measurements were enhanced by real-time ultrasound feedback. 
After identifying the area of interest from the ultrasound image, ul-
trasound scanning parameters were set to acquire rf data. For larger 
tilt angle adjustments, an external mechanical arm or displacement 
platform was used. The finer adjustments were made electronically 
by controlling the ultrasound incident angles. The base frequency 
(f₀) of the echo peak shifted accordingly, with the lowest frequency 
established as the baseline for subsequent tests.

We evaluated the surrounding interference and frequency selec-
tivity of the EUSS against various materials with moduli ranging 
from kilopascals to gigapascals, mimicking the spectrum from soft 
tissue to bone in the human body. Despite its low modulus (98 kPa), 
the EUSS produced a strong reflected signal compared with a rigid 
magnet with a much higher Young’s modulus in the gigapascal 
range (Fig. 2E). To improve the localization and sensing capabilities 
of the sensor, we integrated ultrasound imaging with frequency 

mapping (Fig. 2, F and G), enabling differentiation from other re-
flected intensity signals by measuring the central reflected fre-
quency near 6 MHz. Unlike the magnet, which reflected a broad 
bandwidth because of its lack of frequency-selective echo reflec-
tion, the EUSS uniquely reflected echoes around 6 MHz. This high 
acoustic impedance and selective reflection made the EUSS an ef-
fective tool for ultrasonic sensing under biologically relevant condi-
tions. We further assessed the ultrasonic communication distance of 
the EUSS by submerging it more than 10 cm deep in a water tank 
and testing it through fresh ex  vivo porcine tissue (fig.  S15). 
The backscattering signal was captured and analyzed using FFT, 
which revealed robust backscattering within a narrow, selective fre-
quency range.

Systematic cyclic loading analysis was performed on the EUSS to 
evaluate its strain-frequency hysteresis characteristics. Under con-
trolled triaxial loading protocols, the system was subjected to pro-
gressively increasing strains of 2, 5, 10, 15, and 20% with triplicate 
measurements at each threshold (Fig. 2, H and I). We also exam-
ined the selection of scan lines during strain testing, and all scan 
lines showed corresponding peak frequency shifts under strain 
(fig. S16). For resolution characterization, superimposed perturba-
tion experiments were implemented with a 5% preload baseline. 
Notably, subpercentile strain increments of 0.1 and 0.2% induced 
average frequency deviations of 4970.6 and 11,032.7 Hz, respective-
ly (Fig. 2J).

In our robotic sensor design, we adopted a quasistatic sensing 
mode in which the actuation component induced controlled, con-
fined deformation of the EUSS, with constraints applied to enable 
single-axis deformation. The sensing module was activated only 
after the system had reached a stable state, ensuring that signal ac-
quisition was unaffected by motion (such as tilting, rotation, and 
displacement). This approach enabled precise capture of target en-
vironmental signals and effectively minimized noise from dynamic 
processes. Our assembly strategy of the EUSS and the magnetic ac-
tuator was systematically guided by the targeted application scenar-
ios of the robotic platform (fig. S17 and Supplementary Methods).

Miniature grippers for wireless force sensing and feedback 
pick-and-place manipulation
Clinical grippers were commonly used for tissue sampling and ma-
nipulation (29). However, improper grasping forces could lead to a 
high rate of complications (30). Through magnetic actuation, these 
grippers could be controlled wirelessly, enhancing their functional-
ity and range of application (31). Although magnetic actuation al-
lowed these grippers to be controlled wirelessly, integrating wireless 
force sensing remained challenging because of issues with sensitivi-
ty, size, and actuation-sensing compatibility.

We present a miniature gripper integrated with two EUSSs for 
wireless actuation and force sensing (Fig. 3A). The gripper’s actuat-
ing mechanism is made from a ferromagnetic soft polymer with 
specific magnetization patterns (fig. S18). Upon contacting a sam-
ple, the EUSS deformed because of the elasticity of the material. Un-
like rigid sensors, the soft EUSS material provides gentle, conformal 
contact with delicate objects, such as salmon eggs (3 mm in diame-
ter), minimizing the risk of damage. The deformation of the EUSS 
was measured by our ultrasonic sensing system to calculate the force 
acting on the gripper. Force calibration using a commercial force sen-
sor demonstrated a force sensitivity of 6100 Hz/mN and a force 
resolution of 61.3 μN (fig. S19 and Supplementary Methods).
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Fig. 2. Characterization of EUSS. (A) The experiment setup for misalignment testing. The sensor (EUSS) was centrally positioned in a water tank, which was mounted on a 
multiaxis rotary stage with three DoFs. This setup allowed for precise horizontal and vertical translation, as well as rotation around the vertical axis. The ultrasound probe was 
placed above the water tank. Scale bar, 10 mm. (B) Base frequency (f0) was obtained by scanning the rotational angle within a quarter cycle. By varying φ from 0° to 45° and 
keeping θ fixed at 0°, the echo peak frequency remained nearly constant at ~6.13 MHz. When θ was set to 15°, the echo peak frequency exhibited a gradual increase from 
5.75 MHz to around 6.0 MHz as φ varied from 0° to 45°. (C) The intensity of the backscattering signal varied across different incident angles. Only the signals backscattered 
from waves at a normal incidence (θ = 0°) exhibited maximum amplitude. Amplitudes are reported in arbitrary units (a.u.). (D) Symmetric incident angles (θ and −θ) display 
similar peaks and valleys within the frequency spectrum, particularly between 5 and 7 MHz. (E) Comparison of the ultrasound tracking capabilities between EUSS and other 
different modulus materials (ranging from kilopascals to gigapascals). (F) Ultrasound imaging of EUSS and other materials with different moduli. Scale bar, 2 mm. (G) Fre-
quency mapping of ultrasound images (green box). (H) Schematic representation of cyclic strain testing of EUSS. (I) Experimental data showing the frequency shift of EUSS 
under various strains: 2, 5, 10, 15, and 20%. (J) Experimental data of EUSS subjected to a constant base strain of 5% with additional minor strains of 0.1 and 0.2% applied.
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Fig. 3. Miniature machines for wireless force and vibration sensing. (A) Schematic of a magnetic soft gripper for pick-and-place operations with force feedback. 
(B) Photographs illustrate a magnetic soft gripper picking and placing a salmon egg with wireless force sensing. Scale bar, 5 mm. (C) Ultrasound imaging of the magnetic 
soft gripper grasping, lifting, and releasing a salmon egg. Scale bar, 5 mm. (D) The echo frequency was recorded during the pick-and-place operation with a magnetic soft 
gripper handling a salmon egg. (E) Schematic top view of magnetic helix-type robot feedback navigation in soft brain tissue. The amplitude of blood vessel pulsation in-
dicates the distance between the robot and the vessel. Vibration detection from the robotic sensor helps monitor safe distances. (F) Experimental side view of magnetic 
helix-type robot feedback navigation in a soft tissue phantom. Scale bar, 5 mm. (G) Blood vessel pulsation system vibration monitored by a magnetic helix-type robot with 
an EUSS at various distances. The echo frequency shift (Δf1) is around 0.005 MHz, which is substantially smaller than the frequency shift (Δf2) (more than 0.04 MHz).
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To demonstrate feedback-based wireless force control, we con-
ducted pick-and-place manipulation of salmon eggs, guided by ul-
trasound imaging and sensing (Fig. 3B and movie S2). The gripper 
was accurately navigated to the target location, where it successfully 
executed grasping, holding, and releasing operations while continu-
ously monitoring the contact force via the ultrasound system (Fig. 3, 
C and D). All manipulations were performed under in-plane ultra-
sound imaging guidance (fig. S20). We simultaneously scanned 
five rf lines to eliminate interference and misalignment, consis-
tently finding that the middle line provided the optimal signal. The 
force feedback ensured that the exerted force on the salmon eggs 
remained below the cellular rupture threshold (fig. S21). Our design 
introduced a wireless force-sensing method for miniature systems 
that not only provided force feedback during operations but also 
offered a potential solution for in  situ measurement of tissue 
mechanics (5).

Miniature helix-type robots for wireless vibration sensing 
and feedback navigation
Many physiological signals, such as heartbeats and vascular pulses, 
were inherently dynamic. Leveraging the high temporal resolu-
tion of EUSS, we could effectively measure these vibration signals. 
To emphasize the importance of vibration sensing, we proposed a 
feedback navigation method for wireless magnetic robots in a brain 
model (32, 33). To enable effective penetration of soft tissue, these 
robots were designed with a helical casing and a conical tip, enclos-
ing a cylindrical permanent magnet (2 mm in diameter and length). 
However, without vibration feedback, the conical tip could cause 
vessel damage during navigation. To mitigate this risk, we developed 
a compact design that incorporated vibration sensing capabilities, 
ensuring precise navigation without compromising actuation per-
formance (Fig. 3E and fig. S22).

To simulate vascular pulsations, an artificial blood vessel (2 mm 
in diameter) was connected to a pulsatile pump and embedded in a 
soft tissue phantom. We observed that the signal frequency varied 
with the robot’s distance from the artificial vessel (Fig. 3, F and G; 
fig. S23; and movie S3). At a remote position (distance 1), the peak 
frequency variation was minimal (Δf1 < 0.005 MHz), indicating a 
weaker pulse wave. When the robot was closer to the artificial vessel 
(distance 2), the peak frequency variation increased (Δf2 > 0.04 MHz). 
This frequency shift provided a navigational cue for the feedback 
control of the robots, with the measured signals being dependent on 
the flow rate (fig. S24).

Miniature capsule robots for wireless dose sensing and 
target delivery in vivo
Effective drug delivery is essential for modern medical treatments, 
aiming to maximize therapeutic efficacy and minimize side effects 
(34–39). Developing mechanoresponsive systems that can wirelessly 
deliver drugs with precise control over timing and dosage offers 
great promise but remains challenging (table S3 and Supplementary 
Methods). To address these challenges, we developed a robotic sens-
ing method capable of actively releasing and quantifying liquid pay-
loads. The capsule robot featured a storage chamber that held up 
to 150 μl of liquid, with two 50-μm-diameter apertures on its outer 
shell for controlled discharge (Fig.  4A and fig.  S25). A magnet-
embedded piston, connected to a soft strip within the EUSS, enabled 
both actuation and sensing. Exposure to an external magnetic field 
moved the piston, reducing the chamber volume and simultaneously 

stretching the EUSS. Because the liquid is nearly incompressible, the 
piston’s displacement was almost entirely translated into expelled 
volume. Bringing the magnet closer to the robot enhanced the mag-
netic field, allowing for multiple controlled releases. Changes in echo 
frequency were analyzed to accurately measure the volume changes 
induced by magnetic actuation (Fig. 4B).

We used magnetic control to capsule robots with rolling locomo-
tion in an ex vivo porcine stomach model (movie S4). The robots 
were navigated to specific sites for the targeted release of their liquid 
payloads (Fig. 4C and fig. S26). Subsequently, we confirmed the ef-
fectiveness of the liquid sample release and precisely monitored its 
volume. The magnetic field strength was incrementally increased to 
facilitate sample injections (Fig. 4D, movie S5, Supplementary Meth-
ods, and figs. S27 and S28). The echo frequency changes from the 
EUSS were continuously recorded, displaying a steplike signal pat-
tern. The volumes of the liquid released during each step (V1 to V5) 
were calculated as 2.98, 1.86, 0.735, 0.655, and 0.618 μl, respectively.

To further validate the functionality of the EUSS, we conducted 
an in vivo targeted delivery experiment in a rabbit’s stomach (Fig. 4E 
and movie S6). The capsule robots were loaded with iodized glycerol 
to enhance their visibility under fluoroscopic imaging (Fig. 4F). Ad-
ditionally, we navigated the capsule robots and monitored their echo 
frequency changes (Δf) during liquid sample release under real-
time ultrasound imaging guidance (Fig. 4G). In the initial dosage 
control release, we performed three dosing trials under external 
magnetic control, each releasing a dose nearly identical in volume, 
measured at 4.49, 4.91, and 4.53 μl, respectively (Fig. 4H). After this, 
our subsequent experiments focused on administering and moni-
toring a substantially different drug dosage, involving distinct vol-
ume changes up to 16.75 μl (fig. S29). These results indicated that 
our EUSS was both feasible and effective for in vivo drug delivery, 
offering precise control over timing and dosage.

Miniature viscometer bots for wireless viscosity sensing and 
manipulation in vivo
The human body contains essential fluids, such as blood and diges-
tive juices, whose viscosity is critical for maintaining health and 
managing diseases (40–42). Current methods for monitoring fluid 
viscosity, like endoscopy, were invasive and not suited for long-term, 
localized, in situ measurements (43). To address this, we developed 
a viscometer bot capable of wireless in situ viscosity measurement 
(Supplementary Methods). The robot comprised three main com-
ponents: a vibrating plate connected to an EUSS, a supporting plate, 
and a bottom plate (Fig. 5A). The vibrating plate, made from a fer-
romagnetic soft polymer with predesigned magnetization, connect-
ed to the EUSS via a connecting plate. The sensing mechanism relied 
on the damping effect exerted on a vibrating element in a fluid envi-
ronment (44), where the vibration resistance directly correlated with 
fluid viscosity (Fig. 5B).

Under an external rotating magnetic field (fig. S30), the oscillat-
ing movement of the vibrating plate was converted into the peri-
odic stretch movement of the EUSS (Fig. 5C and movie S7). Because 
the viscosity of fluid affected the damping of the vibrating element, 
this viscosity could be calculated on the basis of the frequency 
change (Δf) of the EUSS (Fig. 5D and fig. S31). The frequency shift 
(Δf1-Δf2) was measured across a range of viscosities, specifically 
at 1.00, 2.68, 4.10, 5.70, and 7.94 mPa·s. These measurements cor-
responded to frequency changes of 0.16, 0.14, 0.096, 0.53, and 
0.047 MHz, respectively.
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Fig. 4. Miniature capsule robots for wireless dose sensing and target delivery in vitro and in vivo. (A) Structural diagram of the capsule robots. Each robot features 
a storage chamber, a magnet-embedded piston, and a soft strip with an EUSS. (B) The mechanism for wireless dose sensing. The release of liquid generates a microdefor-
mation in the EUSS. By detecting the echo frequency shift (Δf), the volume of liquid released per actuation can be calculated. (C) Controllable movement and release of 
the capsule robot for active delivery in an ex vivo porcine stomach. Scale bar, 5 mm. (D) Dose sensing in capsule robots with varying volumes of liquid released. (E) Sche-
matic overview of in vivo dose sensing. The capsule robot is deployed into a rabbit’s stomach, under the guidance of ultrasound and fluoroscopy imaging. (F) Radiology 
images of capsule robots release the liquid sample by an external magnetic field. Scale bar, 5 mm. (G) The ultrasound imaging of the capsule robot in the rabbit’s stomach. 
(H) Echo frequency shift was recorded for dose sensing of the capsule robot in a rabbit’s stomach in vivo.
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Fig. 5. Miniature viscometer bots for wireless viscosity sensing and manipulation in vitro and in vivo. (A) Design of a viscometer bot for wireless detection of envi-
ronmental viscosity. The robot consists of three main parts: a bottom plate, a vibrating plate with an EUSS, and a supporting plate. (B) The mechanism for wireless viscos-
ity sensing. The vibrating plate is connected to the EUSS. A rotating magnetic field induces microdeformation in the EUSS, resulting in a frequency change in the ultrasound 
signal. Higher fluid viscosity dampens the vibration amplitude because of the increased viscosity force. (C) Experimental measurement of periodic frequency signals in a 
fluid with stable viscosity. (D) The relationship between frequency change (Δf1-Δf2) and various viscosities from 1 mPa·s to 8 mPa·s. Data are represented as mean values 
± SD (n = 3 independent samples) (E) Schematic of the in vivo experiment in a porcine model. (F) Radiology image of the robot validating its deployment into the stomach 
via a catheter. (G) Endoscopic view of the robot in vivo after catheter deployment. Scale bar, 10 mm. (H) Ultrasound imaging of the robot in the stomach of a porcine 
model. The green rectangle indicates the location of the EUSS. (I) The frequency shifts (Δf) were recorded throughout the in vivo experiment. The decreased frequency 
change (Δf1-Δf2) signifies higher fluid viscosity.
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To further validate the viscosity sensing capability of the robot, 
we tested its operation in an ex vivo porcine stomach (figs. S32 and 
S33 and movie S8). By introducing fresh porcine blood (viscosity 
of around 4 mPa·s) into the environment (viscosity of 5.7 mPa·s) 
around the robot, we showcased its ability to detect viscosity chang-
es within seconds. We further demonstrated the in vivo application 
of a viscometer bot within the porcine stomach to measure changes 
in fluid viscosity (Fig. 5E and figs. S34 and S35; see Materials and 
Methods for details). The robot was deployed via a catheter under 
the guidance of fluoroscopy imaging (Fig. 5F, fig. S36, and movie S9). 
Initially, we calibrated the viscometer bot by injecting a phosphate-
buffered saline (PBS) solution through the endoscope. Subsequently, 
we introduced simulated digestive juices of varying viscosities through 
the endoscope (Fig. 5G and fig. S37). The simulated digestive juices 
were chosen with a viscosity of 7 mPa·s to simulate the changes 
in viscosity associated with ulcers (45). The ultrasound system suc-
cessfully recorded signals indicating changes in viscosity during the 
in vivo experiments (Fig. 5, H and I).

Magnetic thermometer bots for wireless temperature 
sensing and heating in vivo
Wireless temperature sensing and regulation have promising appli-
cations in biomedicine (46, 47), including in inflammation detec-
tion (48, 49) and targeted thermal treatments like tumor ablation 
and gastric antral vascular ectasia (50, 51). However, the lack of real-
time temperature sensing during thermal ablation could lead to se-
rious complications, such as tissue perforation (52, 53). Integrating 
temperature sensing into wireless miniature machines posed chal-
lenges, including limited communication range, large size, and po-
tential sensing interference (table S4 and Supplementary Methods).

Here, we present a robotic sensing method that enabled wireless 
temperature sensing and remote heating simultaneously (Fig. 6A). 
The thermometer bot consisted of three main components: an EUSS, 
a temperature-responsive element, and an actuation segment. The 
core of the temperature-sensing mechanism was the conversion of 
thermal variations into mechanical strain on the EUSS, achieved 
through a helical bimetallic strip made from two metals with dis-
tinct thermal expansion coefficients (each averaging 100 μm thick). 
Changes in ambient temperature caused anisotropic expansion in 
the strip, leading to a measurable deflection (fig. S38). The helical 
structure amplified this motion, inducing stretching deformation of 
the EUSS (Fig. 6B). Consequently, temperature changes in the ther-
mometer bot were quantified by shifts in the ultrasound echo fre-
quency (Fig. 6C). We evaluated the robot’s durability and thermal 
sensitivity, confirming its suitability for real-time temperature mon-
itoring in the range of 30° to 60°C (fig. S39). The bimetallic strips 
also served dual roles: They amplified the signal and acted as a heat 
source for hyperthermia applications (Fig. 6D and figs. S40 to S42). 
At 55°C, the average frequency change was 0.451 MHz, with a tem-
perature sensitivity of 1200 Hz/°C (0.26%/°C) and a resolution of 
0.31°C, sufficient for thermal ablation feedback. We further tested 
the thermometer bot for wireless temperature sensing during ther-
mal ablation on ex  vivo porcine liver tissue (Fig.  6, E and F, and 
fig.  S43). Throughout ablation, the robot continuously monitored 
temperature (Fig. 6G and movie S10), with the results confirming 
effective localized tissue ablation. To demonstrate the robot’s practi-
cal utility, we conducted temperature sensing and regulation experi-
ments in a porcine model (Fig. 6, H and I). An rf signal was applied 
three times, each for 10 s, to simulate in situ temperature regulation. 

The ultrasound sensing system successfully monitored temperature 
changes from 36° to 38°C (Fig. 6J).

DISCUSSION
Sensor-integrating machine systems encounter challenges in terms 
of miniaturization, spatiotemporal resolution, communication range, 
and sensing-actuation compatibility. This study introduces EUSS 
integrated with magnetic miniature machines to facilitate the wire-
less robotic sensing of a wide range of signals, including force, vibra-
tion, viscosity, and temperature. Through a series of in vitro and 
in vivo demonstrations, we confirmed the versatility and applicabil-
ity of our methods, showcasing their effectiveness in micromanipu-
lation, targeted delivery, and physiological signal monitoring.

The compatibility and stability between the sensor and the min-
iature machine are crucial. We demonstrated that the EUSS has 
mechanical robustness and functional stability (fig. S7), making it 
suitable for integration with miniature machines. Its small size, high 
strain resolution sensing, and deep communication range, com-
bined with its multifunctionality as a sensor, processor, and anten-
na, enable efficient wireless embedded sensing in a compact design. 
This approach enables us to fully integrate the sensor within the ac-
tuator without compromising the actuator’s performance. We dem-
onstrated various potential applications where sensors are integrated 
with actuators, each posing unique challenges that current methods 
struggle to address in micromanipulation, targeted delivery, and 
physiological signal monitoring. Additionally, the sensitivity and 
measurement range of the proposed miniature machines can be ad-
justed through specific design choices. For example, altering the vi-
brational blade can control the dose-sensing range and sensitivity of 
viscometer bots. Similarly, varying the size of helical bimetallic ele-
ments can affect the temperature-sensing range and sensitivity of 
thermometer bots. Moreover, the overall design of miniature ma-
chines can be optimized to achieve a smaller volume by reducing the 
size of sensor units or transducers (fig. S44). Overall, our study pres-
ents a platform technology for wireless sensor-integrating machine 
systems. This approach could integrate both proprioception and 
exteroception into miniature machines, broadening their potential 
for biomedical applications and paving the way for the development 
of intelligent miniature machines.

MATERIALS AND METHODS
Objective and study design
The objective of this study was to develop and evaluate a wireless 
robotic sensing platform based on miniature magneto-ultrasonic 
machines for biomedical applications. We conducted a series of con-
trolled experiments in which the devices were subjected to various 
mechanical strains and dynamic conditions. The key parameters 
were measured and regulated using ultrasound imaging and mag-
netic actuation. Sample sizes for each experiment were determined 
through preliminary analyses, and end-point selection was based 
on the stabilization of the measured parameters over time. 
Further details on these study components are provided in the 
following sections.

The fabrication of EUSS
The fabrication of EUSS used a mold casting technique, as illustrat-
ed in fig. S1. The process began with the use of a three-dimensional 
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Fig. 6. Magnetic thermometer bots for wireless temperature sensing and thermal ablation in vitro and in vivo. (A) Design of a thermometer bot using the proposed 
EUSS to monitor ablation temperature. The robot comprises three main components: a bottom plate, helical bimetallic strips with an EUSS, and a supporting plate. (B) The 
mechanism for wireless temperature sensing. The deflection of the helical bimetallic strip is correlated with temperature changes in the environment, causing microde-
formation in the EUSS. (C) The measured frequency change (Δf) of the robot to a change in temperature from 30° to 60°C. (D) Schematic of temperature monitoring during 
thermal ablation for ex vivo thermal ablation. (E) The robot was navigated to the target site, where the ablation tip contacted the porcine liver. After 8 min of ablation, the 
tissue exhibited areas of necrosis. Scale bar, 5 mm. (F) The ultrasound imaging of the thermometer bot for ex vivo porcine liver ablation. Scale bar, 10 mm. (G) The mea-
sured frequency change (Δf) of the robot during thermal ablation of the bimetallic strip. (H) The schematic of the in vivo experiment in the porcine model. (I) The ultra-
sound imaging of a robot in the stomach of a porcine model. The green rectangle is the location of the EUSS. Scale bar, 10 mm. (J) The wireless temperature regulation by 
thermal ablation and sensing by an ultrasound system throughout the in vivo experiments.
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(3D) printer to create a positive model of the sensor. Ecoflex 00-30 
was selected as the casting material because of its exceptional soft-
ness and flexibility. This material was then carefully poured into the 
mold, and the upper part of the sensor was allowed to cure at room 
temperature for 4 hours. After curing, the component was precisely 
removed from the mold. To embed an array of air chambers within 
the soft matrix and effectively seal the sensor’s open side, a film with 
a thickness of 200 μm was spin-coated onto a glass substrate. This 
film acted as a sealant when the sensor’s open side was pressed 
against it, ensuring an airtight closure. The sealed unit was then 
cured in an oven at 80°C for more than an hour to achieve a durable 
bond and finalize the sensor assembly.

The fabrication of magnetic gripper robots
The magnetic actuator was crafted by homogeneously mixing ferro-
magnetic neodymium-iron-boron (NdFeB) particles with a polydime-
thylsiloxane (PDMS) polymer matrix (Sylgard 184, Dow Corning) at 
a 1:1 weight ratio. This magnetic composite was thoroughly stirred 
for 5 min and then carefully poured into a 3D-printed mold. It un-
derwent a 24-hour curing process on a hot plate set at 60°C. After 
curing, the magnetic actuator component of the gripper was gently 
removed from the mold. The actuators were then exposed to a 2.5-T 
impulse magnetic field using a digital pulse magnetizer, provided by 
Beijing Eusci Technology Ltd., to achieve magnetization. In the final 
assembly stage, the EUSS was attached to the magnetic gripper 
with the aid of adhesive and precise mold assistance, ensuring prop-
er alignment and integration.

The force calibration of magnetic gripper robots
A commercial force sensor was used to calibrate the magnetic grip-
per robots. The force exerted by the gripper was transmitted to the 
commercial sensor through a rigid rod. Initially, the sensor was se-
curely positioned against one side of the rod. Activation of a mag-
netic field prompted the gripper to exert force, causing the sensor to 
deform. This deformation, and the corresponding force applied, was 
recorded by the commercial sensor. Throughout the calibration pro-
cess, an ultrasound probe monitored the peak frequency of the echo. 
Our experimental findings indicated that our wireless force-sensing 
technique produced a more refined curve compared with that of the 
commercial sensor (with a force resolution of 1 mN and a temporal 
resolution of 50 ms). This suggested that our method offered supe-
rior precision in both forces (with a resolution as fine as 0.2 mN and 
a temporal resolution of 10 ms).

Fabrication and control strategy of the helix-type robot
We engineered a helix-type robot specifically designed for naviga-
tion within soft tissue phantoms, propelled by external magnetic 
forces. This robot featured a cylindrical NdFeB (N52 grade) mag-
net encased in a 3D-printed shell with a helical structure and a 
pointed conical tip, and it was equipped with a sensor. The magnet, 
characterized by radial magnetization, fit precisely into the shell, 
facilitated by a customized mold. The shell, measuring 2 mm in 
both diameter and height, ensured a snug fit for the magnet. After 
the magnet and shell were assembled, the sensor was securely af-
fixed to the shell’s exterior using a strong adhesive, completing the 
robot’s assembly.

For this study, we used a six-DoF robotic arm equipped with a 
magnet and a stepper motor to generate a rotational magnetic 
field. Upon introducing the robot into the soft tissue phantom, the 

rotating magnet exerted magnetic force and torque, effectively guid-
ing the robot toward the target. Adjustments to the orientation of 
the magnet enabled the robots to execute turns, aligning with the 
changing magnetic fields. An ultrasound probe was used for imag-
ing and sensing the robots throughout their navigation.

Fabrication of soft tissue phantom with biomimetic 
blood flow
To replicate the mechanical properties of soft tissues, such as the 
brain, we developed a gelatin-based model. This involved blending 
5.1  wt % gelatin powder from Sinopharm Chemical Reagent Co. 
Ltd. with hot water at 90°C for 10 min. After thorough mixing, we 
poured the solution into an acrylic container to set. To simulate an 
artificial artery system, we used a silicone rubber tube with an inner 
diameter of 2 mm, a wall thickness of 0.25 mm, and a Young’s mod-
ulus of 1 MPa. This tube was connected to a peristaltic pump and 
was arranged in the setting gelatin before it cooled to room tem-
perature (23°C), solidifying into a gelatinous state. We achieved 
biomimetic blood flow by circulating simulated blood at a rate 
mimicking 100 beats per minute, closely emulating the conditions 
found within human tissues.

Fabrication and manipulation of the capsule robot
The capsule robot was composed of a body, piston, and bottom 
cap, all manufactured from 3D-printed resin. It featured a soft strip 
made from Ecoflex with an EUSS. A small aperture at the bottom of 
the capsule facilitated the release of liquids. Operating the robot in-
volved two primary functions: navigating the terrain and managing 
liquid discharge. The robot used a tumbling motion for movement, 
a method previously identified in the literature as effective for 
traversing complex physiological terrains. When a magnetic field 
(B) was applied, the robot’s cylindrical surface interacted with its sur-
roundings (fig. S25), causing it to roll as the net magnetic moment 
(M) aligned with the magnetic field. We demonstrated this capabil-
ity by directing the robot to maneuver over ex vivo porcine tissue 
that was characterized by its varied dry, wet, and rugged conditions. 
The robot was guided along a curved path to a predetermined site. 
Once at the destination, the robot repositioned itself to precisely 
administer the liquid payload by amplifying the magnetic gradient, 
thus increasing chamber pressure and expelling its contents, which 
had a viscosity approximating 3 mPa·s. Additionally, we assessed the 
spread of the released liquid; even after commanding the robot to 
oscillate over the area more than 20 times, we detected negligible 
leakage (fig. S26).

In vitro performance test of capsule robot
We initiated our investigation by assessing the viability of our ap-
proach within a water tank. An ultrasonic probe was deployed to 
precisely locate and monitor the robot, and a combination of a ma-
nipulator and a magnet facilitated control over the spatial configura-
tion of the external magnetic field. A tension linkage between the 
soft stripe and the piston exists, with the sensor’s deformation mir-
roring the displacement of the piston. By modulating the distance 
between the magnet and the robot, we could alter the magnetic field 
strength, thereby inducing varying displacements of the piston. 
These variations in distance were detectable via the ultrasound 
probe, enabling us to accurately deduce changes in the chamber’s 
volume. A thorough analysis of this process is detailed in the Sup-
plementary Materials.
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Fabrication of the viscometer bot
The viscometer bot was designed with three core components: a vi-
brating plate, a bottom plate, and an EUSS, all constructed from 
magnetic soft composite materials. The vibrating plate was fabricat-
ed by blending ferromagnetic NdFeB particles with Ecoflex 00-30 at 
an equal weight ratio of 1:1. This mixture was then poured into a 
3D-printed mold to set. Once demolded and magnetized, the vi-
brating plate generated periodic oscillations under the influence of 
a rotational magnetic field. The bottom plate was crafted from a 
magnetic soft composite that combined PDMS in a 10:1 ratio of 
precursor to curing agent with unmagnetized NdFeB particles, 
~5 μm in diameter, at a 1:3 weight ratio. The assembly process 
involved meticulously aligning all components within a custom 
3D-printed support structure, ensuring optimal functionality and 
structural integrity.

Fabrication of the thermometer bot
The thermometer bot was composed of three primary components: 
a bottom plate, a bimetallic strip, and an EUSS. The bottom plate 
was crafted from a magnetic soft composite, blending PDMS in a 
10:1 ratio of precursor to curing agent with ferromagnetic NdFeB 
particles, which are unmagnetized and average 5 μm in diameter, at 
a 1:3 weight ratio. The bimetallic strip features two distinct metals, 
each with differing thermal expansion coefficients: a copper-zinc al-
loy with a high expansion rate (18 to 20 × 10−6/°C) and an iron-
nickel alloy with a lower expansion rate (0.5 to 1.6 × 10−6/°C). This 
strip is fashioned into a helix to enhance displacement at its end. 
Integration of these components, along with the sensor, was achieved 
using adhesive and supported by a 3D-printed framework. The sen-
sor was meticulously attached to one side of the structure and on the 
other to the terminus of the helical bimetallic strip. A 3D mold aided 
in streamlining the assembly process, ensuring precision, and main-
taining structural integrity.

Calibration of the thermometer bot
The calibration was performed using a water bath. Initially, the tem-
perature of the hot plate was adjusted to 30°C. To monitor the sur-
rounding temperature, one thermocouple probe was positioned 
close to the robots, and another was placed alongside the dish to 
ensure even heating throughout the water bath. Calibration began 
once the water bath temperature reached a stable 30°C, with a vari-
ance of less than 0.2°C between the two thermocouple readings. 
At this point, the ultrasound sensing system started capturing data 
from the robot. As the water bath’s temperature gradually increased 
to 60°C, temperature readings from both the thermocouples and the 
robot were simultaneously monitored.

Ex vivo demonstration of the thermometer bot for inducing 
protein denaturation and porcine liver ablation
To assess the practicality of the thermometer bot, we conducted ex-
periments that were designed to induce protein denaturation using 
egg whites as a model system. The thermometer bot was placed in-
side an eggshell filled with egg white and then submerged in a water 
tank. An rf coil was positioned beneath the tank, ~3 cm from the 
bottom. An ultrasound probe was used to visualize and detect fre-
quency shifts in the EUSS, which indicated changes in the surround-
ing environment. In subsequent ex  vivo tests involving porcine 
liver ablation, the robot was magnetically guided to the target site, 
which ensured that the ablation tip made direct contact with the 

liver tissue, as visualized under ultrasound imaging. The application 
of an rf signal heated the robot, causing temperature fluctuations 
during the ablation process. These fluctuations were continuously mon-
itored via our ultrasound sensing system, which provided real-time 
feedback on the efficacy of the treatment.

In vivo demonstration of capsule robots
In this study, male New Zealand rabbits aged 8 to 10 weeks, weigh-
ing between 1.5 and 2.0 kg, were procured from Shenzhen Advanced 
Medical Services Co. Ltd. Before the commencement of the re-
search, ethical approval was obtained from the institutional animal 
care and use committee (approval no. AAS C2304002 R). The cap-
sule robots used in the study were sterilized with water and ethanol 
before deployment. All rabbits underwent an 8-hour fasting proto-
col and were administered a gastrointestinal antifoaming agent 
three times before the introduction of the capsule robots. During 
the experiment, the rabbits were kept hydrated and anesthetized to 
ensure their well-being. The movement of the capsule robots within 
the rabbits was controlled via a magnetic field, and their positions 
were continuously monitored using radiology imaging techniques 
(DSA, CGO-2100, Wandong). Upon reaching the targeted site, a 
customized ultrasound probe was used to image and monitor the 
release of the liquid sample.

In vivo demonstration of viscometer bots
Approval for the porcine experiments was obtained from the Com-
mittee on Animal Care at Shenzhen Lingfu Top Biotechnology Co. 
Ltd. (approval no. TOPGM-IACUC-2024-0070). The subjects, male 
Bama pigs weighing ~40 kg and aged 14 to 16 months, were placed 
on a clear liquid diet 24 hours before the experiments. On the day 
of the procedure, morning feeding was withheld, and an ultrasound 
defoamer was administered. Sedation was achieved using Telazol 
(tiletamine and zolazepam, 5 mg/kg), xylazine (2 mg/kg), and atro-
pine (0.04 mg/kg). The experiment commenced with the deploy-
ment of the robot via endoscopy. To aid gastroscopy, to facilitate 
precise ultrasound imaging, and to ensure accurate positioning, 
PBS was injected through a gastric tube to expand the stomach. 
Once the robot was visualized via ultrasound imaging, a magnet 
was activated to generate a rotational magnetic field for calibra-
tion. The frequency signal from the EUSS was monitored for 10 s 
to confirm stability and consistency. To simulate changes in viscos-
ity, fluids with a viscosity of 7 mPa·s were introduced via endos-
copy, with continuous monitoring of frequency changes by our 
ultrasound system. At the end of the procedure, euthanasia was 
carried out using Fatal Plus (sodium pentobarbital) at a dosage of 
115 to 120 mg/kg. Heart rate was monitored to confirm the efficacy 
of euthanasia.

In vivo demonstration of the thermometer bot
The preexperiment using large-animal models adhered to the meth-
odology described previously. Access to the jejunum was facilitated 
via a midline laparotomy, with devices subsequently inserted into 
the stomach lumen through a small incision. Once the robot was 
visualized via ultrasound imaging, we commenced frequency col-
lection from the EUSS. A thermometer was used as a reference for 
calibration. After securing a stable signal for more than 30 s, an rf 
signal was applied to wirelessly transfer heat, and the ultrasound 
probe continuously monitored the signal during the entire process. 
After the experiments, the animal was euthanized.
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Statistical analysis
Experimental values were obtained from independent repeats (n) 
and were summarized as means ± SD in Microsoft Excel (v16.0), 
unless stated otherwise. Error bars represented the SD across n 
independent replicates (Fig. 5D). Linear regressions were performed 
in OriginPro (v10.0) or MATLAB (R2022b), where shown, and 
goodness-of-fit metrics [coefficient of determination (R2) and RMSE] 
are reported in the relevant captions (figs. S28 and S31). For ex-
periments with a single measurement (n = 1), only the raw value 
was reported.

Supplementary Materials
The PDF file includes:
Methods
Figs. S1 to S44
Tables S1 to S4
Legends for movies S1 to S10
References (54–57)

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S10
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