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E N G I N E E R I N G

Heterogeneous multiple soft millirobots in 
three-dimensional lumens
Chunxiang Wang1,2†, Tianlu Wang1,3*†, Mingtong Li1, Rongjing Zhang1,  
Halim Ugurlu4, Metin Sitti1,5*

Miniature soft robots offer opportunities for safe and physically adaptive medical interventions in hard-to-reach 
regions. Deploying multiple robots could further enhance the efficacy and multifunctionality of these operations. 
However, multirobot deployment in physiologically relevant three-dimensional (3D) tubular structures is limited 
by the lack of effective mechanisms for independent control of miniature magnetic soft robots. This work presents 
a framework leveraging the shape-adaptive robotic design and heterogeneous resistance from robot-lumen in-
teractions to enable magnetic multirobot control. We first compute influence and actuation regions to quantify 
robot movement. Subsequently, a path planning algorithm generates the trajectory of a permanent magnet for 
multirobot navigation in 3D lumens. Last, robots are controlled individually in multilayer lumen networks under 
medical imaging. Demonstrations of multilocation cargo delivery and flow diversion manifest their potential to 
enhance biomedical functions. This framework offers a solution to multirobot actuation benefiting applications 
across different miniature robotic devices in complex environments.

INTRODUCTION
Wireless miniature robots have the potential to revolutionize biomed-
ical engineering with their shape-adaptable and minimally invasive 
access and navigation in enclosed, tortuous, and unstructured spaces 
that are clinically inaccessible or risky for tethered tools (1–3). These 
small-scale devices can be actuated by external fields, such as light 
(4, 5), ultrasound (6–8), and magnetic field (9, 10) for various medical 
purposes. Among actuation methods, magnetically driven shape-
programmable soft robots are particularly promising deep inside the 
human body (11–13) for various medical applications, such as tar-
geted drug or cell delivery (14–16), vascular embolization (17–19), 
hyperthermia (20), and physiological property sensing (21–23). Such 
robots have the advantage of being harmless (11, 24), agile (9, 25), 
shape-adaptable (10, 26, 27), and easy to miniaturize down to milli- 
and micrometer scale (11, 12). Deploying multiple of these magnetic 
soft robots can further enhance the efficacy of biomedical functions 
spatiotemporally. Multiple robots could concurrently execute thera-
peutic and diagnostic procedures at diverse locations. Examples in-
clude the interventional embolization of multiple cerebral tumors 
(28–32) and aneurysms (33–35), as well as the distributed sensing of 
physiological properties facilitated by integrated electronic modules 
(36–39). In addition, the efficiency of therapeutic interventions can 
be notably boosted, enabling a prompter response to acute diseases, 
such as thrombolysis for ischemic stroke (40–42) at multiple loca-
tions. In contrast, the dependence on a single robot navigating to the 
designated location, applying the medical functions, returning to the 
start location, and repeating the procedures for different locations 
would notably prolong the operation duration and miss the ideal 
treatment time window.

So far, deploying and controlling multiple magnetic miniature 
robotic devices in three-dimensional (3D) lumens under physiolog-
ically relevant conditions have not been achieved yet. Challenges in-
clude the global influence of the external magnetic fields on all agents 
with magnetic materials and the poor understanding of interactive 
environmental factors, such as surface contact and fluid flow. Current 
strategies for controlling multiple magnetic robots can be classified 
into four categories. One method involves generating localized force 
to trap robots (43–45) or program their collective formation (46–48) 
with a specialized substrate or device, while another strategy uses spe-
cialized boundaries to mechanically anchor individual robots (49, 50). 
Their limited 2D substrate or lateral boundary hinders realistic medi-
cal applications in 3D space. An alternative approach leverages differ-
ences in magnetic or geometrical properties among robots to induce 
varied responses to the same control input, which can be used to plan 
their heterogeneous dynamics or kinematics with global actuation sig-
nals (51–55). Furthermore, strategic programming of the control sig-
nal of the electromagnetic coils or placing/orienting a permanent 
magnet (PM) can generate spatially selective magnetic fields or gradi-
ents to independently control two identical or nonidentical robots 
(56–59). These two methods rely on the precise fabrication and mod-
eling of the robots, and the arrangement of actuation signals usually 
involves solving a nonconvex optimization problem (56) and the com-
plicated coordination of multiple magnetic actuation setups (60), lim-
iting the number of controllable robots. In addition, they are typically 
demonstrated in well-controlled, static environments rather than dy-
namic physiological conditions with pulsatile flow.

To tackle the fundamental challenges of magnetic miniature multi-
robot control toward medical applications, we propose a framework 
leveraging the shape-adaptive robotic design and heterogeneity in re-
sistance stemming from friction and fluid drag, which can work in 
complex 3D tubular structures with pulsatile fluid flow inside, e.g., 
blood vessels. Actuated by a translating and rotating PM on a 
7–degrees-of-freedom (DOF) robotic arm, the stent-structured shape-
adaptive soft robots sequentially navigate through a multilayer 3D 
tubular network to the designated locations, as illustrated in Fig. 
1A. Using the robot deformation–induced variation in resistance, the 
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independent robot control is achieved by strategically placing PM out-
side the influence region (Ω) of the already deployed robots R1 and R2 
while inside the actuation region (Ψ) of the target robot R3. This strat-
egy ensures that R1 and R2 are constrained from rotation due to insuf-
ficient magnetic torques while enabling R3 to advance with strong 

magnetic torque and force. To the best of our knowledge, for the first 
time, a multirobot system capable of independently controlling a sub-
stantial number of magnetic soft robots (over five) in 3D lumens with 
internal fluidic flow at the millimeter scale is presented. Through con-
current multilocation cargo delivery and flow diversion (Fig. 1B) dem-
onstrations, our proposed system is shown to have the potential to 
open avenues for a wide range of biomedical applications by deploying 
a group of soft robots equipped with diverse functional modules to 
hard-to-reach areas deep inside the human body for targeted therapeu-
tic agent delivery, vascular embolization, physiological property sens-
ing, hyperthermia, and other medical functions at multisite lesions.

RESULTS
Method of controlling multiple magnetic soft robots
The multirobot deployment framework is based on three key com-
ponents: resistance-based influence region (Ω) and actuation region 
(Ψ) for independent robot control, variations of local resistance 
when interacting with surrounding lumens, and path planning for 
navigating multiple robots through the 3D lumen environment. A 
stent-structured magnetic soft robot is adopted for demonstrating 
the framework, with the retrievably adaptive locomotion in tortu-
ous 3D lumens and the self-anchoring capability to withstand the 
fluid flow (10). PM is chosen for magnetic actuation to generate a 
strong magnetic field and field gradient given its advantages in com-
pactness, easy extension to human scale, mobility when attached to 
a robotic arm, and heat-free operations compared with electromag-
netic actuation (24, 61). The challenge of using PM persists in the 
complex nature of the generated magnetic fields compared with the 
straightforward magnetic field and gradient control using electro-
magnetic coils (24).

Independent robot control is achieved via the interplay between 
magnetic actuation and local resistance stemming from friction and 
fluid drag. Using the rotational and translational magnetic actua-
tion, the magnetic torque around the robot-body-attached yr axis, 
Tmag,yr, overcomes the resistive torque Tresist for robot rotation, fol-
lowed by the magnetic force along the yr axis, Fmag,yr, surpassing the 
resistive force Fresist to propel the robot forward. To initiate robot 
rotation and translation, Tmag,yr and Fmag,yr should exceed the resis-
tive torque threshold Tresist_thr and the resistive force threshold 
Fresist_thr, respectively. With a PM approaching the robot, magnitudes 
of Tresist_thr and Fresist_thr are estimated by the corresponding Tmag,yr 
and Fmag,yr at the critical magnet positions where the robot starts 
rotating and translating, respectively, as shown in Fig. 1C. The esti-
mated Tresist_thr and Fresist_thr are subsequently used to compute the 
robot-centered Ω and Ψ, respectively. Placing the PM outside Ω in-
hibits robot rotation, as Tmag,yr is less than Tresist_thr. In contrast, ro-
bot rotation and translation are enabled by positioning the PM 
inside its Ψ, where Tmag,yr and Fmag,yr exceed Tresist_thr and Fresist_thr, 
respectively. Leveraging the interplay between magnetic actuation 
and local resistance, independent control of the robot is achieved by 
strategically positioning the PM within the Ψ of the desired robot 
while avoiding the Ω of other robots.

The size and shape of Ω and Ψ can be dynamically regulated by 
actuating the robot to different locations of the lumen with various 
diameters or adjusting the PM size (smag) and orientation, as illus-
trated in Fig. 1D. The lumen diameter, material, stiffness, surface 
pattern, and fluid flow affect Tresist_thr and Fresist_thr, which further 
influences the size of Ω and Ψ. Increased lumen surface roughness 

Fig. 1. Overall concept of deploying multiple magnetic soft robots in 3D lu-
mens. (A) Independent control of multiple stent-shaped robots facilitated by the 
influence region (Ω; shown by green) and actuation region (Ψ; shown by orange). 
By placing the actuation magnet outside Ω of the already deployed robots R1 and 
R2 while inside Ψ of the target robot to be actuated (R3), the individual robot de-
ployment without affecting already deployed robots can be achieved. The subfig-
ures illustrate the stent-shaped robot under medical imaging, where the yellow 
dotted lines denote lumens. Scale bars, 1 mm. (B) Demonstration of concurrent 
multisite cargo delivery and flow diversion. The yellow dotted lines illustrate the 
branch lumens. Scale bars, 5 mm. (C) Online estimation of the local resistance lever-
aged for independent robot control. The resistance is quantified using the mag-
netic torque and force at the critical point, observed by the initiation of robot 
rotation and translation, which is further used to calculate Ω and Ψ. (D) Factors in-
fluencing Ψ and Ω. For a given robot design, the size and shape of resistance Ω and 
Ψ are primarily associated with the material, stiffness, diameter, fluid flow, surface 
pattern of lumens, and the size and orientation of the N45 magnet. (E) Schematic of 
the overall deployment process using the estimated resistance and computed Ω 
and Ψ. The initial estimation of robot resistance along the designated lumen in-
forms the path-planning process to generate the robot deployment order and 
magnet paths for multirobot deployment.
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or reduced ϕlumen lead to a larger Tresist_thr and consequently a small-
er Ω, due to a larger friction coefficient or normal force, respectively. 
Moreover, the PM orientation and smag affect the spatial distribution 
and magnitude of Tmag,yr and Fmag,yr, which further affects the shape 
and size of Ω and Ψ, respectively. Using the estimated Tresist_thr and 
Fresist_thr and computed Ω and Ψ, the overall deployment process is 
illustrated in Fig. 1E. Starting with the user-specified inputs through 
the interface, including the 3D lumen shape, lumen diameters, and 
designated robot destinations, the estimated resistance informs the 
path planning algorithm to further generate the PM paths to se-
quentially navigate each robot through the complex tubular net-
work at a specific order, ensuring that the PM is consistently outside 
the Ω of deployed robots while maximizing the magnetic force for 
the actuated robot. Executing the preplanned magnet paths and the 
deployment order, a 6-DOF robotic arm (fig. S1) is used for super-
vised autonomous navigation of multiple robots to user-assigned 
locations in 3D lumens with pulsatile flow, monitored by the real-
time optical or medical imaging, such as ultrasound and x-ray imag-
ing (Fig. 1A).

Resistance estimation and determination of two regions
To investigate the independent robot control via a PM, we analyze 
the magnetic actuation. The generated magnetic field by a PM ro-
tates around a constant axis (62), and the magnitude of the rotating 
magnetic field projected onto the xr−zr plane of the robot-body-
attached coordinate, Bxz, is an ellipse with the maximum and mini-
mum magnetic fields Bmax,xz and Bmin,xz (fig. S2), which induces 
Tmag,yr along the yr axis for robot rotation. The robot is free of the 
magnet influence when the maximum magnetic torque (Tmax = 
∣Bmax,xz‖mr∣) is beneath Tresist_thr, where the robot is kept from rota-
tion due to the insufficient Tmag,yr to overcome Tresist_thr. The mag-
netic moment of the robot is denoted by mr. In contrast, to enable 
the continuous rotation of the robot, the minimum magnetic torque 
(Tmin = ∣Bmin,xz‖mr∣) should surpass Tresist_thr to ensure that Tmag,yr 
is constantly larger than Tresist_thr. Under the continuous rotation, 
Fmag,yr along the yr axis tries to pull the robot forward, fluctuating 
periodically with the rotating magnetic field on the xr−zr plane, as 
illustrated in fig. S2. The prerequisite for robot translation is formu-
lated as the mean magnetic force {Fmean = mean[Fmag,yr(φa)] for φa 
∈ [0°,360°]} surpassing Fresist_thr, where φa is the rotation angle of 
the PM. To actuate the desired robot, Tmin and Fmean should exceed 
Tresist_thr and Fresist_thr, respectively. The detailed analysis of Tmax, 
Tmin, and Fmean can be seen in the “Force modeling and analysis” 
section in Materials and Methods.

We propose a method to estimate the resistance properties (Tresist_thr 
and Fresist_thr) online with a PM approaching the robot, as shown in 
Fig. 2A. First, a 50-mm PM is placed at pr

a
=
[
0, 0, lmin

]T away from 
the robot to make mr align with the xr axis, during which the PM mag-
netic moment (ma) is fixed along the xa axis. lmin is the minimal dis-
tance between the robot and PM to avoid collision between the PM 
and the surrounding environment. Subsequently, the PM relocates to 
pr
a
= [0, 0,Δz]T and then approaches the robot stepwise. The initial 

Δz should be sufficiently large to disable the robot rotation due to a 
small Tmag,yr. At the rotation critical point (pr

a
=
[
0, 0,Δzcritical_r

]T), 
the discontinuous rotation of the robot is initiated with Tmax surpass-
ing Tresist_thr, and Tmax at pr

a
=
[
0, 0,Δzcritical_r+1 mm

]T is formulated 
as Tresist_thr. Furthermore, the PM advances to pr

a
= [0, −20 mm,Δz]T, 

and Δz further decreases, during which the robot rotates continuously 
with Tmin larger than Tresist_thr. When Fmean exceeds Fresist_thr at the 
translation critical point pr

a
=
[
0, −20 mm,Δzcritical_t

]T, the robot 
moves forward, through which Fresist_thr is determined.

On the basis of the estimated Tresist_thr and Fresist_thr, we introduce 
three robot-centered 3D regions to quantify the robot behavior un-
der the PM actuation. First, the influence region (Ω) and rotation 
region (Υ) describe the robot rotation quantitatively, as illustrated 
in Fig. 2 (B and C) and fig. S3. The robot rotates discontinuously or 
continuously when the PM is inside Ω, where Tmax is larger than 
Tresist_thr. Furthermore, placing the PM inside Υ leads to the con-
tinuous rotation of the robot, where Tmin is larger than Tresist_thr. No-
tably, because of the serious misalignment between the robot and 
PM rotation axes, the robot cannot rotate continuously even if the 
PM is quite close to it in the corner region inside Ω while outside Υ 
(figs. S2 and S3). Within Υ, Fmean is calculated at each point, based 
on which the actuation region (Ψ) is obtained by excluding those 
points whose Fmean is smaller than Fresist_thr (Fig. 2D and fig. S4). 
Since the robot locomotes inside a fluid-filled lumen, Fresist_thr de-
pends on the flow drag force Fflow, which leads to a smaller Ψ against 
the fluid flow (Fig. 2E) and a larger Ψ along the flow (Fig. 2F). The 
shape and size of these three regions are determined by the magni-
tudes of local resistance Tresist_thr and Fresist_thr, the magnitude of ma, 
and the direction of the PM rotation axis ya. As shown in fig. S5, 
these regions shrink under a smaller ∣ma∣ due to the decreased 
Tmag,yr and Fmag,yr from the PM, while the shapes of these regions are 
distorted due to the asymmetric distribution of Tmag,yr and Fmag,yr 
when the ya axis misaligns with the yr axis (fig. S6). The experimen-
tal validation of Ω, Υ, and Ψ is demonstrated in figs. S7 to S9.

To achieve independent robot control, the PM should be inside 
Ψ of the actuated robot with the ya axis aligned parallel to the yr axis, 
while remaining outside Ω of deployed robots (Fig. 2G). The influ-
ence of the PM orientation on decoupled control is investigated in 
fig. S10, with the key finding that altering the PM heading angle ψ 
around the ya axis or elevation angle θ around the xa axis does not 
notably contribute to the deployment efficiency. The evaluation 
metric used for quantifying the effect of decoupled control is the 
Intersection over rotation region (IoR), defined as the intersection 
area of Ω and Υ over the area of Υ. A smaller IoR corresponds to a 
reduced intersection, indicative of a more effective decoupled con-
trol. In a scenario involving two parallel robots, increasing ψ or θ of 
the PM leads to a relatively smaller IoR, but Fmean experiences a 
drastic reduction for the actuated robot, with IoR decreasing by 12% 
while Fmean falling by 30% when ψ = 45° at the lumen distance 
dlumen = 150 mm. In contrast, when changing the orientation of the 
deployed robot with the PM parallel to the actuated robot, IoR de-
creases remarkably with Fmean constant, as illustrated in fig. S11.

Investigation of resistance in physiologically 
relevant conditions
We use the online resistance estimation method to quantitatively 
investigate variations in Tresist_thr and Fresist_thr across diverse bound-
ary conditions, including lumen material, stiffness, surface pattern, 
diameter, roundness, and fluid flow. In Fig. 3A, the relationship be-
tween Tresist_thr, Fresist_thr, and ϕlumen is studied within tapering lu-
mens made from different synthetic materials, including silicone 
rubber, polydimethylsiloxane (PDMS), and agarose gel. As ϕlumen 
decreases, an augmented robot deformation induces an escalation 
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Fig. 2. Resistance estimation and determination of the influence and actuation regions. (A) Resistance estimation procedure. The resistive torque threshold Tresist_thr 
is estimated from the maximum magnetic torque Tmax at the initiation of robot rotation, while the resistive force threshold Fresist_thr is calculated with the mean magnetic 
force Fmean when the robot starts moving. The dotted green ellipsis denotes the magnitude of the magnetic field projected on the xr−zr plane during actuator-magnet 
rotation. The frequency of the rotating PM is 1 Hz. (B and C) Quantification of the influence region Ω and rotation region Υ. When the PM is outside, the robot keeps 
static as Tmax is beneath Tresist_thr. When the PM is inside Ω while outside Υ, the robot rotates discontinuously. When inside Υ, the minimum magnetic torque Tmin sur-
passes Tresist_thr, enabling continuous rotation of the robot. (D) Quantification of the actuation region Ψ. Ψ lies within Υ, where Tmin > Tresist_thr and Fmean > Fresist_thr, facilitat-
ing continuous rotation and translation of the robot. (E and F) Variation in Ψ shapes with fluidic flow. Ψ shrinks as the robot moves against the flow, due to a larger 
Fresist_thr and a consequent required closer proximity of the PM to the robot. In contrast, Ψ expands as the robot locomotes along the flow. (G) Mechanism for multirobot 
control. Independent robot control is achieved by strategically placing the PM inside Ψ of the target robot (R2) while outside Ω of the already deployed robot (R1). In all 
figures, the 50-mm cubic PM is parallel to robots.
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Fig. 3. Investigation of the resistance variations in physiologically relevant lumen conditions. (A to D) Effects of the diameter (ϕlumen), material type, stiffness, and 
surface pattern of lumens on Tresist_thr and Fresist_thr. The ex vivo test results on porcine arteries are depicted in (C). A quadratic function and a linear equation are used to 
estimate the correlation between Tresist_thr and ϕlumen, Fresist_thr, and ϕlumen, respectively, as presented in the subfigures of (A) to (C). (E) Investigation of the minimum lumen 
distance dmin allowing multirobot deployment based on the estimated resistance. When deploying two robots sequentially in lumens with different materials (1 wt % 
agarose and PDMS), dmin is determined where the boundaries of Ψ of robot R2 and Ω of robot R1 intersect at the minimum PM-lumen distance lmin along the z axis. 
(F) Theoretical determination of dmin. Given two straight lumens with identical ϕlumen, dmin is calculated based on the resistance estimation shown in (A) to (C), which can vary 
with the PM size (smag), ϕlumen, lumen material, and deployment order. (G) Experimental validation of the estimated dmin. Three lumens of different materials (ex vivo por-
cine artery, 1 wt % agarose, and PDMS) are arranged in parallel at a distance surpassing dmin. Three robots are sequentially deployed to the assigned lumen, and the cor-
responding Ω and Ψ concerning smag=50 mm at the destination are illustrated. The robot inside the porcine artery is imaged by ultrasound imaging (scale bar, 1 mm). In 
all figures, error bars denote the standard deviation of measurements from one sample using four robots.
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in radial force Fn, consequently amplifying friction Ffriction, leading 
to an increase in both Tresist_thr and Fresist_thr. The quadratic and lin-
ear functions are used to correlate Tresist_thr, Fresist_thr, and ϕlumen as 
Fn exhibits linearity to ϕlumen (subfigures in Fig. 3, A to C), as 
detailed in the “Force modeling and analysis” section in Materials 
and Methods. Likewise, we investigate the influence of material 
stiffness on Tresist_thr and Fresist_thr with agarose gels of various stiff-
nesses. It is observed that the reduced stiffness corresponds to 
diminished Tresist_thr and Fresist_thr at the same initial ϕlumen (Fig. 3B), 
partially attributable to lumen expansion under the stress induced 
by robot deformation and a subsequently smaller Fn compared to 
stiffer lumens. Experimental assessments on ex vivo porcine arteries 
further validate the correlation between Tresist_thr and Fresist_thr con-
cerning ϕlumen (Fig. 3C), where the robot is visualized by ultrasound 
imaging with the robotic system in fig. S12. Moreover, lumens ex-
hibiting rough surfaces lead to an elevated friction coefficient, and 
consequently resistance augmentation (Fig. 3D). Lumen roundness 
also influences Tresist_thr and Fresist_thr (fig. S13), with their values fall-
ing between those for circular lumens with diameters equal to the 
long and short axes of the elliptical lumen. Furthermore, we have 
evaluated the effect of fluid viscosity and flow speed on resistance 
properties in fig. S14. For each lumen diameter, the increasing fluid 
viscosity and flow speed raise fluid drag, without substantially af-
fecting Tresist_thr (comparing the light orange bars with others in fig. 
S14A) but substantially increasing Fresist_thr (comparing the light or-
ange bars with others in fig. S14B).

Using the estimated correlation between Tresist_thr, Fresist_thr, and 
ϕlumen, we investigate the minimum robot distance dmin for multiro-
bot deployment, which depends on magnitudes of Tresist_thr and 
Fresist_thr, smag, geometry constraint, and robot deployment order. The 
investigation into dmin between two parallel straight lumens of dif-
ferent materials is presented in Fig. 3E. For deploying the target ro-
bot (R2), the placement of PM needs to satisfy two conditions: It 
should lie outside the Ω of the deployed robot (R1) and remain clear 
of the geometry constraint to prevent collisions with the sample, 
which necessitates the feasible Ψ = (Ψ2 − Ω1 − constraint), as illus-
trated in fig. S15. dmin is determined when the boundaries of Ψ2 and 
Ω1 intersect at the minimum PM-lumen distance lmin. As the robot 
is actuated into a location with a reduced ϕlumen, the ensuing rise in 
Tresist_thr leads to a smaller Ω, consequently reducing dmin. In Fig. 3F, 
dmin is computed for two parallel straight lumens (PDMS and 1 wt % 
agarose gel) sharing the same ϕlumen. Here, the deployment order 
plays an important role. If R1 is deployed into the PDMS lumen with 
larger resistance, its small Ω permits R2 to be in closer proximity to 
it, compared with the large Ω of the smoother agarose lumen. More-
over, a smaller lmin allows a small PM to actuate the robot with the 
same Fmag,yr as the large PM, and the reduced smag results in dimin-
ished Ωs of deployed robots and consequently decrease in dmin. To 
validate the computed dmin, three straight lumens, including the ex 
vivo porcine artery, agarose lumen, and PDMS lumen, are arranged 
parallel at intervals exceeding dmin, where three robots are success-
fully deployed, as depicted in Fig. 3G and fig. S16.

Deployment of multiple magnetic soft robots in 3D 
tubular structures
We present the overall deployment process of multiple soft robots 
within 3D lumen networks in Fig. 4A. Commencing with user-
specified inputs through the interface, including the 3D lumen map, 
lumen diameters, and designated robot destinations, the pivot step 

is the resistance estimation, which can be performed offline or on-
line. The offline estimation leverages a pre-acquired repository of 
resistance data of the target lumen material as the preknowledge. 
Conversely, in online estimation, the first robot is deployed to ex-
plore the resistance properties of the unknown environment and the 
resistance estimation is performed along the lumen. Using the resis-
tance data, the path planning generates the robot paths, deployment 
order, and PM paths and smag for each robot, where the time for 
planning a single path varies between 1 and 6 s. To address the po-
tential variation of lumen properties during navigation, the first ro-
bot is deployed based on the planning results, and Tresist_thr and 
Fresist_thr are estimated at its destination over a duration ranging 
from 20 to 90 s. The re-estimated resistance is then fed back to the 
planning module to refine magnet paths for subsequent robots. To 
enhance robustness against potential disturbances, magnitudes of 
Tresist_thr and Fresist_thr are scaled down and up, respectively, by coef-
ficients such as 0.9 and 1.1. This iterative process continues as each 
robot is successively deployed, estimating Tresist_thr and Fresist_thr at 
their respective destinations, and feeding this information back into 
the planning algorithm, until the deployment of the final robot. Ro-
bots are initially placed at the entrance through a single catheteriza-
tion, where they are magnetically or fluidically delivered within the 
catheter in sequence before following planned paths.

The path planning algorithm dictates the deployment order and 
trajectories of a specific-sized PM, ensuring its constant positioning 
outside the constraint and Ω of the deployed robots while rotating at 
a position maximizing Fmag,yr inside the feasible Ψ of the target ro-
bot. As demonstrated in Fig. 4B and fig. S17, the robot paths are first 
generated with the A* algorithm (63), yielding a list of discrete 
points at 2.5-mm intervals based on the 3D lumen map, after which 
the PM planning module explores the possible lumen deployment 
orders. For a given robot deployment order, the feasible Ψ is calcu-
lated along the robot path (fig. S15), and the PM position pmag with-
in it is computed to optimize both Fmean and path continuity. In 
cases where pmag cannot be identified at a robot location with the 
specified smag, the current deployment order is deemed unfeasible, and 
then another order is explored until a feasible order is found, 
ensuring the presence of pmag along the entire robot path. Notably, 
changes in robot-lumen contact in branch areas affect the actuation 
strategy of a single robot passing the branch but do not influence the 
planning strategy for multirobot deployment. For single robot ac-
tuation, the lumen reaction force is leveraged to facilitate the robot 
to traverse branches by adjusting the PM rotational direction (10). 
For multirobot deployment, the planning strategy remains the same 
to compute the PM position to maximize the magnetic force for the 
actuated robot without avoid affecting deployed robots. This is be-
cause the Ωs of deployed robots same keep constant, while the Ψs of 
actuated robot expand given partial robot-lumen contact, making it 
easier for robot actuation using the same PM position as the fully 
contact case.

The proposed multirobot deployment framework is experimen-
tally validated using vessel phantoms simulating the M4 region of 
the human brain. In Fig. 5 and movie S1, four robots are deployed 
and then retrieved within a single-layer 3D lumen network. The 
paths of a 50-mm cubic PM, generated based on the estimated resis-
tance of silicone rubber (Fig. 3A), facilitate supervised autonomous 
navigation for robots R1-4. The PM moves to the next position and 
orientation under manual command as the robot advances half its 
body length, monitored from two optical camera views. Expanding 
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the deployment scope, Fig. 6 and movie S2 demonstrate the deploy-
ment of six robots within a multilayer 3D lumen network. The 50-mm 
cubic PM is used to actuate robots on the lower layer, leveraging 
its enhanced penetration capability given the geometry constraints 
that limit the minimum PM-robot distance. Furthermore, a 40-mm 
cubic PM is adopted to actuate upper-layer robots, minimizing the 
influence on lower-layer robots (reduced Ωs with 40-mm cubic PM 
compared with 50-mm cubic PM) and maximizing Fmag,yr on upper-
layer robots. Here, independent robot control is achieved in 3D lu-
mens despite the fluid flow disturbances, as visualized in movies S1 
and S2. It should be noted that the maximum number of deployable 
robots depends on various factors such as network structure, lumen 
properties, targeted locations, and geometry constraints. In the mul-
tilayer 3D lumen network shown in Fig. 6, we have demonstrated 
the deployment of six robots, the majority of the maximum robot 
capacity of eight (fig. S18), validating the planning results.

Operation in multiple sites under medical imaging
To advance the proposed framework toward functional medical ro-
botic systems, two key objectives need to be attained: realizing the 
medical functionalities of the robot in multiple sites and seamlessly 
integrating it with the medical imaging system. First, the multirobot 
deployment is conducted under the real-time x-ray cabinet imaging 
(frame rate, 10 Hz) with a 5-DOF robotic system (fig. S19), where four 
robots are sequentially deployed into a double-layer lumen network 
with a 20-mm PM, as shown in Fig. 7A and movie S3. The distinct 

contrast between the robot and background materials underscores its 
potential for concurrent multilocation therapeutics in vivo.

The incorporation of functional modules transforms the robot 
into a wireless medical device, showcasing two proof-of-concept 
functions, multisite cargo delivery, and multisite flow diversion. For 
targeted cargo delivery, tiny functional patches are affixed to the 
single beam (Fig. 7B), exemplified with PDMS patches containing 
embedded pigments. As shown in Fig. 7C and movie S4, three ro-
bots with functional patches are sequentially actuated to the target 
locations and gradually release various pigments into the surround-
ing area over 24 hours. The advantages of cargo delivery with mul-
tiple robots are manifold: simultaneous cargo release at multiple 
locations, a substantial increase in total delivered cargo amount, and 
the ability to use various cargo types. Escalated cargo delivery effi-
cacy is observed in Fig. 7D and movie S4, evaluated by the percent-
age of lumen volume filled by the dye relative to the entire tubular 
structure (dispersion ratio), with various pigments dispersing to a 
larger area.

Multiple robots can serve as actively controlled flow diverters to 
regulate fluid flow distributively. For instance, blocking the blood 
flow of multiple vessels into tumors to impede their growth could be 
achieved, which is unattainable with a single robot. The proof-of-
concept robot-based flow diverter is achieved by sealing certain 
stent cells with PDMS to obstruct the flow, as illustrated in Fig. 
7E. Three robots are deployed to their destinations and prevent the 
flow from entering side branches in Fig. 7F and movie S5. Notably, 

Fig. 4. Schematic of the multirobot control process. (A) Overview of the multirobot control process. Initiating with lumen specifications, including shape, diameter, and 
robot destinations (D1 to D3) from the user interface, the lumen resistance estimation informs the path planning algorithm, which generates the robot paths, deployment 
order, and magnet paths and smag for each robot. In the path refinement process, the first robot is deployed based on the planning result [refer to the procedures in (B)], 
then Tresist_thr is re-estimated at its destination, refining magnet paths via the path planning algorithm for subsequent robots. This iterative process continues until the 
deployment of the last robot. (B) Schematic of the path planning algorithm. The deployment order is determined by iteratively exploring possible lumen orders until a 
feasible order is identified, ensuring the PM constantly remains outside the constraint and the Ω of the deployed robots while rotating at a position with the maximum 
Fmag,yr inside the Ψ of the target robot.
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Fig. 5. Deployment of four robots within a single-layer 3D lumen network. (A) Geometry of a single-layer 3D lumen network with targeted deployment destinations 
D1-D4. This phantom emulates the M4 distal vascular regions of the brain. (B) Path planning result for the multirobot deployment. (C) PM paths for the multirobot deploy-
ment. The magnet path, Ωs of deployed robots, and Ψ of the actuated robot at the destination are illustrated, where the PM constantly remains outside the Ω of the de-
ployed robots while rotating at a position with the maximum Fmag,yr inside the Ψ of the actuated robot. (D) Sequential deployment of robots R1-R4 executing the planned 
paths. In all figures, scale bars are 10 mm.
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Fig. 6. Deployment of six robots within a double-layer 3D lumen network. (A) Geometry of the double-layer 3D lumen network with targeted deployment destina-
tions D1-D6 on two layers. (B) Path planning result for the multirobot deployment. (C) Magnet paths for the deployment of robot R1-3. The magnet path, Ωs of deployed 
robots, and Ψ of the actuated robot at the destination are illustrated. A 40-mm cubic PM is used to actuate R3 on the upper layer, minimizing the influence on R1 and R2 
on the lower layer, while maximizing Fmag,yr on R3. The Ω of R1 under the 40-mm cubic PM is smaller than that under the 50-mm cubic PM. (D) Sequential deployment of 
robots R1-R3. (E) Sequential deployment of robots R4-R6. In all figures, scale bars are 10 mm.
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diverted flow volume could be tuned by porosity adjustment with 
the robot rotation, actively modifying the ratio between the uncov-
ered area by the sealed cells and the total area. Future efforts could 
focus on optimizing flow diverter designs and conducting further 
investigations into diversion efficacy across various physiological 
environments.

DISCUSSION
Deploying multiple magnetic miniature soft robotic devices under 
physiologically relevant conditions presents challenges arising from the 
influence of the external field on all agents and interactions with the 
surrounding environment. To address this issue, we have reported a 

framework leveraging the interplay between magnetic actuation, 
shape-adaptive robotic design, and heterogeneity in interactive resis-
tance, enabling multiple robot deployment in 3D lumen networks with 
pulsatile fluid flow. An online resistance estimation method has been 
used to quantitatively investigate resistance changes under various 
boundary conditions, including lumen material, stiffness, surface pat-
tern, diameter, roundness, and fluid flow. Furthermore, two quantified 
critical regions, the influence and actuation regions, that affect the loco-
motion behaviors have been proposed and computed, with which a 
path planning method has been developed to generate the trajectory of 
a PM for robot deployment in a complex 3D lumen network. Validation 
of the framework includes deploying multiple robots into ex vivo tissue 
and synthetic lumens, into a single-layer 3D lumen network, and into a 

Fig. 7. Multiple robot-based cargo delivery and flow diversion under x-ray medical imaging. (A) Deployment of four robots under x-ray cabinet imaging into a 
double-layer agarose gel phantom using a 20-mm cubic PM. (B) Integration of functional patches into the robot, exemplified with PDMS patches containing embedded 
pigments. (C) Deployment of three robots, each equipped with functional patches, within a 3D lumen network. (D) Enhanced cargo delivery efficacy with multiple robots. 
Concurrent multisite cargo delivery is achieved by the deployment of three robots at different locations, visually discernible by color variation, which is impossible for a 
single robot. Moreover, multiple robots enable the delivery of a larger cargo dosage, quantified by the dispersion ratio, denoting the percentage of lumen volume filled 
by the medicine relative to the entire tubular structure. (E) Robot design for flow diversion. Certain stent cells are sealed with PDMS as diversion patches, obstructing 
fluid flow into the lumen branch. (F) Multilocation flow diversion with three robots. The fluid flow into the branch lumens is blocked by three robots at diverse locations, 
where the branch lumen is denoted with the yellow dotted line. In all figures, scale bars are 10 mm.
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multilayer 3D tubular structure. Last, multilocation cargo delivery, flow 
diversion, and deployment of multiple robots under x-ray cabinet imag-
ing have been conducted to demonstrate the potential enhancement of 
biomedical functions in both spatial and temporal domains.

Compared with existing decoupled control methods for mag-
netic robots focusing on 2D environments without flow, our sys-
tem promises a much-enhanced number of magnetic soft robots 
(>5) deployed within 3D lumens with fluidic flow at the millime-
ter scale, boosting the efficiency of therapeutic interventions and 
opening the door for spatially distributed medical functions. The 
proposed method supports treatment of multisite diseases (typi-
cally >3) in distal cortical artery segments, such as brain tumors 
(28, 29), aneurysms (33, 34), and strokes (40–42), where the tar-
geted sites spaced over 15 mm apart inside the human brain (aver-
age size, 167 mm × 140 mm × 93 mm) can be potentially accessed. 
For instance, six robots can be deployed to multiple blood vessels 
connected to a brain tumor, enabling coordinated drug delivery 
and embolization to improve the treatment efficacy. Further de-
tails on the benefits of using multiple robots are summarized in 
table S1. It is worth noting that the maximum magnitude of the 
magnetic field in this work is less than 200 mT, which is safe for 
patients (1).

The proposed multirobot control strategy can be expanded by 
integrating additional functions and adapting it to various applica-
tions. Beside the demonstrated concurrent execution of targeted 
cargo delivery and flow diversion, the incorporation of metallic ma-
terials could enable distributed on-demand localized heating (20). 
In addition, the integration of onboard electronic modules could 
facilitate the distributed sensing of physiological properties, such as 
temperature (37), flow speed (36), and electrophysiological param-
eters (38). Notably, using the online resistance estimation method, 
the robot body can potentially function as a sensor to monitor the 
resistance property of surrounding tissues for understanding tissue 
biomechanics in vivo during disease development and providing 
feedback information for therapeutic solutions (29). Moreover, the 
proposed method could extend its applicability to other magneti-
cally controlled soft robots (21, 27) and commercial medical devices 
(64, 65). For instance, commercial robotic capsules have been wide-
ly used for endoscopy (64) and drug delivery (65) in the gastrointes-
tinal tract. The capsule fully contacts the tissue surface and requires 
sufficient actuation to overcome the mucus barrier for locomotion, 
based on which multiple capsules could be deployed with the pro-
posed framework. In addition, the spatially distributed flow diver-
sion capability could be harnessed to control the fluidic flow in 
microfluid devices (66, 67).

The multirobot deployment capability can be further augmented 
from the following aspects. First, we have quantitatively investigated 
the influence of lumen properties on the resistive torque threshold 
(Tresist_thr) and force threshold (Fresist_thr), and the effect of magnet size 
and orientation on magnetic torque and force. These resistive thresh-
olds and magnetic actuation dictate the size and shape of the influence 
region (Ω) and actuation region (Ψ), which further influences the 
number of deployable robots within a region. To increase the number 
of robots, the incorporation of active locking structures to the robot 
can be adopted, such as the stent structure constructed from shape 
memory polymer (68) or jig-assisted surface-anchoring structure 
(26). With the on-demand-triggered locking module, a larger robot-
tissue resistance can be achieved, and a reduced Ω and an enlarged 
feasible Ψ can be acquired, which enables the deployment of more 

robots and enhances robustness to substantial resistance variations in 
unstructured biological environments. It is important to acknowledge 
that the resistance arising from soft-bodied interactions is a compli-
cated topic associated with various factors, such as surface structure, 
material properties, fluid dynamics, and applied load force. A more 
intricate model detailing the soft surface contact between the robot 
and the lumen can offer insights into the robot dynamics, facilitating 
a more efficient model-based control strategy.

The use of multiple PMs can further improve deployment effi-
ciency. As illustrated in fig. S20, coordinated PMs enables the exer-
tion of a larger magnetic torque and force to actuate the desired 
robot to overcome tissue barriers, while magnetic field neutraliza-
tion eliminates interference with nontargeted robots. Using this 
strategy, multi-PM coordination increases robot density by tacti-
cally adjusting their positions, orientations, rotation directions, siz-
es, and phase differences (fig. S21, A to C). Furthermore, multiple 
robots can be actuated simultaneously for enhanced deployment 
speed (fig. S21, D to F), compared with the sequential deployment 
with a single PM. However, this approach presents challenges, such 
as increased control complexity of optimizing numerous variables, 
high localization precision requirements, and less intuitive control 
without Ω  and Ψ. In addition, we have studied the multirobot 
deployment within 3D lumens on an ellipsoidal surface resembling 
the M4 region of the human brain, and deploying multiple robots 
within lumens on increasingly irregular surfaces can be further in-
vestigated. Last but not least, more quantitative analyses of the resis-
tance properties (friction and fluid drag) for specific arteries, the 3D 
mapping of blood vessel networks, and robot localization under 
medical imaging are imperative for an autonomous medical robotic 
system towards in vivo medical applications.

MATERIALS AND METHODS
Magnetic actuation system for multirobot control
The 6-DOF robotic system for multirobot control in 3D lumens in-
cludes a cubic PM (N45, IMPLOTEX GmbH), a NEMA 17 stepper 
motor for magnet rotation, and a 7-DOF robotic arm (Panda, Franka 
Emika GmbH). The cubic PMs are 20, 30, 40, and 50 mm in size, 
with maximum magnetic field strengths of 103, 141, 154, and 187 mT 
at minimum allowable robot-magnet distances of 20, 25, 35, and 
41 mm, respectively. Communication software was developed using 
the Robot Operating System (ROS Noetic), organized into four pri-
mary nodes: a motion command generator node, a step motor con-
troller node, an arm controller node, and a path planning node. 
During operation, motion commands are sourced from both manu-
al inputs and via-points along the magnet path. Upon manual com-
mands issued by the joystick, the rotating PM automatically moves 
to the subsequent position and orientation generated by the path 
planning node. Manual commands are transferred to the arm con-
troller node and the step motor controller. The integrated system 
facilitates 6-DOF spatial manipulation around the end-effector. Fur-
ther, another robotic arm (Panda, Franka Emika GmbH) with an 
ultrasound probe (Vevo 3100, FUJIFILM Visualsonics Inc.) was 
used for robot deployment inside the porcine artery.

For multiple robot deployment under x-ray cabinet imaging 
(XPERT 80, KUBTEC Scientific), a 20-mm cubic magnet (N45, 
IMPLOTEX GmbH) was controlled by two translational motor-
ized stages (LTS300/M, Thorlabs Inc.) with a stepper motor (535-
0372, RS Components GmbH) and a servo motor (SKU 900-00360, 
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Parallax Inc.) mounting on them. The height of the sample was ad-
justed with a translational motorized stage (LTS300/M, Thorlabs 
Inc.). These components formed a 5-DOF robotic system.

Force modeling and analysis
The robot overcomes the resistance to move forward under the 
magnetic actuation, including the magnetic torque around the yr 
axis, Tmag,yr, and magnetic force along the yr axis, Fmag,yr. Tmag,yr and 
Fmag,yr are computed with the dipole model (24, 62) as

where mr is the magnetic moment of the robot, B
(
pr
a

)
 is the mag-

netic flux density generated by the PM with the magnetic moment 
of ma, ω̂r is the unit vector along the yr axis and the rotation axis of 
the robot, and pr

a
 is the vector from the PM to the robot. B

(
pr
a

)
 is 

computed with

where H = 3p̂r
a

(
p̂
r

a

)T
− I, μ0 = 4π × 10−7 N · A−2 is the permeability 

of free space, ma is the magnetic moment of the PM, and I ∈ ℝ3×3 is 
the identity matrix. The magnetic field magnitude generated by the 
PM fluctuates in an elliptical fashion with the rotation axis 
ω̂b = Ĥ−1ω̂a, and ω̂a is the rotation axis of the PM (fig. S2). The pro-
jection of the ellipsis magnetic field onto the xr−zr plane is also an 
ellipsis, and the robot rotation can be modeled as

where Tresist is the resistive force around the yr axis, Jyr is the mo-
ment of inertia around the yr axis, and φr is the rotation angle of the 
robot around the yr axis. Since Jyr is around 1.5 × 10−12 kg · m2 and 
Tresist is larger than 1 × 10−6 N · m, Tmag,yr is approximately equal to 
Tresist, based on which the angle difference ∆φr between mr and Bxz, 
and Fmag,yr are further computed (fig. S2). The robot translation 
is modeled as

where Fresist is the resistive force along the yr axis, mr is the robot 
mass, and lr is the robot displacement along the yr axis.

As illustrated in fig. S22, resistance is modeled with friction and 
fluid drag as

where Fr
fluid

, F t
fluid

, and Rd are fluid drag on the xr−zr plane, fluid drag 
along the yr axis, robot radius, respectively, b is a parameter equal to 
1 or −1 when the robot moves against or along the flow, and

In Eqs. 8 and 9, Fn is the radial force, Fadhesion is the adhesion, α is 
the helix angle (8°), and μ⊥ and μ‖ are the coefficient of friction per-
pendicular to and parallel to the helix, respectively. With the force 
analysis on the simplified stent geometry (10), Fn can be expressed as

where Er is the Young’s modulus of the robot material, Ib is the sec-
ond moment of area for the cross section of a single beam on the 
composing diamond-shaped cell, lb is the length of the single beam, 
and ∆lc is the change in distance of the two facing beams of the cell 
under deformation, which is linear to Rd. Assuming that the friction 
coefficients, adhesion, and fluid drag are constant, quadratic and 
linear functions can be used to correlate Tresist, Fresist, and Rd as Fn 
exhibits linearity to Rd. The fluid drag is modeled as Ffluid = 
0.5ρu2cdA, where ρ is the mass density of the fluid, u is the flow ve-
locity relative to the robot, A is the reference area, and cd is the drag 
coefficient relating to the robot geometry and Reynolds number 
(69). Increasing fluid viscosity leads to a larger cd and consequently 
enhanced Ffluid, while higher u also increases Ffluid. Since Tresist and 
Fresist vary given a static robot, the resistive torque threshold Tresist_thr 
and the resistive force threshold Fresist_thr are approximated as Tresist 
and Fresist during the robot locomotion.

Preparation of synthetic materials and phantoms
The agarose gel samples with lumens inside are illustrated in fig. 
S23. The positive mold with the desired lumen shape and diam-
eter was printed with the 3D printer (Form 3, Formlabs Inc.). 
Agarose powder (BioReagents A9539, Sigma-Aldrich Co.) was 
dissolved in deionized water at 90°C with continuous stirring 
until complete dissolution. The solution was then boiled for 5 min 
and poured into the petri dish where the positive mold was in-
side. After cooling to room temperature (approximately 24°C) 
for 30 min, the positive mold was extracted. Similarly, PDMS 
elastomer with a weight ratio of 8:1 between the monomer to the 
cross-linker was poured to make the PDMS samples with lumens 
inside. The customized 3D lumen phantoms were produced by 
the Trandomed Co. Ltd., using silicone rubber as the phantom 
material. The blood analog for all the quantitative analyses in 
phantoms was the glycerol/deionized water mixture, and the vol-
ume ratio was 44 to 65.

Preparation of animal organs for the ex vivo test
The porcine hearts were obtained as animal by-products (registra-
tion number: DE 08 111 1008 21), with permits and registration 
issued by the authorities for official food control, consumer pro-
tection, and veterinary services of the state capital in Stuttgart. 
Following the permit guidelines, a register of biomaterial usage 
is maintained, and postexperiment, the animal by-products are 
pressure sterilized. Coronary arteries for locomotion experiments 
and resistance tests were extracted from fresh porcine hearts 
within 48 hours of slaughter and stored at 4°C (Slaughterhouse 
Ulm, Germany, and Gourmet Compagnie GmbH, Germany). 
Tissues were cleaned with phosphate-buffered saline (PBS) before 

Tmag,yr =
[
mr×B

(
pr
a

)]
∙ ω̂r (1)

Fmag,yr =
[(
mr ∙∇

)
B
(
pr
a

)]
∙ ω̂r (2)

B
�
pr
a

�
=

μ0Hma

4π‖pr
a
‖3 (3)

Tmag,yr − Tresist = Jyr
d2φr

dt2
(4)

Fmag,yr − Fresist = mr

d2lr
dt2

(5)

Tresist =
(
Fr
friction

+Fr
fluid

)
Rd

(6)

Fresist = F t
friction

+ bFt
fluid (7)

Fr
friction

=
�
μ‖cos(α)+μ⊥sin(α)

��
Fn−Fadhesion

�
(8)

F t
friction

=
�
μ‖sin(α)−μ⊥cos(α)

��
Fn−Fadhesion

�
(9)

Fn = 10
3ErlbΔ lc
(
lb
)3 tan

(
π

3

)
(10)

D
ow

nloaded from
 https://w

w
w

.science.org at E
th Z

urich on N
ovem

ber 25, 2024



Wang et al., Sci. Adv. 10, eadq1951 (2024)     6 November 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

13 of 14

testing. For all ex vivo demonstrations in organs, PBS (pH = 7.4, Gibco, 
Thermo Fisher Scientific) was pumped to the porcine arteries at a 
flow rate of 10 to 12 ml/min.

Quantification of the resistance properties for the synthetic 
and ex vivo animal materials
Tapering lumens made of synthetic materials (PDMS, silicone rub-
bers, and agarose gel) were prepared to quantitatively investigate the 
resistance properties, with the lumen diameter ranging from 1.5 to 
1.0 mm. The robots were actuated to multiple locations along the lu-
men with various diameters, and the lumen diameter at the robot 
center was used to correlate with the resistance. The resistance esti-
mation procedure in Fig. 2A was repeatedly performed at these loca-
tions. Similarly, the robots were deployed to the porcine artery, and 
their behavior was monitored by the ultrasound imaging system. For 
the validation of the influence, rotation, and actuation regions, the 
resistance estimation was first conducted, and then these regions 
were computed. Subsequently, the PM relocated along the yr axis and 
approached the robot along the zr axis, during which the robot be-
havior was observed and compared with the computed region.

Preparation of the proof-of-concept functional modules
The patches for the proof-of-concept cargo delivery were fabricated 
using the procedures in fig. S24. First, PDMS (mixture ratio, mono-
mer: cross-linker = 10:1 by weight, Sylgard 184, Dow Inc.) and pig-
ments were mixed at a 5:1 ratio by weight and then poured onto 
apoly(methyl methacrylate) substrate with 200-μm-thick spacers, 
against which a razor blade was scraped for the control of the sheet 
thickness. The scraped mixture was cured at 90°C on a hot plate for 
90 min. The cured sheet was then cut into a 0.3 mm × 0.3 mm rectangu-
lar patch using a laser machine (LPKF ProtoLaser U3, LPKF Laser & 
Electronics AG). Subsequently, the patches were bonded with the ro-
bot body with PDMS of the same mixture ratio. The flow diverters 
were fabricated by filling the stent cell with PDMS (mixture ratio, 
monomer: cross-linker = 20:1 by weight, Sylgard 184, Dow Inc.), and 
then the filled PDMS was cured at 90°C on a hot plate for 90 min.

Collection of visual data with optical and medical imaging
For quantitative experiments assessing robot locomotion and 
functionality, data were captured using two Blackfly S USB3 
cameras (Teledyne FLIR LLC) and SpinView 2.4.0 software. 
Ultrasound-based inspection of the robot in porcine coronary 
artery ex vivo experiments used the B-mode of a Vevo 3100 med-
ical ultrasound machine (FUJIFILM Visualsonics Inc). Imaging 
data were transferred to a PC via a DVI2USB 3.0 video grabber 
(Epiphan Systems Inc) and a ROS-compatible video streaming 
driver. X-ray inspection was conducted with a commercial x-ray 
cabinet imaging system (XPERT 80, KUBTEC Scientific) and 
KubtecNC 3.0.0.0 software.
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