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Magnetic field control with dual robotic
tunable magnetic end effectors
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Magnetic manipulation is increasingly used in medical applications for its potential in remote control.
However, precise magnetic field generation in large workspaces remains challenging. This paper
introduces an adaptive robotic end effector, the tunable magnetic end effector (TME), capable of
generating spatially controllablemagnetic fields. By integrating permanentmagnets, the TME enables
accurate magnetic control for wireless manipulation of miniaturized medical devices. Compared to
standard switchable permanent magnets, TME offers enhanced field control suited for delicate
operations. Finite element (FEM) simulations andexperiments confirm reliableON/OFF field switching,
showing a 7.2% average error. Key design parameters (magnet size, material, and arrangement) were
optimized via simulation. An artificial neural network (ANN), trained on spatial, rotational, andmagnetic
data, enables adaptive control. Proof-of-concept demos include steering millimeter-scale magnetic
carriers, shaping magnetic soft robots, and directing magnetic nanoparticle swarms. The dual-TME
configuration further expands theeffectivemanipulationworkspaceandenablesdynamic switchingof
magnetic field directions across different regions, thereby enhancing the system’s applicability.

Magnetic manipulation is widely used to wirelessly actuate and control
small-scale medical devices1,2, including soft tethered robots3–5, untethered
magnetic robots6–8, and microswarms9,10. This technology enables precise
robotic navigation andmanipulation within the body, facilitating advanced
medical procedures and treatments, such as minimally invasive surgery11,
targeted drug delivery12,13, and precision diagnostics14. Current approaches
to magnetic actuation primarily utilize two techniques: electromagnetic
actuation (EMA) and robotically controlled permanent magnet (PM) sys-
tems, each offering distinct advantages for specific applications15.

EMA employs electromagnets to generate controlled magnetic fields.
Controlling the coil current allows for real-time magnetic field adjustment
and therefore precise manipulation16,17, especially within complex
environments18. EMAhas shown significant promise in applications such as
targeted drug or stem cell delivery19,20 and intravascular interventions21.
Studies demonstrate that the EMA has potential for precise manipulation
and remote control of microrobots21,22. Although EMA demonstrates high
capabilities for clinical applications15,21, its implementation faces challenges,
due to the required complex and bulky electromagnetic setups23,24.

As an alternative to EMAs, robotically controlled PM systems can
provide a more compact, and flexible platform to deliver a more expansive
active workspace for magnetic manipulation at clinically relevant scales. A

collaborative magnetic manipulation approach is introduced, employing
two robotically actuated PMs to achieve precise and programmable control
of magnetic objects in three-dimensional space. Furthermore, a trajectory
planning method has been developed to coordinate the motion of the
magnets, enabling accurate magnetic actuation tailored to medical
applications25,26. Integrating PMs into robotic systems enables precise
manipulation of magnetic fields through the robotic arm’s mechanical
movements, facilitating wireless control of objects (shown in Fig. 1).

PM-based methods offer several inherent benefits, including (1)
strongermagneticfields at similar scales, (2) eliminating overheating risks27,
(3) structural simplicity, and (4) enhanced workspace flexibility. PMs allow
for easier adjustment of the workspace by physically repositioning the
magnets, which is particularly valuable for applications requiring flexible
spatial configurations28,29. Although these systems are advantageous for
clinical applications due to their ease of use, their functionality can be
constrained by their reliance on robotic arm movement.

While several studies have proposed switchable electropermanent
magnets30 and PM for specific applications, such as climbing robots31,32, and
various industrial and robotic contexts33–35, none have effectively considered
their utility for precise magnetic field control in different regions of the
workspace. The development of a tunable magnetic end effector (TME)
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capable of manipulating magnetic medical devices (such as magnetic car-
riers and intravascular devices) remains critical.

In this study, we advance PM-based magnetic manipulation by
introducing a tunable end effector capable of dynamically adjusting the
magnetic field and gradient. This design enables precise magnetic control
across a flexible andmovable workspace (illustrated conceptually in Fig. 1),
which is supported by a data-driven field generation scheme. The key
contributions of this work are as follows:
1. Introducing a tunable PM-based end effector capable of generating

variable magnetic fields, including ON/OFF states, specifically for
medical applications.

2. Enabling magnetic field direction control in different regions through
two collaborative robots equipped with TMEs.

3. Developing a data-driven approach for generating a magnetic field.

The paper is organized as follows: First, an artificial neural network
(ANN) is trained on a comprehensive dataset, achieving a high prediction
accuracy formagneticfield control. Next, a proof-of-concept study validates
the system’s key contributions, demonstrating its effectiveness in achieving
tunable multi-region magnetic control. Finally, we introduce the design
concept underlying the development of TME. Subsequently, we employ
modeling and simulation to assess the design parameters and validate the
results through experimental testing.

Results
Experimental investigation of the tunable field
To investigate themagneticfield generated by the designedTME, amovable
sensor system was developed for data collection. As shown in Fig. 2, the
system comprises a power source, control circuit, and magnetic sensor, all
securelymountedon a holder for attachment to the robotic arm.A compact
system for measuring three-axis magnetic field intensity was developed
using the TLE493D 3D Hall Effect sensor and an ESP32 microcontroller.
The TLE493D, with a resolution of 65 μT, enables precise detection of small
magneticfield variations.A low-ripplepower supplymodule ensures system
stability and high measurement accuracy. The data collection process is
demonstrated in Supplementary Video S1.

The system integrates a stable power supply, a high-resolution ADC,
and a control unit. An embedded program on the ESP32 acquires data from
the TLE493D, while the built-in Wi-Fi module enables remote operation
(Fig. 2c). Communication between the microcontroller and a host system
utilizes a local Wi-Fi network.

The upper part of the TME is capable of 360° continuous rotation at a
frequency of 2 Hz, enabling dynamic modulation of the magnetic field.
Consequently, ON andOFF switching of themagnetic field can be achieved

Fig. 1 | Robotics setup for controlling PMs in targeted medical applications.

Fig. 2 | Data collection using the magnetic sensor.
a Experimental setup for data collection, bDesigned
sensor holder, and c The sensor schematic.
d Schematic showing the distance vector (rp)
between the TME and the magnetic sensor, along
with the motor rotation angle (θ) and the end
effector angle (α).

https://doi.org/10.1038/s44172-026-00629-0 Article

Communications Engineering |            (2026) 5:68 2

www.nature.com/commseng


at an effective frequency of 4Hz, providing rapid and controllable field
actuation for experimental testing.

Additionally, the end effector (Joint 6) of the Dobot CR3 robot used to
manipulate the TME can achieve a maximum rotational frequency of
0.5 Hz, as specified by themanufacturer. This motion is not continuous but
can be utilized for stepping (incremental or discrete) rotational actuation.
Although this frequency is insufficient for generating a rotating magnetic
field, it is adequate for the controlled alignment and positioning tasks per-
formed in this study, where magnetic gradient field steering was primarily
employed.

Parameters study
Data collection was based on three key parameters: (1) the location vector
fromtheTME’s zeropoint to themagnetic sensor (X,Y,Z), (2) the rotational
angle of the TME (α), and (3) the stepper motor rotation angle (θ).

The 3D visualization of the magnetic field magnitude is presented in
Fig. 3.The results indicate that themagnitudeof themagneticfielddecreases
with increasing distance from the TME in all three directions. However, the

rate of this decline, as well as the intervals of variation, differ depending on
the stepper motor rotation angle (θ) that will be discussed in the following
section.

The results inFig. 3 show that changing the rotation angleα causesonly
a slight change in the overall magnitude of the magnetic field under
otherwise identical conditions. Thekeyfindingof this study, however, is that
while the field magnitude remains nearly constant, the direction of the
magnetic field changes significantly. This directional variability is particu-
larly valuable for applications requiring precise control, such as small-scale
robotics, where sensitivity to magnetic field direction is crucial for accurate
manipulation. The collected 3D spatial data illustrating magnetic field
variations under OFF andON conditions is visualized usingMATLAB and
presented in Supplementary Video S2.

As shown in Fig. 4, variations in the angle θ influence themagnitude of
the generated magnetic field. Figure 4 further illustrates the effect of these
changes in θ along the X-direction, comparing the tunable magnetic field
behavior from the OFF position to the ON position. Therefore, this para-
meter could be used to control the magnitude of the magnetic field

Fig. 3 | Magnetic field magnitude (mT) in 3D space under different rotation angle conditions for the TME and stepper motor.
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generated at a specific point in space without changing the position of the
TME. This capability allows precise magnetic field control without physi-
cally moving the robotic arm, addressing a key challenge in magnetic field
manipulation with robotic systems.

The results demonstrated that, for the given design, the total magnetic
field could vary from 0 to 12mT in the workspace by adjusting the position
of the TME within five parameters: (x, y, z, α, θ). By modifying only the
position of the TME (X, Y, Z) under the OFF condition, the magnetic field
could range from 0 to 2mT. Additionally, by modifying the parameters α
and θ, the direction of the magnetic field can be further adjusted.

Controlling the gradient field is crucial in medical robotics for precise
device manipulation in procedures like endovascular interventions. The
TME’s ability to dynamically adjust the gradient magnetic field has the
potential to enhance accuracy in these applications. The results indicate that
decreasing the motor rotation from 180° to 0° leads to a decrease in the
gradient field. The variations in the gradient field for the two operational
states of the TME, OFF and ON, are presented in Fig. 5.

Based on these investigations (Fig. 5), the fabricated TME is capable of
generating magnetic fields ranging from 0 to 12 mT within the workspace,
with a correspondingmagneticfield gradient of 0 to 0.86 T/m.The complete
magnetic actuation system combines a collaborative robotic arm with the
TME, providing a total of seven degrees of freedom (DOF): six from the
robotic arm itself and one additional redundant DOF from the internal
motor rotation within the TME structure. This additional DOF enables
direct control of the magnetic field generation, beyond the arm’s physical
movement.

In PM-based robotic manipulators, the workspace is governed by arm
reach, unlike coil-based systems with geometry-defined limits. In this work,
a CR3 collaborative robot was employed, offering a 620mm reach (sphe-
rical-cap volume considering joint limits).Within this region, the TME can
be freely oriented in six DOF, allowing precise control of the magnetic field
direction. This results in an effective cubic workspace of approximately
45 × 45 × 45mm in which the magnetic field can be dynamically tuned.

When compared with existing systems, the proposed TME demon-
strates unique advantages. Helmholtz and Maxwell coils, for instance,
typically provide homogeneous fields within workspaces of about
10–20 cm³, but they are bulky, fixed in geometry, and lack reconfigurability.
Their gradients are relatively low, generally below 0.3–0.5 T/m, whereas the
TME achieves up to 0.86 T/mwithin a reconfigurable workspace defined by
the robotic arm’s reach. Unlike coils, which require rigid structures, the
TME benefits from portability and the ability to adjust its position and
orientation dynamically.

Relative to other permanent-magnet-based robotic manipulators, the
proposed system offers complementary strengths. Prior works have
demonstrated higher absolute magnetic field magnitudes, often exceeding
30–200mT25,28,36, and in some cases, much larger workspaces. However,
these systems are often limited in DOF (typically 3–6 DOF) and lack the
ability to selectively deactivate or modulate themagnetic field. For instance,
rotating PM systems can generate high gradients (up to 7 T/m)37 but are

constrained to fixed geometries and limited spatial coverage. Similarly,
compact permanent-magnetmanipulators provide high localized forces but
with restricted workspace dimensions, often within a few centimeters.

In contrast, the dual TME integrated with the CR3 robot provides a
balance between workspace size, gradient strength, and controllability.
While itsmaximum field strength (12mT) is lower than that of some coil or
PM systems, its reconfigurability, sevenDOFs, andON/OFF control enable
more flexible and precise manipulation in localized regions. This balance
highlights the value of the proposed design for medical robotics applica-
tions, such as endoscopy and minimally invasive interventions, where
dynamic control and localized high gradients are more critical than a large
uniform field.

A comparative summary of the proposed TME system with existing
permanent-magnet-based platforms is provided in Table S1 of the Sup-
plementary Materials. While some reported systems achieve higher mag-
netic field magnitudes (30–94mT) or forces, they typically suffer from
limited controllability, fewer DOF, and fixed geometries. In contrast, the
dual-TME configuration integrated with the CR3 robotic arm offers a
balanced performance, achieving fields up to 12mT, gradients of 0.86 T/m,
and seven DOF with rapid response times (<150ms). These results
underscore the TME’s versatility, compactness, and suitability for precise
microroboticmanipulation across various applications.Moreover, Table S2
of the Supplementary Materials demonstrates a comparison between the
functionality of the proposed dual TME actuation system and several prior
PM-based actuation platforms. The results show that the dual TME pro-
vides distinct functional advantages, such as switchable ON/OFF states,
independent fieldmodulation, andmulti-regionmagnetic field control that
are not achievable with previous systems.

Dataset and neural network model
A comprehensive dataset using the experimental setup presented in Fig. 2
was developed, consisting of 120,000 unique conditions that span a wide
range of configurations. The dataset captures variations in theTME’s spatial
positions along three axes (x, y, z), its rotational states (ranging from 0° to
359°), and the stepper motor’s discrete rotational settings (0°, 45°, 90°, 135°,
180°). Additionally, the magnetic field characteristics, including the field’s
magnitude in three orientations relative to the x, y, and z-axes, were
recorded. This comprehensive data set serves as a foundation for modeling
the nonlinear relationships between these input parameters and their cor-
responding system outputs.

To analyze and predict the system’s behavior, an ANNwas developed.
The network architecture consists of an input layer, three hidden layerswith
five neurons each, and an output layer representing the target parameters.
Each hidden layer employs a ReLU activation function to capture non-
linearities, and the training is carried out using the Levenberg–Marquardt
algorithmwith amaximumof 1000 epochs and amean squarederror goal of
1 × 10⁻⁵. The dataset was divided into 80% for training and 20% for testing
using stratified cross-validation to ensure balanced representation of cate-
gorical motor rotation states. The inputs to the ANN includemagnetic field
magnitude and angular orientation relative to the x-axis, while the outputs
are the motor’s categorical rotation state, the TME’s normalized rotation,
and the normalizedx, y, and z positions of the end effector. To generatefinal
predictions, the categoricalmotor states are decoded back into their physical
rotation angles, the TME rotation is rescaled to degrees, and the predicted
positions are denormalized to millimeters. This workflow ensures that the
outputs of the ANN are interpretable in physical terms and directly com-
parable to experimental measurements. The steps of this algorithm are
summarized in Table 1.

To further ensure model reliability, the possibility of overfitting was
carefully examined by comparing training and testing errors. The close
correspondence observed between the two datasets indicates that the net-
work generalized effectively, avoiding overfitting to the training data.
Additionally, performance metrics were evaluated across multiple cross-
validation folds, further confirming that the ANN provided robust pre-
dictions rather than overfitting to a specific subset of data.

Fig. 4 | Effect of stepper motor angle (θ) on magnetic field magnitude, showing a
tunable magnetic field.
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Fig. 5 | Themagneticfield gradient varies along theX,Y, andZ directions under bothON andOFF conditions.This experiment was conducted over three trials, with the
TME oriented at 0° and 90°.
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For validation, five input conditions were tested, with magnetic field
magnitudes of [2, 4, 6, 8, 10 mT] and a field orientation angle relative to the
x-axis fixed at 50°. Based on the algorithm’s outputs (robot positions, TME
rotation, and stepper motor angles), 10 experimental trials were conducted
for eachcondition.The results, shown inFig. 6, indicate amaximumerrorof
4.4% for magnetic field magnitude and 10.7% for the angular orientation
relative to the x-axis. This ANN framework successfully predicts and
interpolates TME configurations based on input conditions, providing a
robust foundation for system optimization and control.

Different regions of the magnetic field
The results indicate that a TME can generate a wide range of magnetic field
directions and strengths by adjusting three main parameters: (1) position,
(2) motor rotation, and (3) end effector rotation. While it is possible to
control the direction of the generated magnetic field within the workspace
using a single TME, this control is limited to a specific region. It is not
feasible to independently control the magnetic field direction across mul-
tiple regions of the workspace with only one TME.

However, by employing a dual TME configuration, both the magnetic
field strength and direction can be effectively controlled across different

regions within the workspace. Through the simulation platform, the con-
cept of generating magnetic fields with varying directions across different
regions of the workspace was demonstrated.

As illustrated in Fig. 7, altering the end effector angle of the dual TME
relative to one another affects both the direction and strength of the mag-
netic field across different regions of the workspace. However, the most
dominant effect of end effector rotation is observed in the directional
changes of themagneticfield (Fig. 7a–c). Furthermore, adjusting the relative
positions of the TME reference points also influences the magnetic field’s
direction and strength within the workspace. In this case, the most pro-
nounced variations are observed in the magnetic field strength (Fig. 7d–f).
Finally, another observation shows thatmodifying themotor rotation inside
the TME structure, while keeping the magnetic field direction consistent
across regions, leads to changes primarily in the field strength.

This configuration provides the capability for dynamic adjustment of
the magnetic field direction and strength at multiple locations within the
workspace. Furthermore, the dual TME system enables the generation of a
field-free point (FFP), and bymodifying the positioning and rotation of the
TMEs, the location of the FFP can be precisely controlled.

The simulation was carried out under specific conditions; however, by
analyzing the experimental dataset collected in the “Results” section, a
detailed and comprehensive map of the magnetic field distribution gener-
ated by dual TMEs was constructed. This map characterizes both the
direction and the strength of the magnetic field across the workspace.
Additionally, the analysis allows for accurate prediction of the potential FFP
locations, which is a critical factor for achieving precise control and opti-
mization in magnetic manipulation.

Discussion
Proof-of-concept studies confirm the validity of the study’s three main
contributions: (1) the generation of a tunablemagnetic field, (2) dual TMEs
control with distinctmagnetic actuation regions (multi-region control), and
(3) enhanced field control using a data-driven approach for medical min-
iaturized robots’ applications.

In medical small-scale robotics, three main types of miniaturized
robots are commonly utilized: untethered, tethered, and swarm-based sys-
tems.Table 2provides anoverviewof this section, highlighting the efficiency
of the proposed system and its contributions across various applications.

Untethered milli-robot actuation
To assess the performance of the developed TME in controlling magnetic
robots, a cylindrical magnetic milli-carrier was designed with a radius of
1.5mm and a length of 4mm. This milli-carrier features two cylindrical

Table 1 | ANN algorithm for data magnetic field control

Step Description

1 Dataset Load data containing stepper motor rotations, TME rotation, robotic arm position (X, Y, Z)

2 Data processing - Normalized position to [0,1]: X :
x;j;xminð Þ
xmax

;Y :
y;j;yminð Þ
ymax

;Z :
z;j;zminð Þ
zmax

- TME rotation scaled to [0,1]:
mod(θ,360)/359
- Encoded motor rotations into categorical integers.

3 Input values Magnetic field magnitude and angle relative to the x-axis.

4 Targets Stepper motor rotation, TME rotation, normalized X, Y, Z positions

5 Data splitting Split data into 80% training and 20% testing, using stratified cross-validation for consistency.

6 ANN architecture - Feedforward network with three hidden layers, each containing five neurons.
- Activation: ReLU.
- Training algorithm: Levenberg–Marquardt.

7 Output predictions - Motor rotation (mapped to valid categories: 0°,
45°, 90°, 135°, 180°}).
- TME rotation (mod (θ × 359), 360).
- Positions (denormalized).

8 Implementation MATLAB R2024b is used for neural network training and prediction

Fig. 6 | Comparison of experimental results with the desired magnetic field
magnitude and angle relative to the x-axis (50°). Error bars indicate the maximum
absolute error relative to the mean, calculated from three repeated experiments.
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neodymium-50 magnet cores of identical dimensions (1mm radius and
2mm length) embedded within its structure (Fig. 8a) as a demonstrative
magnetic robot.

A phantommodel comprising four distinct paths (0°, 30°, 60°, and 90°)
was constructed to evaluate the performance of the proposed TME and the
ANN model (Fig. 8b). Additionally, Fig. 8c illustrates the impact of the
stepper motor’s rotation on the average speed of the milli-magnetic carrier.
The average speed is determined from the displacement of the center of

mass of the magnetic milli-carrier during a defined time interval. In this
experiment, the TME was fixed at a predetermined position, with the dis-
tances between the center of the magnetic carrier and the reference point
along the x, y, and z axes set to 35mm, 20mm, and 0mm, respectively. The
TMEwas oriented at 270°. Themotor’s rotation angle varied from180° to 0°
in 45° increments. The results indicate that adjusting themotor’s angle alters
the generated magnetic field’s magnitude, which directly influences the
average speed of the milli-magnetic carrier.

Fig. 7 | Effect of dual TME configurations on magnetic field distribution.
a COMSOL simulation showing magnetic field regions generated in the workspace
with dual TMEs (both ON) under different end effector rotations (EER).
b, c Magnetic field norm along the x- and y-axes for rotation angles of 0°, 45°, 90°,
135°, and 180° with both TMEs fixed in the same position. d COMSOL simulations

of magnetic field regions with dual TMEs at different reference point positions
(P1–P4). e, fMagnetic field norm along the x- and y-axes for positions P1–P4, where
reference points are set as: [(−45,0,0),(45,0,0)], [(−45,20,0),(45,0,0)],
[(−45,40,0),(45,0,0)], and [(−45,20,0),(45,−20,0)].
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Based on the experiment results in Fig. 8c, the generatedmagneticfield
on the carrier in the ON condition was analyzed. The calculated magnetic
field strength and direction (determined by different junction angles in the
designed phantom)were provided to the ANN to identify the optimal TME
condition for generating the requiredmagneticfield in the desired direction.
Additionally, theminimummagnetic fieldmagnitude needed to initiate the
motion of the milli-magnetic carrier was determined, along with the field
direction required for precise steering. Using these two inputs (strength and
direction of the magnetic field), the ANN calculated the positioning and
variable values of the TME for successful navigation. The milli-robot’s
movement along predefined pathways was controlled by dual
TME (Fig. 8b).

Figure 8d illustrates the milli-robot’s trajectory through the phantom,
guided by the outputs of theANN forTMEcondition settings. In this proof-
of-concept experiment, bymodulating themagneticfield values, themotion
of themilli-carrier was effectively controlled within theworkspace using the
dual-TME setup (shown in Fig. 8d). In this scenario, the dual TME units
operated independently. One TME facilitated forwardmovement (α = 90°),
while the second enabled reverse motion (α = 270°). This dual-TME con-
figuration improved adaptability to diverse operational scenarios.

Furthermore, COMSOL simulations were conducted to estimate the
initial magnetic field and force required to initiate the motion of the mag-
netic milli-carrier, which was determined to be approximately 1.8mT. An
ANN was employed to determine the optimal positioning of the TMEs to
guide the milli-carrier along the desired trajectory toward the target point.
The schematic illustrating the relative positioning of the TME with respect
to the experimental phantomfor thefirst outlet configuration is presented in
Fig. S1 of the Supplementary Materials. Figure S2 (Supplementary Mate-
rials) further depicts the magnetic field distributions under both ON and
OFF conditions across the entire experimental phantom.

According to the TME positioning, the magnetic field within the
workspace of the milli-carrier remains below 1mT when the TME is in the
OFF state (Fig. S2b) in the Supplementary Materials. Consequently, this
field strength is insufficient to generate amagnetic force capable of initiating
motion in the milli-carrier. In contrast, when the TME is activated (ON
condition), the magnetic flux density norm at the center of mass of the
magnetic milli-carrier reaches approximately 1.73mT, with magnetic field
components (Bx , By , Bz) = (−1.60mT, −0.66mT, 0mT). Under the OFF
condition, themagnetic field has a negligible influence on themilli-carrier’s
motion throughout its workspace, with the field norm at the starting posi-
tion measured at approximately 0.15mT.

The range of magnetic forces generated for the milli magnetic carrier
across all four outlet configurations is presented in Fig. S3 (Supplementary
Materials).

The sequential movements of themagnetic carrier (Fig. 8d) are guided
by TMEs. Yellow arrows indicate the direction of motion of the magnetic
milli-robot in Fig. 8d. To enhance clarity, a symbolic representation of the
magnets is overlaid on the image, clearly distinguishing the north and south

poles of both the TMEs and the magnetic carrier. The Supplementary
Video S3 demonstrates how the calculated magnetic field, generated
through an ANN-based approach, navigates the robot’s motion in various
directions. It also shows how the tunable (ON–OFF) function transitions
control between the TMEs, enabling smoothmagnetic field direction in the
specific region switching. The different magnetic field regions generated by
switching the dual TME between ON and OFF states at a fixed position for
the second, third, and fourth outlets are shown in Figs. S4, S5, and S6 of the
Supplementary Material.

Figure 8e illustrates howdifferentmagneticfield directions through the
workspace can influence the movement of the magnetic carrier through a
tunablemagnetic field. As shown inVideo S4 of the SupplementaryVideos,
a COMSOL simulation was also performed to clearly visualize the changes
in themagnetic field regions generated by the dual TME. In the experiment
(demonstrated in the Supplementary Video S4), the magnetic carrier is
initially attracted by the first TME (Step 2 in Fig. 8e). Once the carrier
reaches the desired position, the second TME moves into its predefined
configuration. However, since the second TME’s control field direction is
inactive at this stage, it does not exert any influence on the carrier (Step 3 in
Fig. 8e).When themagnetic field of the first TME is turnedOFF, the carrier
comesunder the influence of the secondTMEandmoves accordingly in the
predefined direction (Step 4 in Fig. 8e). For enhanced control of magnetic
milli-carriers and untethered magnetic robots, real-time feedback is essen-
tial for maintaining a connection with the controller. Based on the updated
location, average speed, and acceleration at each time step, the new position
of the TME can be calculated using the outputs of the ANN.

In this study, an open-loop control approachwas implemented to steer
the magnetic milli-carrier, where an ANNwas used to determine the TME
conditions required to generate the desired magnetic field for simple tra-
jectory guidance. While this method demonstrated the feasibility of data-
driven magnetic field generation, precise navigation along complex 3D
paths or in vivo scenarios will require amore advanced dynamicmodel and
closed-loop feedback control integrated with the ANN for real-time mag-
netic field modulation.

Tethered miniaturized robot actuation
Tethered robots, such as magnetic soft continuum robots, are among the
most promising magnetic robots for minimally invasive medical interven-
tions. They offer the possibility for both tip deflection38 or shape
control3,39–41, depending on design. One of the most critical factors in the
shape formation of magnetic soft materials is the memory effect. The
memory effect refers to thephenomenonwhere thefinal shapeof amagnetic
soft robot is influenced not only by the externalmagneticfield but also by its
initial shape.This introduces an additional constraint:whenaPMisused for
shape formation, the path taken by themagnet duringmovementmay affect
the resulting shape of the magnetic soft microrobot26.

To investigate thememory effect on the shape formation of amagnetic
soft robot, a fully soft continuum magnetic (FSCMs) microrobot with a

Table 2 | Contributions of the proposed system across different miniaturized robotic applications

Type of robot Contributions have been shown in the application

Untethered Magnetic milli-carrier Contribution 1: controlled speed adjustment of the magnetic carrier using a TME (Fig. 8c).
Contribution 2: motion control (forward and backward) enabled by dual TMEs and magnetic region
manipulation (Fig. 8d, e).
Contribution 3: precise steering of the magnetic carrier through the desired junction by dynamically adjusting
the magnetic TME’s conditions (position, rotation angle, and stepper motor angle) using an ANN (Fig. 8e).

Tethered Fully soft continuummagnetic (FSCMs)
robots

Contribution 1: controlled tip deformation using a TME for precise manipulation (Fig. 9d, e).
Contribution 2: (a) enhanced shape and tip control of the soft robot through a dual TME for improved
adaptability (Fig. 9f). (b) Shape formation capability in magnetic soft microrobots, with or without memory
effect, achieved via magnetic region control (Fig. 9a, e).
Contribution 3: shape forming of the magnetic soft robot by using data from [3], and an ANN has been
developed.

Swarm Magnetic nanoparticles (MNPs) Contribution 1: controlled speed adjustment of the swarm MNPs using a TME (Fig. 10a).
Contribution 3: precise steering of the magnetic carrier through the desired junction by dynamically adjusting
the TME’s conditions (position, rotation angle, and stepper motor angle) using an ANN (Fig. 10d).
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length of 22mm and a diameter of 600 μm (similar to the soft robot studied
in ref. 3) was used. Two different movement paths for the TME were
considered (Fig. 9a).

Additionally, the bending angle (δ)was defined as a parameter to assess
the effect of the external magnetic field on the tip deformation of the
magnetic soft robot (Fig. 9b). To calculate the bending angle, an image
processing code was developed in MATLAB. This code detects the
boundaries of the soft robot and fits a curve to its shape. In Fig. 9b, the red
line represents the detected boundaries obtained through image processing,
while the blue and green circles indicate the detected tip and end of the soft
robot, respectively.

In continuation of this study, two experimental scenarios were
considered:

Scenario 1: the TMEmoves from the start point to the end point along
two predetermined paths while remaining in the ON condition.

Scenario 2: the TMEmoves from the start point to the end point along
the same two predetermined paths while in the OFF condition. Upon
reaching the end point, the steppermotor rotates, switching the TME to the
ON condition.

The videos demonstrating the shape formation of the magnetic soft
robot in these two scenarios are presented in Supplementary Video S5.

Thefinal shape formation of themagnetic soft robot in each scenario is
shown in Fig. 9c. As the results indicate, when the TME is ON, the

movement path taken to reach the endpoint significantly influences the
robot’s final shape. However, when the TME is OFF, the shape of the
magnetic soft robot remains unchanged, regardless of the selected path.
Notably, upon reaching the endpoint and switching the TME to ON, the
magnetic soft robot assumes a unique shape.

The proposed TME has the capability of shaping the soft robot
both with and without the influence of the memory effect. Figure 9d
illustrates the influence of TME rotation on the tip bending angle of
the magnetic soft robot. As the results demonstrate, by adjusting the
TME angle from 180° in the ON state, we can dynamically increase
or decrease the bending angle of the soft robot in a smooth and
continuous manner. However, without utilizing the memory effect,
the tip bending behavior becomes inconsistent and discontinuous.
Furthermore, by varying the magnetic field strength through
adjustments to the motor angle, the bending angle of the magnetic
soft robot can be precisely controlled, as shown in Fig. 9e.

The effectiveness of the dual TME in expanding the bending angle and
enabling the creationof awide range of shape formations is demonstrated in
Fig. 9f.Using the data from the ref. 3, the externalmagneticfield required for
shape formation of the magnetic soft robot was determined, and the best
optimal configuration to generate this via the TME obtained by the ANN.
Figure 9f(ii) shows that, by utilizing the dual TME and controlling the
magnetic field directions, we can achieve a wide range of shapes on the

Fig. 8 | TME for steering the magnetic milli-carrier. a Fabricated millimeter-scale
magnetic carrier dimensions compared to a 1-penny coin. b The designed phantom
and experimental setup consist of dual TME. c Effect of stepper motor rotation
degree (θ) on the average speed of the milli-magnetic carrier (number of tries = 3,

and error bars indicating the maximum absolute error relative to the mean).
d Sequential movements of the magnetic carrier. Each photo includes an overlay
highlighting the position and magnetic orientation of the carrier. eMagnetic field
directions in different regions are controlled using TME.
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magnetic soft robot. Through the OFF and ON capabilities of the TME, as
well as stepper motor rotation, we have precise control over the bending
angle of the magnetic soft robot.

Moreover, a similar experiment was conducted on soft robots with a
larger diameter (2mm). The results show that the tip deformation and
overall shape formation of themagnetic soft microrobot are also influenced
by the memory effect. This indicates that when applying the TME to larger
magnetic soft microrobots, more precise control over their shape and tip
configuration can be achieved. Such capabilities highlight the potential use
of these robots in medical applications, including endoscopy and
colonoscopy.

Swarm MNPs
To investigate the magnetic field direction control in different regions
of the workspace using the TME, Iron (II, III) oxide powder with
particle sizes ranging from 50 to 100 nm was utilized. A solution was
prepared by mixing 4000 μL of water with 0.01 g of MNPs, resulting
in a concentration of 2.5 mg/mL. To examine the impact of the TME,
1 mL of the solution was added to a cylindrical glass with an inner
diameter of 15 mm. In this study, the TME was fixed in position, and
the average speed of the swarm of MNPs was observed under varying
magnetic strengths, which were adjusted by altering the stepper
motor angle (Fig. 10a). Image processing techniques in MATLAB
were used to analyze the collected data (Fig. 10b).

As demonstrated in Fig. 10a, the TME exerts a significant influence on
regulating the speed and trajectory of the swarm of magnetic nanoparticles
(MNPs). To investigate this effect in greater detail, a phantom model
incorporating three junctions at angles of 0°, 45°, and 90° was subsequently
designed (Fig. 10a).

Using data shown in Fig. 10a, which indicates an average speed of
5mm/s, the essential magnetic field has been calculated. Based on the
junction angle, themagneticfield strength anddirectionhave beenprovided
as input to the ANN. By analyzing the output from the ANN, the optimal
position and conditions for the TME to generate the necessary magnetic
field were determined. The results of this experiment are presented in
Fig. 10b, c. Themovement ofmagnetic nanoparticles through each junction,
achieved by adjusting the TME with ANN, is demonstrated in Supple-
mentary Video S7. Based on the output of the ANN, the TME’s ability to
steer the swarm of MNPs was determined. The average speeds from 0 to
0.7ms for the junctions at 0°, 45°, and 90° were 4.54mm/s, 5.42mm/s, and
4.38mm/s, respectively. The average deviation from the desired average
speed of 5mm/s was 4.4%.

Conclusion
This study presents a TME. The proposed system enables precise mod-
ulation of the magnetic field strength and direction without requiring sig-
nificant mechanical movement (stationary field control). The
computational simulations, validated by experimental data, demonstrate

Fig. 9 | Tip deformation and shape formation of the magnetic soft microrobot
under the influence of TME. a Experimental setup for the untethered application
test. b A comparison between the original and processed image. c The shape for-
mation of the magnetic soft robot in two scenarios is illustrated. The reference point
for the start and end point is positioned at a distance of (130 mm, 15 mm, 0 mm) and
(30 mm, 15 mm, 15 mm) from the tip of the magnetic soft robot, respectively. d The
effect of TME rotation on the bending angle of the magnetic soft robot, comparing
results with and without the memory effect (number of tries = 3, and error bars
indicating the maximum absolute error relative to the mean). The reference point is

positioned at a distance of (30 mm, 15 mm, 15 mm) from the tip of themagnetic soft
robot. e The effect of the stepper motor angle on the bending angle of the magnetic
soft robot when the reference point is located at three different distances (P1, P2, and
P3) from its tip. The positions of P1, P2, and P3 are (35 mm, 25 mm, 25 mm),
(40 mm, 25 mm, 25 mm), and (45 mm, 25 mm, 25 mm), respectively (number of
tries = 3, and error bars indicating themaximumabsolute error relative to themean).
f Magnetic field direction control using a dual TME: (i) expansion of the magnetic
soft robot’s bending motion using a dual TME (Supplementary Video S6) and (ii)
formation of different shapes using a dual TME.
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the capability of the TME to switch between ‘ON’ and ‘OFF’magnetic field
states. Moreover, the material and size variations of the PMs within the
system were analyzed, revealing that while magnet size has a substantial
impact on the generated field, the material selection can be adjusted based
on specific application needs.

In addition to the TMEdesign, the incorporation of anANNenhances
system adaptability by predicting and optimizing TME configurations. This
capability ensures precise control of magnetic fields and the reliable navi-
gation of a diverse range of magnetic agents, including untethered carriers,
tethered miniaturized robots, and MNP swarms, as demonstrated in vali-
dation experiments. The dual-TME configuration further expands the
workspace and enhances motion control by introducing distinct regions of
control.

Experimental proof-of-concept investigations confirmed the TME’s
ability to manipulate magnetic fields remotely, offering potential for
applications in delicate medical procedures such as microsurgery, drug
delivery, and minimally invasive robotic systems.

Beyond the proof-of-concept demonstrations, the dual-TME config-
uration enables multi-region magnetic control and the generation of field
FFPs, supportingmanipulation ofmultiple agents. However, the systemhas
been tested mainly under controlled lab conditions, and real-time feedback
in dynamic environments remains limited. ANN-based control may face
challenges under unpredictable disturbances.

Future work should explore scalability to larger or more complex
workspaces, integration of real-time sensing, validation in physiologically
relevant environments, and enhanced ANN frameworks for adaptive and
robust control.

Overall, this study establishes a foundation for tunable magnetic field
manipulation with single and dual TME configurations, with potential for
precise and safe actuation in medical microrobotics.

Methods
Design and mechanism of a tunable end effector
To design a PM-based systemwith a tunablemagnetic field, it is essential to
configure the PMs within the end effector such that their relative orienta-
tions enable internal cancellation or external direction of themagnetic field.
This configuration facilitatesON/OFF switching andvariablemagneticfield
effects. The terms ON and OFF refer to the operating configurations of the
TME. In the ON configuration, the TME produces a magnetic field strong
enough to drive the motion of the magnetic object, whereas in the OFF
configuration, the arrangement of the PMs results in a field too weak to
initiate motion. To deliver this concept, the TME is designed with three key
components: (1) the upper assembly, (2) the lower assembly, and (3) the
connection assembly, as illustrated in Fig. 11.

The upper assembly comprises a stepper motor integrated with an
upper magnet structure. This structure includes a steel spider coupling
the stepper motor to the magnet assembly. The magnet assembly consists
of two cubical EN3B mild steel components, each measuring 24mm×
30mm× 5mm. Four cylindrical N42 Neodymium magnets, each with
dimensions of 8 mm in diameter and 25mm in length, and a pulling
force of 3.1 kg, are positioned in a uniform orientation within a custom-
designed 3D-printed frame. Together, these components form the
complete upper magnet structure.

The lower assembly contains two EN3B mild steel components, each
with dimensions of 35mm× 13mm× 5mm, along with two additional
N42 Neodymium magnets identical to those used in the upper assembly.
These magnets are also oriented in the same direction and housed within a
similar 3D-printed structure. The magnets in both the upper and lower
assemblies are aligned with their north-south poles oriented in the same
direction to ensure uniform magnetic interaction across the structure. The
steel parts guide and concentrate the magnetic flux generated by the PMs.

Fig. 10 | Directional control of swarmMNPs using a TME. a Effect of the TME at a
fixed point on the speed steering of the swarm of MNPs. The reference point of the
TME is fixed at varying distances from the center of the cylindrical glass (15 mm,
0 mm, and 20 mm). Error bars indicate the maximum absolute error relative to the
mean, calculated from three repeated experiments. b Processed data through image

processing. Cm represents the center of mass of the MNPs, calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xm2 þ ym

2
p

, where xm and ym are the x and y coordinates of the center of mass of
the MNPs. c Speed changes of the swarm of MNPs at three junctions based on the
output of the ANN. dMotion of the swarm of MNPs through different junctions
over time.
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The connection assembly consists of 3D-printed components specifi-
cally designed to securely attach both the upper and lower assemblies to the
robotic arm. In this configuration, the magnets in the upper and lower
assemblies are aligned in the same direction. However, their relative
orientation can be adjusted to produce a variable magnetic field effect.

In the ON state, the upper and lower assemblies are oriented at a 180°
offset. This alignment maximizes the combined effect of the six magnets,
generating a strong and focused magnetic field. At a 0° offset, the magnets
are oriented tooppose eachother, effectively canceling thenetmagneticfield
and establishing the OFF condition with minimal magnetic influence.

Computational modeling
Themagneticfield produced by a cylindricalmagnet can be calculated using
the magnetic scalar potential ɸ derived from the magnetization M. For a
uniformly magnetized body, the magnetic scalar potential outside the
magnet is given by ref. 42:

ΦðrpÞ ¼
1
4π

Z
V

∇:MðrcÞ
jrp � rcj

dV0 ð1Þ

where rp represents the position vector of the point at which the field is
being evaluated, rc demonstrates the position vector inside themagnet, and

V is the volumeof themagnet. dV0 is the differential volume element used in
the integral over the volume of the magnet.

For a cylindrical magnet, the magnetic field can be expressed as the
gradient of the scalar potential43:

BðrpÞ ¼ �μ0∇ΦðrpÞ ð2Þ

where μ0 is the permeability of free space, equal to 4π× 10�7T:m=A .
The magnetic field in cylindrical coordinates can be decomposed into

three components: the radial field, axial field, and azimuthal magnetic field.
Assuming the magnet is a uniformly magnetized cylindrical magnet, the
azimuthalmagneticfield ðBθÞ component is zero due to the symmetry of the
system.The radialmagneticfield (Br) and axial components of themagnetic
field (Bz) can be modeled as follows:

Brðrp; zpÞ ¼
μ0μr
2

Z h
2

�h
2

ðzp � zcÞ
ðrp2 þ ðzp � zcÞ2Þ

3
2
dzc ð3Þ

Fig. 11 | Design and fabrication of the TME. Axes (x, y, z) are included for
orientation. a–c, e SOLIDWORKS (Version 2024) models: a Isometric and side
cutaway view showing the robotic arm connection and the upper (green) and lower
(yellow) magnet assemblies. b Side cross-sectional view of the magnet arrays and

stepper motor configuration. c Front cross-sectional view highlighting structural
supports, including the steel spider and EN3B components. d Fabricated TME
assembled for experimental use. e Dimensional schematic of the final TME; the red
dot marks the reference point (rp) used for data collection.
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And the axialfield forwhen rp is equal to zero canbedescribed in ref. 44

Bz zp
� �

¼ μ0M
2zp

zp þ h
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d
2

� �2 þ zp þ h
2

� �2
r � zp � h

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d
2

� �2 � zp þ h
2

� �2
r

0
BB@

1
CCA ð4Þ

where d and h are the diameter and height of the cylindrical magnet. M
represents the uniform magnetization of the cylindrical magnet, and μr is
the relative permeability of the PM.

As illustrated by Eqs. 3 and 4, the generated field depends on the
magnet’s geometry and material properties. Analytical solutions for
cylindrical magnets require solving complex integrals, which can pose
challenges for systems with multiple magnets or arbitrary orientations, as

Fig. 12 | Simulation of the TME in COMSOL. a Geometry and mesh setup.
bMagnetic field in “ON” condition. c Magnetic field in “OFF” condition with
streamlines and color map representing the magnetic flux density norm. Gray
vectors illustrate the magnetic flux in both (b, c), with the vectors normalized for
clarity.dComparison of simulated and experimentalmagneticfield variations. Error

bars indicate themaximum absolute error relative to themean, calculated from three
repeated experiments. eMagnetic field norm along the x-axis for different materials
(y and z = 0) in ON state. f Magnetic field norm vs magnet size (R = radius, h =
height). gMagnetic field norm vs lower iron size (L).
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seen in our design. Therefore, in this study, a finite element analysis (FEA)
based method is used.

To analyze the magnetic behavior of the TME, a COMSOL Multi-
physics® 6.0 software package was used. The model focused on simulating
themagnetic fields generated by the six cylindrical PMs embedded between
EN3B mild steel parts (Fig. 12a).

The physics interface for magnetostatics was used to model the PMs
and their interaction within the assembly. Themesh optimization’s size was
employed to ensure convergence and accuracy, particularly in regions of
high magnetic flux density around the magnets. The boundary conditions
were defined to simulate the generatedmagnetic field in different scenarios.

Figure 12b illustrates theONposition,where the sixmagnets generatea
strong outwardmagnetic flux. In contrast, Fig. 12c shows the OFF position,
achieved by rotating the upper assembly to a secondary orientation,
resulting in opposing magnetic fields that largely cancel each other. Addi-
tionally, Fig. 12c reveals a strong internal magnetic field generated between
the upper and lower assemblies.

The COMSOL simulation was validated by comparing its results with
experimental data under identical conditions. To assess field symmetry,
magnetic fields in the ON and OFF positions were measured along two cut
lines with the same z-values and y-values. Figure 12d shows the field var-
iation in the X-direction. The error between simulated and experimental
results was consistently below 10%, showing a strong correlation. The dif-
ferences between simulation and experimental data likely stem from
material imperfections or slight magnet mispositioning.

Fabricating TME with varying sizes and materials of PMs can be a
time-intensive process. Therefore, the computational model serves as a tool
to investigate the influence of structural modifications in the TME design.
This approach aids in determining the optimal material and size of the
magnets based on the intended application and workspace.

In this study, particular attention was given to evaluating the efficiency
of the TME for specific in-vitro applications. To this end, the workspace
dimensions, the distance between the workspace and the TME reference
point, and the maximum active magnetic field strength within the work-
space were analyzed. Based on these criteria, amagnetic field of up to 12mT
at a distance of 15mm from the reference point was identified as sufficient
for the intended proof-of-concept experiments. Using COMSOL simula-
tions, the most compact configuration capable of generating this field
strength was designed and subsequently fabricated.

It is important to note that this design does not represent a limitation.
For alternative applications, higher magnetic fields at greater distances can
be achieved by modifying the dimensions of the PMs within the TME
structure, as verified by simulation studies. As demonstrated in the sup-
plementary materials, adjusting the internal structural dimensions of the
TMEcanproducemagneticfields of up to 25mTand 45mTat a distance of
15mm(Table S3 andFig. S7 in the SupplementaryMaterials). Furthermore,
if the goal is to maintain a magnetic field of 12 mT at larger distances,
optimized design parameters can be determined through simulation to
guide TME design and fabrication (Table S4 and Fig. S8 in the Supple-
mentary Materials).

The following section explores three key structural parameters in the
design of the TME: (1) thematerial of the embedded PMs, (2) the size of the
PMs, and (3) the size of the steel component embedded within the TME.

To examine the effect of magnet material in the TME, four types were
tested: Neodymium Iron Boron (NdFeB), Samarium Cobalt (SmCo),
AlNiCo, and Ferrite. NdFeB generates strong fields, SmCo offers tem-
perature stability and corrosion resistance, AlNiCo is thermally stable, and
Ferrite is cost-effectivewith goodcorrosion resistance. Figure 12e shows that
variations in magnet material have a minor impact on the magnetic field
under the ON condition of TME. Therefore, material selection can be
adjusted based on specific application requirements.

As the cylindrical PMs are embedded within the TME, their size sig-
nificantly influences the generated magnetic field. Two key volume para-
meters were examined: radius and length. The results of this investigation

are presented inFig. 12f. The data demonstrate that, formagnets of the same
length, an increase in radius results in a proportional increase in the mag-
nitude of the magnetic field in all directions. Conversely, for magnets with
the same radius but varying lengths, an increase in length leads to a sig-
nificant rise in the magnetic field magnitude only along the X-direction
(alignedwith themagnet’s length),whilenonoticeable changes are observed
in the other directions.

This study evaluated three sizes of lower iron components (30mm,
35mm, and 40mm) to investigate their effect on the generated magnetic
field. As illustrated in Fig. 12g, increasing the length of the lower iron part
correlates with enhancedmagnetic field strength at a given point, especially
at close distances. These findings indicate that the dimensions of the lower
iron components can be strategically designed to optimize magnetic field
generation for specific applications, meeting targeted operational
requirements.

Another design parameter investigated in COMSOL simulations was
the distance between the upper and lower parts of the structure of TME. The
results indicated that this parameter had no significant effect on the gener-
ated magnetic field compared to other design parameters. The outcomes of
this simulation study are presented in the Supplementary Materials
(Figs. S9 and S10). Since the design objective was to make the end effector as
compact and lightweight as possible, the distance between the upper and
lower parts was minimized. Consequently, the focus for optimizingmagnetic
field generation was placed on other design parameters that exhibited greater
influence on the field strength during both design and fabrication stages.

When employing a TME for a specific task, three critical parameters
must be considered: the region of interest, magnetic field strength and
gradient requirements, and the size andmobility of the TME. (1) Region of
interest: this parameter defines the effective coverage area of the TME and
theoperational range inbothOFFandONstates. (2)Magneticfield strength
and gradient: the intensity and variation of the magnetic field produced
within the workspace are essential for the effective performance of the
magnetic robots. (3) Size and mobility: the dimensions and mobility of the
TME must align with the setup and application requirements.

These parameters should be tailored to the specific task at hand.
Simulations, as presented, are crucial for optimizing the design to effectively
deliver a TME with suitable materials, dimensions, and magnetic field
strength that meet application requirements. By analyzing the simulation
outcomes, adjustments can be efficiently made to enhance performance,
such as modifying the design of the magnets or the steel components to
achieve optimal magnetic field generation. This approach not only saves
time and resources during the fabrication process but also ensures that the
TME is precisely engineered to meet the demands of its intended
application.

Data availability
All data supporting thefindings of this study are provided in themain article
and the Supplementary Information. Additional raw datasets generated
during the experiments cannot be shared publicly at this time due to
ongoing intellectual property protection and a follow-up study currently in
preparation. Deidentified or summary datamay bemade available from the
corresponding author upon reasonable request and subject to institutional
approval.

Code availability
Custom scripts developed for data processing and analysis are available
from the corresponding author upon reasonable request. Parts of the
workflow rely on licensed software packages, and therefore, some project
files cannot be publicly released.All parameters, algorithms, andprocedures
required to reproduce the results are provided in the main article and the
Supplementary Information.
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