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1. Introduction

By incorporating robotic systems, modern industries have been
able to increase throughput and precision, leading to higher effi-
ciency and lower costs.[1] In particular, robotic grasping[2,3] has
enabled the automation of pick-and-place and assembly

operations. These operations are typically
performed by robotic arms equipped
with application-dependent end effectors,
such as grippers or magnetic clamps.
However, with the miniaturization of tech-
nological components,[4] there has been a
growing demand for technological solu-
tions that can perform similar tasks at
smaller scales. The development of micro-
manipulation solutions has become an
active area of research, with many potential
applications in fields such as medicine and
biology.[5,6] The proposed micromanipula-
tion solutions can be classified into two
alternative approaches: Tethered microma-
nipulators and untethered microrobots.

Tethered micromanipulators have
become increasingly important in modern
manufacturing and scientific research.
These devices are typically composed of a
macroscopic arm equipped with a minia-
ture end effector, such as a gripper or a nee-
dle. The end effectors are designed to
perform precise movements, which can
be actuated by different means, including

piezoelectric,[7] magnetic,[8] optical,[9] or pneumatic[10] actuators.
These manipulators are ideal for performing fast and accurate
pick-and-place operations[11] or for delicate assembly tasks.[12]

Nevertheless, micromanipulators are unable to work effectively
in confined environments. This is primarily due to the large size
of the manipulator compared to the end effector, which can limit
its ability to access small areas.

Microrobots have emerged as a promising technology to per-
form operations in difficult-to-reach or enclosed locations.[13]

Unlike tethered micromanipulators, microrobots are small
mobile robotic agents that can move freely while remotely actu-
ated. Acoustic[14–16] and optical[17–19] effects have been proposed
as microrobotic actuation alternatives. However, the most com-
mon actuation methodology is magnetic actuation[20–22] since it
allows for fast and precise control, is biocompatible, and has a
higher penetration depth than the other methods.[23]

Moreover, magnetically actuated microrobots can be designed
to perform various robotic operations, such as grasping and
transporting passive objects.[24]

One option to remotely manipulate passive objects is the use
of robotic microgrippers. Robotic microgrippers can be passive
and rely on their geometry to displace objects.[17] However, the
ability to externally actuate a microgripper[25,26] enables a more
robust grasping of micro-objects. One of the most promising
types of externally actuated microgrippers is based on flexible
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Untethered microrobotic grasping has enabled the precise manipulation of small
components in difficult-to-reach environments. However, the fabrication of
deformable grasping robots at small scales requires advanced materials and
fabrication technologies. Alternatively, multiple microrobots can be used to
surround and grasp objects. By collaborating, microrobots can perform complex
tasks that they would not be capable of executing individually. The complexity of
controlling multiple untethered microrobots has limited the applications of
collaborative microrobots to two-dimensional operations. To fill this gap, this
work proposes a collaborative microrobotic system for three-dimensional
grasping operations. The system is based on the control of two magnetic agents
and the exploitation of the magnetic interactions between them to grasp,
manipulate, and assemble passive components. A custom-made closed-loop
controller is developed to automatically stabilize the system, achieving pose
control of a grasped passive component (of 2 mm in size) with a precision of
300 μm in position and 10° in orientation. The main advantage of the proposed
system is its capability to reconfigure the magnetic agents for other operations, as
demonstrated by the assembly of a microgear and subsequent reconfiguration to
power the assembled mechanism.
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magnetic materials,[24] which can be designed for a desired
response to an external magnetic field. Microgrippers based
on flexible magnetic materials have shown promising
results in pick-and-place[27] and assembly[28,29] applications.
Nevertheless, the main disadvantages of robotic microgrippers
are their complex fabrication (which normally involves special
materials and technological processes) and their limited capabil-
ity to execute operations beyond grasping.

In contrast, collaborative grasping using multiple microrobots
has proven to be a promising alternative to robotic microgrip-
pers.[30] Collaborative grasping relies on the control of multiple
agents to surround and grasp passive objects. For instance,
optically actuated bubbles[31] and microbeads[18] have been used
for in-plane grasping of passive particles. Alternatively, magnetic
collectives have been employed for 2D actuation[32] and
grasping,[33–35] taking advantage of the intrinsic interagent inter-
actions. The advantages of collaborative grasping include the rel-
ative simplicity of each agent (compared to microgrippers) and
the reconfigurability of the group of particles. This reconfigur-
ability enables the performance of other operations besides
grasping, like changing the formation to navigate through con-
fined environments.[35] Nevertheless, due to the complexity of
controlling multiple agents simultaneously,[36,37] the solutions
proposed in the literature have been so far limited to 2D oper-
ations. To fill this gap, a novel 3D collaborative grasping system
based on magnetic actuation is proposed in this work.

The proposed 3D collaborative grasping consists of the use of
an electromagnetic actuation system, to control two spherical
magnetic agents for grasping operations. As demonstrated in
a prior study,[38] the system can independently control two mag-
netic agents as long as they are sufficiently apart (normally, more
than 5 diameters). In contrast, when the agents are close to each
other, the magnetic interaction between them becomes signifi-
cant and the independent control becomes difficult. In this work,
however, we exploit this interaction for the grasping of passive

objects. Indeed, when two magnetic agents are placed on oppo-
site sides of a passive component, an external field can be used to
generate attraction between them and grasp the component.
Then, the magnetic field and magnetic gradients can be used
to rotate and displace the ensemble. This system offers a fabri-
cation-free alternative for untethered magnetic manipulation of
diverse passive components in 3D space, opening new possibili-
ties for micromanipulation and microassembly applications.
Furthermore, the pair of magnetic agents can be easily reconfig-
ured for other purposes, such as powering micromachines, mak-
ing this system a promising solution for a wide range of
microscale applications.

2. Collaborative Magnetic Control

The actuation system proposed in this work comprises nine iron-
core coils arranged in the configuration depicted in Figure 1.
This system is capable of generating spatially selective magnetic
actuation, enabling the simultaneous control of two magnetic
agents. Additionally, the system can control the interactions
between neighboring agents by simultaneously controlling the
magnetic field and gradient. This capability enables the exploita-
tion of magnetic gradient and dipole–dipole forces for the collab-
orative grasping and displacement of passive objects.

2.1. Magnetic Gradient and Dipole–Dipole Forces

The proposed collaborative grasping technique is based on the
forces experienced by magnetic agents in a magnetic field.
Modeling a magnetic agent as a point dipole, the gradient force
(Fgrad) experienced by the agent in a magnetic field can be
expressed as[39]

Fgrad ¼ ∇ m ⋅ Bð Þ (1)

Figure 1. Electromagnetic actuation system and magnetic forces. A) The geometric arrangement of electromagnetic coils in the proposed actuation
system. B) Example pick and place operation where two soft magnetic agents are used to grasp a passive cube. C) Free-body diagram showing the
magnetic gradient (Fgrad) and dipole–dipole (Fdip–dip) forces experienced by soft magnetic agents in an inhomogeneous magnetic field (B). The gradient
force pulls magnetic agents toward stronger magnetic fields, while the dipole–dipole interaction generates attraction between them. See Video S1,
Supporting Information, for example.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2023, 5, 2300365 2300365 (2 of 9) © 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300365 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [23/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


where m is the magnetic dipole moment and B is the magnetic
field. For a soft magnetic agent in the linear regime, we can
assume m= KmagB, where Kmag is a constant depending on
the agent size and material. Thus, we can rewrite Equation (1) as

Fgrad ¼ Kmag∇jBj2 ¼ 2KmagjBj∇jBj (2)

For paramagnetic agents (Kmag> 0), the force is directed
toward regions of the stronger magnetic field. Some examples
of the magnetic fields and gradients that the employed electro-
magnetic system can generate are shown in Figure 2A.

Apart from the external field, magnetic agents also interact
with each other. The interaction force between two equal soft
magnetic agents in a homogeneous magnetic field can be mod-
eled as a dipole-dipole interaction. The interaction force (Fdip–dip),
schematized in Figure 2B, can be expressed as[39]

Fdip�dip ¼ 3μ0K2
mag jBj2

4πjr j4 2B̂ B̂ ⋅ r̂
� �þ r̂ 1� 5 B̂ ⋅ r̂

� �
2

� �� �

¼ 3μ0K2
mag jBj2

4πjr j4 r̂ �3 cos 2θð Þ�1
2

� �
� n̂ sin 2θð Þ

h i (3)

where μ0 is the vacuum magnetic permeability, r is the vector
between both agents (and r̂ the unit vector), θ is the angle
between r and B, and n̂ is the unit vector normal to r̂ (in the
B-r plane). For jθj < 54.7°, the radial force is attractive
(Fr< 0), which can be exploited as a grasping force. The normal

force (Fn), in contrast, tends to align the pair of agents with the
external field, which can be exploited for orientation control.
Moreover, dipole–dipole interactions become dominant over spa-
tially selective gradient forces for short distances (<2.5 diame-
ters) between the magnetic agents, as shown in Figure 2C.

The previously described magnetic gradient and dipole–dipole
forces can be used to displace the magnetic agents and the pas-
sive object as a whole. When the passive object remains grasped,
the motion of the ensemble can be modeled as a rigid body’s
translation and rotation. The translation dynamics are governed
only by gradient forces since dipole–dipole forces cancel out. For
a low Reynolds number (in our experimental conditions,
Re� 10�3), the translation dynamics of the ensemble can be
written as

mẍ ¼ 2Fgrad þ Fgrav þ Fdrag ¼ 2Kmag∇jBj2 þW � Cdx
:

(4)

where m is the total mass, W is the effective weight (weight
minus buoyancy force), and Cd is the total drag coefficient acting
on the ensemble.

In addition to displacement, the pair of magnetic agents can
also rotate the passive object. The torque resulting frommagnetic
gradient forces is negligible in the grasped state since during dis-
placement each agent experiences a similar gradient force.
Therefore, the rotation dynamics can be modeled by considering
the normal component of the dipole–dipole interaction in

Figure 2. Magnetic gradient and dipole–dipole forces. A) Examples of possible magnetic fields (B) and gradients (∇|B|2) that can be generated with the
used electromagnetic system. B) Magnetic interaction betweenmagnetic dipoles (m) induced on soft-magnetic agents in a homogeneous field (B). Radial
(Fr) and normal (Fn) force for a pair of 1 mm agents, at 2 mm from each other in a 50mT field. C) Comparison between the use of dipole–dipole
interactions and spatially selective gradient forces for grasping and rotating. The red arrows represent the dipole–dipole (left) or gradient (right) forces
experienced by the agents. Dipole–dipole forces become dominant at small distances between the magnetic agents.
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Equation (3). The applied torque is always perpendicular to r (the
vector between both magnetic agents), which limits the orienta-
tion control to two degrees of freedom. The (one-dimensional)
rotation dynamics of the ensemble can be written as

Irotθ̈ ¼ � 3μ0K2
magjBj2

4πjrj3 sin 2θð Þ � Cdrotθ
:

(5)

where Irot is the moment of inertia of the ensemble, Cdrot is the
rotational drag coefficient, and θ is the angle between B and r
(shown in Figure 2B). The result of Equation (5) is to align
the magnetic agents with the magnetic field and stabilize at
θ= 0° or θ= 180°. In conclusion, the magnetic field and its
gradient can be used to control 6 degrees of freedom (3 for posi-
tion, 2 orientations, and the grasping force).

2.2. Control System

To exploit the previously introduced phenomena for collaborative
grasping, the simultaneous control of both magnetic agents is
necessary. Two distinct approaches have been suggested for
the independent control of identical agents. The first approach
relies on spatially selective control and is effective only if the
agents are sufficiently distant from one another.[40] The second
method relies on inter-agent interactions and can be used for for-
mation control when the agents are close to each other.[41] In our
case, a typical grasping operation includes an initial approach,
where the agents are apart from each other and must be inde-
pendently controlled, and a grasping state where the agents
are close to each other and their formation must be controlled.
In this work, however, we only discuss the developed controller
for when the magnetic agents are grasping the passive object.

The developed controller comprises four subsystems: track-
ing, position controller, orientation and grasping controller,
and inverse field mapping. Figure 3 displays a schematic of
the controller and its subsystems. The magnetic agents are
tracked through stereo-visual feedback. The closed-loop position
controller computes the magnetic gradient necessary to move the
ensemble (modeled by Equation (4)) to a target position (T) as

∇jBj2d ¼ Kpeþ K I

Z
t

0
edt� West

Kmag
(6)

where e= T� x is the error,West is the estimated weight, and Kp

and KI are the proportional and integral gains, respectively. The
open-loop orientation and grasping controller computes the
required magnetic field to keep a grasping force and rotate
the ensemble (modeled in Equation (5)) to a target orientation
R̂ as

Bd ¼ BgraspR̂ (7)

where Bgrasp is the required magnetic field magnitude to main-
tain a sufficient grasping force. Finally, the inverse mapping
subsystem computes the necessary currents to generate the mag-
netic field and gradient defined by the previous subsystems.
Although there is no analytic solution for the currents, modern
computational algorithms enable the numerical solution of non-
linear systems in real-time.[38,42] For more details on the inverse
field mapping, see Section 5.

3. Experimental Validation

The proposed methodology and control strategies are validated
experimentally by performing grasping, manipulation, and
assembly operations with varied passive objects. The operations
are performed in a nine-coil magnetic actuation system[38] capa-
ble of spatially selective magnetic actuation. The developed field
mapping inversion is used to find the limits of the system in two
cases, independent gradient control in two points, and field and
gradient control in one point. The results, shown in Figure S1,
Supporting Information, exhibit a resolution of 10 T2m�2 in
imposing different gradients at two different points. If only
the minimum magnetic field magnitude is imposed, the
limits of the map inversion in field and gradient are 70mT
and 0.1 T2 m�1, respectively. The utilized soft magnetic
agents are two 1mm steel spheres, with a measured
Kmag= 1.4mNmT�2 (Figure S2, Supporting Information). All

Figure 3. Schematic of the developed control system. The tracking subsystem is in charge of getting the ensemble position x from the cameras’ frames.
The position controller is in charge of finding the necessary magnetic gradient ∇jBj2d to drive the ensemble to the target position T. The grasping and
orientation controller is in charge of finding the requiredmagnetic field Bd to maintain grasping and to rotate the ensemble to the target orientation R. The
inverse mapping is in charge of finding the coils’ currents I that would generate said gradient and field.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2023, 5, 2300365 2300365 (4 of 9) © 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300365 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [23/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


the experiments are performed in silicone oil M1000 to dampen
the motion. Due to this slippery media, the manipulated passive
objects have grooves to accommodate the agents and enable
grasping. In our experimental conditions (summarized in
Table S1, Supporting Information), the estimated maximum
pulling force the two magnetic agents can exert is 500 μN,
and the maximum grasping force (Equation (3)) is 150 μN
(for a distance between agents of 2.5mm).

3.1. Controlled Manipulation and Assembly of Nonmagnetic
Object

First, we validate experimentally the pose (position and orienta-
tion) control of grasped passive objects proposed in Section 2.2.
The passive object is a 2mm cube with grooves to accommodate
the magnetic agents. The desired magnetic field magnitude is
fixed at Bgrasp= 30mT. The experimental pose control results
are shown in Figure 4. The passive object is displaced (peak
velocity of 2.3 mm s�1) and rotated (peak velocity of 35° s�1) with-
out losing grasp. The closed-loop position control achieved a
steady-state precision of approximately 300 μm, with a rising
time and settling time of approximately 10 and 20 s, respectively.
The position control also exhibited some overshoot (<1mm),
which could be reduced by adding a derivative action. In contrast,
the open-loop orientation control exhibited different steady-state
errors, but always less than 10°. In this case, the settling time is
approximately 2 s, making the orientation response much
quicker than the translation one. Both the position and orienta-
tion responses are in good agreement (Pearson correlation coef-
ficient>0.8 for the position and 0.98 for the orientation) with the

dynamic models in Equation (4) and (5), as shown in Figure S4,
Supporting Information.

Next, the potential of the proposed grasping and manipulation
strategy to assemble passive objects is demonstrated. A typical
assembly operation involves four steps. First, the magnetic
agents approach a passive object from opposite sides using
the independent control algorithm. Second, a magnetic field is
imposed to generate attraction between the agents and grasp
the passive object. Third, the previously described control strat-
egy is used to automatically drive the passive object to its desired
position. Finally, the object is released by first turning off the
magnetic field, and then switching back to the independent con-
trol algorithm. This procedure can be repeated to assemble mul-
tiple objects sequentially. We validated this procedure through
two experiments, as shown in Figure 5. First, the stacking of
three passive cubes on top of each other shows a sequential
assembly. Second, placing a beam on top of two pillars shows
the possibility of controlling the pose of the passive object. As
explained in Section 2, one of the orientations of the passive
object always remains uncontrolled. However, by exploiting
the mechanical interaction between the beam and one of the pil-
lars, the uncontrolled orientation is constrained to follow the
position of the magnetic agents.

3.2. Assembly and Actuation of a Micromechanism

One of the main advantages of collaborative grasping compared
to grippers is the ability to reconfigure the agents for different
tasks. We demonstrated experimentally this advantage by assem-
bling and powering a two-gear mechanism, as shown in Figure 6.

Figure 4. Experimental collaborative grasping and manipulation results. The magnetic agents are 1 mm stainless steel spheres and the passive object is a
2mm 3D printed cube. A) Closed-loop 3D position control with constant orientation. B) Open-loop orientation control with a constant target position.
C) Snapshots of the pose control experiment. The cube has been highlighted in the top view to increase clarity. See Video S2, Supporting Information, for
the recording.
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For this, the same 1mm soft magnetic agents and two Plexiglas
gears are used. One gear is designed to be levitated by making it
lighter and by including holes to accommodate the magnetic
agents. The other gear is designed for rotational actuation and

has a single groove to accommodate both magnetic agents as
a doublet (contact between the agents). As explained in
Section S2, Supporting Information, and shown in Figure S3,
Supporting Information, when the agents are in contact with

Figure 5. Experimental collaborative grasping and assembly results. The magnetic agents are 1mm stainless steel spheres and the passive objects are 2mm
3D printed cubes. A) The procedure consisted of four steps, approach, grasping, translation, and release. The solid red arrows represent the motion of the
magnetic agents and the dashed green arrow represents the motion of the ensemble. B) Snapshots of the grasping and stacking of three cubes experiment.
See Video S3, Supporting Information, for the recording. C) Snapshots of the grasping and stacking of a beam on top of two cubes experiment. The passive
objects (cubes and beam) have been highlighted in the top view to increase clarity. See Video S4, Supporting Information, for the recording.

Figure 6. Experimental collaborative assembly and actuation of a micromachine. The magnetic agents are 1mm stainless steel spheres and the passive
objects are plexiglass gears. A) The procedure consisted of four steps: loading the magnetic agents, assembly, reconfiguration, and actuation. The solid
red arrows represent the motion of the magnetic agents and the dashed green arrow represents the motion of the ensemble. B) Snapshots of the
micromachine assembly and actuation experiment. The gears have been highlighted in the top view to increase clarity. See Video S5, Supporting
Information, for the recording.
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each other, their magnetization increases significantly, which
gives place to higher magnetic torques. In this case, the assembly
and actuation procedure consisted of four steps. First, the mag-
netic agents are loaded into their respective holes in the first gear.
To prevent the agents from interacting with each other, they are
levitated at different heights above the holes and then the field is
turned off. The agents fall under the effect of gravity without
interacting with each other since their magnetization disappears
without the external field. Second, the previously described
manipulation strategy is used to lift the gear and mount it into
its shaft. Third, the magnetic agents are removed from the first
gear, let collapse into each other (forming a doublet), and loaded
into the second gear. Finally, a rotating field is used to actuate the
two-gear mechanism. Notice that although in theory a doublet
could be separated into two independent agents by imposing
a magnetic field perpendicular to them (leading to a repulsive
interaction), experimentally this can be challenging to achieve.
As shown in Figure S3, Supporting Information, when the
agents are in contact, the interaction force between them is
attractive, even for field angles larger than 54.7°. Therefore, if
the field direction is not perfectly perpendicular to the doublet,
the latter will turn and align with the field instead of separating.

3.3. Stirring and Mixing of Viscous Solution

Besides, grasping and assembling rigid passive components, col-
laborative magnetic microagents can actuate soft or liquid com-
ponents. We use themagnetic agents to move soft gelatine blocks
into a chamber where they dissolve, and to stir the resulting solu-
tion, as shown in Figure 7. For this, we use soluble gelatine
blocks of different colors that dissolve at temperatures above
37 °C.[43] The blocks are first loaded into a reaction chamber
by pushing them with the magnetic agents. Then, the workspace
is heated externally with a heat gun to dissolve the blocks into a
viscous aqueous solution. Finally, the magnetic agents are used

to stir the resulting liquid until obtaining a homogeneous solu-
tion (which takes approximately 2 min). Two stirring techniques
were investigated: rotating the doublet by imposing a horizontal
rotating magnetic field (30mT field rotating at 45° s�1) and dis-
placing the doublet by imposing a rotating magnetic gradient
(0.1 T2 m�1 field rotating at 30° s�1). Qualitatively, rotating the
magnetic field helped to mix the liquid locally, and rotating
the gradient helped to stir the entire solution.

4. Discussion

In this work, we propose a novel microrobotic 3D collaborative
grasping method based on the simultaneous control of two mag-
netic agents. The system exploits magnetic gradient forces and
magnetic dipole–dipole interactions between the magnetic
agents to grasp, manipulate, and assemble passive components.
For this, we used an electromagnetic system to generate and
shape the magnetic field and magnetic gradient in the work-
space. The nonlinear dynamics of the system require the imple-
mentation of a closed-loop controller consisting of visual
tracking, force and orientation control, and numerical inverse
field mapping. This controller achieved pose control of a grasped
passive component (of 2 mm in size) with a precision of 300mm
in positions and 10° in orientation.

The capability to reconfigure the magnetic agents is exploited
for the assembly of 3D structures and micromachines. Indeed,
collaborative magnetic agents possess the ability to release a held
object and subsequently grasp another one, which enables the
assembly of complex structures sequentially. Moreover, the mag-
netic agents can be reconfigured and put in contact with each
other to create a doublet. Such a doublet can exert four times
higher force and torque than a single agent, which has been
exploited for the actuation of microgears and the stirring of vis-
cous solutions. These capabilities could lead to new methods for

Figure 7. Experimental stirring and mixing of dissolved blocks. The magnetic agents are 1 mm stainless steel spheres and the blocks are temperature-
controlled soluble gelatine blocks. A) The experiment consisted of three steps: loading different color blocks in a chamber, increasing the temperature to
dissolve them, and stirring the resulting aqueous solution. B) Snapshots of the stirring experiment. The gelatine blocks have been highlighted in the first
frame of the top view to increase clarity. See Video S6, Supporting Information, for the recording.
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cargo delivery, assembly, and actuation in microfluidic
environments.

The proposed system offers several advantages over other
micromanipulation and microassembly methods. Unlike teth-
ered micromanipulators, our untethered system can function
in difficult-to-reach or completely enclosed environments.
Unlike mobile microgrippers, our collaborative grasping system
does not rely on advanced materials or fabrication techniques.
Additionally, the use of multiple agents increases the versatility
of the system, allowing for the manipulation of diverse passive
components and the reconfiguration of the agents for other
purposes.

In this work, the agent size is chosen to be 1mm to have com-
parable magnetic gradient and dipole–dipole interaction
strengths in our experimental conditions (see Section S4 and
Figure S6, Supporting Information). Nevertheless, the proposed
collaborative grasping technique could be applied at smaller
scales by miniaturizing the magnetic actuation system.
Moreover, at smaller scales viscous drag becomes dominant,
which would enable the performance of grasping operations
in water or biofluids.[44] The potential miniaturization of the sys-
tem and the biocompatibility of magnetic actuation[23] opens the
door to the use of collaborative grasping for biomedical applica-
tions. For example, collaborative grasping could be employed for
the manipulation of cell spheroids, which have a size of approxi-
mately 450 μm in size.[45] Moreover, these mechanically soft
spheroids could deform upon grasping, which would eliminate
the need for grooves.

The proposed approach presents several further development
directions. First, the magnetic agents themselves could be opti-
mized to improve grasping. For example, the surface of the mag-
netic agents could be patterned to increase friction and enable
the grasping of slippery objects. Alternatively, soft magnetic
agents could deform and adapt to the grasped object, enabling
the grasping of smaller or round passive objects. Second, the
tracking system could be replaced by an alternative imaging tech-
nique, such as ultrasound, to enable control in opaque environ-
ments. Finally, an increment in the number of magnetic agents
could lead to more reliable grasping operations. However, the
independent control of a higher number of magnetic agents
would require a proportional increment in the number of elec-
tromagnetic coils. Alternatively, hundreds of particles can be con-
trolled simultaneously (although not independently) by
exploiting swarming behaviors of magnetic matter.[46,47]

In conclusion, the proposed 3D collaborative grasping system
based on two magnetic agents offers a promising approach to
micromanipulation and microassembly, with potential applica-
tions in various fields, including biomedicine and microme-
chanics. Moreover, the system could be further miniaturized
for its application in biology.

5. Experimental Section

Electromagnetic System: The actuation system employed in this work
has been described in a previous work.[38] The system consists of 9
Vacoflux-core coils. All the coils are placed at 30mm from a common cen-
ter, 8 of them in the corners of a cube and the 9th one at the bottom. The
system is capable of generating magnetic fields of up to 100 mT and gra-
dients of up to 0.2 T2 m�1.

Imaging System: The imaging system consists of two Grasshopper 3
cameras imaging the system from the side and the top. The cameras oper-
ate at a resolution of 2,048� 2,048 pixels (corresponding to a pixel size of
approximately 10 μm), and an acquisition frequency of 10 Hz.

Magnetic Agents: The utilized magnetic agents are 1 mm AISI 420C
stainless steel spheres. The magnetization curve of these agents can
be seen in Figure S2, Supporting Information. These agents present a neg-
ligible magnetic remanence and, in the linear regime, we estimate
Kmag= 1.4 mNmT�2.

Passive Particles: The passive cubes and beam (Figure 4 and 5) were
fabricated using the FORM2 SLA printer with White V4 resin. The passive
gears (Figure 6) were fabricated by laser-cutting plexiglass in a Trotec laser
engraver. The gears’ axles are 0.6mm copper wires.

Others: All the experiments were performed in M1000 silicon oil, with a
viscosity of 1 Pa s.

Tracking Algorithm: For stereo visual feedback, we use two cameras, one
that captures the system from the top and another from the side. We then
utilized an image analysis algorithm based on the Hough Circles transfor-
mation to identify the position of the magnetic agents in each view. Finally,
the 3D positions are determined using a triangulation algorithm. In the
grasped state, the position of the passive object is defined as the mid-point
between both magnetic agents, and its orientation as the normalized posi-
tion of one agent with respect to the other. Since the magnetic agents can
become occluded in one or both views while manipulating passive objects,
we developed an observer that can predict the agents’ positions when
tracking is lost.

Direct Model: The direct model computes the resulting gradient and
field for a set of currents. Since the coils are operated in the linear (unsat-
urated) regime, the magnetic field at any given point in space can be cal-
culated as the sum of the fields generated by each coil at that point. This
can be expressed as

B ¼ B̃ I (8)

where I is a column vector with the currents circulating through each of the
nine coils, and B̃ is a 3� 9 matrix characteristic of the electromagnetic
system. Each column of B̃ represents the magnetic field generated by each
coil and depends on the considered point. The B̃ matrix is obtained
through a calibration process, which consists of measuring the magnetic
field generated by each coil at different positions.[38] In contrast, magnetic
gradients are nonlinear with respect to the currents. We can use block
notation to write

∇jBj2 ¼ 2 JTBB ¼ 2

IT 0 0

0 IT 0

0 0 IT

0
B@

1
CA

B̃T
x

B̃T
y

B̃T
z

0
B@

1
CAB̃I (9)

where JB is the Jacobian of the magnetic field in that position, and B̃x , B̃y,
and B̃z are the first derivatives of B̃ with respect to x, y, and z, respectively.

Inverse Model: Due to the nonlinearity of Equation (9), the model inver-
sion process is carried out using a numerical optimization algorithm.
Since in our case the only requirement is to keep the object grasped while
displacing and rotating, we impose the magnetic field direction and only a
minimummagnitude. Indeed, allowing the magnitude to vary can improve
the response of the system, as mentioned in the study of Kummer et al.[20]

In that case, the model inversion objective is to find a set of currents that
minimizes the total power under the nonlinear constraints
8>>>>><
>>>>>:

Fgrad ¼ 2Kmag

IT 0 0

0 IT 0

0 0 IT

0
B@

1
CA

B̃T
x

B̃T
y

B̃T
z

0
B@

1
CAB̃I

R̂ ⋅ B̃I
� � ¼ jB̃Ij > Bgrasp

(10)

To achieve this, we utilized a sequential quadratic programming (SQP)
algorithm.[48] The SQP algorithm solves optimization problems by itera-
tively approximating the constraints and minimizing the objective function
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using a quadratic model. This algorithm is particularly well-suited for solv-
ing problems with nonlinear constraints, making it an ideal choice for solv-
ing inverse mapping in our control system. The implementation of the
SQP algorithm in MATLAB allowed us to easily incorporate it into our con-
trol system and solve the optimization problem in real-time. We tested this
algorithm for different sets of positions, desired gradients, and desired
fields, and we found that if the field magnitude is below 70mT and the
gradient magnitude is below 0.1T2 m�1, the system finds a solution
99.7% of the time.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[32] F. N. Piñan Basualdo, G. Gardi, W. Wang, S. O. Demir, A. Bolopion,

M. Gauthier, P. Lambert, M. Sitti, IEEE Rob. Autom. Lett. 2022, 7,
2156.

[33] N. A. Torres, D. O. Popa, in 2015 IEEE Int. Conf. on Automation
Science and Engineering (CASE), IEEE, Piscataway, NJ 2015,
pp. 1608–1613.

[34] Y. Kantaros, B. V. Johnson, S. Chowdhury, D. J. Cappelleri,
M. M. Zavlanos, IEEE Trans. Rob. 2018, 34, 1472.

[35] X. Dong, M. Sitti, Int. J. Rob. Res. 2020, 39, 617.
[36] S. Chowdhury, W. Jing, D. J. Cappelleri, J. Micro-Bio Rob. 2015, 10, 1.
[37] L. Yang, L. Zhang, Annu. Rev. Control Rob. Auton. Syst. 2021, 4, 509.
[38] F. Ongaro, S. Pane, S. Scheggi, S. Misra, IEEE Trans. Rob. 2018, 35,

174.
[39] D. J. Griffiths, Introduction to Electrodynamics, Pearson, Boston 2013.
[40] A. Denasi, S. Misra, IEEE Rob. Autom. Lett. 2017, 3, 218.
[41] M. Salehizadeh, E. Diller, Int. J. Rob. Res. 2020, 39, 1377.
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