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Paired Interactions of Magnetic Millirobots in
Confined Spaces Through Data-Driven
Disturbance Rejection Control
Under Global Input
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Qiang Huang ““, Fellow, IEEE, Toshio Fukuda

Abstract—Owing to their high task efficiency and load
capacity in closed space operations, multiple millirobots
system has drawn extensive attention recently. However,
the limited global magnetic fields and nonlinear interac-
tions between individual robots make it challenging to con-
trol multiple millirobots in close proximity to each other,
resulting in difficulty in achieving accurate paired interac-
tions. Here, we propose a paired interactive control method
for multiple millirobots, which enables the precise forma-
tion of two millirobots within a multiple millirobot system.
The paired interactive motion is modeled within a singular
point tracking framework to facilitate the implementation of
an independent control strategy for multiple microrobots.
Then, a data-driven actuation-movement mapping model
for two millirobots is established as a nonlinear inversion
controller, enabling the control system to rapidly achieve
the desired state. To eliminate residual errors, a feedback
controller is designed based on the active disturbance
rejection concept, which estimates and eliminates gener-
alized disturbances via an extended state observer. The
control method is validated by accurately achieving planar
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formations via two millirobots both in isolation and within
a multiple millirobot system, in which the root mean square
error is less than 3% of the single-robot length.

Index Terms—Magnetic actuation, multiple microrobot
system, paired interactive control, underactuated control at
small scales.

[. INTRODUCTION

ILLIROBOTS, remotely controlled by external mag-
M netic fields, exhibit flexible mobility in narrow and con-
fined spaces, drawing extensive attention for their potential in
micromanipulation and biomedical applications [1], [2] [3], [4].
The successful completion of these tasks necessitates a high level
of precision in the automatic motion of millirobots. In recent
years, researchers have developed several efficient closed-loop
motion control methods [5], [6], [7], [8], [9], [10] including
model-based, model-free, and geometry-based approaches, to
govern the movement of individual magnetic millirobots. These
advancements have enabled the precise movement of individ-
ual magnetic robots within complex environments. To handle
more complex tasks, simultaneous enhancements in load ca-
pacity, task efficiency, and fault tolerance are necessary. In
this context, cooperation among multiple or even groups of
millirobots has emerged as an optimal solution [11], [12], [13],
for example, collective millirobots can generate azimuthal flows
around themselves for targeted active drug or other cargo de-
livery and for the manipulation of cells within a microfluidic
chip [14], [15]. However, in contrast to industrial robots with
independent drive and sensing capabilities, within the same
magnetic field, multiple millirobots are steered by a common
control signal and lack the means to communicate among
themselves [16], [17], [18]. Achieving precise collaborative
motion control for multiple magnetic millirobot systems has
become a significant challenge in small-scale robotics research
[19].

Researchers have focused on fundamental paired interac-
tive control to facilitate the collaborative operation of multiple
magnetic millirobots. The interaction between two magnetic
millirobots can be realized through the differential design of
a millirobot ontology, multiple magnetic propulsion devices,
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and auxiliary intervention equipment. The different geometric
shapes and magnetization properties of multiple millirobots can
resultin varying velocities and motion directions under common
magnetic control signals [18], [20], [21], [22]. With different
responses, the customization of control signal input sequences
enables the realization of interactive control among individual
robots while simultaneously ensuring adequate spacing to avoid
mutual magnetic distraction. Through a distributed array of
electromagnetic coil systems, individual or collective control
of these coils can generate high-intensity driving or anchoring
magnetic fields for paired interactive control in a multiple robot
system [11], [23], [24], [25]. On the other hand, employing
aiding method [12], [26], [27], [28], such as additional field
drive sources and special environmental structures, allows for
individual control within a multitarget robotic system. Addi-
tional drive sources, such as light [29], sound [30], and fluid
[32], are able to anchor individual millirobots in conjunction
with magnetic fields to achieve paired interactive motion control
in 2-D and 3-D. However, these strategies position millirobots
at large intervals or employ external drives with high strength,
thereby neglecting the nonlinear interactions among multiple
magnetic millirobots, such as magnetic dipole-dipole, hydro-
dynamic, and capillary forces. When the millirobots are large
and the distance is too close, the paired interactive motion is
significantly disturbed by these nonlinear interindividual forces.
The dynamic control of paired millirobots with accurate force
interactions remains a significant challenge.

Open-loop control or linear proportional control methods are
generally used to achieve fundamental behavioral interactive
control among multiple millirobots, which facilitates the tran-
sition of millirobots from disorder to order, as characterized
by convergence or separation. Gardi et al. [14] and Wang et
al. [32] adjusted the rotation frequency of the magnetic field
to control the spacing distance of magnetic multiple millirobot
systems. Pifian Basualdo et al. [15] used the PI algorithm to
control the rotation speed of multiple millirobots to generate
flow fields to accurately control the position of passive particles.
Zhang et al. [33] adjusted the local magnetic interactions of two
microgrippers to facilitate position control when operating in
close proximity. Salehizadeh and Diller [16], [34] proposed a
dynamic oscillating magnetic field control method to realize the
autonomous operation of the relative pose of two millirobots.
However, as the scale decreases, both environmental factors
(thermal noise and boundary effects) and the magnetic drive sys-
tem (magnetic field distortion and signal lag) introduce simulta-
neous nonlinear disturbances [17], [26], [35], [36], [37], result-
ing in random deviations between the actual paired interactive
motions within multiple millirobots and the intended motion.
Furthermore, slight individual differences may lead to difficulty
in establishing an accurate paired interactive motion model [6],
[36], which is caused by the manufacturing process, including
body structure (size and mass) and magnetization performance
(magnetic substance content and magnetic moment direction).
Consequently, to accurately control paired millirobots, conven-
tional open-loop and linear controllers are inadequate for rec-
tifying spacing errors arising from interindividual interactions.
Hence, there is a crucial need for a nonlinear motion control
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method in multiple magnetic millirobot systems to enable more
precise paired interactions within confined motion spaces.

In this study, we propose a paired interactive control method
that enables the precise formation of two millirobots in a
multiple millirobot system under identical control signals and
interindividual forces. To decouple paired interactions within
a multiple millirobot system, the model of paired interactions
is transformed into an individual point-reaching model. Precise
tracking control is provided by a nonlinear composite controller.
A mapping model between the magnetic field state and the
movement state of the pair is established as a feedforward
controller via the nonlinear inversion control method, which
enables the control system to rapidly achieve the desired state.
To eliminate residual tracking errors, a model-free feedback
controller is designed on the basis of the active disturbance
rejection concept, which involves the estimation and elimination
of generalized disturbances by an extended state observer. The
control method is validated via two millirobots that precisely
follow an arbitrary planar formation both in isolation and within
amultiple millirobot system under identical control signals. This
research provides a novel basic paired control paradigm for
multiple magnetic millirobot motion guided by global stimuli
in a confined space.

The rest of this article is organized as follows. Section IT delves
into the dynamics of multiple millirobot systems. Section III
presents the controller design. Section I'V validates the proposed
method through experiments. Finally, Section V concludes this
article.

[I. MATHEMATICAL MODELING

Magnetic millirobots can stably float and move at the liquid-
air interface. In the absence of any external forces or moments,
these millirobots remain stationary. In our study, we employ
a uniform planar rotating magnetic field B(f,t) parallel to
the liquid surface (xy plane) as the driving force for magnetic
millirobots. Within these fields, the millirobot is propelled by
magnetic torque, executing spin motion. In the theoretical anal-
ysis, it is assumed that the magnetic moment of the magnetic
millirobot and the applied magnetic field are aligned within
the working space. The planar rotating magnetic field can be
described by

B (f,t) = B[sin(27ft) ez + cos (2w ft) ey] (1)

where B is the magnitude, f is the magnetic field rotation
frequency, and e, and e, are the unit vectors of the x- and
y-axes, respectively.

Individual Motion Analysis: Initially, the planar motion char-
acteristics of a magnetic millirobot are examined. When sub-
jected to a rotating magnetic field, the millirobot can exhibit
spinning motion in alignment with the magnetic field, with its
rotational axis centered on its geometric midpoint. Additionally,
the applied magnetic field is uniform and lacks any magnetic
field gradient, thereby resulting in negligible magnetic force.
Throughout its planar movement, the millirobot experiences the
influence of both magnetic torque and fluid dynamics. The planar
force acting on a magnetic millirobot is illustrated in Fig. 1(a),
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Fig. 1. Dynamic analysis of millirobots driven by a rotating magnetic
field at an air-water interface. (a) Single millirobot system. (b) Paired
interaction within a multiple-millirobot system.

while on the basis of torque equilibrium conditions, the dynamic
relationship is expressed by the following equation:

Trmag +Tp =18 )
Trmag = VM x B =V M Bsin (27 ft — 6) 3)

where T'r,q4 is the magnetic torque, T p is the fluid resistance
moment, [ is the moment of inertia, and 0 is the angular
acceleration of the millirobot motion. V' and M are the volume
and magnetization of the millirobot, respectively.

The millirobot can be approximated as a spheroid for the
calculation of drag moments

Tp = Cr 0 = —87uRPw )

where C'p is the rotational damping coefficient, p is the fluid
viscosity, R is the radius of the millirobot, and w is the rotational
speed of the millirobot.

When the magnetic millirobot rotates at a constant speed, both
the millirobot and the external magnetic field rotate simultane-
ously, resulting in a dynamic equilibrium between the magnetic
moment and the resistance moment

Tmag +Tp=0. 5)

When the magnetic millirobot fails to synchronize its rotation
with the external magnetic field, the frequency of the external ro-
tating magnetic field exceeds a certain threshold. Consequently,
the critical driving magnetic field frequency for achieving the
maximum angular velocity can be determined wsep—out, Where

" - BV Msin 27 ft — 0)

6
8muRR3 ©)
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BVM
S.t. Wstep—out = W

Interactive Motion Analysis: The planar motion of multiple
magnetic millirobots driven by rotating magnetic fields is influ-
enced by three primary factors, as shown in Fig. 1(b). First,
a magnetic dipole-dipole force [32], [14], [16], [38] ensues
when interactions between magnetic substances occur when
the distance between them falls below a specific threshold.
Second, a capillary force [32], [14], [39] refers to the lateral
component of the liquid surface tension, which arises from
the deformation of the liquid surface due to the presence of
suspended magnetic millirobots at the air-water interface. When
averaged over a complete rotation of the millirobot, the magnetic
dipole force is characterized by mutual attraction. Whereas the
capillary force is characterized by mutual repulsion or mutual
attraction, depending on the state of the millirobots [39]. Third,
a hydrodynamic force [32], [16], [14], [40], is produced when
magnetic millirobots rotate and interact with the liquid, and
they also encounter the flow field produced by other millirobots.
This hydrodynamic force is contingent upon the instantaneous
angular velocity of the millirobots and consistently exhibits a
repulsive nature. When attractive and repulsive forces interact
in equilibrium, the millirobots maintain a finite steady-state
distance as they rotate around their respective centers.

The magnetic force F,,*9 of millirobot i acting on mil-
lirobot j can be expressed as [32], [16]

i—j 3p0
F,, 7 =
m 47T7"ij4

@)

s.t. Q = [rij (m; - myj) +my (ry5 - myj) + my (ry; - my)
=515 (rig - mi) (145 - M)

where i is the vacuum permeability, which is the same as the
permeability of water and air. m; and m; are the magnetic
moments of the two magnetic millirobots. 7;; is the vector that
moves from millirobot ¢ to millirobot j.

The magnetic torque T,,,* 7 of millirobot i acting on mil-
lirobot j is expressed as follows:

T, 9= Ho

47T’I“,‘ j3

3 (rij - my) (my xri5)+(m; x my)].

®)

Inspired by [39], the asymptotic expression for calculating the

transverse capillary force between millirobots i and j is F'.* ™7
and is expressed as follows:

F.9=2r0qK;sin; K;jsiny; F (q|ri;]) (140 (¢*R;%))
C))
where F.7 is the capillary force on millirobot j, o is the
surface tension coefficient of the liquid, and F'(-) is a first-order
modified Bessel function. K;, K;, and q are constants, for which
q~' = 2.7 mm forliquid water. 1 is the deformation angle of the
liquid surface caused by the millirobot. When sin;siney; > 0,
the capillary force is the attractive force. When sini);sini); < 0,
the capillary force is repulsive.
The hydrodynamic force generated by the superposition of the
flow field generated by the millirobot j and the self-generated
rotating flow field in the millirobot ¢ can be calculated as
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Fig. 2. Simulation results of magnetic millirobots in a rotating magnetic
field at a confined air-water interface. (a) and (c) Fluid flow velocity
diagrams affected by the rotating millirobots. (b) and (d) Schematic
diagram illustrating the magnetic scalar potential associated with the
magnetization of the millirobots.

follows [40]:

RAR;?
Fhr = ch ppw’ ——3-e; (10)
7451
3
Fre = ¢ ppw—7>—ey (11)
T4l

where ¢, ¢ is a constant, p is the density of water, u is the
viscosity of water, w is the magnitude of the angular velocity
of the millirobot, and R; ; is the radius of the millirobot. e,. and
e are the unit vectors in the 7;; direction and perpendicular to
Tij-

Since the capillary force is much smaller than the magnetic
force, it has often been ignored in previous studies. In this study,
we model it as a part of lump perturbation §. Based on the
above interaction between gravitational and repulsive forces, the
dynamics of the millirobot 7 can be further expressed as follows:

S+ Frd P4+ > Fu' = mi.
JFi Jj#i

(12)

Hence, the movement of the millirobot is controlled by modi-
fying the rotation speed by adjusting the frequency of the rotating
magnetic field. Owing to the small size of the millirobot, the
Reynolds number R is low, and the viscous force is dominant.
When the millirobot moves at a steady and uniform speed, the
fluid force, magnetic force, and capillary force balance each
other. The finite element simulation results of the flow field
generated by the magnetic millirobots are shown in Fig. 2(a)
and (c). In addition, the simulation results of the magnetic
interactions between multiple magnetic millirobots are shown
in Fig. 2(b) and (d). The simulation was accomplished by using
COMSOL Multiphysics software (COMSOL Inc., Stockholm,
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Fig. 3. Paired interactive kinematics model of a multiple-millirobot
system.

Sweden). The fluid medium is deionized water, which is set
to an incompressible and laminar flow. The millirobot moves
passively when driven by a rotating magnetic field. More de-
tailed simulation settings are provided in the Supplementary
Information S1.

[lI. CONTROLLER DESIGN

The system is controlled by a rotating magnetic field, with the
magnetic field rotation frequency serving as the single control
variable to adjust the rotation speed of the millirobots. This
alteration in speed modifies the fluid resistance, facilitating
position control. The transverse component of the hydrodynamic
force controls the millirobot spacing, whereas the radial compo-
nent characterizes the circular motion of the millirobots. Note
that control objects are restricted to millirobots capable of
achieving stable rotational motion on the liquid surface. Fur-
thermore, spacing boundary constraints ryin < 7 < Tmax: The
interaction force (magnetic and fluid interactions) between the
magnetic millirobots decreases rapidly with increasing distance.
When the distance exceeds a certain threshold, the interaction
force is insignificant compared with the driving force, which can
be ignored. Conversely, when millirobots come too close to each
other, a stable separation cannot be maintained, as the repulsive
forces are insufficient to counteract the attractive forces.

Controlling the spacing between millirobots can be conceptu-
alized as a point-reaching problem involving a single millirobot,
representing an iterative process (see Fig. 3). After eachiteration,
the millirobot center moves closer to the target point (z4,yq)
within a specified tolerance threshold

rig — Paeol = \/(a — 9 + (wa— 2> <Al (13)
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where |A| is a small real constant.

In the context of controlling the distance r;; between any
millirobot P;(x;, y;) and millirobot P;(z;, y; ), the target point
is denoted as P (x,,y,), whereas the discrepancy in distance
is defined as the distance error eq = P; — P. The velocity
of the millirobot ¢ is broken down into the vector v,., which
represents the connection direction with the target millirobot j,
and the vector v, which indicates the tangential direction of the
vector v,.. The desired distance between the target millirobots is
denoted as 745, as depicted in Fig. 3. The kinematic geometric
relationship is as follows:

lya =yl ly; — il

= (14)
lza — i x5 — @4
lya —yjl _ leal (15)
ly; — il |ragl

To achieve precise control of millirobot motion, it is im-
perative to mitigate uncertain disturbances stemming from the
environment and the magnetic control system, including factors
such as capillary forces, wall effects, hysteresis, and magnetic
field saturation. Additionally, the uncertainties in the motion
model of millirobots can lead to deviations in motion con-
trol, necessitating compensation within the control framework.
Active disturbance rejection control introduces the generalized
disturbance, which includes internal dynamics and external dis-
turbances, to the design control law. A nonholonomic car-like
robot single input single output (SISO) motion model can be
used to control the motion of any single millirobot in a multiple
millirobot system. The augmented state space form is presented
as follows:

where @ = [x; @ a:3]T denotes the millirobot position,
velocity, and generalized disturbance. u is the input for the
controlled system, which is the rotation speed w of the millirobot.
The physical meaning of y is the distance between millirobots,
and h is the differentiation of the generalized disturbance.

The linear state observer is presented as follows:

{,éA~z+B~u+L(yg)

§j=C-z {17

where L =[ L,
the estimate of x.
The control law is designed as

L, L3 ] denotes the observer gains. z is

u = (—|z3] +uo) /b (18)

ug = ky (Ip — z1]) — ka |22] (19)

where z3 is the estimation of the generalized disturbance and
where k), and k4 are control gains.

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 30, NO. 6, DECEMBER 2025

The tracking error in the linear state observer is presented as
follows:

e=x—=z (20)
e=A.e+ D 20
—L; 10
st. Ae= |—L3 0 1| ,D = FEh.
—L; 0 0

Assuming that the observer gains L are selected appropriately,
A, is Hurwitz. In addition, we assume that the derivatives of
the generalized disturbance in D are bounded. Theoretically,
the designed observer is convergent, and the estimation error is
bounded [35], [41].

To increase the control speed, mitigate the output overshoot,
and minimize the output jitter resulting from significant errors,
we devised a feedforward controller that leverages a data-driven
approach. In an ideal scenario, the perturbation model enables
us to calculate and offset deviations induced by system dis-
turbances. However, practical engineering applications pose
challenges in accurately determining system parameters and
environmental variables, hindering precise error compensation
through theoretical calculations. The data-driven methodology
effectively addresses this issue by enabling direct mapping of
the input—output data relationships within the system via ma-
chine learning techniques, bypassing the need for meticulous
mathematical analysis of the system [6], [36].

In this work, the distance data d; and the driving magnetic
field frequency data f; of both the controlled millirobot and the
target millirobot in an L-group multiple millirobot system are
sampled. On the basis of these data samples, a mapping model
F is established as follows:

dt+1 = F(CImft)
';dtfn#»laft,' .-

(22)

qt = (dt7 .- ) ft*'ﬂ*‘rl) (23)

where d is the mapping model output.
The reference structure of the mapping model is designed as
polynomial function

N
F g, fr) = Zmigi (gt, ft) (24)
i1

where ¢; is a polynomial function and where m,; represents
parameters. The parameter vector m,; can be identified through
sqrt-LASSO regression.

To prevent situations where the mapping model fails to cal-
culate the corresponding analytical frequency value for a given
expected distance d*, such that the distance output matches the
anticipated value (F'(q;, f;)Bd*), the feedforward control output
uy is derived through the online inversion of this mapping model

1
uyp = argmin;(d* — F(q, f))? (25)

s.t. fmin < f < fmax

where p = ||(dp, ..., do)|3 /L.
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TABLE | @) ¥ (b)
DISTANCE PREDICTION ERROR (MM) W_ ‘
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Workspace
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B field|
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To verify the accuracy of the model, we performed four
sets of tests. Table I shows the prediction error results of the
mapping model. Because the feedback controller eliminates
the residual error under feedforward control, the feedforward
controller does not need to be extremely accurate. Moreover,
the original intention of the feedforward controller is to avoid
overshoot oscillation caused by large initial errors. Hence,
the composite controller developed in this study comprises a
nonlinear mapping model controller and an active disturbance
rejection feedback controller, as illustrated in Fig. 4. Note that
the selection of the controlled object is chosen arbitrarily by
the user on the basis of the first frame image obtained at the
beginning of the program, the details of which are shown in
Supplementary Information S2.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

The magnetic field generation device utilized in this study is
a self-developed three-position Helmholtz coil system capable
of producing a magnetic field with a peak intensity of 15 mT
within the central region of the operational space (see Fig. 5).
The coil system can generate a homogeneous magnetic field
within a spherical region measuring 100 mm in diameter, and
the nonuniformity (the percentage change in the magnetic field
value at any point in the workspace relative to the magnetic field
value at the center point) is less than 1. Any motion inaccu-
racies arising from magnetic field nonuniformity are rectified
through the implementation of a control algorithm. Real-time
current control instructions are produced by the upper computer
software, whereas the lower computer provides pulse-width

(©

Cubic Workspace with
Field Data

IX=0A, ly=1A, 1z=0A

mT

224
222
22

218
216
214
212
21

Fig. 5. Schematic diagram of electromagnetic drive system. (a) Three-
dimensional Helmholtz coil system. (b) Simulation results of rotating
magnetic field. (c) Simulation results of magnetic field distribution in
workspace.

modulation (PWM) signals to regulate the three motor drives
(Maxon ESCON 70/10), thereby generating the current for the
input coil. The movement of the millirobots was continuously
monitored in real time by an industrial camera (Olympus DP21).
The following formula is derived in accordance with the princi-
ple of linear superposition:

B (P):iéi(P)Ii =B (P)I

i=1

(26)

where 7 indicates the number of coils, B;(P) € R¥*! is a
matrix that depends on the measuring point P, and I € R3*!
denotes the control current in each coil.

The millirobot is constructed by demolding technology.
A container measuring 10 mm in diameter and 0.5 mm in
height was filled with a precuring solution of ferric tetroxide—
polydimethylsiloxane (PDMS) (1:1) and subsequently heated at
a constant temperature for curing, resulting in the release of the
robot. The millirobot is magnetized within a uniform magnetic
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field with an intensity of 1 T, and the direction of magnetization
is indicated in Fig. 5(a).
B. Paired Interactive Control

The experimental demonstration of paired interactive control
is conducted in a culture vessel placed at the center of the coil
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system workspace and filled with deionized water. The mil-
lirobots float on the liquid surface within this vessel. Real-time
feedback is provided via a top camera that captures images at
30 frames per second. The motion information of the millirobot
is processed via the standard OpenCV library. The millirobots
under control conditions are identified by green rings. The
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distance between these controlled machines is expressed by the
line connecting the centers of the two circles.

The paired interactive control performance of the two mil-
lirobots is initially tested under step signal excitation. When
subjected to step signal excitation, the response of the rotating
two millirobots manifests in three scenarios: if the current dis-
tance significantly deviates from the desired distance, the two
millirobots will rapidly converge akin to the swift attraction
observed between two magnets, as shown in Fig. 6(a); if the
current distance closely aligns with the expected distance, the
two millirobots will adjust their distance while executing circular
motion, as illustrated in Fig. 7(a); if the current distance reaches

the desired distance, the two millirobots will initiate a stable cir-
cular motion while self-rotating, with the diameter of the circular
trajectory equaling the distance between the two millirobots, as
shown in Supplementary Video S1. This behavior mirrors the
mutual orbit observed in binary stars of equal mass. Figs. 6
and 7 show the actual motion state image, spacing change data,
control error data, and control signal data. The control method
proposed in this study results in a steady-state distance error of
less than 0.21 mm (approximately 2.1% of the body length of a
single millirobot) under step signal excitation, which is less than
one-third of the error observed with the proportion integration
differentiation (PID) controller, as shown in Table II.
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TABLE Il
CONTROL ERROR OF DIFFERENT CONTROLLERS (MM)

Experimental type Error type Feiiiot?gf i PID control Our method

Two millirobots in isolation Rms e ek o

under step signal excitation Méx e L S

Min 0.16 0.12 0.001

Two millirobots in isolation R e oios e

under stairstep signal excitation M?X 2.34 2.39 -
Min 0.1 0.11 0.1

Two millirobots in isolation Rumg oy &15 f52%
under sinusoidal signal excitation M;_ax e &5 i
Min 0.1 0.1 0.1

Two millirobots within a multiple ~ Rms 0.76 0.38 0.25
millirobot system under step Max 1.99 1.59 0.6
signal excitation Min 0.1 0.1 0.1

Two millirobots within a multiple Rms 0.62 0.39 0.25
millirobot system under Max 235 1.58 0.65
sinusoidal signal excitation Min 0.1 0.1 0.1

A stairstep signal excitation experiment is conducted, with
three distinct desired distance signals. Fig. 8 clearly shows that
the adjustment time is correlated with the variance between
the current spacing and the desired spacing. In Fig. 8(e), the
motion trajectories of the two millirobots depict a spin transition
from the desired Distance I to the Desired distance II, with
connections established between the spacings of five different
moments. The distance variation, control error and control signal
are shown in Fig. 8(d), (f), and (g). Finally, two millirobots
are stimulated by continuously varying sinusoidal signals. As
depicted in Fig. 9(b), the spacing between the spinning machines
accurately adheres to the predetermined sinusoidal variation
pattern. Fig. 9(e) displays the motion trajectory of the two
millirobots spinning under the excitation of a sinusoidal wave
crest signal, with intervals connecting 4 specific moments. The
control error and control signal are shown in Fig. 9(d), (f), and
(g). With the control technique proposed in this research, the
steady-state errors remain below 2.2% of a single robot body
length, demonstrating favorable control efficacy. The tracking
error comparison results of the above experiments under the
action of different controllers are shown in Table II, where we
analyze three scenarios involving the utilization of a feedforward
controller only, a PID controller, and the controller introduced
in this study.

We also tested paired interactive control when the controlled
system included other spinning millirobots. Excitation signals
include step signals and sinusoidal signals. The experimen-
tal outcomes of paired interactions are illustrated in Figs. 10
and 11(Supplementary Video S2), which show images of the ex-
perimental process, trajectory plots demonstrating stable spac-
ing, spacing variation data, control error data, and control signal
data. Under step and sinusoidal signal excitation, the root mean
square (rms) errors are both 0.25 mm. Within the multiple mil-
lirobot system, the proposed paired interactive control method
enables precise tracking control. The tracking error comparison
results of the above experiments under the action of different
controllers are shown in Table II. When three millirobots are
present in the system, stable paired interactions can lead to the
formation of an isosceles triangle configuration, as illustrated
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in Fig. S3. Under step signal excitation, if the distance between
the two controlled millirobots stabilizes at a steady state, the
unselected millirobot can maintain a constant spacing with each
of the two millirobots.

To further verify the adaptability of the proposed method,
we conducted interaction experiments with millirobots in a
pipeline environment (see Fig. 12). Additionally, we altered the
shape of a single or two millirobots to triangle for an interactive
experiment (see Figs. 13 and 14). The spacing errors converge
asymptotically to near zero. The results are similar to those of
Tests I and II under step signals.
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(a) Trajectory data graph of steady state. Four moments are selected to
connect the center of mass of the two millirobots. (b) Spacing variation
data graph. (c) Control error. (d) Control signal. (e) and (f) Control
process image sequence. The scale bar is 10 mm.

V. CONCLUSION

In this study, within a multiple millirobot system, the paired
interactive control problem is decoupled into individual mil-
lirobot point-reaching problems, and an interactive control
scheme for two millirobots is proposed that enables precise
formation under identical control signals and interindividual
forces. By mapping the magnetic field actuation and the paired
movement as a nonlinear inversion controller, the error between
the initial state and the expected state is greatly reduced. Then,
the tracking error can be eliminated by an observer-based dis-
turbance rejection controller. Comparative experimental results
demonstrate a significant improvement in addressing the paired
interaction problem of multiple millirobot systems achieved by
the proposed method compared to the conventional method.

Because, we model the millirobot as a particle, even though
the millirobot changes shape, as long as the motion law of the
millirobot is consistent or similar, the method is effective for
objects with different geometric shapes. When the millirobot
shape is not uniform, our method can still achieve accurate paired
interactive control of the chosen pair. However, owing to the
nonuniform structure of the system, the spacing between non-
controlled millirobots may be random. Despite this randomness,
the overall system will remain stable.

To achieve comprehensive formation control in a multimil-
lirobot system, included angle control is also essential. An ef-
fective approach is to adjust the orientation of paired millirobots
using periodic directional rotation magnetic fields (see Supple-
mentary Information S4). However, the common magnetic field
control signals induce strong coupling in the output signals of the
multimillirobot system. Simultaneously controlling a pairwise
separation and an included angle in a multimillirobot system
need to decouple the magnetic field rotation frequency and
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direction. A simple feedforward decoupling method is shown
in Supplementary Information S4.

For practical applications, it is necessary to further investigate
multimillirobot system position control. In future work, we will
build on the paired interactive control established in this study
by introducing additional control signals (e.g., gradient magnetic
fields) to enhance simultaneous position control.
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