MAGNETIC MINIATURE ROBOTS

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  The present application claims benefit of priority to the Singapore patent application
no. 10202204044R filed April 19, 2022, and the Singapore patent application no.
10202205530Q filed May 24, 2022, the contents of which are hereby incorporated by reference

in entirety for all purposes.

TECHNICAL FIELD
[0002] The present application relates to magnetically operable actuators, and more

specifically to magnetic robots in the millimeter scale or smaller.

BACKGROUND
[0003] Many useful applications, such as minimally invasive surgery and targeted drug
delivery, require the miniature robot to have precise and dexterous six degrees-of-freedom
(DOF) motion in order to carry out micro/nano-manipulation tasks in highly confined and
enclosed spaces. The conventional magnetically operated robot is limited to orientation control
in five DOF. It remains particularly challenging to achieve orientation control for the sixth-

DOF without compromising the performance of the robot in the other DOF.

SUMMARY
[0004] A method of making a magnetic miniature robot (MMR), the method comprising:
rotationally deforming a segment of material about a rotational deformation axis, from an initial
shape to a deformed shape, the material including a plurality of magnetic particles distributed

in an elastic matrix; magnetizing the plurality of magnetic particles in the segment to form a



magnetized segment which in the deformed shape is characterized by a uniform magnetization
profile; after the magnetization process, enabling the magnetized segment to elastically recover
the initial shape and form a non-uniform magnetization profile; and coupling together at least
one pair of the segment to form a main component, wherein the non-uniform magnetization
profiles of the at least one pair of the segment are disposed in opposing orientations to configure
the main component with a zero net magnetic moment about a sixth degree-of-freedom (DOF)
axis.

[0005] A method of actuating a magnetic miniature robot (MMR) to a target location in a
target orientation, the method comprising: configuring an actuating magnetic field such that a
minimum potential energy configuration of the MMR corresponds to the target orientation;
applying the actuating magnetic field to the MMR as a time-varying magnetic field to generate
a time series of a restoring torque in at least one of three rotational DOF, wherein the restoring
torque is configured to act on the MMR to repeatedly return the MMR to the minimum potential
energy configuration.

[0006] A magnetic miniature robot, comprising: a deformable component having a
longitudinal body with two ends, the longitudinal body being bendable about a transverse plane
defined at the center of the longitudinal body, the deformable component being configured with
a non-uniform magnetization profile defining a net magnetic moment axis that is perpendicular
to the transverse plane, wherein magnetic field vectors at the two ends are in the same direction

as one another, and parallel to the net magnetic moment axis.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007]  Inthe drawings, like reference characters generally refer to the same parts throughout

the different views.



[0008]  FIGS. 1A(i) — 1A(ii) are schematic drawings of an exemplary magnetic miniature
robot (MMR) capable of controllable movement in six degrees-of-freedom (DOF);

[0009] FIGS. 1B(i) — 1B(vii) are schematic drawings illustrating one embodiment of a
method of making a six-DOF MMR;

[0010]  FIGS. 2A — 2E are schematic drawings illustrating another embodiment of the
method of making the six-DOF MMR;

[0011]  FIG. 3A are schematic drawings illustrating a method of actuating the MMR
according to one embodiment of the present disclosure;

[0012]  FIG. 3B show the frames of reference used in the present disclosure;

[0013]  FIGS. 4A — 4B are line drawing representations of images captured of the MMR in
experiments demonstrating the proposed actuation method;

[0014]  FIGS. 5A — 5C illustrate an experiment in which another prototype of the MMR
demonstrated six DOF control to navigate through differently shaped openings in rigid walls;
[0015]  FIGS. 6A — 6D are schematic drawings of another exemplary six-DOF MMR with
deformable tentacles coupled to a rigid main component;

[0016] FIGS. 7A — 7B are schematic diagrams of another exemplary six-DOF MMR
configured as a gripper;

[0017]  FIG. 8 are line drawing representations of images captured in a series of experiments
involving the MMR of FIGS. 6A — 6D;

[0018] FIG. 9 are line drawing representations of images captured of an experiment
involving the MMR of FIGS. 7A — 7B;

[0019]  FIGS. 10A — 10B are schematic drawings of another embodiment of the MMR with
a deformable main component;

[0020]  FIGS. 11A — 11C are schematic drawings illustrating a method of magnetizing the

MMR of FIGS. 10A — 10B;



[0021]  FIGS. 12A(i) — 12C are schematic diagrams showing a deformation mechanism of
the MMR;

[0022]  FIG. 13A show the frames of reference used in the present disclosure for describing
the MMR with the deformable main component;

[0023]  FIG. 13B are schematic drawings illustrating a method of actuating the MMR with
the deformable main component;

[0024]  FIGS. 14A(i) — 14C(iii) are line drawing representations of images captured of the
MMR demonstrating rotation and translation in six DOF;

[0025]  FIGS. 15A — 15C are line drawing representations of images captured of the MMR
demonstrating a two-anchor crawling locomotion;

[0026]  FIGS. 16A — 16B are line drawing representations of images captured of the MMR
demonstrating an undulating crawling locomotion;

[0027]  FIGS. 17A — 17B are line drawing representations of images captured of the MMR
demonstrating a jumping locomotion;

[0028]  FIGS. 18A — 18C are line drawing representations of images captured of the MMR
demonstrating a jellyfish-like swimming locomotion;

[0029]  FIGS. 19A — 19B are line drawing representations of images captured of the MMR
demonstrating an undulating swimming locomotion;

[0030]  FIGS. 19C(i) — 19C(iv) are line drawing representations of images captured of the
MMR demonstrating a meniscus-climbing locomotion;

[0031]  FIGS. 20A — 20D are line drawing representations of images captured of the MMR
demonstrating multimodal amphibious locomotion; and

[0032]  FIGS. 21A — 21B are line drawing representations of images captured of the MMR

demonstrating various pick-and-place processes.



DESCRIPTION

[0033]  The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the invention may be
practised. These embodiments are described in sufficient detail to enable those skilled in the art
to practise the invention. Other embodiments may be utilized and structural, logical, and
electrical changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0034]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.
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[0035] In the context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0036] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance, e.g. within
10% of the specified value.

[0037]  As used herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0038] By “comprising” it is meant including, but not limited to, whatever follows the word

“comprising”. Thus, use of the term “comprising” indicates that the listed elements are required

or mandatory, but that other elements are optional and may or may not be present.



[0039] By “consisting of” is meant including, and limited to, whatever follows the phrase
“consisting of”. Thus, the phrase “consisting of”” indicates that the listed elements are required
or mandatory, and that no other elements may be present.

[0040] MMR

[0041] The present disclosure describes a magnetic miniature robot (MMR) 100 including
an auxiliary magnet 110 coupled with a main component 120. In the example illustrated in FIG.
1A(i), the auxiliary magnet 110 and the main component 120 are aligned along an axis 106 that
is coincidental with an axis of rotational symmetry of the main component 120. In the present
disclosure, for convenience, this axis will be referred to as a sixth degree-of-freedom (sixth-
DOF) axis 106 of the MMR 100.

[0042] The main component 120 possesses a non-uniform magnetization profile (Mm),
which is characterised by a zero net magnetic moment [FIG. 1A(i1)]. This magnetization profile
can be approximated as a distribution of magnetic dipoles in the main component. The auxiliary
magnet 110 is characterised by a uniformly magnetic profile that will offer a net magnetic
moment (1) to the MMR. When the magnetization profiles of the main component and the
auxiliary magnet are considered as a whole, they form a resultant magnetization profile of the
MMR 100 (1\7 ), and the sixth-DOF rotational axis would be coincidental with the axis about

the MMR's m (Fig. 1A(i)).

[0043]  Method of fabricating a six-DOF MMR

[0044] FIGS. 1B(i) — 1B(vii) schematically illustrates a fabrication method 200. The
fabrication method 200 includes making the main component 120. The fabrication method 200
includes providing a plurality of identical segments 130 of an elastic material in an initial shape
and initial volume. For example, the segments may be a soft polymer (for example, but not
limited to, Ecoflex 00-10 available from Smooth-on, Inc) with magnetic particles or

magnetizable particles (for example, but not limited to, NdFeB particles) distributed



substantially uniformly in the polymer. The substantially uniform distribution of magnetic
particles in the elastic matrix may be fixed by curing the polymer. The mass ratio between the
polymer and magnetic particles may be about 1:1. Each segment 130 formed in the initial shape
by molding or 3D printing. In this example, the initial shape defines a quadrant cross-section
as schematically illustrated in FIG. 1B(i).

[0045] Using a jig, a first end (or first surface) 131 of the segment 130 is fixed and
concurrently a second end (or second surface) 132 of the segment 130 is rotated or rotatably
stretched, as shown in FIGS. 1B(i) — 1B(ii), i.e., the segment undergoes a rotational
deformation. The shape of the segment is bounded by the first surface and the second surface.
In this example, each segment is stretched so that its cross section is stretched or elastically
deformed from the initial shape of a quadrant to a deformed shape / stretched shape of a semi-
circle. That is, the deformed shape may be described as defining a semicircular cross-section.
In the example, the second surface 132 is angularly displaced relative to the first surface 131
until the first surface 131 and the second surface 132 are substantially anti-parallel or
substantially parallel.

[0046]  For the purpose of the present disclosure, in a rotational deformation, all points along
a radial line of the segment will undergo the same amount of deformation. The radial line may
be taken to extend from a rotational deformation axis. For example, all the points along the
second surface 132 of the segment would have undergone the same angular displacement (in
an anti-clockwise direction as viewed in FIG. 1B(i)) as a result of this rotational deformation,
while all the points along the first surface 132 remain stationary and/or undeformed. The entire
segment is stretched substantially uniformly, and the corresponding rotational deformation (¢)
along any radial line can be determined via interpolating the rotational deformations of the
second surface relative to the first surface.

[0047] A strong, uniform magnetic field is applied to the stretched segment to permanently



magnetize the magnetic particles therein. In the example, the segment in the stretched state is
magnetized by a strong, uniform magnetic field of about 1.1 T [FIG. 1B(iii)]. In the example
illustrated, the strong, uniform magnetic field is directed along the local reference frame's x-
axis.

[0048]  The step of magnetization is followed by a step of recovery in which the segment is
allowed to elastically recover the initial shape. All the radial lines would have to undergo a
reverse angular displacement or rotation of —¢. In this example, the segment recovers its initial
shape of a quadrant. The magnetization profile 140 formed in the stretched state is re-configured
by the recovery of the initial state of the segment into a non-uniform magnetization profile. FIG
1B(iv) schematically illustrates a post-recovery magnetization profile 142 as an example.
[0049] A plurality of the segments 130 having the post-recovery magnetization profile may
be coupled together by adhesive bonding 136 to form an assembly 138. In this example, four
segments, each having a post-recovery shape of a quadrant and orientated differently, can be
adhesively bonded together to form a main component 120 [FIG. 1B(v)]. Alternatively, at least
a pair of the magnetized segments 130 may be coupled together in opposing directions to form
an assembly characterized by a zero net magnetic moment about the sixth-DOF axis. The
resulting assembly 138 has a target magnetization profile for controllable six DOF movement.
The auxiliary magnet 110 may be coupled (e.g., adhesively bonded) to the main component 120
to form the MMR 100 according to one embodiment of the present disclosure, as illustrated in
FIG. 1B(vii).

[0050]  The assembly 138 can be used as the main component 120. Advantageously, this
method advantageously allows the assembly 138 to be formed by segments sized larger than
the desired main component 120, followed by cutting an at-scale piece from the center of the
assembly 128 to serve as the main component 120. In the example of FIG. 1B(vi), a cylindrical

piece is cut out from the center of the assembly as a non-limiting example. As Mm is identical



along the radial lines of the assembly 138, no matter what shape the cut-out piece possesses, it
can always fully inherit the magnetization profile of the assembly 138. This advantageously
facilitates practical manufacturing of the proposed MMR in the millimeter scale or smaller. In
general, main components of any shape can be cut out, e.g., using laser machining or other
mechanical techniques. If the desired main component 120 is thicker than the thickness of the
assembly, multiple cut out pieces may be stacked, aligned, and bonded together.

[0051] The shapes of the undeformed and rotationally deformed segments 130 may be
varied. For example, as illustrated in FIGS. 2A — 2E, the fabrication method 200 of the present
disclosure may be practiced with the segment molded with a semi-circular shape. Rotational
deformation about a rotational deformation axis stretches the initial shape of the segment 130
into a circular shape (FIGS. 2A — FIGS. 2B). That is, the deformed shape may be described as
defining a circular cross-section. Rotational deformation is effected in a substantially uniform
manner in the body of the segment 130, with the points along a radial line (extending from the
rotational deformation axis) undergoing the same angular displacement. Preferably, the first
surface 131 and the second surface 132 in the deformed state are parallel or anti-parallel,
regardless of the initial angle (in the undeformed state) between the first surface 131 and the
second surface 132. Magnetization is carried out by subjecting the deformed segment to a
strong, uniform magnetic field 140 in a direction substantially parallel/anti-parallel to the
deformed second surface and/or the first surface (FIG. 2C). For the sake of brevity, it is assumed
that the first surface 131 is stationary throughout the deformation process and the recovery
process. Upon recovery of the initial undeformed shape, the magnetization profile 142 in the
segment is re-configured as illustrated in FIG. 2D. At least a pair of the segments 130 are
coupled together in opposing orientations to form an assembly. That is, two or more identical
ones of the segments 130 are oriented in opposite directions and bonded together FIG. 2E to

form an assembly with the target magnetization profile 122. The assembly 138 may be used as



the main component 120 of the present MMR 100. Alternatively, a smaller piece may be cut
out from the center of the assembly 138 for use as the main component 120.

[0052]  The shape of the auxiliary magnet 110 can be configured accordingly to suit different
applications. The auxiliary magnet 110 also does not need to be rigid and it can be replaced by
active soft components as long as these components can provide a net magnetic moment for the
six-DOF MMR 100. As a non-limiting example, the auxiliary magnet 110 is illustrated in FIG.
1A and FIG. 1B(vii) with the shape of a triangular prism. Such a component can be constructed
via molding a polymer matrix (for example but not limited to, Polydimethylsiloxane or PDMS
available from Dow Corning), which has magnetic particles (for example but not limited to
NdFeB magnetic particles) embedded therein. The embedded magnetic particles may be mixed
uniformly within the polymer matrix and the composite cured (e.g., by baking). Once molded,
the auxiliary magnet 110 may be magnetized uniformly by a strong magnetic field. Thereafter,
the auxiliary magnet 110 may be adhesively bonded to the main component 120 to form the
proposed MMR 100.

[0053]  Actuation Method

[0054]  The actuation method proposed herein is applicable to various types of MMRs, e.g.,
MMRs with a rigid main component or a soft (flexible) main component, or MMRs
characterized by hard magnetic properties or soft magnetic properties. To better aid
understanding of its advantages, the present actuation method will be described with reference
to an MMR capable of controllable movement in six DOF (also referred to as a "six-DOF
MMR"). In one aspect, the proposed actuation method is preferably applied to a six-DOF MMR
which has a six-DOF rotation that can be controlled independently of the other conventionally-
achieveable five-DOF rigid-body motions (translation along three orthogonal axes and rotation

about the two axes orthogonal to the six-DOF axis).
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[0055] According to the present actuation method, the magnetic actuating signals may be
assumed to be substantially uniform across the MMR's main component. Advantageously, it is
not required to provide magnetic actuating signals that are spatially-invariant at small-scales
(millimeter-scale or smaller). Additionally, the time-varying magnetic field B may be assumed
to have only five independent spatial-gradients owing to the constraints of the Gauss’s law and

the Ampere’s law:

- dB, 0B, 0B, 0B, 0B,]

B=[B, B, B", B.. =
[Pz By I" grad ox dy 09z dy Ody

(D

where Egrad refers to the time-varying vector of the magnetic field, and where By, B), and B,

represent the Cartesian x-, y- and z-components of B, respectively.
[0056]  The present actuation method includes controlling the actuating magnetic signals
(i.e., configuring the applied magnetic field or actuating magnetic field within which the MMR
is operable) under quasi-static conditions such that the six-DOF MMR will constantly
experience three axes of restoring torques. Under the influence of the restoring torques, the
MMR's three axes of angular displacements will self-align into their respective target angles,
as illustrated schematically in FIGS. 3A(i) — 3A(ii). The present actuation method may include
applying the actuating magnetic field in which the target orientation corresponds to a minimum
potential energy configuration of the MMR. When the MMR is in a rotational equilibrium state
with its angular displacements corresponding to the target angles, the presence of restoring
torques enables the MMR to reject external torque disturbances that tend to misalign MMR and
maintain the target orientation. In other words, by making the target orientation into a minimum
potential energy configuration of the MMR, the MMR in any arbitrary orientation will
constantly experience three axes of restoring torques until it achieves the target orientation. To
aid description, reference may be made in the present disclosure to the reference frames,
namely, a global reference frame (frame of reference) as illustrated in FIG. 3B(i), an

intermediate reference frame as illustrated in FIG. 3B(ii), and a local reference frames of the
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MMR as illustrated in FIG. 3B(iii), respectively. For convenience, before the MMR is rotated,
its local reference frame as shown in FIG. 3B(iii) may be defined to coincide with the global

reference frame of FIG. 3B(i).
[0057]  According to one aspect of the present disclosure, the MMR is configured with a

magnetization profile M that results in an external wrench or a non-zero net magnetic torque

when under the influence of a varying actuating magnetic field (E and Egrad).

7 B
<}”> _ D(H w ) @)
Fu, Bgraa i)
where 7 is the net magnetic torque experienced by the MMR, F is the magnetic force
experienced by the MMR, and where the matrix D is a full ranked matrix. In this example,
0 -m 0 d dp d3 dy ds
0 d¢ d; dg dy dy
0 dll dlZ d13 d14 d15 (3)
0 m O 0 0 0

0O 0 m 0 0 O
o 0 0 m 0 O

where the elements d;-d,s in Equation (3) are functions of the geometry of the MMR and

cooc o3
oo OO

M . Define the Cartesian components of 7 and M to be 7= ("x 7y )T and M =

(M, M, M,)T, respectively, the elements in Equation (3) may be expressed as follows:

d, = fff r,M,dV, d, = ﬂf(ryMy —1,M,)dV, d3 = fff r,M, dV,
b= [[[-rmar, o= ([ -nmar, @ = [,
d, = fff —1M, dV, dg = jff(—rZMx —1.M,)dvV,
o= [[[ rmar, o= [[[
o= [[[ s, av, e = [[[ rot,av e = [[[ e,

diy = f f (M, + 1,M,) dV, dys = f f (M, — 1, M,) dV. @)
Equation (2) may be mapped to an intermediate reference frame [FIG. 3B(ii)]:
Ty By
(A )==[c<9)1(q Yo, (5)
Fay Bgraa,n
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Rz(g) 03><3

03X3 Rz(e)
cosf —sinf O

R,(0) = (sin 6 cosO 0>.
0 0 1

05,3 is a 3x3 zero matrix. C is the control matrix and is a full-ranked 6x8 matrix when the
rank of D is full, i.e.,

where C(0) = ( ) [D][A(O)],

0 —m 0 dycos’d + dyssin 6 cos 6 + dysin?6  d,cos*6 + dy, sin 6 cos § — dgsin’0
m 0 0 d6C0529 + dy, sinf cos 6 — dzsinZG d7c0529 — dyssinfcos 6 + dlsin29
Co) = 8 g 8 dy, cos 9;1 dy, sin 6 dy; sin6 -I(; dy, cos 8
0 0 0 0 m
dscos 6 + (ds — dg) sinf dycos@ + dgsind dscos8 —d,sinf
dgcos@ + (d; —d,)sin6 dscos0 —d,sin —(d4 cos 8 + dssin9)
di3 — di4sin?8 + d s sinf cos@ dy4c0s20 +djssin28 —dy, sin20 + dy5 cos 26
0 0 0
0 0 0 /
m 0 0

(6)

[0058] To make the target orientation of the MMR into a minimum potential energy
configuration, 7(;; in Equation (5) is specified as a null vector at the target . When the MMR
experiences zero torque at the target orientation, a magnetic force ﬁ{,} can be specified for the
MMR. This advantageously enables translation of the MMR with the desired magnetic forces
while the MMR is under precise orientation control. Based on the desired ﬁ{,}, the required
actuating magnetic signals of the present actuation method can be obtained by solving Equation

(5). Equation (7) presents the general solution of the actuating magnetic fields:

(dsdqq — dydys) sin@ — (dydq4 + dsdqs) cos 0
(dy5 cos26 — dy,sin26)m

\ (dadys — dsdyy) cos 0 — (dadyy + dsdys) sin 6
(di5c0s 26 — dy4sin20)m

(

0

0

o - 1

<_)B{I} ) = CT[cCT] ! <03i<1'{1}) +ky 0 +,

Bgrad,{l} Fuy 0
0

0

0

{1} dq4 08260 + dq5sin26
dq5cos26 —dq,sin 20

()

OO0 OO

3
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The first right-hand component represents the particular solution obtained via pseudo-
inverse, while the other two vectors on the right are the null space vectors of C representing
the homogeneous solutions. The scalar variables k; and k, are the scale factors of the null
space vectors. The variables d,, ds, d,4 and d;5 are the elements of D, and m represents the

magnitude of 1.

[0059]  Unlike the conventional actuation methods, the closed-form solution presented above
can describe the actuation principles of MMR under quasi-static conditions and enable effective
six DOF control of the MMR.

[0060] The pseudo-inverse solution in Equation (7) ensures that the MMR will be in a
rotational equilibrium state when it reaches the target orientation (i.e., the minimum potential
energy configuration), and also that the desired 13{,} can be applied to the MMR. The restoring

torques can be controlled by tuning the actuating signals via the homogeneous solutions.
[0061]  The first null space vector in Equation (7),(0 0 1 0 0 0 0 O){,}T, adjusts B such

that it can become stronger along its z-axis component, i.e., this vector is used for increasing
B, 3. Increasing the magnitude of B,y increases the restoring torque and aligns the MMR's
m to the target direction. A stronger restoring torque may be preferred because it empowers the
MMR to reject torque disturbances more effectively. This null space vector can only generate
two axes of restoring torques for the MMR and it has no effect on the sixth-DOF rotation of the
MMR.

[0062]  The second null space vector is proposed herein for actuating MMRs. By adjusting
the magnetic actuating signals in Equation (7) via this null space vector, the MMR's sixth-DOF
angular displacement may be controlled to self-align into the target angle 8 and to maintain the
target angle.

[0063]  The singularity points will occur when the denominator of the components in the
second null space vector approaches zero, i.e., d;5c0s(20) —d,,sin(260) = 0 or

when dq, cos 260 + d;5 sin 260 = 0. The bases of the null space vector may be varied according
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to the range of 0 so that the singularity points can always be avoided when the MMR follows
an angular trajectory.

[0064]  The general solution in Equation (7) can be applied to six-DOF MMRs with rigid
bodies or soft deformable bodies.

[0065]  According to one aspect of the present disclosure, the magnetization and stiffness
profiles of the main component is configured to be rotationally symmetrical about the sixth-
DOF axis, and to only allow the MMR to execute their time-varying deformations (deformation
over time) by adjusting the magnitude of the first null space vector in Equation (7). This
actuation method was experimentally confirmed to be viable, as will be understood from the
experiments decribed below.

[0066]  Preferably, the highest permissible magnitudes of k; and k, are used to maximize
the restoring torques. The magnitudes of k; and k, are in practice constrained by the capacity
of the magnetic actuation systems, and the strength of the restoring torques are dependent on
the MMR’s configuration (i.e., its D matrix).

[0067] The MMR is preferably configured with a physical and magnetization profile which
can maximize the sixth-DOF restoring torque, an example of which is illustrated by FIG. 1A.
Because the actuating signals have to be eventually specified according to a global reference
frame, the computed E{,} and Egrad'{l} in will be mapped into this reference frame [FIG. 3B(1)]:

( Ba) )Z[Rx(a)ky<ﬂ> Oass ( B > ®)
B 053 Az(a,B) Egrad,{l} ’

Bgrad,{G}

where R, and R,, are the standard x- and y-axis rotational matrices, and A, can be expressed

as:
cos (a)cos(2B) sin (a)sin (B) cos (a)sin(2pB) 0.5cos (a)sin(2) sin (a)cos (B)
0.5sin(2a)sin (28)  cos(2a)cos (B) —0.5sin (2a)cos(2B) 0.5sin (2a)(1 + sin?(B)) —cos(2a)sin (B)
A,(a,B) =| —cos?(a)sin(2B)  sin(2a)cos (B) cos?(a)cos(2B) sin?(@) — cos?(a)sin?(B) —sin(2a)sin (B) | (9)
[ —sin?(a)sin(2B8)  —sin(2a)cos (B) sin?(a)cos(2p) cos?(a) — sin?(a)sin?(B)  sin(2a)sin (B) }
—sin (@)cos(2p) cos (a)sin (B) —sin (a)sin (28) —0.5sin (a)sin(2p) cos (a)cos (B)

[0068] The variables a and S represent the corresponding desired angular displacement
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about these axes, and together they define the intermediate reference frame as well as the
desired orientation for m (Fig. 3B(i)-(ii)). The subscript {G} in Eq. (8) indicates that the vectors
are expressed in the global reference frame. Equation (8) shows how the required actuating
signals can be specified, according to the global reference frame, to make the MMR's target
orientation into a minimum potential energy configuration.

[0069]  According to one embodiment of the present actuation method, the trajectory of the
MMR toward the target destination may be broken a sequence of discrete angular
displacements, and each of the corresponding target orientations of the sequence of discreate
angular displacements are defined as respective minimum potential energy configurations.
Additionally, magnetic forces can be applied on the MMR at any point of the angular trajectory
for translation and/or doing work.

[0070]  Preferably, the angular trajectory of the MMR can be defined or broken down into
more points (more discrete angular displacements) to reduce the deviation between two
sequential orientations and thereby address the potential issue of there being multiple minimum
potential energy configurations for any given set of actuating signals. In other words, the
angular trajectory of the MMR is broken down into a sequence of multiple discrete angular
displacements. Preferably, each of the discrete angular displacements small enough to make the
MMR's next configuration essentially independnet of the MMR's current orientation. This
approach has been experimentally verified to enable relatively precise orientation control for
the present six-DOF MMR.

[0071]  Experimental Results

[0072]  Experiments demonstrated the ability of the MMR to exhibit dexterous and precise
manipulation capabilities. FIGS. 4A(i) — 4A(vi) are line drawing representations of images
captured during a series of experiments using a prototype of the present MMR. The MMR’s

local reference frame is shown in the inset of FIG. 4A(i). The MMR demonstrated the ability
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to execute rotation about the MMR’s z;y-axis, x(;3-axis, and yy-axis, respectively, as shown
in FIGS. 4A(1) — 4A(iii). Specifically, the sixth-DOF rotation is shown in FIG. 4A(i).
Translation along each of the MMR’s x;;-axis, y(;y-axis, and zy-axis, respectively, is shown
in FIGS. 4A(iv) — 4A(vi).

[0073]  FIGS. 4B(i) — 4B(vi) are line drawing representations of a sequence of images
captured over time. In the experiment, the actuation method proposed herein was implemented
to make each of the angular displacements at 0°, 60°, 120°, 180°, 240°, and 300° the minimum
potential energy configuration in turn. The tip of the auxiliary magnet was highlighted to better
illustrate the MMR's sixth-DOF angular displacement. As shown by the experiment, the MMR
could be made to rotate about the six-DOF axis in a precise and controllable manner, exhibiting
angular displacements from 0° to 60° [FIGS. 4B(i) — 4B(ii)], from 60° to 120° [FIGS. 4B(ii) —
4B(iii)], from 120° to180° [FIGS. 4B(iii) — 4B(iv)], from 180° to 240° [FIGS. 4B(iv) — 4B(v)],
and from 240° to 300° [FIGS. 4B(v) — 4B(vi)]. It was experimentally verified that the MMR
could achieve a sixth-DOF angular velocity of about 173 degrees per second.

[0074]  FIG. 5A shows an experimental set-up with a first wall and a second wall spaced
apart from one another. FIGS. 5B(i) — 5B(ii) show an opening in the first rigid wall and a
differently shaped opening in the second rigid wall, as viewed from the same perspective. The
MMR used in this experiment has a trapezoidal prism disposed on a disc-shaped base. It is
evident that the MMR would not be able to pass through both openings unless the MMR is able
to re-orientate itself. In fact, the openings and the shape of the MMR were intentionally
designed so that the full six DOF actuation is needed with precise orientation in order for the
MMR to pass through both openings. Before the experiment began, the global reference frame
and the local reference frames were defined to coincide. FIG. 5C(i) showed a line representation
of an image captured during the experiment, showing that the MMR could negotiate through

the first wall after the MMR precisely rotated 8 and § to —90° and 45°, respectively. FIG.

17



5C(ii) showed that the MMR successfully passed through the second wall after the MMR
rotated 6 and a to —90° and 30°, respectively.

[0075]  Jellyfish-like MMR with a rigid main component

[0076]  FIG. 6A illustrates a jellyfish-like MMR 600 having deformable tentacles 610
coupled to the main component 120. The magnetization profile of the deformable tentacles is
configured to be substantial uniform from the geometric center to the respective ends of the
deformable tentacles 610. The deformable tentacles610 are configured to generate a net
magnetic moment (717) that is parallel to an external magnetic field B (also referred to as an
applied magnetic field or actuating magnetic field), when Bis applied along the sixth-DOF
axis. The deformable tentacles 610 may be described as being corresponding to the auxiliary
magnet 110 in FIG. 1A(i). When the direction of B is reversed (as shown in FIG. 6B), the
direction of m will be reversed. In this MMR 100, a buoyant head 630 is disposed on the main
component 120. The center of buoyancy 640 and the center of gravity 650 are aligned along the
sixth-DOF axis 106 but are not coincident (as shown in FIGS. 6C — 6D). Thus, when the MMR
100 is tilted relative to the gravitational force as shown in FIG. 6D, the buoyant force 660 will
have an effective moment arm 670 to induce a rigid body torque, which tends to rotate the
MMR back to the "upright" configuration of FIG. 6C. In other words, the MMR will
automatically "correct" its pose and remain substantially upright. This may be useful in
applications where it is desirable to keep the MMR in a substantially "upright" pose throughout
its navigation path.

[0077]  FIGS. 7A — 7B illustrate another embodiment of the MMR which may be operable
as a gripper 700. The MMR 100 includes an auxiliary magnet 110 that is sandwiched between
and coupled to the proximal ends of two beams 720. The MMR includes two side magnets 730,
each side magnet 730 being coupled to the respective distal ends of the two beams 720. The

MMR includes a main component 120 stacked in alignment with the auxiliary magnet 110 so
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that the MMR 100 is capable of controllable sixth-DOF rotation. FIG. 7A shows the MMR in
a default state. FIG. 7B shows the MMR in a deformed state in which the side magnets 730 are
responsive to an actuating magnetic field Band rotate towards one another in a grabbing or
gripping movement. By controlling the magnitude of B along the MMR's net magnetic
moment, the MMR 100 / 700 can produce a grabbing motion of various grabbing or gripping
strengths.

[0078] Experiments using the jellyfish-like MMR

[0079] A series of experiments were conducted based on the jellyfish-like MMR 100 / 600
of FIG. 6 and FIG. 8A. FIGS. 8B — 8D show line drawing representations of images captured
during experiments when the MMR 100 is actuated to propel itself using a soft-bodied
swimming locomotion. As shown in FIGS. 8B(i) and 8B(ii), the MMR 100 would assume either

[

a “u”-shaped configured or an “n”-shaped configuration when the actuating magnetic field B
was applied along the sixth-DOF axis 106 of the MMR. The propulsion direction of the MMR
could be controlled by controlling the direction of B, as shown in FIG. 8B(iii).

[0080]  FIG. 8C(i) shows an experimental setup in the form of a rectangular opening 805 in
a barrier 803. The MMR prototype used in this experiment includes deformable tentacles 610
and a logo 830 disposed at different ends of the MMR 100. The logo 830 and the deformable
tentacles 610 are coupled to the buoyant head 630 and the main component 120 respectively
with their respective longitudinal axes oriented substantially orthogonal to each other. As
evident from the top view of FIG. 8C(ii), the MMR has an "X"-shaped profile or footprint.
[0081]  FIGS. 8D(i) — 8D(ii) show the MMR 100 rotated about its sixth-DOF axis 106 for
the sixth-DOF angle 0 to be 0° so that the logo 830 could be pass through the barrier opening
805. It is evident that in this orientation, the tentacles 110 / 610 will block further passage of
the MMR 100 through the barrier opening 805. FIGS. 8D(iii) — 8D(iv) show that the MMR 100

could be controllably rotated about its sixth-DOF axis 106 for the sixth-DOF angle 6 to be 90°
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and thus permit the tentacles110/ 610 of the MMR 100 to cross the barrier 830. The experiment
demonstrated the MMR’s dexterity and controllable movement in six-DOF.

[0082]  Robotic assembly

[0083] A series of experiments were conducted using the MMR of FIGS. 7A — 7B to perform
robotic assembly of a three-dimensional (3D) four-bar linkage assembly 900 (FIG. 9A). The
achievable torque in the sixth-DOF was also found to be comparable to the achievable torques
about the other two orthogonal axes, i.e., large enough for practical applications, as evident by
the ability of the MMR 100 / 700 in holding and/or manipulating the elements 902 of the four-
bar linkage assembly. The experiments show that the six-DOF torque forces that produce the
grabbing motion are strong enough for the MMR to grab an element 902, transport the object
or element 902 to a target location, and hold the element 902 as the MMR re-orientate to a
target orientation or travel to a target location.

[0084]  FIGS. 9B(i) — 9B(vii) are line drawing representations of time lapse images captured
during the experiment. The experiment also demonstrated that a gripper based on the proposed
MMR could complete a complicated, small-scale assembly task about 20 times faster than a
conventional five-DOF robot.

[0085]  Six-DOF Multimodal Soft-Bodied Locomotion

[0086] In the present disclosure, the term "soft-bodied MMR" refers to an MMR which
includes at least one magnetic or magnetized component that is mechanically deformable to
present a change in shape and/or physical dimensions. Soft-bodied locomotion generally
presents additional challenges as the deformable component(s) can introduce further
complications to the control of the MMR.

[0087]  The following describes an example of a soft-bodied MMR 400 configured as a six-
DOF MMR. The MMR 100 includes a deformable component 420 that is mechanically

deformable, in which the deformable component 420 is configured with a magnetization profile
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422 such that the directions of the null space vectors in Equation (7) will remain constant
regardless of deformations occurring over a period of time (i.e., a series of time-varying
deformations).

[0088]  Asshowninatop view in FIG. 10A and in a front view in FIG. 10B, one embodiment
of the MMR 100 includes a longitudinal body or a beam with two ends 424. The longitudinal
body is bendable about a transverse axis or a transverse plane 407. In the present disclosure,
the beam may be described as a soft-bodied MMR or a deformable component 420. In a default
or undeformed state, the deformable component 420 may be described as an integral elongate
component magnetized with a magnetic field that is symmetrical about the net magnetic
moment axis and characterized by a two-dimensional or three-dimensional magnetization
profile 422. The magnetization profile refers to the pattern or distribution of the magnetic field
vectors in the body of the deformable component, as schematically illustrated with arrows in
FIG. 10B. Preferably, the magnetization profile is a two-dimensional (2D) or a three-
dimensional (3D) magnetization profile characterized by an axis of symmetry coinciding with
the net magnetic moment axis 406 extending through the geometric center of the deformable
component. The magnetization profile is characterized by mirror symmetry about a transverse
plane 407 intersecting the center of the deformable component 420.

[0089]  The magnetic field vector at the geometric center of the deformable component 420
is substantially parallel to the net magnetic moment axis 406. The magnetic field vectors at the
two ends 424 of the deformable component 420 are in the same direction as one another, and
parallel to the net magnetic moment axis 406. The magnetization profile 422 may also be
described herein as a harmonic magnetization profile. This refers to a continuous change of the
direction of the magnetization field 422 from the center (coinciding with the net magnetic

moment axis 406) of the deformable component to one end 424 of the deformable component.
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That is, the deformable component 420 is characterized by a non-uniform magnetization profile
422 in which all the magnetic particles are not oriented along the same direction.

[0090]  The magnetization profile 422 of the deformable component 420 of FIG. 10B differs
from the magnetization profile of the deformable component 610 of FIG. 6A. At both ends 424
of the deformable component 420 of FIG. 10B, the magnetization profile (1\7 ) is characterized
by a phase shift angle (¢) of -90° relative to a major plane 425 of the deformable component
420. In comparison, the deformable component 610 of FIG. 6A is characterized by a
substantially uniform magnetization profile from the center to either end 624 of the deformable
component 610, i.e., parallel to a major plane 625 of the deformable component 610.

[0091] Referring again to FIGS 10A — 10B, the deformable component 420 is characterized
by a degree of elasticity or flexibility such that the deformable component 420 is bendable to
bring its two ends closer to one another. The deformable component 420 may be made of an
elastomeric material. Preferably, the deformable component 420 is flexible and sufficiently
changeable in shape to enable dexterous locomotion while being sufficiently stiff to transmit
forces to other objects or to the environment. Preferably, the deformable component 420 is
sufficiently elastic to facilitate a jumping locomotion. Preferably, the MMR 100/400 has a
substantially elongate flexible body actuated by the method of actuation described above.
Preferably, the MMR 100 is configured with seven possible modes of locomotion. The modes
of locomotion include one or more modes suitable for locomotion on land (terrestrial
environment) and one or more modes suitable for locomotion in a liquid (aquatic environment),
that is, the MMR 100 may be described as amphibious. The MMR 100 is suitable for
controllable six-DOF locomotion in both terrestrial and aquatic environments. Preferably, the
MMR 100 is configured for seven possible modes of locomotion with six-DOF in terrestrial

environments and/or aquatic environments. The seven possible modes of locomotion include:
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rolling, two-anchoring, undulating crawling, jumping, swimming with two different gaits
(undulating Taylor’s swimming and jelly fish swimming), and climbing a meniscus.

[0092]  Preferably, the MMR 100 includes two identical buoyant components 430 coupled
to the two ends of the deformable component 420, each buoyant component 430 being disposed
at a respective end 424 of the deformable component 420. Although each of the buoyant
component 430 is illustrated as being wider and thicker than the deformable component 420,
the respective dimensions of the buoyant components and the deformable component are not
limited to such and may be varied. In some applications, the MMR 100 may not include the
buoyant components. In some applications, the MMR 100 may have a differently shaped
deformable component.

[0093]  The deformable component 420 may be formed by molding a polymer matrix in
which magnets are distributed. Hard magnetic microparticles, such as but not limited to a
plurality of neodymium magnets (NdFeB), may be embedded in a polymer matrix, such as but
not limited to Ecoflex 00-10. The polymer may be cured in an oven.

[0094]  Another exemplary method of magnetizing the deformable component 420 is shown
schematically in FIGS. 11A — 11C. The deformable component 420 may have a default state in
which it is characterized by a straight profile (FIG. 11A). The deformable component 420 is
rolled up using a jig 490 and the two ends 424 of the deformable component 420 are brought
near one another in the rolled-up state (FIG. 11B). A strong, uniform magnetic field Bis applied
to the deformable component 420 in the rolled-up state such that the magnetic field is
substantially parallel to a gap between the free ends, as exaggerated in FIG. 11B to aid
understanding. When the deformable component 420 is returned to its default state (i.e., not in
the rolled-up state) the magnetic field vectors in the magnetized deformable component 420 are

parallel to the end surfaces of the free ends 424 (i.e., the magnetized beam is characterized by
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a harmonic magnetization profile with a phase shift angle (¢) of -90°), as schematically
illustrated in FIG. 11C.

[0095]  The sixth-DOF torque (about the net magnetic moment axis 406) of the MMR 100 /
400 is estimated to be about 1.41 to 63.9 times larger than the torque of conventional five-DOF
miniature robots. The magnitude of the achievable net magnetic moment (71) of the MMR 100
/ 400 is comparable or about the same as that of conventional five-DOF miniature robots. In
other words, the present MMR 100 / 400 is capable of providing a useful sixth-DOF torque
without compromising actuation capabilities in the other five DOFs.

[0096] Method of Actuation

[0097] A deformation mechanism of the proposed soft-bodied MMR 400, with a deformable
component 420 as described above, is schematically illustrated in FIGS. 12A — 12C. When a
magnetic field, B , 1s applied along a positive zg-axis, the MMR can deform or flex and
thereby assume a "U"-shaped configuration [FIG. 12A(i)]. In this deformed state, the MMR
possesses a net magnetic moment 7 that is parallel to the actuating magnetic field B.
Conversely, the MMR may assume an inverted ‘V’-shaped configuration when the direction of
the actuating magnetic field B is reversed [FIG. 12A(ii)]. In the inverted ‘V’-shaped
configuration, the 77 of the MMR will be along the negative z(-axis, parallel to the actuating
magnetic field B. The curvature or the degree of bending of the MMR can be controlled by
adjusting the magnitude of the actuating magnetic field B. For example, the MMR can be
deformed or flexed to obtain a sharper curvature or more bending by increasing the magnitude
of the actuating magnetic field (FIG. 12B). For example, a gentler curvature or a less bent state
of the MMR can be obtained by decreasing the magnitude of the actuating magnetic field
B (FIG. 12C).

[0098]  The actuation and/or orientation of the present MMR 400 may be described with

reference to the spatial reference frames as illustrated in FIGS. 13A — 13B. FIG. 13A(i)
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illustrates the global reference frame with the respective axes denoted by the subscript {G}.
FIG. 13A(i1) illustrates an intermediate reference frame in which the respective axes are denoted
by the subscript {I}. FIG. 13(A)(iii) illustrates a local reference frame in which the respective
axes are denoted by the subscript {L}. For convenience, it is assumed that the sixth-DOF axis
is parallel to one of the principal axes in the local reference frame. In FIG. 13A(iii), the sixth-
DOF axis is assumed to be parallel to the zy;,-axis.

[0099]  FIG. 13B(i) and FIG. 13B(ii) illustrate a method of actuating the present MMR 400.
According to one embodiment, the proposed method includes control B and its independent
spatial gradients, Egmd , so that a desired orientation of the MMR becomes a minimum potential
energy configuration. Under the influence of these actuating magnetic signals, the deformed
MMR will constantly experience three axes of restoring torques until it self-aligns to the desired
orientation. The presence of the restoring torques will also help the present MMR 400 to reject
external disturbances, enabling the MMR to maintain the desired orientation. When the MMR
400 is in a state of rotational equilibrium at the desired orientation, a force ﬁ{I} can applied to
the MMR. Based on the desired ﬁ{,}, the magnetic actuating signals for implementing six-DOF

control can be derived by solving Equation (10):
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and where d; = [[[(r,M, —,M,)dV, d, = [[[,M,dV, ds = [[[ —r,M, dV.

The variables, 15, and 7, represent the Cartesian y- and z-axes components of 7{;,. Likewise,

the variables, Myand M,, represent the Cartesian y- and z-axes components of R ()/)M{M}.

[00100] The D matrix (the design matrix) is characterized by a full rank. The control matrix
C(0) is also a full rank matrix. The variables, k; and k,, are the scale factors for the null space
vectors.

[00101] The actuating magnetic field is selected or configured so that the MMR 400 will be
in a rotational equilibrium state when it reaches the desired orientation, at which time a desired
force 13{,} is applied to the MMR.

[00102] The first null space vector, (0 0 1 0 0 0 O O){TI}, generates two axes of
restoring torques for the MMR 400, without providing a restoring torque about the sixth-DOF
axis. By adjusting the magnetic actuating signals via the second null space vector, a restoring
torque about the sixth-DOF axis of the MMR 400 is provided, which will in turn allow the
MMR’s sixth-DOF angular displacement to self-align the MMR into the desired orientation

(desired 0) and subsequently maintain the desired orientation or desired angle 6.
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[00103] The magnetic actuating signals in Equation (10) may be computed based on the
highest permissible magnitudes of k; and k,. Once the values of k; and k, are determined, the
actuating signals may be mapped to the global reference frame:

[00104] Preferably, the required actuating signals (based on the global reference frame) are
specified such that the desired orientation of the MMR 400 corresponds to a configuration of
minimum potential energy. Based on this actuation method, MMRs can also be controlled to
follow a given angular trajectory. One exemplary method involves discretizing the trajectory
into a sequence of angular displacements and sequentially make each of all of these orientations
into a minimum potential energy configuration. As the present MMR is capable of full six-DOF
motions, the desired magnetic forces can also be applied on the MMR at any point along the
angular trajectory. Together with controlling the time-varying deformations of the MMR, such
six-DOF control enable multiple modes of soft-bodied locomotion to be executed with precise
orientation control.

[00105] The following describes experiments conducted using prototypes of the present
MMR 400 controlled by the actuation method described above, with the aid of line drawing
representations of images captured from video recordings of the experiments.

[00106] Rolling

[00107] The experiments verified that embodiments of the present MMR 400 is capable of
rolling (one of the fastest modes of terrestrial locomotion) as one of the many possible modes
of locomotion, in which the rolling locomotion is controllable in six DOF by the actuation
method described above.

[00108] Responsive to a magnetic field B of 13 mT applied along the positive z(;;-axis of
the MMR, the main component of the present MMR deformed such that the MMR forms an
initial configuration to possess an effective magnetic moment 7 favorable to rolling (such as a

‘U’-shaped configuration as shown in FIG. 14A. Thereafter, responsive to a continuous rotation
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of the actuating magnetic field in the yg,zgy plane or the zgyx;, plane, the MMR
demonstrated rolling along its length (rotating about the x(;;-axis) as shown in FIG. 14A(i) or
along its width (rotating about the yy;;-axis) as shown in FIG. 14A(ii). In the experiments, the
magnitude of the actuating magnetic field |§ | = 13 mT, but it will be understood that magnetic
fields of various other magnitudes may be applied. The rolling direction of the MMR may also
be steered by controlling its angular displacement about the z(;y-axis with §grad. FIGS. 14B(1)
— 14(B)(iv) are line drawing representations of the MMR captured as a time series of images as
the MMR undergoes angular displacement about the zg;3-axis or the sixth-DOF axis.

[00109] Rolling along the length of the MMR 400 would be faster than rolling along the width
since the length of the MMR is longer than the width, assuming that the rotating frequencies of
the actuating magnetic field B are identical for both rolling scenarios. Despite being slower,
rolling along the width of the MMR can be useful in some cases, e.g., the curvatures of the
deformed MMR main component can be gentler, resulting in an overall flatter shape so that the
MMR can potentially squeeze through smaller openings.

[00110] Having the options to execute different modes of rolling makes the MMR 400 more
robust as an actuator, i.e., more ready to cope with different terrains and/or obstacles. On
obstacle-free terrains, the MMR may be configured to roll quickly along its length. In one non-
limiting example, a prototype of the present MMR could roll along its length at a speed of
246 mms~! in a 0.25 Hz rotating magnetic field B. Alternatively, the MMR may be
configured to roll along its width if it has to negotiate across barriers with narrow openings in
the environment. In another non-limiting example, a prototype of the present MMR could roll
along its width at a speed of 1.85 mm s~! in a 0.25 Hz rotating magnetic field B.

[00111] To demonstrate the remaining DOF of the present MMR 400, the prototype MMR
was made to translate along each of its three principal axes in the local reference frame. Before

executing each of these translations, a magnetic field B was applied along the zg;y-axis of the
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MMR so that the deformable component 420 of the MMR could deform into a ‘U’-shaped
configuration to possess an effective m. A corresponding §grad was then applied to exert the
desired magnetic forces on the MMR to translate it along the x(;y-axis [FIG. 14(C)(1)], the y;;-
axis [FIG. 14(C)(i1)], and the zgy-axes [FIG. 14C(iii)]. The experiments also confirmed that the
rotational motion about any of the three axes and the translational motion of the present MMR
along any of the three axes may be fully decoupled from one another, i.e., the present MMR s
able to attain full six-DOF control. This could be advantageously used to enhance the efficiency
of locomotion. For example, upwardly directed forces may be applied on the MMR to reduce
its friction with the ground, making it easier to jump higher or swim against gravity, while
forces in other directions may be applied on the MMR to effect its translation and/or rotation
towards a target destination.

[00112] Two-anchor crawling

[00113] It was experimentally verified that the present MMR 400 is capable of executing
another mode of locomotion referred to as a two-anchor crawling locomotion, in which the
locomotion is controllable in six DOF by the actuation method described above.

[00114] To implement the two-anchor locomotion, the MMR is made to assume a "U"-shaped
configuration with the two ends of the MMR contact the substrate (i.e., the terrestrial surface).
Referring to the time series images of FIG. 15A, the dashed line in FIGS. 15A(i) and 15A(v)
represents an initial location of a "rear" end of the MMR, and the solid line in FIG. 15A(v)
represents a final location of the same end of the MMR, after the MMR performed one "cycle"
of a two-anchor crawl. The distance between the dashed line and the solid line represents a net
displacement of the MMR in one cycle. The MMR may be controlled to repeat the cycle [FIGS.
15A(1) — 15A(v)]. The two-anchor locomotion may be described as a cyclic locomotion.
[00115] The actuation method proposed herein is also useful for enabling the two-anchor

locomotion up an inclined surface or a slope. For example, the angular displacement about the
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x(1y3-axis may be controlled to enable the MMR to ascent an inclined slope of about 20°, as
illustrated in FIG. 15B.

[00116] In another experiment, a prototype of the present MMR 400 was made to navigate a
narrow passageway which imposes different shape constraints at different parts of the
passageway. As illustrated by FIG. 15C, the same MMR was able to adopt various shapes at
different times to successfully traverse the passageway. For example, the MMR could be
precisely controlled in its angular displacement about the y(-axis to crawl under an
overhanging obstacle. For example, the MMR could be precisely controlled in sixth-DOF
angular displacement about the z(;y-axis, so that it could execute a sharp turn at a junction or a
corner of a confined "L"-shaped passageway.

[00117] Undulating crawling

[00118] It was experimentally verified that the present MMR 400 is capable of executing
another mode of locomotion referred to as an undulating crawling locomotion, in which the
locomotion is controllable in six DOF by the actuation method described above. The main
component of the MMR may exhibit a traveling wave of bending and unbending along its
length, such that the MMR inches "forward" along the y;;-axis, for example. In the
experiments, a prototype of the MMR successfully negotiated its way through a complex
channel involving movement across two perpendicular planes (FIG. 16A). This involved
controlling the angular displacement of the MMR about the y(;3-axis, in addition to controlling
its undulating crawl.

[00119] In another experiment, the present MMR 400 successfully executed undulating
crawling to ascend an inclined slope of about 20° by controlling the angular displacement of
the MMR about the x(;-axis. By rotating about its zg;-axis, the MMR could perform a sharp

turn at a junction or a corner of the confined "L"-shaped channel (FIG. 16B).

[00120] Jumping
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[00121] FIG. 17A are line drawing representations of images captured at different times of a
prototype of the present MMR 400 executing a jumping locomotion. This was effected by
controlling the angular displacements of the MMR about the z(;-axis and the x(;-axis. In
another experiment, the same MMR was controlled to produce angular displacements about the
z;y-axis and the yg;;-axis. As shown in FIG. 17B, the MMR could execute a different variation
of the jumping locomotion. The MMR was similarly oriented in the beginning of both jumps,
and yet was able to exhibit different shapes and orientation during the jumps and upon
completing the jumps.

[00122] Jellyfish-like Swimming

[00123] It was experimentally verified that the present MMR 400 is capable of executing two
different modes of swimming locomotion, in which the locomotion is controllable in six DOF
by the actuation method described above. FIGS. 18A — 18C are line drawing representations of
a prototype of the present MMR, showing the MMR moving in water. In the experiment of FIG.
18A, the angular displacement of the MMR about its xy;;-axis was controlled to steer the
swimming direction or the overall trajectory of the MMR in water. In the experiment of FIG.
18(B), the same MMR could be steered along a different trajectory or swimming direction by
controlling its angular displacement about the y;;-axis. In the experiment of FIG. 18C, the
MMR was continuously rotated about its sixth-DOF axis, herein corresponding to as the zy;;-
axis as it executed the swimming locomotion.

[00124] Undulating Swimming

[00125] The present MMR 400 can be controlled to execute an undulating swimming
locomotion by continuously generating a traveling wave along the length of the main
component, as shown in FIGS. 19A(ii) — 19A(vi). The net displacement of the MMR after one

period (or one cycle) of the traveling wave can be seen from comparing FIGS. 19A(i1) and
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19(v). Additionally, and concurrently, the MMR may be steered to follow an "L"-shaped
trajectory using the actuation method described above.

[00126] Meniscus-climbing

[00127] It was further experimentally verified that the present MMR 400 is capable of a mode
of'aquatic locomotion referred to as meniscus-climbing. As illustrated by the time series images
of FIG. 19C, a strong upward magnetic field B (for example, but not limited to, |§|=25 mT)
was applied to deform the MMR. Next, the actuating magnetic field B is rotated to rotate the
MMR. In this non-limiting example, the rotation is from 30° [FIG. 19C(iii)] to 60° [FIG.
19C(iv)], with respect to the vertical upright direction.

[00128] Multimodal Amphibious Locomotion

[00129] Any one or more of the various modes of locomotion may be selected and combined
to successfully navigate the MMR 400 through various unstructured environments with
complex barriers. This was experimentally verified using a variety of synthetic obstacle courses
as shown in FIGS. 20A - 20D.

[00130] FIG. 20A shows the MMR 400 in an unstructured terrestrial environment, jumping
to get from a lower elevation to a higher elevation. The orientation of the MMR was controlled
concurrently with the execution of the jumping locomotion so that the MMR could jump
through a narrow slot via precisely controlling its orientation. Subsequently, the MMR rolled
along its width with a gentle curvature to squeeze through a first opening in a first wall. Next,
the MMR rolled along its length to pass through a second opening in a second wall. The MMR
was therefore able to roll at a faster speed (rolling lengthwise) if the size and orientation of the
opening permits, and also able to roll with a lower profile (rolling widthwise) if the size and
orientation of the opening imposed such constraints.

[00131] The jumping locomotion of the MMR in FIG. 20A is shown in greater detail in FIG.

20B, i.e., with line drawing representations of the MMR in various frames captured from a slow
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motion video. It is evident that, in the experiment, the sides of the narrow slot would have
blocked the MMR from jumping therethrough if the MMR had maintained the same orientation
throughout the jump. The present MMR is controllable in the six-DOF such that the jumping
locomotion could be performed concurrently with a twist or rotation to change the orientation
of the MMR, enabling the MMR to pass through the slow which is only slightly wider than the
width of the MMR.

[00132] FIG. 20C shows another unstructured terrestrial environment that present a variety
of obstacles. The MMR was first commanded to perform a two-anchor crawl so that it could
travel along a path constrained on either side and subsequently climb up a stair-like structure.
The two-anchor crawl also enabled the MMR to bridge itself across a gap without falling into
a ravine-like trap. The MMR was able to change its mode of locomotion to better navigate the
next part of the environment. In this example, the MMR changed from the two-anchor crawl to
an undulating crawl to negotiate a confined and enclosed channel having convoluted
geometries. In the experiment, the MMR successfully ascended an upslope of about 10° and
performed a sharp turn at the junction of an “L”-shaped channel. The MMR then had to
transition from crawling on a "floor" to crawling on a "wall" as the cross-sectional width of the
channel changed from being wider than the width of the MMR to being narrower than the width
of the MMR.

[00133] FIG. 20D shows an experiment in which the MMR moved in a hybrid aquatic-
terrestrial environment. The MMR first performed a jellyfish-like swimming locomotion with
precise orientation control to bypass a barrier and then rolled across an air-water interface to
transit from water to land.

[00134] Pick-and-Place Operations

[00135] It was experimentally verified that the present MMR 400 was strong enough to

perform pick-and-place operations. FIGS. 21A(i) — 21 A(viii) are line drawing representations
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of images captured from a video recording of the MMR collecting, transporting, and stacking
objects at a target placement location indicated by a dotted ellipse in FIG. 21A(1). FIG 21A(i1)
shows the MMR in a rolling locomotion traveling towards a first object and gripping or
grabbing the first object between the two ends of the MMR. FIG. 21A(iii) shows the MMR
holding the first object while concurrently moving towards the target placement location. FIG.
21A(iv) shows the MMR releasing the first object at the target placement location. FIG. 21 A(v)
shows the MMR repeating the same process of gripping or grabbing for a second object. FIG.
21A(vi) shows the transporting the second objecting towards a target placement location for the
second object. In this experiment, the target placement location for the second object is on top
of the first object. FIG. 21A(vii) shows the MMR releasing the second object above the first
object, so that the second object could be stacked on top of the first object.

[00136] FIGS. 21B(i)—21B(v) show stages of an experiment in which the MMR successfully
picked up [FIGS. 21B(i) — 21B(ii)], transported [FIGS. 21B(iii) — 21B(iv)], and placed an object
in a target placement location [FIG. 21B(v)]. In the experiment, the weight of the object
(payload) is about or at least three times the weight of the MMR. Thus, it has been
experimentally verified that the present MMR and the actuation method therefor are suitable
for many practical applications involving pick-and-place processes.

[00137] All examples described herein, whether of apparatus, methods, materials, or
products, are presented for the purpose of illustration and to aid understanding, and are not
intended to be limiting or exhaustive. Various changes and modifications may be made by one

of ordinary skill in the art without departing from the scope of the invention as claimed.
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CLAIMS

1. A magnetic miniature robot, comprising:

a deformable component having a longitudinal body with two ends, the longitudinal
body being bendable about a transverse plane defined at the center of the longitudinal body, the
deformable component being configured with a non-uniform magnetization profile defining a
net magnetic moment axis that is perpendicular to the transverse plane, wherein the
magnetization profile is non-uniform, and wherein the magnetization profile is characterized
by magnetic field vectors at the two ends being in the same direction as one another and parallel

to the net magnetic moment axis.

2. The magnetic miniature robot of claim 1, wherein the magnetization profile comprises

a harmonic magnetization profile having mirror symmetry about the transverse plane.

3. The magnetic miniature robot of claim 2, comprising:

two bouyant components coupled to the deformable component at either of the two ends.

4. The magnetic miniature robot of claim 1 configured to be at least partially actuatable to
a target location in a target orientation in response to an actuating magnetic field configured
such that a minimum potential energy configuration of the magnetic miniature robot
corresponds to the target orientation, wherein the magnetization profile is responsive to an
application of the actuating magnetic field to the magnetic miniature robot as a time-varying
magnetic field to generate a time series of a restoring torque in at least one of three rotational

degrees-of-freedom (DOF), and wherein the restoring torque is configured to act on the
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magnetic miniature robot to repeatedly return the magnetic miniature robot to the minimum

potential energy configuration.

5. The magnetic miniature robot of claim 4, wherein the magnetization profile is
configured to be responsive to the actuating magnetic field to generate a translational force on

the magnetic miniature robot in at least one of three translational DOF.

6. The magnetic miniature robot of claim 5, wherein the magnetization profile is
configured to generate a zero torque on the magnetic miniature robot responsive to the magnetic

miniature robot being aligned with the target orientation.

7. The magnetic miniature robot of claim 6, wherein
an angular trajectory of the magnetic miniature robot is defined a series of discrete
angular displacements, and wherein
for each of the discrete angular displacements, the actuating magnetic field is configured
such that the minimum potential energy configuration of the magnetic miniature robot

corresponds to the target orientation.
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