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Shape-morphing systems, which can perform complex tasks through morphological
transformations, are of great interest for future applications in minimally invasive
medicine'?, soft robotics®, active metamaterials’ and smart surfaces®. With current
fabrication methods, shape-morphing configurations have been embedded into
structural design by, for example, spatial distribution of heterogeneous materials® ™,
which cannot be altered once fabricated. The systems are therefore restrictedtoa
single type of transformation that is predetermined by their geometry. Here we
develop astrategy to encode multiple shape-morphinginstructionsintoa
micromachine by programming the magnetic configurations of arrays of single-
domain nanomagnets on connected panels. This programming is achieved by
applying a specific sequence of magnetic fields to nanomagnets with suitably tailored
switching fields, and results in specific shape transformations of the customized
micromachines under an applied magnetic field. Using this concept, we have built an
assembly of modular units that can be programmed to morph into letters of the
alphabet, and we have constructed a microscale ‘bird’ capable of complex behaviours,
including ‘flapping’, ‘hovering’, ‘turning’ and ‘side-slipping’. This establishes aroute for

the creation of future intelligent microsystems that are reconfigurable and
reprogrammable in situ, and that can therefore adapt to complex situations.

Ithasbeenalong-standing goal to create intelligent machines thatare
untethered and can execute tasks at small scales. Magnetic actuation
is of particular interest for the control of these machines, because
it comes with the advantage of being able to perform tasks in con-
fined and enclosed spaces®. In magnetic shape-morphing systems,
amechanical torque is generated when the magnetization of a mag-
netic medium is not in line with the applied magnetic field*. Previous
programming of the magnetic configurations could be achieved by
reorienting permanent-magnet microparticles in millimetre-sized
devices'®”®, For micrometre-sized devices, programming methods
suchasaligning superparamagnetic nanoparticles'>” (regioniin Fig.1a)
and selective coating with soft magnetic thin films® (regionii in Fig. 1a)
have been demonstrated. In this work, we used stadium-shaped single-
domain nanomagnets to encode shape-morphing information into
micromachines. The use of nanomagnets with lateral dimensionsin an
intermediate range, between 100 nm and 500 nm (regioniiin Fig. 1a),
means they are single domain with a stable remanent magnetization
and have a tunable magnetic anisotropy at room temperature®-?,
Asaresult of the magnetic shape anisotropy, the magnetization s paral-
lelto the long axis of the magnets, pointing in one of the two directions.
By implementing arrays of these nanomagnets in a micromachine,
the magnetic configuration can be remotely programmed by apply-
ing a sequence of magnetizing fields to store the shape-morphing
information.

Inspired by origami?, the art of paper folding, the micromachineis
designed with two types of component: rigid panels, some of which are
made functional with arrays of single-domain nanomagnets covering
the panelsurface; and structured ‘soft’spring hinges as the connecting
creases. In the micromachine design shown in Fig. 1b, there are four
panels patterned with 60-nm-thick nanomagnets that can be remotely
encoded and manipulated, and one central passive panel (see Extended
DataFig.1for ascanningelectron microscopy, SEM, image). Arrays of
nanomagnets with different magnetic switching fields are fabricated
onopposite panels—for example, panelslandIlin Fig.1b. The switching
fields of the nanomagnets were engineered by varying the aspect ratios
of the nanomagnets while maintaining the same volume (see Meth-
ods section ‘Nanomagnet design and coercivity’ and Extended Data
Fig.2). As given by the magnetic hysteresis loops in Fig. 1c (see Meth-
ods section ‘Magnetic characterization and encoding’), the coercive
fields B. required to switch the magnets range from about 30 mT for
low-aspect-ratio ‘wide’ nanomagnets (300 nm x 110 nm, nanomagnet
typelV),toabout140 mT for high-aspect-ratio ‘narrow’ nanomagnets
(520 nm x 60 nm, nanomagnet type I). The square shape of the loops
indicates that they are fully magnetized at remanence. Arrays of type
land type Il nanomagnets are patterned on the opposite panels of the
four-panel micromachine, and have switching fields of B.(I) = 140 mT
and B.(I1) =90 mT, respectively. Type lll and type IV nanomagnets with
B.(Ill) =70 mT and B.(IV) = 30 mT are employed later in this work.
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Fig.1|Design of afour-panel shape-morphing micromachine. a, Schematic
diagram of the magnetic states found in magnets withincreasing size:

i, superparamagnetic;ii, stable single domainat room temperature; and

iii, multidomain state. Thered arrows indicate possible magnetization
directions. Thered trace schematically illustrates the size dependence of the
coercivity of the magnets. Nanomagnetsinregionii (the shaded area) are
implemented in this work. b, Top, four-panel micromachine with an array of
520 nm x 60 nm (type I) nanomagnets on panelland 398 nm x 80 nm (type II)
nanomagnetson panel ll;bottom, corresponding SEM images of the
nanomagnetarrays. The zig-zag hinge spring has six turns. ¢, Magneto-optical
Kerr effect hysteresis loops of single-domain nanomagnets with the same
volume but with six different aspect ratios. The lateral dimensions are
indicated totheright of the vertical axisinnanometres. The coercive fields of

The micromachine canthenbe encoded by aseries of magnetizing
fields, shown schematically in Fig. 1d. By applying a magnetic field
B,>B_(l) along the x direction, both type Il and type [l nanomagnets
are magnetized with full remanent magnetization. A second, lower,
magnetic field B.(I) > B,> B (1) is then applied in the opposite direc-
tionto remagnetize the type Il magnetsin the opposite direction, so
that the magnetization of the arrays on the two panels point head-to-
head along the x direction (orange and turquoise horizontal arrows
inFig.1d). Similarly, applying B, and B, fields sequentially along the
ydirection gives head-to-head magnetization for the other two
panels, so that the device has all four panels magnetized towards
the centre. Furthermore, using magnetizing field protocols with
different combinations of B, and B, fields, the same micromachine
canbe magnetized into different magnetic configurations and, since
each panel can be magnetized in one of two opposite directions,
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the typel-1Vnanomagnetsare B.(I) =140 mT, B.(II) = 90 mT, B.(Ill) = 70 mT and
B.(IV) =30 mT.d, Schematic of the encoding of the micromachine using two
fields, B,>B.(l) (large enoughto switch typeland type llnanomagnets) and
B.(1)>B,>B(Il) (large enough to switch typeIl, but not type I, nanomagnets)
applied alongboth the horizontal and vertical directions (see main text for
details). e, Schematics of the magnetic configurations (with typeland typell
nanomagnets) and micromachine folding behaviour on application of the
controlling magnetic field B=15mT, with optical microscope images showing
the four different conformations of the fabricated devices. Going from left to
right, the numbers of panels folding up/down are 4/0, 3/1,2/2 (opposite panels
having different folding directions) and 2/2 (opposite panels having the same
folding direction).Scale bars: 500 nm (b), 10 pm (allimagesine).

there are a total of 2* =16 magnetic configurations for the same
micromachine.

After programming the magnetic configurations, the micromachine
isreleased from the substrate (see Methods section ‘Sample fabrica-
tion’) and actuated with an applied magnetic field B that provides a
magnetictorque t=m xBonthe panels, where mis the total magnetic
moment of the nanomagnet arrays on a given panel. All of the panels
patterned with nanomagnets try to align with the applied magnetic
field direction, which is counterbalanced by the mechanical torque
fromthe deformed hinge springs. (For spring designs and mechanical
calculations, see Methods section ‘Hinge spring design and properties’
and Extended Data Fig. 3) When actuated by the controlling field, the
four types of magnetic configuration give four distinct conformations,
asshowninFig.1le and Supplementary Video 1. The transformations of
our micromachines require actuation fields (<15mT) that are smaller
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Fig.2|Encodingletters of the alphabetinto ashape-morphing
micromachine assembled from an array of 4 x 4 four-panel units.

a, Conceptual design of amicromachine with 16 four-panel units that can be
encodedtotransforminto letters ‘P’ and ‘X’, asillustrated by the pair of
schematicsontheleft. Eachboxinthe schematic represents a four-panel unit,
where all the magnetizations of the panelsinagiven unitcanbe encoded to
pointoutwards orinwards. Consequently, the central panel willmove down or
up when an out-of-plane controlling field Bis applied and we assign these to be
the‘0’stateor the ‘1'state, respectively, asillustrated by theinsets on theright.
Inorder to combine mode ‘P’ and mode ‘X’ into asingle micromachine, as
illustrated by the central schematic, each unitis assigned one of four possible
codingstates given by (P, X)=(0,0),(1,1), (1,0) or (0,1). b, Design of the four

than the switching fields, which are in the range 30-140 mT for the
type I-1IV nanomagnets. The complete set of shape transformations
for all 16 magnetic configurations for this four-panel micromachine
are shown in Extended Data Fig. 4. There are four distinct conforma-
tions (indicated by the four different background colours) due to the
four-fold rotational symmetry of this particular micromachine. Nev-
ertheless, the full programmability is given by the 16 different mag-
netic configurations, which can give additional conformations when
assembling the micromachines into multicomponent devices or when
using anasymmetric machine design. We have therefore demonstrated
that, by encoding magnetic configurations through magnetizing field
protocols, micromachines having the same structural design can be
programmed with different shape-morphing behaviours.
Multicomponent shape-morphing micromachines canbe constructed
by assembling modular units such as the four-panel devices shown in
Fig. 1e. We first built a micromachine by assembling the same modular
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different four-panel units with the four different coding states. Each panel
contains anarray of identical magnets whose orientationis given by the
colouredbar onthe panels. The colour of the bars corresponds to the colour of
the hysteresisloops for the four different types of nanomagnets, I-1V, shownin
Fig.1c.c, Encoding the magnetizationin the arrays of nanomagnets of the
micromachine for the ‘P’and ‘X’ shape morphing. The magnetization
directions are given by the pairs of arrows labelled M, and the arrows within the
boxes, which are coloured according to the four types of nanomagnet.

d, Schematics and corresponding optical microscope images of the fabricated
devicesencoded for ‘P’and ‘X’ shape morphing. The devices areactuated with
B=15mT.Scalebar (for bothimages), 20 um.

unitsintoa3 x 3 array, which provides four distinct conformations (see
Extended Data Fig.5and Supplementary Video 2). Furthermore, multiple
tailored conformations can be attained by customizing the individual
units and encoding their magnetic configurations. Todemonstrate this,
we engineered amicromachine that can transformto two distinct letters
of the alphabet, ‘P’ and ‘X, using different nanomagnetic encoding, as
showninFig. 2. Forthis, wefirstselected a4 x4 assembly of the four-panel
units (Fig. 2a) and, when applying the controlling magnetic field, each
of the units moves either ‘up’ (magnetization on all four panels points
inwards, represented by a ‘1’ state), or ‘down’ (magnetization onall four
panels points outwards, represented by a ‘0’ state), with the set of ‘I'-state
units representing a letter. Building both mode ‘P’ and mode ‘X’ into a
single machine gives four distinct coding states—(P,X) =(0,0),(1,1),(1,0)
or (0,1)—for eachunit, where the first digitis associated with the ‘P’ mode
and the second digit is associated with the ‘X’ mode. We created four
types of assembly unit, each having one of the four coding states, which
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Fig.3|Origami-like microscale ‘bird’ with multiple shape-morphing modes.
a, Schematic of the folding behaviours of two-panel devices when actuated
using anapplied out-of-plane magnetic field. These are achieved by setting the
magnetization perpendicular, parallel or atan angle to the folding crease, as
indicated by the red arrows on the panels. b, Schematic of the panel design
using typel-IVnanomagnets with the magnet long axis oriented along xandy
directions and the colour of the nanomagnets corresponding to the colours of
the magnetic hysteresis loopsinFig.1c.c, SEMimage of the microscale ‘bird’.
The colouredbarsindicate the location of the arrays of type I-1V nanomagnets
and the orientation of the nanomagnets. d, Schematic (left) and optical images
(right) of amicroscale ‘bird’ mimicking four flying modes, ‘flapping’,
‘hovering’, ‘turning’ and ‘side-slipping’. From left to rightineach row: encoded
magnetizationdirection (coloured arrows) of the type -1V nanomagnets with
the colours corresponding to the colours of the magnetic hysteresisloopsin
Fig.1c; schematic of a flat microscale ‘bird’ with the total magnetization
direction for each panelindicated with red arrows; schematic showing the

was achieved using different combinations of arrays of the four types of
nanomagnet, I-IV (Fig. 2b). The micromachine was then constructed
from these four assembly units, corresponding to the arrangement of
the coding states shown in Fig. 2a. The micromachine is then encoded
sothat one set of magnetic configurations of the units represents ‘P’and
the other represents ‘X’ (Fig. 2c). After releasing the encoded devices
from the substrate, the micromachines display shape-morphing into

folding of the microscale ‘bird’ under the indicated controlling field B; and the
optical microscope images of the experimental demonstrations. For ‘flapping’,
thethree opticalimages show the shape transformationin different controlling
fields B. For ‘hovering’, shape transformations in amagnetic field (1.5mT,1Hz),
whichrotates back and forth, are shown with the three optical images
corresponding to three successive field directions during the field rotation.
For ‘turning’, three successive snapshots of the shape transformationsinan
alternating magnetic field (11.6 mT, 24.5Hz) are shown, and for ‘side-slipping’,
three successive snapshots of the shape transformation in an alternating
magnetic field (6.2 mT, 19.5Hz) are shown. The solid black arrows indicate the
directionofthe applied magnetic field. In the optical images of the ‘turning’
and ‘side-slipping’modes, adashed red line connects a fixed reference pointon
the substrate (large red dot) and the middle point between the two wings of the
‘bird’ (small red dot), highlighting the motion of the ‘bird”. Scale bars: ¢, 15 um;
d,30um.

‘P’ and ‘X’ patterns when actuated by an applied controlling field (see
Fig. 2d and Supplementary Video 3). In addition to these two patterns,
this micromachine designalso has ‘9’ and ‘0’ modes, which are conjugate
modes of ‘P’ and ‘X’ modes, respectively (see Extended DataFig. 6). This
modular design concept can therefore be used to create complex shape-
morphing systems with tailored three-dimensional (3D) transformations
by customizing the design and layout of the functional units.
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More advanced folding behaviours, such as the bending and twist-
ing shown in Fig. 3a, can be achieved by programming the rigid pan-
els of the shape-morphing micromachines with arbitrary magnetic
configurations. The magnetic moment of the panels can be tuned
by including arrays of nanomagnets with different aspect ratios and
orientations (see Methods section ‘Design of nanomagnet arrays’).
In the example shown in Fig. 3b, with four types of nanomagnet I-1V
oriented alongboth the xandydirections, there are 2* x 2* =28 magnetic
configurations on asingle panel. By adjusting the quantities n,and n,
of each type of nanomagnet along the x and y directions, it is possible
to assign to each panel a total magnetic moment of almost arbitrary
magnitude and direction. Asa demonstration, we have engineered an
origami-like microscale ‘bird’ to mimic the different flying modes of a
real bird (see Fig.3c). Thisis achieved with specific arrangements of the
nanomagnetarrayson the five body parts—head, neck, body, tailand a
pair of wings. For the tips and joints of the bird’s wings, there are four
arrays of nanomagnets on each panel with different orientations and
switchingfields. Therefore the total magnetization on these panels has
eight possible directions and one demagnetized state (see Extended
Data Fig. 7). By encoding the nanomagnets on the microscale ‘bird’
with different magnetic configurations, we demonstrate four distinct
morphological transformations—‘flapping’, ‘hovering’, ‘turning’ and
‘side-slipping’ (see Fig. 3d and Supplementary Videos 4-7)—achieved
by varying the magnetic fields, as indicated in Fig. 3d. Here advanced
folding behaviours are demonstrated; for the ‘hovering’ mode, the left
and right wings ‘twist’ relative to the body, and in the ‘side-slipping’
mode, the right wing tip ‘bends and twists’ relative to the right wing
joint. Ways to achieve additional transformations are discussed in
Methods section ‘Further transformations’.

For future applications, our micromachines have a wide range of
tunability in terms of size, ranging from submicrometre-sized panels
with a single nanomagnet up to millimetre-sized devices: this range
is limited only by the fabrication methods available. The nanomagnet
arrays canbe further engineered to have temperature-dependent mag-
netic properties?, and they can be modulated using radio-frequency
magnetic fields® and light?. This possibility of control with several dif-
ferent stimuli provides further functionality of the micromachines in
many different environments. Nanoscale magnets switchin only a few
nanoseconds®, whichis much faster than the mechanical response of the
micromachines that occurs on the millisecond timescale®. Therefore, the
micromachines canbereprogrammed insitu usingashort (nanosecond
to millisecond) magnetic field pulse. With the ability to precisely con-
trol transformations at the micrometre scale, our micromachines also
offeraplatform to construct 3D magnetic metamaterials”, suchasa3D
realization of artificial spin ice?, and photonic metamaterials®, where
optical properties, such as the polarization of transmitted light, can be
tuned by magnetically actuated transformations. This concept canalso
beappliedinflexible electronics, withmorphable 3D structures having
multistable states*. By encoding the nanomagnets, the devices can be
readily switched between these states using an applied magnetic field.
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Methods

Sample fabrication

Aschematic of the fabrication process can be found in Extended Data
Fig. 8. The samples were fabricated on a 50-nm-thick low-stress silicon
nitride membrane (Silson Ltd, UK) supported by arigid silicon frame.
First, the nanomagnets were fabricated on the membrane with elec-
tron beam lithography using an electron beam writer (Vistec EBPG
5000PIusES) to pattern a spin-coated 50k poly(methylmethacrylate)
(PMMA)/950k PMMA double-layer. A magnetic film of 5 nm Ti (adhe-
sion layer)/60 nm Co/3 nm Al (capping layer) was thermally evapo-
rated at a base pressure of ~1 x 107 mbar onto the patterned resist,
which was followed by a lift-off process in acetone. Then the panels
were fabricated by spin-coating a 950k PMMA layer on the front of the
silicon nitride membrane, which was then patterned using electron
beam lithography in order to define the geometry of the rigid panels
and hinge springs of the micromachines. After coating a second 950k
PMMA layer on the back of the membrane, reactive ion etching (RIE,
Oxford PlasmaPro100) was performed on the front side to etch through
the 50-nm-thick silicon nitride membrane. After the RIE process, the
fabricated micromachines were only supported by the free-standing
PMMA layer coated on the back of the membrane. The devices were
then magnetized by a sequence of magnetic fields and released in an
organicsolvent, propylene glycol monomethyl ether acetate (PGMEA).
Afurther discussion of this release process and possible operation of
the micromachines in other media can be found in Methods section
‘Micromachine release and operation’. The SEM (Zeiss Supra VP55)
images were taken with a 3-10 kV acceleration voltage.

Magnetic characterization and encoding

The nanomagnets were characterized with MOKE measurements using
acommercial setup (NanoMOKE, Durham Magneto Optics Ltd.) inthe
longitudinal mode with afocused laser spot with a diameter of -10 pm.
Eachhysteresisloop was obtained by averaging ten measurements. The
nanomagnet arrays were encoded using the magnetizing field from
the electromagnet in the NanoMOKE setup. The electromagnet was
equipped with a manual rotation stage to hold the sample between
the electromagnet iron poles. By rotating the sample on this stage,
amagnetic field of up to 400 mT could be applied in any direction in
the sample plane.

Magnetic manipulation

After the sample fabrication and the magnetic field encoding, the sam-
ple was released in an organic solvent (PGMEA) while being observed
with an optical microscopeincorporating three pairs of Helmholtz coils
inan orthogonal configuration. Acomputer was used to simultaneously
control the electric currents in the three-pair Helmholtz coils to pro-
duceamagneticfield vectorinarbitrary 3D directions. Amagnetic field
withamaximum magnitude of 15 mT was generated to manipulate the
released micromachines. The observed folding behaviour and motion
were captured with avideo camera (Grasshopper GRAS-03K2C, Point
Grey Research) on the microscope. The tested micromachines were
actuatedreversibly withadynamic field more than18,000 times (30 Hz,
10 min) with no observable signs of plastic deformation or breaking.

Nanomagnet design and coercivity
The magnetic domain state of an element made of a soft polycrystal-
line ferromagnetic material (typically Fe, Ni and Co) is dictated by the
competition between the quantum mechanical exchange energy and
the stray field energy that is size- and shape-dependent®. By varying
the lateral size and shape, it is possible to create single-domain nano-
magnets.

The nanomagnets are designed in a stadium shape, comprising a
rectangle with one semi-circle at each end, with the width of the rec-
tangle matching the semi-circle diameter, as shown in Extended Data

Fig.2a. This shape ensures that the remanent magnetizationis parallel
to the long axis of the magnets, pointing in one of the two directions.
The volume of the stadium-shaped nanomagnet is given by:

d 2
V= |:d(L -d)+ T{Ej }t (6)]

When the length, width and thickness of the nanomagnets are
L=300nm,d=110 nm and ¢= 60 nm, respectively, the volume of the
nanomagnetis V,=1.82 %102 m>, The total magnetic moment of anano-
magnetis givenby m=MV,where Mis the saturation magnetization of
the magnetic material. In this work, 60-nm-thick cobalt nanomagnets
areemployed, and the saturation magnetization of the thermally evapo-
rated Co thin filmis M,=1,153 kA m™, measured using asuperconducting
quantum interference device vibrating sample magnetometer (SQUID
VSM) at room temperature.

Nanomagnets with different aspectratios, L/d, display different mag-
netic coercivities, asshownin Fig. 1c. Here we keep the same nanomag-
netvolume V,and thickness ¢,=60 nm for allnanomagnets regardless
of the aspect ratio. Therefore, they have the same magnetic moment
my,=MV,and equation (1) can be modified to read:

d 2
V0=|:d(L -d)+ T[[Ej :|t0 (2)

Sothat therelation between L and diis given by:

Led+ 2_;(2)2 3)

A plot of d against L, determined using equation (3), is shown in
Extended Data Fig. 2c. In this figure, nanomagnets with the same vol-
ume V, but with six different aspect ratios are selected, that is, with
lateral dimensions of 520 nm x 60 nm, 450 nm x 70 nm, 398 nm x 80 nm,
358 nm x 90 nm, 326 nm x 100 nm and 300 nm x 110 nm. The layout
of the nanomagnet arrays is schematically shown in Extended Data
Fig.2b, with aspacing of d/2 in the x direction. In this layout, the dipolar
coupling between the nanomagnets supports parallel alignment of
the magnetization between neighbouring magnets. Inthe y direction,
neighbouring nanomagnets are separated by a distance s=40 nm for
allnanomagnet arrays.

SEM images of the fabricated arrays are given in Extended Data
Fig. 2e. The MOKE magnetic characterization is shown in Fig. 1c, with
the square shapes of the hysteresis loops confirming the single-domain
magnetic state of the nanomagnets. Since allnanomagnetsinvestigated
in this study have same magnetic moment, m,=2.10 x 10" A m? the
total magnetic moment of the nanomagnet arrays on an individual
panel (when all magnetizations are aligned in the same direction) is

Miotal = Mmagnets™o 4)

Where ny,gne is the number of nanomagnets on the panel. For the device
demonstratedinFig.1, atotal of 1,040 nanomagnets are fabricated on
each panel, with m,,; = 2.18 x 10> A m? pointing parallel to the long
axis of the nanomagnets.

The square shapes of the hysteresis loops measured using the MOKE,
shownin Fig. 1c, indicate that all six types of designed nanomagnets are
fully magnetized atremanence. Asshown by the MOKE curvesin Extended
DataFig.2d, the magnetic switching occursover arelatively smallfield range
of 5-20 mT. Since the six transition regions do not overlap, all six types of
nanomagnets canbeindividually programmed, even for amicromachine
containing arrays of all six nanomagnets oriented in the same direction.
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Hinge spring design and properties

Inspired by the art of origami, we have designed rigid panels carry-
ing single-domain nanomagnets, connected by structured hinge
springs acting as folding creases. The hinge spring layout needs to
be designed so that there is a considerable folding behaviour on the
application of a small magnetic field, B<15mT.

Wefirst derive the relationship between applied magnetic field Band
panel rotation angle 6. Neglecting the bending of the short sections
of the spring, the twisting of the zig-zag spring can be determined by
consideringalongand slender beam of equivalent length that can twist
subject to an applied torque.

Considering first the twist of an isolated beam with uniform cross-
section alongits length (see Extended Data Fig. 3a), the angle of twist
inradiansisgivenby 6= E—L where ristheapplied torque, L isthebeam
length, and Gand/are the shear modulus and torsional constant of the
material, respectively.

Forabeamwitharectangular section, the torsional constantis given
by

wt(w?*+t?) (
=2 T 5)
J 12
where w and t are the side lengths®?. For a homogeneous isotropic
material,

E
“aew ©
where Eis the Young’s modulus and v is the Poisson ratio. Hence the
panel rotation angle is given by:

24(1+v)L
= 7
EFwt(w?+t?) 2
Theapplied torqueis given by 7 = k6, so that the magnitude of the tor-
sional spring constant, k, is given by

Fwt(w?+¢2
_ Bt ) ®)
24(1+v)L
For the current design, the total length of such abeamis L = nl, where
listhe length of each beam section and nis the total number of beam

sections. Therefore, for each spring;:

_ Ewt(w?+?)

= 9
ks 24(1+v)nl ©)
Iftwo springs are used and they are in a parallel configuration:
Ewt(w?+ t*
Keota1= ks + ks = wiw ) (10)

12(1+v)nl

Taking into account that the direction of panel rotation 8 is opposite
to the direction of the mechanical torque induced on the spring, the
total torque on the spring is given by:

Tspring= ~ ktotale (11
We now determine the extent of the folding in amagnetic field for hinge
designs with different numbers of turns in our micromachines. For
this, we have fabricated simple two-panel devices to investigate the
relationship between the applied magnetic field and the panel rotation
angle. An SEM image of an eight-turn two-panel device is shown in
Extended Data Fig. 3b. The fabricated devices have identical arrays of

nanomagnets (398 nm x 80 nm nanomagnets on the left panel and
520 nm x 60 nm nanomagnets on the right panel) but the number of
turns in the hinge spring is varied, with g =2, 4, 6 and 8; see Extended
DataFig.3c. Thetotal length of each springis therefore L = nl= (2g + 1)/,
where [=5pmis the length of each section of the spring.
Accordingtotheillustrationin Extended DataFig.3d, the magnetic-
field-induced torque on the device is T = m x B and its magnitude is:

3= mBsin(90° - ) = mBcosf (12)
Atequilibrium:
T + Tspring =0 (13)
Introducing equations (11) and (12) into equation (13) gives:
mB cos(0) — kio10=0
0 m
c0sO Kol (14)
Introducing equations (4) and (10) into equation (14), we obtain:
6 _ nmagnetsm012(1+ U)nlB (15)

cosd  Fwt(w?+1?)

This equation is the relation between applied magnetic field H
and panel rotation angle 8, which can be numerically solved. Here
Rnagness = 1,175, n=[5,9,13,17] for devices with 2-, 4-, 6-and 8-turn hinges,
and the lateral dimensions are w =100 nm, t=50 nm and [=5 um, as
usedinthe experimental micromachines. From equation (4), the total
magnetic moment on each panel is m,,, = 2.47 x 10> A m2 Shown
in Extended Data Fig. 3e are optical microscope images of the panel
rotation for hinged spring designs with different numbers of turns
following actuation in the samefield, B=5mT. The experimental dem-
onstrations and computational results are plotted in Extended Data
Fig. 3f, g, respectively, and follow similar trends. The panel rotation
angleis larger in the experiment, which may be partly due to over-
etching in the final nanofabrication step leading to hinged springs
that are narrower than in the original design. For the devices shown
inFigs.1-3, hinge springs with g=6 turns were used. With the current
possibilities for magnetic field control of field steps of 0.1mT, we can
orient the panels towithin~0.1°to1°, depending on the panel rotation
anglein an applied magnetic field.

We now estimate the magnitude of the largest torque and force that
can be generated from the panels patterned with nanomagnets. The
induced mechanical torque onthe panels Thasalinear relationship with
the magnitude of the applied magnetic field B, since t=m x B. However,
onincreasing B, the mechanical torque 7 cannot beinfinitely high, since
the applied magnetic field may switch the nanomagnets. For example,
ifthe magneticfield isapplied along the long axis of the magnets, then
it can alter the magnetization if it is larger than the switching field,
whichis 30 mT for the type IV nanomagnets.

For agiven micromachine, there are several panels in different ori-
entations that change as the magnetic field is applied. We therefore
assume that we can safely operate a machine with an upper limit to
the field given by the coercive field B, that is, the switching field of
the magnets when applying a field parallel to the magnet long axis.

We calculate the torque and force that can be generated by a panel
patterned with type IV nanomagnets. For the four-panel devices and
their modular assembliesin Figs.1,2, thereareintotal 1,040 nanomag-
nets on each 10 pm x 10 pm panel, with /.., =2.18 102 Am?pointing
along thelong axis of the nanomagnets. In this case, fora30 mT opera-
tion field, the highest generated magnetic torqueis 7=(2.18 x 10> Am?)
x (30mT) xsin(90°) = 6.54 x10™*N m. Assuming one edge of the panel



is hinged, then the highest generated force is f= (6.54 x10™ N m)/
(10 pm) =6.54 x10°N=6.54 nN.

Similarly, fora10 pm x 10 um panel patterned with type Inanomag-
nets, which have a switching field of 140 mT, the highest generated
mechanical torque is 7=3.05 x10™ N m, and the highest generated
forceisf=30.5nN.

It has been shown previously that microrobots can be used to move
cells by pushing them with forces in the piconewton range®. For mov-
ing even larger objects, such as a100 pm x 10 um x 8 um microbar, it
has been shown that ~200 pN of force is needed**. Therefore, since
our machines can supply forces up to several nanonewtons, they are
capable of manipulating biological objects such as cells.

Design of nanomagnet arrays
We engineer the orientation and magnitude of the magnetic moment
of the arrays of nanomagnets. Here, we can consider a panel consist-
ing of nanomagnets with p different aspect ratios, each with different
switching fields B.; and magnetic moments m;=M,V,, wherei=1, 2,
..., p. M;is the magnetization of the magnetic material and V;is the
volume of the nanomagnet. The nanomagnets with magnetic moment
m;canbe fabricated with several different arbitrary orientations ¢;;0n
apanel.Here,j=1,2, ..., k, where k;denotes the total number of dif-
ferent orientations for the nanomagnets with magnetic moment m,.
Therefore, we obtain the total magnetic moment m, for all arrays of
nanomagnets on a given panel
p k;

Myoral = Zi:1 zjzl niJmi(COS(p,-J + iSin(O,-J) (16)
where n;;is the quantity of the nanomagnets with magnetic moment m;
and orientation ¢,;. This total magnetic moment, m,,, of nanomagnets
on asingle panel can be programmed with arbitrary magnitude and
direction by careful adjustment of the magnetic moment m;=M,V,,
orientations ¢;;and quantities n;; of the nanomagnets.

In our micromachines, both the magnetization M;and the volume
V;of the nanomagnets are the same for nanomagnets with different
switching fields, so we can assume that magnitude of the magnetic
moment m; = M,V; of all magnets in the array are the same, that s,
m;=M\V,=M,V,=m,. Therefore, equation (16) can be simplified to:

P k;

Mg =My Dy ijl n; j(cosg, ; +ising, ) (17)
In our systems, the nanomagnets only have two orientations, which
are orthogonal to each other. This means that the magnets in the two
orthogonal arrays can be magnetized independently by applying afield
parallel to the long axes of the nanomagnetsin one of the arrays. To be
specific, inour design, the long axis of each magnetis aligned along one
oftwo orientations, thatis, parallel to one of the two coordinate axes (x
oryaxis, so k;=2). Therefore, the magnetization of the nanomagnets
can pointalongone of four cardinal directions (North, South, East and
West) so that the orientation of the total magnetic moment is given by

; p
sing; , 2is1 My

P
CosQ; . i1y

p=tan’! 18)

where n;,, n;, are the number of i types of nanomagnets with a given
switching field with the long axis along the x and y axis, respectively,
sothat ¢,,=0,m and @,=* % depending on the direction of magnet-
ization in the nanomagnets. According to equation (18), by changing
the number of magnets with a given orientation, thatis, n;, and n; , it
is possible to obtain an arbitrary orientation ¢ of the total magnetic
moment My,

For each panel, there are nanomagnets with p, and p, different
switching fields along the x and y axis, respectively. It is therefore
possible to program 2Px x 2Py magnetic configurations, which have a
total magnetic moment with a particular magnitude and orientation.

In order to encode a panel with two or more different types of nano-
magnet, one starts by magnetizing the highest-coercivity magnet, so
that all magnets on the panel will be magnetized in the direction of
thefield. Ifrequired, the lower-coercivity magnets can be oppositely
magnetized using a magnetic field applied in the reverse direction
that is sufficiently low to leave the higher-coercivity nanomagnets
unaffected.

Further transformations

In this article, the transformations are inspired by origami, and the
micromachines are constructed with rigid panels and structured soft
creases. The rigid panels carry the programmed nanomagnet arrays,
which provide the mechanical torque for transformations when an
external magneticfield isapplied. Here, the nanomagnets are designed
tobestadium-shaped, with the remanent magnetization pointingin the
plane of the rigid panel along the geometric long axis of the magnets
as aresult of the magnetic shape anisotropy.

The current concept has limitations where folding into particular
shapesis not straightforward. For example, the four-panel devices
shown in Fig. 1, which have all four side panels magnetized towards
or away from the centre, can achieve folding into an ‘uncovered box..
Shutting the lid to give a ‘closed’ box with an additional panel is not
possible with the arrangement of nanomagnets used in this work.
Instead, the magnetization of the nanomagnets on the lid needs to
pointoutofthe plane of the lid. This requires nanomagnets with out-of-
plane magnetic anisotropy, which can be achieved with, for example, a
Co/Pt multilayer system™,

Micromachine release and operation

We used organic solvents, such as PGMEA and acetone, to dissolve
the PMMA supporting layer and release the micromachines from the
silicon substrate in the final step of the fabrication process. We chose
PGMEA because it does not evaporate as fast as acetone and, in order
to keep the experimental processes simple, we directly actuated the
micromachines in the PGMEA solvent after the release. Nevertheless,
the micromachines can also be operated in other working environ-
ments such as water and air and, since the nanomagnets have a3 nm
Al cappinglayer, they will not be easily oxidized. This 3 nm Al layer also
ensures the biocompatibility of the micromachines. Here, we suggest
three approaches to transfer and operate the structures in a water
environment:

Approach 1. Instead of usinga PMMA support layer coated on the back
of the membrane (steps 3-4 in Extended Data Fig. 8), water-soluble
coatings, such as poly(acrylic acid) or Dextran®®, can be used. These
are compatible with microfabrication techniques and, after the RIE
etching, the structures canbe directly released and operated in water.

Approach 2. After the fabrication and the release of the structures in
anorganicsolvent, thestructures can be fished out and transferred to
awater environment using amicromanipulator tip. This is a standard
procedure for micro- and nano-robotic manipulation, and has been
widely reported®.

Approach 3. After the fabrication and the release of the structures
in an organic solvent, water substitution can be performed, for ex-
ample, in a Petri dish containing the solvent and the micromachines.
This technique is widely used in soft or shape-morphing microrobot-
ics™. It should be noted that PGMEA has limited miscibility with water.
Therefore, if PGMEA is used to dissolve the PMMA for device release,
acetone or isopropyl alcohol (IPA; fully miscible with PGMEA) can be
used to substitute PGMEA first, and then a water substitution can be
performed to replace acetone or IPA. An alternative approach is to
directly use acetone to dissolve PMMA for device release, followed by
awater substitution.
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Using approach 3 with acetone to dissolve the PMMA, we have dem-
onstrated operation of the four-panel device in water (see Extended
DataFig. 9a, b). In addition, we have demonstrated the manipulation
of 6-um-diameter polystyrene microbeads (Polybead 15714-5, Poly-
sciences, Inc.) in awater environment (Extended Data Fig. 9¢, d and
Supplementary Video 8).

We have also demonstrated the operation of the micromachinesin
air. For this, we have fabricated single panels with one end attached
by a hinge spring connection to a fixed silicon nitride membrane
frame. In this case, both the PMMA support layer and the device
release in PGMEA are not required, and the device is free to be
manipulated in a magnetic field immediately after the reactive
ion etching process. Asshown in Extended Data Fig. 10 and Supple-
mentary Video 9, on increasing an applied out-of-plane magnetic
field, the panels fold upwards or downwards depending on the
programmed magnetization direction of the nanomagnet arrays
on each panel.

It is worth noting that, even without suspension in a solvent, the
micromachines will not collapse due to the gravitational force. For
the four-panel micromachine shown in Fig. 1, the weight is the com-
bined weight of the silicon nitride membrane and the nanomagnets.
The weight of silicon nitride panels is approximately given by pg;\, %
Vsing X2 =7.8 x10™ N, where pg;y, = 3.17 g cm~ is the density of silicon
nitride, Ve =5 % 10 pm x 10 pm x 50 nm is the volume of the four-
panel micromachine consisting of 5 rigid panels, and g= 9.8 ms~is
the standard gravity. The weight of the nanomagnets is approximately
Prmagnets X Vinagnes X &= 6.6 X107 N, where p,,.ner. = 8.9 g cm is the cobalt
density, Viygners =4 x 1,040 x V is the total volume of the nanomagnets
on the micromachine with four side panels, each having 1,040 nano-
magnets, and V,=1.82x10* m*is the volume of eachindividual nano-
magnet. Therefore the total weight of the four-panel micromachine is
7.8 x10 N + 6.6 x 10 N =1.44 pN. The magnitudes of the magnetic
actuation force and the elastic force from the hinge springs are in the
nanonewton range (as calculated in the Methods section ‘Hinge spring
designand properties’), whichis three orders of magnitude larger than

thegravitationalload. Therefore the devices can be manipulatedinair
without structural collapse due to gravity.
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Extended DataFig.1|SEMimages of a four-panel micromachine. eachnanomagnetis 520 nm x 60 nm; at bottom left, the lateral dimension
a,Overview. b, Enlarged image corresponding to the dashed box ina.Shown ofeachnanomagnetis 398 nm x 80 nm. Scalebars:a, 4 pm; b, 2 um.

arearrays of nanomagnets: inthe array at top right, the lateral dimension of



Article

a
N
L
Cc
140 |
120 |
300 x 110
10t IV 326 x 100
£ 358 x 90
T g0t |||/ 398 x 80
" 450 x 70
60 | 520 x 60
/

Extended DataFig.2|Geometric design and switching behaviour of the
nanomagnets. a, Schematic of astadium-shaped nanomagnet with length
L,width dand thicknesst.b, Schematic of the layout of the nanomagnet arrays
with vertical separations, and horizontal separation d/2. ¢, Relationship
betweendand L for nanomagnets with the same volume V, and thickness
t=60nm.Six nanomagnets with differentaspectratios areindicated on the
curve (the dimensions of each magnet are indicated in nm); the colour of the
points corresponds to colour of the hysteresisloopsin Fig.1c. Arrowsindicate
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the four types of nanomagnet used in the micromachines (I-1V).d, Magneto-
optical Kerr effect curves for the six differently sized nanomagnetsin the field
regionwhere they switch (top panel) and the derivative with the switching
region highlighted with shaded boxes (bottom panel). As the six switching
regions do not overlap, all six nanomagnets can be individually programmed.
e, SEMimages of fabricated arrays of nanomagnets with lateral dimensions
giveninnanometres, correspondingto the six coloured pointsin c.Scale bar at
bottomright (1um) applies to all siximages.
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Extended DataFig.3|Hinge spring design. a, Schematic of asingle section of
aspring.See Methods for nomenclature. b, SEMimage of atwo-panel device
withan 8-turnspring. ¢, Schematic of two-panel devices with 2-,4-, 6-and
8-turnspring designs. The turquoise and orange arrows represent the
magnetizationdirection of the panels. d, Schematic of atwo-panel device that
folds when applyinga controlling magnetic field B. See Methods for
nomenclature. e, Optical microscope images of four fabricated devices with
different numbers of turnsinthe spring design on applicationofa5mT

Applied magnetic field (mT)

controlling field. f, Predicted panel rotating angle versus applied magnetic
field based ontheoretical calculations of the two-panel devices with different
numbers of turns. g, Measured panel rotating angle versus applied magnetic
field for the fabricated devices with different numbers of hinge spring turns.
Each data point corresponds to the average of three measurements of the angle
using image analysis software. Error bars, +1s.d.Scale bars:b, 2 um; e (applies
toallimagesine),5pm.
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Extended DataFig. 4| The 16 magnetization configurations of afour-panel
micromachine and their corresponding shape transformation after
applying a vertical controlling field. The four background colours highlight
the family of four distinct conformations demonstrated in Fig. 1c.



Single modular unit 3 x 3 assembly Optical microscope image

Extended DataFig. 5| Four conformations of amicromachine consisting ofa
3 x3assembly of four-panel modular units. Shown in the middle and right
panelsare schematics and experimental demonstrations of the actuated
micromachines. The unitsinagiven micromachine all have the same
conformation (left panel) corresponding to one of the 16 different
magnetization configurations. Scale barsin the optical microscope images,
30 pum.
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wing tipin the microscale ‘bird’. a, SEM image of the wing tip of the microscale
bird. Turquoise vertical bar, type [l nanomagnets (398 nm x 80 nm); blue
horizontal bar, type Illl nanomagnets (358 nm x 90 nm); purple bar (horizontal
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b, Nine possible total magnetic moment magnitudes and directions.
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switching fields, and there are two out of the four arrays that have the same
typelVmagnets but with orthogonal orientation. Therefore, with the
orientation of the nanomagnetsin two of the arrays along the xdirection and in
thetwo otherarrays along the y direction, there arein total 22x2?=16 possible
magnetic configurations that can be encoded into the wing tip. d, Schematics
showing the magnitudes and directions of the total magnetic moment of the
wingtip, corresponding to the 16 magnetic configurations showninc.Scale bar
ina,4pm.
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Extended DataFig. 8 | Schematic of the steps used to fabricate the
micromachines. The nanomagnets are fabricated using electronbeam
lithography, including patterning of aspin-coated polymer resist, thermal

as=2"

evaporation of a cobalt thin film and lift off. See Methods section ‘Sample
fabrication’ for more details about the individual steps.




Extended DataFig. 9| Optical microscope images of afour-panel
micromachine, demonstrating operationin water and manipulation of
polystyrene microbeads. The micromachineisreleasedinacetoneand thena
substitution of water for acetone is performed. The magnetization of all four
panels points towards the centre. a, Micromachine in water without a magnetic
field. b, The micromachine panels fold up in an applied out-of-plane magnetic
field Bof10 mT.c,d, Onapplication of arotating magnetic field B(10 mT,5Hz),

themicromachinerollsacross the surface of asilicon wafer, and therolling
motion generates avortexin the water surrounding it (highlighted with blue
arrows). Polystyrene microbeads of 6 um diameter (highlighted with red
arrows) aretrappedinthevortex and aretransported toanewlocation. Two
snapshots of the motion, separated by atime interval of 14 seconds, are shown.
Scalebars, 40 um.
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Extended DataFig.10| Optical microscopeimages of single-panel
micromachines operatinginair. Two rows of single-panel micromachines are
shown, each suspended withinaD-shaped ‘cutout’in the silicon nitride
membrane frame, and connected to it on the left side by hinge springs with two
turns. Each panelis 10 um x10 pminsize. a, After fabrication, the panels are
somewhat out-of-focus. Thisis because they are slightly tilted above the plane
of thein-focussilicon nitride frame, which may be due to the residual stress in
the hinge springs. The white arrows indicate the magnetization direction of the
single-panel micromachines pointing left (top row) and right (bottom row).

b, ¢, Onslowlyincreasing the applied out-of-plane magnetic field, the panels tilt
downwards (top row) or upwards (bottom row), with the tilt angle increasing as
the field magnitude isincreased. In the optical images, the panels with
magnetization pointingto the left (top row) firstbecome sharper (b), and they
almostdisappearatatiltangle close to 90°at 35 mT (c). The panels with
magnetizationdirection pointingto the right (bottom row) tilt upwardsin the
applied magnetic field, becomingless visible as the field isincreased (b), until
finally disappearing when the tilt angle is close to 90° at 35 mT (c). Scale bar
(fora-c),20 um.
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