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Nanomagnetic encoding of shape-morphing 
micromachines

Jizhai Cui1,2,4*, Tian-Yun Huang3,4*, Zhaochu Luo1,2, Paolo Testa1,2, Hongri Gu3,  
Xiang-Zhong Chen3, Bradley J. Nelson3 & Laura J. Heyderman1,2

Shape-morphing systems, which can perform complex tasks through morphological 
transformations, are of great interest for future applications in minimally invasive 
medicine1,2, soft robotics3–6, active metamaterials7 and smart surfaces8. With current 
fabrication methods, shape-morphing configurations have been embedded into 
structural design by, for example, spatial distribution of heterogeneous materials9–14, 
which cannot be altered once fabricated. The systems are therefore restricted to a 
single type of transformation that is predetermined by their geometry. Here we 
develop a strategy to encode multiple shape-morphing instructions into a 
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 a route for 
the creation of future intelligent microsystems that are reconfigurable and 
reprogrammable in situ, and that can therefore adapt to complex situations.

It has been a long-standing goal to create intelligent machines that are 
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 spaces15. In magnetic shape-morphing systems, 
a mechanical torque is generated when the magnetization of a mag-
netic medium is not in line with the applied magnetic field16. Previous 
programming of the magnetic configurations could be achieved by 
reorienting permanent-magnet microparticles in millimetre-sized 
devices10,17,18. For micrometre-sized devices, programming methods 
such as aligning superparamagnetic nanoparticles12,19 (region i in Fig. 1a) 
and selective coating with soft magnetic thin films20 (region iii 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 dimensions in an 
intermediate range, between 100 nm and 500 nm (region ii in Fig. 1a), 
means they are single domain with a stable remanent magnetization 
and have a tunable magnetic anisotropy at room temperature21,22.  
As a result of the magnetic shape anisotropy, the magnetization is paral-
lel to 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 origami23, the art of paper folding, the micromachine is 
designed with two types of component: rigid panels, some of which are 
made functional with arrays of single-domain nanomagnets covering 
the panel surface; 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 
Data Fig. 1 for a scanning electron microscopy, SEM, image). Arrays of 
nanomagnets with different magnetic switching fields are fabricated 
on opposite panels—for example, panels I and II in 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 Bc required to switch the magnets range from about 30 mT for 
low-aspect-ratio ‘wide’ nanomagnets (300 nm × 110 nm, nanomagnet 
type IV), to about 140 mT for high-aspect-ratio ‘narrow’ nanomagnets 
(520 nm × 60 nm, nanomagnet type I). The square shape of the loops 
indicates that they are fully magnetized at remanence. Arrays of type 
I and type II nanomagnets are patterned on the opposite panels of the 
four-panel micromachine, and have switching fields of Bc(I) ≈ 140 mT 
and Bc(II) ≈ 90 mT, respectively. Type III and type IV nanomagnets with 
Bc(III) ≈ 70 mT and Bc(IV) ≈ 30 mT are employed later in this work.
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The micromachine can then be encoded by a series of magnetizing 
fields, shown schematically in Fig. 1d. By applying a magnetic field 
B1 > Bc(I) along the x direction, both type I and type II nanomagnets 
are magnetized with full remanent magnetization. A second, lower, 
magnetic field Bc(I) > B2 > Bc(II) is then applied in the opposite direc-
tion to remagnetize the type II magnets in 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 
in Fig. 1d). Similarly, applying B1 and B2 fields sequentially along the 
y direction 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 B1 and B2 fields, the same micromachine 
can be magnetized into different magnetic configurations and, since 
each panel can be magnetized in one of two opposite directions, 

there are a total of 24 = 16 magnetic configurations for the same 
micromachine.

After programming the magnetic configurations, the micromachine 
is released from the substrate (see Methods section ‘Sample fabrica-
tion’) and actuated with an applied magnetic field B that provides a 
magnetic torque τ = m × B on the panels, where m is 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 
from the 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, 
as shown in Fig. 1e and Supplementary Video 1. The transformations of 
our micromachines require actuation fields (<15 mT) that are smaller 
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Fig. 1 | Design of a four-panel shape-morphing micromachine. a, Schematic 
diagram of the magnetic states found in magnets with increasing size:  
i, superparamagnetic; ii, stable single domain at room temperature; and  
iii, multidomain state. The red arrows indicate possible magnetization 
directions. The red trace schematically illustrates the size dependence of the 
coercivity of the magnets. Nanomagnets in region ii (the shaded area) are 
implemented in this work. b, Top, four-panel micromachine with an array of 
520 nm × 60 nm (type I) nanomagnets on panel I and 398 nm × 80 nm (type II) 
nanomagnets on panel II; bottom, corresponding SEM images of the 
nanomagnet arrays. The zig-zag hinge spring has six turns. c, 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 to the right of the vertical axis in nanometres. The coercive fields of 

the type I–IV nanomagnets are Bc(I) ≈ 140 mT, Bc(II) ≈ 90 mT, Bc(III) ≈ 70 mT and 
Bc(IV) ≈ 30 mT. d, Schematic of the encoding of the micromachine using two 
fields, B1 > Bc(I) (large enough to switch type I and type II nanomagnets) and 
Bc(I) > B2 > Bc(II) (large enough to switch type II, but not type I, nanomagnets) 
applied along both the horizontal and vertical directions (see main text for 
details). e, Schematics of the magnetic configurations (with type I and type II 
nanomagnets) and micromachine folding behaviour on application of the 
controlling magnetic field B = 15 mT, 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 μm (all images in e).
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than the switching fields, which are in the range 30–140 mT for the 
type I–IV 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 an asymmetric 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 can be 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 

units into a 3 × 3 array, which provides four distinct conformations (see 
Extended Data Fig. 5 and Supplementary Video 2). Furthermore, multiple 
tailored conformations can be attained by customizing the individual 
units and encoding their magnetic configurations. To demonstrate this, 
we engineered a micromachine that can transform to two distinct letters 
of the alphabet, ‘P’ and ‘X’, using different nanomagnetic encoding, as 
shown in Fig. 2. For this, we first selected a 4 × 4 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 on all four 
panels points outwards, represented by a ‘0’ state), with the set of ‘1’-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 each unit, where the first digit is 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. 2 | Encoding letters of the alphabet into a shape-morphing 
micromachine assembled from an array of 4 × 4 four-panel units.  
a, Conceptual design of a micromachine with 16 four-panel units that can be 
encoded to transform into letters ‘P’ and ‘X’, as illustrated by the pair of 
schematics on the left. Each box in the schematic represents a four-panel unit, 
where all the magnetizations of the panels in a given unit can be encoded to 
point outwards or inwards. Consequently, the central panel will move down or 
up when an out-of-plane controlling field B is applied and we assign these to be 
the ‘0’ state or the ‘1’ state, respectively, as illustrated by the insets on the right. 
In order to combine mode ‘P’ and mode ‘X’ into a single micromachine, as 
illustrated by the central schematic, each unit is assigned one of four possible 
coding states given by (P, X) = (0, 0), (1, 1), (1, 0) or (0, 1). b, Design of the four 

different four-panel units with the four different coding states. Each panel 
contains an array of identical magnets whose orientation is given by the 
coloured bar on the panels. The colour of the bars corresponds to the colour of 
the hysteresis loops for the four different types of nanomagnets, I–IV, shown in 
Fig. 1c. c, Encoding the magnetization in 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 
devices encoded for ‘P’ and ‘X’ shape morphing. The devices are actuated with 
B = 15 mT. Scale bar (for both images), 20 µm.
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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 
so that 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 

‘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 design also has ‘9’ and ‘0’ modes, which are conjugate 
modes of ‘P’ and ‘X’ modes, respectively (see Extended Data Fig. 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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Fig. 3 | Origami-like microscale ‘bird’ with multiple shape-morphing modes. 
a, Schematic of the folding behaviours of two-panel devices when actuated 
using an applied out-of-plane magnetic field. These are achieved by setting the 
magnetization perpendicular, parallel or at an angle to the folding crease, as 
indicated by the red arrows on the panels. b, Schematic of the panel design 
using type I–IV nanomagnets with the magnet long axis oriented along x and y 
directions and the colour of the nanomagnets corresponding to the colours of 
the magnetic hysteresis loops in Fig. 1c. c, SEM image of the microscale ‘bird’. 
The coloured bars indicate the location of the arrays of type I–IV nanomagnets 
and the orientation of the nanomagnets. d, Schematic (left) and optical images 
(right) of a microscale ‘bird’ mimicking four flying modes, ‘flapping’, 
‘hovering’, ‘turning’ and ‘side-slipping’. From left to right in each row: encoded 
magnetization direction (coloured arrows) of the type I–IV nanomagnets with 
the colours corresponding to the colours of the magnetic hysteresis loops in 
Fig. 1c; schematic of a flat microscale ‘bird’ with the total magnetization 
direction for each panel indicated with red arrows; schematic showing the 

folding of the microscale ‘bird’ under the indicated controlling field B; and the 
optical microscope images of the experimental demonstrations. For ‘flapping’, 
the three optical images show the shape transformation in different controlling 
fields B. For ‘hovering’, shape transformations in a magnetic field (1.5 mT, 1 Hz), 
which rotates 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 transformations in an 
alternating magnetic field (11.6 mT, 24.5 Hz) are shown, and for ‘side-slipping’, 
three successive snapshots of the shape transformation in an alternating 
magnetic field (6.2 mT, 19.5 Hz) are shown. The solid black arrows indicate the 
direction of the applied magnetic field. In the optical images of the ‘turning’ 
and ‘side-slipping’ modes, a dashed red line connects a fixed reference point on 
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: c, 15 µm; 
d, 30 µm.
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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–IV 
oriented along both the x and y directions, there are 24 × 24 = 28 magnetic 
configurations on a single panel. By adjusting the quantities nx and ny 
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. As a demonstration, we have engineered an 
origami-like microscale ‘bird’ to mimic the different flying modes of a 
real bird (see Fig. 3c). This is achieved with specific arrangements of the 
nanomagnet arrays on the five body parts—head, neck, body, tail and 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 
switching fields. 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 can be further engineered to have temperature-dependent mag-
netic properties24, and they can be modulated using radio-frequency 
magnetic fields25 and light26. This possibility of control with several dif-
ferent stimuli provides further functionality of the micromachines in 
many different environments. Nanoscale magnets switch in only a few 
nanoseconds25, which is much faster than the mechanical response of the 
micromachines that occurs on the millisecond timescale15. Therefore, the 
micromachines can be reprogrammed in situ using a short (nanosecond 
to millisecond) magnetic field pulse. With the ability to precisely con-
trol transformations at the micrometre scale, our micromachines also 
offer a platform to construct 3D magnetic metamaterials27, such as a 3D 
realization of artificial spin ice28, and photonic metamaterials29, where 
optical properties, such as the polarization of transmitted light, can be 
tuned by magnetically actuated transformations. This concept can also 
be applied in flexible electronics, with morphable 3D structures having 
multistable states30. 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
A schematic 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 a rigid silicon frame. 
First, the nanomagnets were fabricated on the membrane with elec-
tron beam lithography using an electron beam writer (Vistec EBPG 
5000PlusES) 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 × 10−6 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 PlasmaPro 100) 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 
organic solvent, propylene glycol monomethyl ether acetate (PGMEA). 
A further 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 
a commercial setup (NanoMOKE, Durham Magneto Optics Ltd.) in the 
longitudinal mode with a focused laser spot with a diameter of ~10 μm. 
Each hysteresis loop 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, 
a magnetic 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 microscope incorporating three pairs of Helmholtz coils 
in an orthogonal configuration. A computer was used to simultaneously 
control the electric currents in the three-pair Helmholtz coils to pro-
duce a magnetic field vector in arbitrary 3D directions. A magnetic field 
with a maximum magnitude of 15 mT was generated to manipulate the 
released micromachines. The observed folding behaviour and motion 
were captured with a video camera (Grasshopper GRAS-03K2C, Point 
Grey Research) on the microscope. The tested micromachines were 
actuated reversibly with a dynamic field more than 18,000 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-dependent31. 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 magnetization is 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:






















V d L d
d

t= ( − ) + π
2

(1)
2

When the length, width and thickness of the nanomagnets are 
L = 300 nm, d = 110 nm and t = 60 nm, respectively, the volume of the 
nanomagnet is V0 = 1.82 × 10−21 m3. The total magnetic moment of a nano-
magnet is given by m = MV, where M is the saturation magnetization of 
the magnetic material. In this work, 60-nm-thick cobalt nanomagnets 
are employed, and the saturation magnetization of the thermally evapo-
rated Co thin film is Ms = 1,153 kA m−1, measured using a superconducting 
quantum interference device vibrating sample magnetometer (SQUID 
VSM) at room temperature.

Nanomagnets with different aspect ratios, L/d, display different mag-
netic coercivities, as shown in Fig. 1c. Here we keep the same nanomag-
net volume V0 and thickness t0 = 60 nm for all nanomagnets regardless 
of the aspect ratio. Therefore, they have the same magnetic moment 
m0 = MV0 and equation (1) can be modified to read:
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So that the relation between L and d is given by:
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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 V0 but with six different aspect ratios are selected, that is, with 
lateral dimensions of 520 nm × 60 nm, 450 nm × 70 nm, 398 nm × 80 nm, 
358 nm × 90 nm, 326 nm × 100 nm and 300 nm × 110 nm. The layout 
of the nanomagnet arrays is schematically shown in Extended Data 
Fig. 2b, with a spacing 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. In the y direction, 
neighbouring nanomagnets are separated by a distance s = 40 nm for 
all nanomagnet 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 all nanomagnets investigated 
in this study have same magnetic moment, m0 = 2.10 × 10−15 A m2, the 
total magnetic moment of the nanomagnet arrays on an individual 
panel (when all magnetizations are aligned in the same direction) is

m n m= (4)total magnets 0

where nmagnets is the number of nanomagnets on the panel. For the device 
demonstrated in Fig. 1, a total of 1,040 nanomagnets are fabricated on 
each panel, with mtotal = 2.18 × 10−12 A m2 pointing parallel to the long 
axis of the nanomagnets.

The square shapes of the hysteresis loops measured using the MOKE, 
shown in Fig. 1c, indicate that all six types of designed nanomagnets are 
fully magnetized at remanence. As shown by the MOKE curves in Extended 
Data Fig. 2d, the magnetic switching occurs over a relatively small field range 
of 5–20 mT. Since the six transition regions do not overlap, all six types of 
nanomagnets can be individually programmed, even for a micromachine 
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 < 15 mT.

We first derive the relationship between applied magnetic field B and 
panel rotation angle θ. Neglecting the bending of the short sections 
of the spring, the twisting of the zig-zag spring can be determined by 
considering a long and 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 along its length (see Extended Data Fig. 3a), the angle of twist 
in radians is given by θ = τL

GJ
, where τ is the applied torque, L is the beam 

length, and G and J are the shear modulus and torsional constant of the 
material, respectively.

For a beam with a rectangular section, the torsional constant is given 
by

J
wt w t

=
( + )

12
(5)

2 2

where w and t are the side lengths32. For a homogeneous isotropic 
material,

G
E

ν
=

2(1 + )
(6)

where E is the Young’s modulus and ν is the Poisson ratio. Hence the 
panel rotation angle is given by:

θ
ν L

Ewt w t
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The applied torque is given by τ kθ= , so that the magnitude of the tor-
sional spring constant, k, is given by

k
Ewt w t

ν L
=

( + )
24(1 + )

(8)
2 2

For the current design, the total length of such a beam is L nl= , where 
l is the length of each beam section and n is the total number of beam 
sections. Therefore, for each spring:

k
Ewt w t

ν nl
=

( + )
24(1 + )

(9)s

2 2

If two springs are used and they are in a parallel configuration:

k k k
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( + )
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2 2

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

τ k θ= − (11)spring total

We now determine the extent of the folding in a magnetic 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 × 80 nm nanomagnets on the left panel and 
520 nm × 60 nm nanomagnets on the right panel) but the number of 
turns in the hinge spring is varied, with q = 2, 4, 6 and 8; see Extended 
Data Fig. 3c. The total length of each spring is therefore L nl q l= = (2 + 1) ,  
where l = 5 µm is the length of each section of the spring.

According to the illustration in Extended Data Fig. 3d, the magnetic-
field-induced torque on the device is τB = m × B and its magnitude is:

∘τ mB θ mB θ= sin(90 − ) = cos (12)B

At equilibrium:

τ τ+ = 0 (13)B spring

Introducing equations (11) and (12) into equation (13) gives:

mB θ k θcos( ) − = 0total

θ
θ

m
k

B
cos

= (14)
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Introducing equations (4) and (10) into equation (14), we obtain:

θ
θ
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This equation is the relation between applied magnetic field H 
and panel rotation angle θ, which can be numerically solved. Here  
nmagnets = 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 l = 5 µm, as 
used in the experimental micromachines. From equation (4), the total 
magnetic moment on each panel is mtotal = 2.47 × 10−12 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 same field, B = 5 mT. The experimental dem-
onstrations and computational results are plotted in Extended Data 
Fig. 3f, g, respectively, and follow similar trends. The panel rotation 
angle is 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 
in Figs. 1–3, hinge springs with q = 6 turns were used. With the current 
possibilities for magnetic field control of field steps of 0.1 mT, we can 
orient the panels to within ~0.1° to 1°, depending on the panel rotation 
angle in 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 on the panels τ has a linear relationship with 
the magnitude of the applied magnetic field B, since τ = m × B. However, 
on increasing B, the mechanical torque τ cannot be infinitely high, since 
the applied magnetic field may switch the nanomagnets. For example, 
if the magnetic field is applied along the long axis of the magnets, then 
it can alter the magnetization if it is larger than the switching field, 
which is 30 mT for the type IV nanomagnets.

For a given 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 Bc, 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 assemblies in Figs. 1, 2, there are in total 1,040 nanomag-
nets on each 10 µm × 10 µm panel, with mtotal = 2.18 × 10−12 A m2 pointing 
along the long axis of the nanomagnets. In this case, for a 30 mT opera-
tion field, the highest generated magnetic torque is τ = (2.18 × 10−12 A m2)  
× (30 mT) × sin(90°) = 6.54 × 10−14 N m. Assuming one edge of the panel 



is hinged, then the highest generated force is f = (6.54 × 10−14 N m)/ 
(10 µm) = 6.54 × 10−9 N = 6.54 nN.

Similarly, for a 10 µm × 10 µm panel patterned with type I nanomag-
nets, which have a switching field of 140 mT, the highest generated 
mechanical torque is τ = 3.05 × 10−13 N m, and the highest generated 
force is f = 30.5 nN.

It has been shown previously that microrobots can be used to move 
cells by pushing them with forces in the piconewton range33. For mov-
ing even larger objects, such as a 100 μm × 10 μm × 8 μm microbar, it 
has been shown that ~200 pN of force is needed34. 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 Bc,i and magnetic moments mi = MiVi, where i = 1, 2, 
…, p. Mi is the magnetization of the magnetic material and Vi is the 
volume of the nanomagnet. The nanomagnets with magnetic moment 
mi can be fabricated with several different arbitrary orientations ϕi,j on 
a panel. Here, j = 1, 2, …, ki, where ki denotes the total number of dif-
ferent orientations for the nanomagnets with magnetic moment mi. 
Therefore, we obtain the total magnetic moment mtotal for all arrays of 
nanomagnets on a given panel

∑ ∑m n m φ φ= (cos + isin ) (16)i

p

j

k

i j i i j i jtotal =1 =1 , , ,
i

where ni,j is the quantity of the nanomagnets with magnetic moment mi 
and orientation ϕi,j. This total magnetic moment, mtotal, of nanomagnets 
on a single panel can be programmed with arbitrary magnitude and 
direction by careful adjustment of the magnetic moment mi = MiVi, 
orientations ϕi,j and quantities ni,j of the nanomagnets.

In our micromachines, both the magnetization Mi and the volume 
Vi of the nanomagnets are the same for nanomagnets with different 
switching fields, so we can assume that magnitude of the magnetic 
moment mi = MiVi of all magnets in the array are the same, that is, 
mi = MiVi = M0V0 = m0. Therefore, equation (16) can be simplified to:

∑ ∑m m n φ φ= (cos + isin ) (17)i

p

j

k

i j i j i jtotal 0 =1 =1 , , ,
i

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 a field 
parallel to the long axes of the nanomagnets in one of the arrays. To be 
specific, in our design, the long axis of each magnet is aligned along one 
of two orientations, that is, parallel to one of the two coordinate axes (x 
or y axis, so ki = 2). Therefore, the magnetization of the nanomagnets 
can point along one of four cardinal directions (North, South, East and 
West) so that the orientation of the total magnetic moment is given by

φ
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where ni,x, ni,y are the number of i types of nanomagnets with a given 
switching field with the long axis along the x and y axis, respectively, 
so that φ = 0, πi x,

 and φ = ±i y,
π
2  depending on the direction of magnet-

ization in the nanomagnets. According to equation (18), by changing 
the number of magnets with a given orientation, that is, ni,x and ni,y, it 
is possible to obtain an arbitrary orientation ϕ of the total magnetic 
moment mtotal.

For each panel, there are nanomagnets with px and py different 
switching fields along the x and y axis, respectively. It is therefore 
possible to program 2 × 2p px y 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 
the field. If required, 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 magnetic field is applied. Here, the nanomagnets are designed 
to be stadium-shaped, with the remanent magnetization pointing in the 
plane of the rigid panel along the geometric long axis of the magnets 
as a result of the magnetic shape anisotropy.

The current concept has limitations where folding into particular 
shapes is 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 
point out of the plane of the lid. This requires nanomagnets with out-of-
plane magnetic anisotropy, which can be achieved with, for example, a  
Co/Pt multilayer system35.

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 a 3 nm 
Al capping layer, 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 using a 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 Dextran36, can be used. These 
are compatible with microfabrication techniques and, after the RIE 
etching, the structures can be directly released and operated in water.

Approach 2. After the fabrication and the release of the structures in 
an organic solvent, the structures can be fished out and transferred to 
a water environment using a micromanipulator tip. This is a standard 
procedure for micro- and nano-robotic manipulation, and has been 
widely reported20.

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-
ics14. 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 
a water 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 
Data Fig. 9a, b). In addition, we have demonstrated the manipulation 
of 6-µm-diameter polystyrene microbeads (Polybead 15714-5, Poly-
sciences, Inc.) in a water environment (Extended Data Fig. 9c, d and 
Supplementary Video 8).

We have also demonstrated the operation of the micromachines in 
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. As shown 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 ρSiNx × 
VSiNx × g = 7.8 × 10−13 N, where ρSiNx = 3.17 g cm−3 is the density of silicon 
nitride, VSiNx = 5 × 10 µm × 10 µm × 50 nm is the volume of the four-
panel micromachine consisting of 5 rigid panels, and g ≈ 9.8 m s−2 is 
the standard gravity. The weight of the nanomagnets is approximately 
ρmagnets × Vmagnets × g = 6.6 × 10−13 N, where ρmagnets = 8.9 g cm−3 is the cobalt 
density, Vmagnets = 4 × 1,040 × V0 is the total volume of the nanomagnets 
on the micromachine with four side panels, each having 1,040 nano-
magnets, and V0 = 1.82 × 10−21 m3 is the volume of each individual nano-
magnet. Therefore the total weight of the four-panel micromachine is 
7.8 × 10−13 N + 6.6 × 10−13 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 
design and properties’), which is three orders of magnitude larger than 

the gravitational load. Therefore the devices can be manipulated in air 
without structural collapse due to gravity.

Data availability
All data generated or analysed during this study are included in the 
published article and its Supplementary Information, and are available 
from the corresponding authors on reasonable request.
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Extended Data Fig. 1 | SEM images of a four-panel micromachine.  
a, Overview. b, Enlarged image corresponding to the dashed box in a. Shown 
are arrays of nanomagnets: in the array at top right, the lateral dimension of 

each nanomagnet is 520 nm × 60 nm; at bottom left, the lateral dimension 
of each nanomagnet is 398 nm × 80 nm. Scale bars: a, 4 µm; b, 2 µm.
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Extended Data Fig. 2 | Geometric design and switching behaviour of the 
nanomagnets. a, Schematic of a stadium-shaped nanomagnet with length  
L, width d and thickness t. b, Schematic of the layout of the nanomagnet arrays 
with vertical separation s, and horizontal separation d/2. c, Relationship 
between d and L for nanomagnets with the same volume V0 and thickness 
t = 60 nm. Six nanomagnets with different aspect ratios are indicated on the 
curve (the dimensions of each magnet are indicated in nm); the colour of the 
points corresponds to colour of the hysteresis loops in Fig. 1c. Arrows indicate 

the four types of nanomagnet used in the micromachines (I–IV). d, Magneto-
optical Kerr effect curves for the six differently sized nanomagnets in the field 
region where 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, SEM images of fabricated arrays of nanomagnets with lateral dimensions 
given in nanometres, corresponding to the six coloured points in c. Scale bar at 
bottom right (1 µm) applies to all six images.



Extended Data Fig. 3 | Hinge spring design. a, Schematic of a single section of 
a spring. See Methods for nomenclature. b, SEM image of a two-panel device 
with an 8-turn spring. c, Schematic of two-panel devices with 2-, 4-, 6- and 
8-turn spring designs. The turquoise and orange arrows represent the 
magnetization direction of the panels. d, Schematic of a two-panel device that 
folds when applying a controlling magnetic field B. See Methods for 
nomenclature. e, Optical microscope images of four fabricated devices with 
different numbers of turns in the spring design on application of a 5 mT 

controlling field. f, Predicted panel rotating angle versus applied magnetic 
field based on theoretical 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, ±1 s.d. Scale bars: b, 2 µm; e (applies 
to all images in e), 5 µm.
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Extended Data Fig. 4 | The 16 magnetization configurations of a four-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.



Extended Data Fig. 5 | Four conformations of a micromachine consisting of a 
3 × 3 assembly of four-panel modular units. Shown in the middle and right 
panels are schematics and experimental demonstrations of the actuated 
micromachines. The units in a given micromachine all have the same 
conformation (left panel) corresponding to one of the 16 different 
magnetization configurations. Scale bars in the optical microscope images, 
30 µm.
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Extended Data Fig. 6 | Four different modes, ‘P’, ‘X’, ‘O’ and ‘9’, encoded in 
the same micromachine design. In the conjugate pairs (‘P’ and ‘9’, or ‘X’ and 
‘O’), the ‘up’ and ‘down’ states of each unit are reversed. With a different 

nanomagnet encoding, a single micromachine with this design can transform 
between these four modes. See main text and Methods for details.



Extended Data Fig. 7 | Possibilities for the total magnetic moments of the 
wing tip in the microscale ‘bird’. a, SEM image of the wing tip of the microscale 
bird. Turquoise vertical bar, type II nanomagnets (398 nm × 80 nm); blue 
horizontal bar, type III nanomagnets (358 nm × 90 nm); purple bar (horizontal 
and vertical), type IV nanomagnets (300 nm × 110 nm). Each of the arrays has 
the same number of magnets (1,040) with the same magnetic moment m.  
b, Nine possible total magnetic moment magnitudes and directions.  
c, Schematics of 16 possible magnetic configurations of the wing tip. Each of 
the arrays of different types of nanomagnets (types II, III and IV) have different 

switching fields, and there are two out of the four arrays that have the same 
type IV magnets but with orthogonal orientation. Therefore, with the 
orientation of the nanomagnets in two of the arrays along the x direction and in 
the two other arrays along the y direction, there are in total 22 × 22 = 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 
wing tip, corresponding to the 16 magnetic configurations shown in c. Scale bar 
in a, 4 µm.
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Extended Data Fig. 8 | Schematic of the steps used to fabricate the 
micromachines. The nanomagnets are fabricated using electron beam 
lithography, including patterning of a spin-coated polymer resist, thermal 

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



Extended Data Fig. 9 | Optical microscope images of a four-panel 
micromachine, demonstrating operation in water and manipulation of 
polystyrene microbeads. The micromachine is released in acetone and then a 
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 B of 10 mT. c, d, On application of a rotating magnetic field B (10 mT, 5 Hz), 

the micromachine rolls across the surface of a silicon wafer, and the rolling 
motion generates a vortex in the water surrounding it (highlighted with blue 
arrows). Polystyrene microbeads of 6 μm diameter (highlighted with red 
arrows) are trapped in the vortex and are transported to a new location. Two 
snapshots of the motion, separated by a time interval of 14 seconds, are shown. 
Scale bars, 40 µm.
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Extended Data Fig. 10 | Optical microscope images of single-panel 
micromachines operating in air. Two rows of single-panel micromachines are 
shown, each suspended within a D-shaped ‘cutout’ in the silicon nitride 
membrane frame, and connected to it on the left side by hinge springs with two 
turns. Each panel is 10 µm × 10 µm in size. a, After fabrication, the panels are 
somewhat out-of-focus. This is because they are slightly tilted above the plane 
of the in-focus silicon 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, c, On slowly increasing 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 is increased. In the optical images, the panels with 
magnetization pointing to the left (top row) first become sharper (b), and they 
almost disappear at a tilt angle close to 90° at 35 mT (c). The panels with 
magnetization direction pointing to the right (bottom row) tilt upwards in the 
applied magnetic field, becoming less visible as the field is increased (b), until 
finally disappearing when the tilt angle is close to 90° at 35 mT (c). Scale bar  
(for a–c), 20 µm.
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