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E N G I N E E R I N G

Magnetic kirigami dome metasheet with high 
deformability and stiffness for adaptive dynamic 
shape- shifting and multimodal manipulation

Yinding Chi1, Emily E. Evans2, Matthew R. Clary3, Fangjie Qi1, Haoze Sun1, Saarah Niesha Cantú3, 

Catherine M. Capodanno2, Joseph B. Tracy3*, Jie Yin1*

Soft shape- shifting materials o�er enhanced adaptability in shape- governed properties and functionalities. How-
ever, once morphed, they struggle to reprogram their shapes and simultaneously bear loads for ful�lling multi-
functionalities. Here, we report a dynamic spatiotemporal shape- shifting kirigami dome metasheet with high 
deformability and sti�ness that responds rapidly to dynamically changing magnetic �elds. The magnetic kirigami 
dome exhibits over twice higher doming height and 1.5 times larger bending curvature, as well as sevenfold en-
hanced structural sti�ness compared to its continuous counterpart without cuts. The metasheet achieves omnidi-
rectional doming and multimodal translational and rotational wave- like shape- shifting, quickly responding to 
changing magnetic �elds within 2 milliseconds. Using the dynamic shape- shifting and adaptive interactions with 
objects, we demonstrate its applications in voxelated dynamic displays and remote magnetic multimodal direc-
tional and rotary manipulation of nonmagnetic objects without grasping. It shows high- load transportation abil-
ity of over 40 times its own weight, as well as versatility in handling objects of di�erent materials (liquid and solid), 
sizes, shapes, and weights.

INTRODUCTION

Shape- shi�ing matter is intriguing in nature and engineering (1–4). 
Shape changes modify both properties and functionalities of materi-
als for broad applications in adaptive structures, medical devices, 
wearable electronics, and so� robotics (4–8). For example, a thin 
two- dimensional (2D) sheet may morph into complex 3D surfaces 
with programmable nonzero Gaussian curvature (3, 9). �is trans-
formation can be achieved by programming composite patterns, 
inducing inhomogeneous swelling or expansion in active materials 
in response to external environmental stimuli, or by designing spe-
ci�c folding or cutting patterns in origami and kirigami structures 
(10). For example, a thin sheet can morph into dome or saddle 
shapes through anisotropic in- plane or cross- thickness swelling in 
hydrogels, triggered by changes in temperature, light, pH, or electric 
�eld (3). Similar shape morphing can also be achieved by stretch-
ing a kirigami sheet with patterned cuts (11, 12). However, once 
morphed, reprogramming and dynamically shi�ing these shapes 
without altering the prescribed swelling or cut patterns remains 
challenging (10–12). In addition, there is a contradiction in so� 
shape- shi�ing materials between the need for high structural com-
pliance, which facilitates deformability and shape adaptivity to 
dynamically changing stimuli, and the requirement for high sti�-
ness, which enables load- carrying capacities during and a�er mor-
phing to ful�ll multifunctionality (3).

To tackle the challenges in so� shape- morphing materials with 
both shape reprogrammability and high sti�ness, recent research 
has introduced a sandwiched so�- hard composite lattice- based 
robotic surface for reprogrammable shape morphing and object manip-
ulation (8). �e shape morphing is actuated using heat- responsive 

liquid crystal elastomers (LCEs) via Joule heating. �e thermal 
actuation in the top and bottom so� LCE layers drives the buck-
ling of the hard polymer ribbon networks sandwiched between 
them, enabling both shape transformation and load- bearing capa-
bilities. However, despite these advancements, the system requires a 
sti� ribbon network to substantially enhance the sti�ness in LCEs 
for load supports, as well as multiple control channels that are 
tethered to power systems (8), complicating the control for morphing 
and manipulation.

Among environmental stimuli, magnetic �elds provide a prom-
ising solution for dynamic shape morphing in so� materials (13–15) 
because they are remote, have a fast response, and are easily control-
lable. Despite these capabilities, challenges in reprogramming dy-
namic shape- shi�ing and resolving the contradiction between high 
deformability and sti�ness remain to be addressed in so� magnetic 
morphing materials. �ere has been minimal exploration concern-
ing how to reprogram controllable spatiotemporal dynamic shape- 
shi�ing and propagation across magnetoresponsive thin sheets 
under dynamically changing magnetic �elds (13, 16, 17), as well 
as how to leverage it for sti�ness modulation and functionalities 
(18, 19).

Here, we report combining cut- induced �exibility and shape 
adaptivity in domes to create a dynamically shape- shi�ing and sti�-
ening magnetic kirigami dome metasheet. A �at thin sheet with 
programmed ferromagnetic domains transforms into a metasheet 
with a periodic array of domes under static magnetic �elds. Com-
pared to the continuous magnetic dome metasheet without cuts, 
the kirigami design allows for a doming height nearly twice as 
high, despite having an over �vefold lower modulus (20–22), while 
achieving nearly double the structural sti�ness for over fourfold 
load- bearing and load- li�ing capacities. �e achieved high deform-
ability and sti�ness enable a large working space and high actua-
tion force, facilitating multifunctionality in adaptive dynamic 
shape- shi�ing and object manipulation. Beyond simple pop- up or 
down shape morphing in bistable continuous domes (23, 24), the 
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magnetic kirigami dome metasheet enables dynamic omnidirec-
tional doming in individual domes and collective translational and 
rotational wave- like shape- shi�ing across the sheet under changing 
magnetic �elds. Numerical simulation based on simpli�ed theoreti-
cal modeling is developed to predict these dynamic doming shape 
changes. By leveraging the adaptive and dynamic interactions be-
tween the shape- shi�ing metasheet and objects on top, we demon-
strate its applications in multimodal remote magnetic manipulation 
of various nonmagnetic solid and liquid objects without grasping.

RESULTS

Magnetic kirigami dome with high deformability
Figure 1 (A to C) illustrates the fabrication and actuation of a single 
magnetic kirigami dome and its continuous counterpart without 
cuts for comparison through four steps: air in�ation, magnetization, 
de�ation, and magnetic actuation (see Materials and Methods for 
details). �e process begins with an unmagnetized kirigami or con-
tinuous disk made of magnetoresponsive elastomers (∼265 μm in 
thickness and 5 mm in radius; see �g. S1 for microscale features and 
magnetic properties). �e kirigami disk is patterned with orthogo-
nal square cuts (cut length L = 1.5 mm and cut width d = 250 μm; 
cut ratio L/d = 6) via laser cutting (inset of Fig. 1A) (20, 21). �e 

disk is placed on an in�atable elastomeric membrane (80 μm in 
thickness), and then pneumatic pressure P is applied by in�ating a 
small air volume (<1 ml). Both kirigami and uncut disks conform to 
the elastomeric balloon, forming a porous dome and a continuous 
dome, respectively (Fig. 1B, i; �g. S2, A and B; and movie S1).

�e in�ated doming height hp can be tuned by P and the cut ratio 

L/d; increasing either parameter results in a higher dome (�g. S2, C 
and D) due to reduced sti�ness at a larger L/d (�g. S3). �e in�ated 
dome is then magnetized under uniform magnetizing �eld with an 
intensity of M = 1.23 T (Fig. 1B, i) in the out- of- plane direction (i.e., 
z axis). A�er de�ation, both magnetized domes return to a �at state 
with a preserved local periodic magnetization pro�le M (�g. S4A). 
Applying a uniform magnetic �eld B along the vertical direction (z 
axis) generates a spherical dome shape but with over 1.7 times 
smaller doming height than hp (Fig. 1C and �g. S2C).

�e kirigami design enhances �exibility and deformability com-
pared to its continuous counterpart without cuts. �e unmagne-
tized kirigami disk achieves a much higher doming height hp than 

the continuous one under the same pressure P, e.g., at P = 33 kPa, 
hp ∼7 mm in the kirigami dome, nearly 1.75 times higher than the 
continuous dome (hp ∼4 mm; Fig. 1B and �g. S2C). Similarly, the 

magnetized kirigami disk also shows a much higher doming height 
hB and larger bending curvature under the same magnetic �eld B 

Fig. 1. Magnetic kirigami dome with high deformability and sti�ness. (A) Schematic setup of in�ating a magnetic kirigami disk with patterned orthogonal cuts into 

a dome shape under an air pressure P. The inset shows the photo of the magnetic kirigami disk. Scale bar, 1.5 mm. (B) Top view (schematics, xy plane) and front views 

(photos, xz plane) of the in�ated magnetic kirigami dome (i) and its counterpart, a continuous dome without cuts (ii), under the same in�ation pressure P = 33 kPa, fol-

lowed by magnetization under the same uniform �eld intensity of M ∼ 1.23 T along the z axis. Scale bars, 1.5 mm. (C) Photos (front view, xz plane) of the vertically actu-

ated kirigami dome (i) and continuous dome (ii) under the same applied magnetic �eld B = 938 mT along the z axis as schematically illustrated on the top row. Scale bars, 

1.5 mm. (D) Experimental and theoretical results on the comparison of the actuated dome height hB as a function of B between a single magnetic kirigami dome and its 

continuous counterpart without cuts under the same in�ation and magnetization states. (E) Comparison of the indentation force and position (f- p) curves of a single 

magnetic dome with/without cuts when the applied magnetic �eld B is on and o�. The inset shows the schematic experimental setup for the indentation test under the 

same vertical magnetic �eld (B = 152 mT). (F) Demonstration of high load- lifting and bearing capability of the 5 by 5 magnetic kirigami dome metasheet (i). The metasheet 

(1.5 g) can lift a weight of 43.1 g at a height of 2.5 mm under an applied B = 172 mT. The magnetic continuous dome metasheet remains �at and fails to lift the same object 

under the same magnetic �eld (ii). Scale bars, 5 mm. EXP, experiment; SIM, simulation.
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(Fig. 1C). Figure 1D shows that, as B increases, hB �rst rises mark-
edly and then plateaus for both kirigami and continuous domes (�g. 
S5, A and B). �e plateaued hB at B = 938 mT for the kirigami dome 
is hB ∼ 4.1 mm, which is over twice as high as the continuous dome. 
�is notable increase in doming height for the kirigami disk is at-
tributed to the cut- induced marked reduction in its Young’s modu-
lus E (21), where E in the kirigami sheet (∼37.5 kPa for L/d = 6) is 
over 5.5 times lower than that of the continuous sheet (�g. S3B). 
Furthermore, compared to continuous disks, the cuts introduce an 
additional degree of freedom in rotation (Fig. 1, B and C, i) (20–22). 
�is rotational �exibility allows the discrete cut panels to stretch and 
bend more easily during both processes of pneumatic in�ation and 
external magnetic �eld actuation, whereas such rotational deforma-
tion is largely restricted in the continuous structure (Fig. 1B). In 
addition, these rotations complicate the local magnetization orien-
tations in the deformed cut panels during in�ation, which are 
preserved as the panels rotate back to their original positions (�g. 
S4A and more discussions in the Supplementary Materials). �is 
results in more intricate interactions between the cut panels and the 
external magnetic �elds. �e increased rotational freedom not only 
enhances �exibility in shape morphing but also, along with the 
higher doming height, provides a larger working space for multi-
functional capabilities in potential dynamic shape transformation 
and object manipulation under spatiotemporal magnetic �elds, as 
discussed later.

Magnetic sti�ening of the kirigami dome
In addition to its high �exibility and deformability, the kirigami 
dome also shows high sti�ness under magnetic actuation. Typically, 
there is a contradiction between compliance and load- bearing ca-
pacity in kirigami structures due to cut- induced sti�ness reduction 
(21, 25). We explore magnetic- induced sti�ness modulation (18) as 
a method to overcome this limitation in the kirigami dome.

An indentation test was conducted to evaluate the sti�ening 
e�ect in both kirigami and continuous samples when an external 
vertical magnetic �eld B was applied and removed (Fig. 1E and �g. 
S6). �e experimental setup is illustrated in the inset of Fig. 1E (see 
�g. S6A and Materials and Methods for details). Under the same 
magnetic �eld (B = 152 mT), the kirigami dome reaches a height hB 
of about 3.2 mm, double that of the continuous dome (hB ∼1.6 mm). 
When the magnetic �eld is turned o�, both domes return to their 
�at disk shape. Figure 1E shows four indentation force- position 
(f- p) curves for the kirigami and continuous domes with the mag-
netic �eld on and o�. �e position p is measured positively from the 
base at z = 0, starting from po = hB for both domes and from po = 0 
for both �at disks, where f = 0. �e indentation force f in both domes 
increases almost linearly as the position p decreases (p  >  0) or 
equivalently as the indentation displacement d increases (�g. S6B, 
ii), where d = po − p. Compared to the continuous dome, the kiri-
gami dome shows a notably higher indentation force and results in 
eight times more work done at positive displacements (highlighted 
in shaded areas with 69 μN·m versus 8.2 μN·m; Fig. 1E). �us, the 
kirigami dome can potentially maximize the work done in li�ing an 
object. As p approaches zero, the dome reaches a nearly �attened 
state, and the corresponding indentation force fp=0 at p = 0 (dashed 

line in Fig. 1E) can be approximately considered the maximum load 
capacity of the structure. At p = 0, fp=0 is about 46.7 mN in the kiri-

gami dome, more than 4.5 times higher than in the continuous 
dome, highlighting the cut- induced enhancement in the load- bearing 

capacity of the magnetic kirigami dome. When the magnetic �eld is 
o�, both domes, now �at disks, exhibit a highly nonlinear force- 
position (f- p) and force- displacement (f- d) curve (�g. S6B).

To quantify the e�ect of the magnetic �eld and kirigami design 
on sti�ness modulation, we evaluated the e�ective structural sti�-
ness K as the initial slope of the f- d curves (�g. S6, B and C). As the 
applied magnetic �eld B increases from 0 to 152 mT, the sti�ness 
increases by 23 times in the kirigami dome and 3 times in the con-
tinuous dome (�g. S6, B and C, and table S1), indicating substantial 
magnetically induced sti�ening. Under the same B = 152 mT, the 
kirigami dome shows over 1.8 times the sti�ness (K∼13. 8 N∕m) 
compared to the continuous dome. However, this result contradicts 
theoretical predictions, which suggest that the kirigami dome 
should have lower sti�ness due to cut- induced material compliance. 
�eoretical models indicate that structural sti�ness K in an elastic 
spherical shell scales with (26)

where E is the Young’s modulus, t is the shell thickness, and R is the 
shell radius. Given the kirigami dome’s over 5.5 times lower Young’s 
modulus (Euncut = 209 kPa and Ekirigami = 37.45 kPa; L/d = 6) and 

1.5 times smaller bending radius (Fig. 1C and �g. S3B), from Eq. 1, 
the continuous dome is theoretically predicted to have approximate-
ly four times higher sti�ness. �e large discrepancy between experi-
mental results and theoretical expectations can be attributed to the 
interactions between the kirigami structure and the external mag-
netic �eld, which are not considered in the theoretical model. �us, 
this suggests a sevenfold enhancement in sti�ening in the kirigami 
dome, driven by the combined e�ects of the applied magnetic �eld 
and the kirigami design.

For the magnetic kirigami dome, its doming height hB, sti�ness 
K, and load capacity fp=0 can be further manipulated by tuning the 

magnetizing �elds with di�erent intensities M (�g. S6D) and the cut 
ratio L/d of the kirigami pattern (�g. S6E). As M increases from 1.03 
to 1.23 T, hB rises modestly by 22%, K increases by 57%, and fp=0 

markedly increases by 118%. Further increasing M from 1.23 to 1.41 T 
results in a negligible increase (2.5%) in doming height and a slight 
increase (∼25%) in both sti�ness and load capacity (�g. S6D and 
table S1). When the cut ratio L/d increases from 4 to 12, despite a 
notable 5.5- fold reduction in Young’s modulus (�g. S3B and table 
S1), hB only increases slightly by 19% to 3.4 mm (�g. S6E and table 
S1), due to the sti�ening e�ect caused by the transition from rota-
tional to stretching deformation in the cut panels (�g. S2D) (22). In 
contrast, K and fp=0 do not exhibit a monotonic decrease with 
increasing L/d but show peak values of K

max
= 13. 8 N∕m and 

(

fp=0
)

max
= 46.2 mN at an intermediate L∕d = 6. �is is expected 

as, at L∕d = 12, the kirigami dome becomes too compliant to sup-
port certain loads despite the magnetic sti�ening e�ect. At this ratio, 
the Young’s modulus of the kirigami sheet is reduced by nearly 
15 times compared to the thin sheet without cuts (table S1). �is sug-
gests an optimal design that overcomes the typical trade- o� between 
compliance (high deformability) and sti�ness (load- bearing capac-
ity) in shape- morphing structures, where a higher L/d in kirigami 
domes typically results in greater doming height but lower sti�ness 
due to the reduced modulus. For example, at L∕d = 12 versus 
L∕d = 4, we observe hB = 3.4 mm versus 2.8 mm, K = 6. 1 N∕m 
versus 12. 1 N∕m, and E = 14.3 kPa versus 77.2 kPa (table S1). 
�us, the kirigami dome with an optimal cut ratio of L∕d = 6, 

K ∝

Et2

R
(1)
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which balances high deformability and sti�ness, is selected for fur-
ther exploration of its multifunctionality.

Building on the sti�ening e�ect observed in kirigami domes, we 
further demonstrate that the kirigami design enhances the load- 
li�ing capability in a dome metasheet. �is metasheet is composed 
of a 5 by 5 array of domes (inset of Fig. 1F, i), fabricated using a pro-
cess similar to that of a single dome (see �g. S7 and Materials and 
Methods for details). Despite its inherent compliance, the kiri-
gami dome metasheet exhibits high load- li�ing capabilities under 
magnetic actuation. It successfully li�s a weight of 43.1 g, which is 
28 times its own weight (1.5 g), and holds it at a height of 2.5 mm 
under an applied magnetic �eld of B = 172 mT (Fig. 1F, i and movie 
S2). In contrast, the continuous dome metasheet (inset of Fig. 1F, ii) 
remains �at under the same magnetic �eld, unable to li� the same 
weight (Fig. 1F, ii and movie S3).

Omnidirectional doming and simpli�ed modeling
�e kirigami structure enables omnidirectional doming when mag-
netic actuated by tuning the angle α between the disk’s normal di-
rection n of its top surface and the applied magnetic �eld B (Fig. 2A 
and �g. S5, B to F). α is positive when measured clockwise (cw) from 

n to B. As α increases from 0° to 180°, the dome becomes asym-
metrical and the height gradually decreases at α = 50◦ (Fig. 2A, i 
and ii and �g. S5C), followed by a slightly concave shape at α = 90◦ 
(�g. S5D), and an inverted sharp conical dome at α = 180◦ (Fig. 2A, 
iii and �g. S5E). Negative α values, such as α = −130◦, result in a 
conical droplet shape (Fig. 2A, iv and �g. S5F). �e conical shapes in 
Fig. 2A, iii and iv are due to the combined e�ects of magnetic and 
gravitational forces.

Numerical simulations based on simpli�ed theoretical model-
ing were conducted to better understand shape- shi�ing in the kiri-
gami dome under magnetic �elds of varying magnitudes and 
directions (see Materials and Methods and the Supplementary 
Materials). As a simpli�cation, the dome is modeled in cross sec-
tion, as a 1D strip of a continuous, elastic, and homogeneous mag-
netic sheet (Fig. 2B). �e simulation mirrors the experimental 
procedures (Fig. 1, B and C). In a typical simulation, an unmagne-
tized strip is in�ated by applied pressure, causing it to stretch and 
bend. �e in�ated strip is then magnetized in the vertical direction 
(Fig. 2C, i), with the local magnetization orientation preserved as 
the pressure is released, allowing the strip to relax back to a �at state 
(Fig. 2C, ii). Last, a uniform magnetic �eld B is applied with the 

Fig. 2. Omnidirectional doming in the magnetic kirigami dome under varying directional magnetic �eld. (A) Photos (front view, xz plane) of the directionally actu-

ated kirigami dome under the same B = 645 mT but with di�erent angles of α = 50◦ (i), 50° (ii), 180° (iii), and −130° (iv), as illustrated on the top row. The angle between 

the applied B and the disk’s normal direction n is denoted as α. Scale bars, 1.5 mm. (B) Schematic illustration of the simpli�ed magnetic kirigami strip model composed of 

discrete segments and vertices. It shows the free- body diagram of a representative segment with the �ve forces labeled, including gravitational force F
G

 acting downward 

(black), pneumatic pressure F
P
 applied normally to the strip (orange), elastic extension (compression) forces F

E ,n± (green), restoring bending forces F
S,n± normal to the strip 

(blue), and magnetic forces F
M,n± from the magnetic torques (red). A viscous �uid force (not shown) acts opposite the velocity of each segment to dampen motion as the 

�lm relaxes toward equilibrium. Inset: De�nitions of normal 
(

n̂
)

 and tangent 
(

t̂
−
, t̂

+

)

 unit vectors used in force calculations. (C) Simulation results on in�ation and magne-

tization, followed by de�ation processes. The red arrows denote the magnetization pro�le M. Scale bar, 1.5 mm. (D) Theoretically predicted actuated cross- sectional kiri-

gami dome shapes under the same B = 645 mT but with di�erent angles of α = 0◦ (i), 40° (ii), 180° (iii), and −130° (iv). Scale bar, 1.5 mm. The blue arrows denote the 

direction of the external magnetic �eld.
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speci�ed magnitude and direction, and the new con�guration of 
the strip is determined (Fig. 2D).

The strip is modeled as a series of discrete vertices (Fig. 2B), 
where each vertex represents a segment of the strip, with its 2D 
coordinates denoted as 

(

xn, yn
)

 for 1 ≤ n ≤ p, where p is the total 
number of segments (inset of Fig. 2B). Figure 2B highlights 
three neighboring segments and their associated vertices as ex-
amples. Each vertex, except for the two end vertices, experiences 
five forces: gravitational, elastic stretching (or compression), 
elastic bending, magnetic torque, and any applied pneumatic 

pressure (Fig. 2B).The gravitational force �⃗FG,n is proportional to 

the mass of each segment, m
n
, and can be specified at an angle θG 

from the vertical

�is force is independent of the location of the other vertices. 
However, for other forces, it is necessary to account for the relative 
locations of neighboring vertices by calculating three directional 
vectors, including a unit vector normal to the surface, n̂, and unit 

tangent vectors, t̂
+
 and t̂

−
, indicating directions toward the neigh-

boring n + 1 and n − 1 vertices, respectively (Fig. 2B, inset). Follow-

ing this, elastic extension (compression) forces �⃗F
E,n± between 

vertices are given by

where w and t  are the strip’s width and thickness, respectively. L
n±

 is 
the distance between the nth and (n±1)th vertices, and L is the re-
laxed length of a segment. As the strip bends, restoring forces arise 
due to elastic bending. �is is modeled as a thin beam bent through 
a constant curvature between successive vertices, for which the re-

storing bending moment τS,n±1 is given by τS,n±1 =
Ewt3

3L
ϕ
n±1 (27), 

where ϕ
n±1 is the relative bending angle. �e resulting forces �⃗F S,n± 

on vertex n due to bending at the n ± 1 vertices are then given by

Magnetic torques are calculated similarly, with magnetic torques 

on the n ± 1 vertices depending on the cross product of the local mag-

netization ���⃗M
n±1

 and the applied �eld �⃗B, i.e., �⃗τ
M,n±1 = wLt���⃗M

n±1 ×
�⃗B, 

resulting in the magnetic forces on the nth vertex of
 

�e force due to pneumatic pressure P is given by

�⃗F P = PLw �n

A nonconservative viscous drag force is also included to dissi-
pate energy (see the Supplementary Materials for details). To �nd 
the equilibrium con�guration, the net force on each vertex is cal-
culated, and the strip accelerates over a small time step Δt, a�er 
which forces are reassessed. �is process is repeated until the sum 
of the magnitudes of the net force on each segment falls below a 
threshold (0.1 μN), ensuring that the strip reaches a minimum- 

energy state. �e direction and magnitude of �⃗B can be adjusted to 

simulate the strip’s response to time- varying magnetic �elds, such 
as those produced by an array of magnets.

In this work, the simulation well captures the variation of dom-
ing height with increasing B with α = 0◦ (Fig. 1D) and the shape- 
shi�ing from round to sharp conical shapes at di�erent  values (Fig. 
2D) observed in the experiment (Fig. 2A).

Spatiotemporal fast- response dynamic shape- shifting in 
the metasheet
Next, we explore the spatiotemporal dynamic shape- shi�ing and 
propagation in the kirigami dome metasheet driven by the dynami-
cally moving and rotating magnetic �elds underneath controlled by 
linear and rotational motors (Materials and Methods and �g. S8). 
�e dome metasheet (5 by 5) is �xed onto a rigid holder by bonding 
its uncut boundaries to counter the pulling magnetic force induced 
by the magnetic gradient (Fig. 3A). Figure 3 (B to D) shows the 
schematic setups for exploring how the shape- shi�ing dome meta-
sheet on top responds to the local and global out- of- plane dynami-
cally changing magnetic �elds B, including a moving letter “C”- like 
pattern of localized pillar magnets (Fig. 3B), a moving array of nine 
bar- shaped magnets with alternate orientations (Fig. 3C), and a 
spinning capsule- shaped magnet (Fig. 3D). �e simpli�ed model is 
also used to simulate the quasistatic wave- like behavior by applying 
a sequence of �eld values (magnitude and direction) deduced from 
�nite element analysis simulations of permanent magnets (Fig. 3E; 
see more details in the Supplementary Materials).

For these di�erent con�gurations of magnets, a single dome in 
the metasheet shows a similar shape- shi�ing response to a dynamic 
magnetic �eld B with both dynamically changing magnitude and 
direction. As an example, Fig. 3E shows the simulation results on 
the periodic dynamic shape- shi�ing in a dome in response to a 
right- moving magnetic �eld in Fig. 3C (see more details on other 
results in response to magnetic motions in Fig. 3, B and D; �g. S8A; 
and movie S4). As the array of bar- shaped magnets moves to the 
right, B starts to rotate counterclockwise (ccw) with spatiotemporal 
magnitude and angle changes. �e rotating angle α is de�ned as 
positive when rotating cw from the positive z axis (inset of Fig. 3E). 
Because the omnidirectional doming in the kirigami dome aligns 
with the changing directions of B, as B rotates ccw starting from 0° 
to complete a full circle, the upward round doming shi�s into a 
downward conical dome (β ∼ −180◦) passing through intermedi-
ate asymmetric doming (Fig. 3E, i to v), e.g., asymmetric S and 
droplet shapes. As B continues rotating ccw back with reduced mag-
nitude, the metasheet undergoes a reverse shape- shi�ing process 
but with mirrored shapes about the z axis and smaller doming 
height (Fig. 3E, vi to ix). Repeating such shape- shi�ing in the array 
of the domes with a phase angle shi�ing related to the moving or 
spinning speed of magnets generates a translational or rotational 
wave propagation–like motion in the metasheet shown in Fig. 4 and 
�g. S9.

Figure 4 shows the corresponding time- lapse top- view images of 
the shape- shi�ing metasheets over one time period β when the 
magnets move from le� to right or complete a full spin (movie S5). 
Figure 4A shows that, as the patterned C- shaped magnets move to 
the right, the localized domes sequentially pop up and return to �at, 
acting as dynamic voxels for physically displaying a scrolling letter 
“C” in the metasheet. When the metasheet is sequentially actuated 
column by column by the moving bar- shaped magnets, it generates 
continuous dynamic wave propagation to the right with alternating 
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Fig. 3. Spatiotemporal dynamic shape- shifting in the magnetic kirigami dome metasheet. (A) Schematic of the shape- shifting metasheet platform with an attached 

rigid holder to eliminate the e�ect of pulling magnetic force and junction interaction between neighboring domes. (B) Schematic setup of an actuated moving letter C- 

like pattern in the metasheet when an array of localized patterned pillar magnets translates underneath. For clarity, the downward doming from the S- orientated magnet 

is not shown. (C) Schematic setup of an actuated directional wave (composed of upward and downward domes) propagation across the metasheet when an array of nine 

bar- shaped magnets with alternate orientations translate underneath. (D) Schematic setup of an actuated rotary wave (composed of upward and downward domes) 

propagation across the metasheet when a spinning capsule- shaped magnet rotates cw underneath. (E) Theoretical modeling results on the periodic dynamic shape- 

shifting in a single magnetic kirigami dome in response to a right- moving magnetic �eld (nine bar- shaped magnets with alternate orientations translate underneath). 

Translating the magnets changes both the magnitude (B) and direction (β) of the magnetic �eld. Scale bar, 1.5 mm.

Fig. 4. Dynamic shape- shifting processes in the magnetic kirigami dome metasheet over one time period Tp in response to moving and rotating magnets 

underneath. (A to C) Time- lapse top- view schematics (top) and photos (bottom) of its shape- shifting processes under the actuation of an array of right- moving pillar 

(A) and bar- shaped (B) magnets and a cw- rotating capsule- shaped magnet (C). Tp = 0.4 s (A), 0.7 s (B), and 18.7 ms (C). The white arrows in (C) denote the rotational axis. 

Scale bars, 5 mm.
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popping up or down the columns of domes (Fig. 4B), responding to 
the dynamically changing B. Alternatively, Fig. 4C shows that, un-
der a spinning magnetic �eld, the metasheet generates a rotational 
wave propagating around the rotational axis (white arrow). �e ro-
tational axis divides the metasheet into two symmetric halves with 
opposite doming directions and resides in the convex- to- concave 
transition region. �e symmetric shape- shi�ing doming morphol-
ogy transitions from a rectangular to triangular pattern, e.g., from 
the le� pop- up rectangular region at t = 0 to the upper le� and low-
er right pop- up triangle regions at t = Tp ∕8 and 5Tp ∕8Tp, respec-

tively, shown in Fig. 4C. �e metasheet shows the same instantaneous 
wave- spinning speed and direction as the rotating magnet without 
lag, even at a high spinning speed of 1600 rpm, due to the fast re-
sponse of the ferromagnetic elastomer (28). �eoretically, we �nd 
that the kirigami �lm in this work is highly responsive to cyclical 
magnetic actuation on the millisecond scale, with a response time of 
∼2 ms, suggesting that actuation at frequencies up to 250 Hz is pos-
sible (see the Supplementary Materials for more details).

Application: Multimodal and high- strength magnetic 
manipulation of nonmagnetic objects without grasping
Leveraging both the magnetic sti�ening and propagating wave–like 
shape- shi�ing in the metasheet, we explore its applications as a mul-
timodal remote object manipulation platform via dynamic adaptive 
interaction between the shape- shi�ing metasheet and objects with-
out grasping.

Generally, manipulation of objects can be divided into grasping 
or nongrasping approaches. Grasping, such as pick- and- place, in-
volves no relative motion between objects and manipulators via 
form or force closure, requiring grasping and retaining the objects 
(29). Nongrasping involves propelling or pushing without grasping 
to move an object, which is an important alternative when grasping 
is challenging, such as in handling fragile objects or in con�ned 
spaces (30).

Among the di�erent actuation methods for manipulators, mag-
netic actuation is attractive for noncontact dexterous object manip-
ulation due to its remote controllability and fast response (31–33). 
However, magnetically manipulating nonconductive and nonmag-
netic objects is nontrivial (34). One way is to add ferromagnetic par-
ticles or skins to make the objects magnetically responsive (31) or to 
use magnetic grippers to grasp around the objects (27, 35). �e for-
mer requires additional steps to remove the magnetic additives, and 
the latter remains challenging to simultaneously control object 
grasping, retention, and transportation. A promising alternative is 
to use magnetically responsive surfaces to transport objects without 
grasping (36–38). However, such magnetic surfaces are mainly de-
signed at small scales to manipulate microdroplets with negligible 
gravity (36, 37), which shows limited load- bearing and transport 
capabilities in manipulating large- size droplets or beads when grav-
ity becomes dominant (38). Using magnetic surfaces for nongrasp-
ing multimodal manipulation of nonconductive and nonmagnetic 
objects of di�erent materials, sizes, shapes, and weights remains 
challenging and largely unexplored (34–36).

Using the localized C- shaped patterned magnets in Fig. 3B, we 
�rst explore the application of the shape- shi�ing kirigami dome 
metasheet as a stationary conveyor for multimodal nongrasping 
manipulation of both nonmagnetic solid beads (radius: 3.75 mm, 
∼20 mg) and water droplets (∼50 μl), as shown in Fig. 5 (A to C) 

and Fig. 5 (D to H), respectively. For manipulation of water droplets, 

the metasheet is coated with a thin layer of superhydrophobic coat-
ing (Fig. 5, D and E; see Materials and Methods for details). When 
no magnetic �eld is applied, the small bead and water droplet can 
deform the planar metasheet and become lightly con�ned inside the 
concave dome under their self- weight due to the extreme compli-
ance and �exibility of the metasheet. When the bead or droplet is 
placed in the center of the static localized C- shaped patterned mag-
netic �eld (i.e., on top of the blue- colored magnetic pillar), it be-
comes further trapped in a well due to the magnetically actuated 
downward doming in the center and the upward doming in its sur-
roundings. When the patterned magnets move toward the center 
horizontally or vertically, the central dome switches from up to 
down, and the surrounding domes remain domed up. Consequent-
ly, the object con�ned by the C- shaped dome- up pattern has only 
one in- plane degree of freedom, resulting in its forward motion to 
next domed- down spot along the path in the array. �e bead and 
droplet can be manipulated horizontally or vertically to the desired 
location, allowing multipath manipulation (Fig. 5, A, B, D, F, and G, 
and movie S6). In contrast, the continuous dome metasheet without 
cut fails to move the small bead. �is is due to its shallow dome 
height and reduced load- li�ing force under magnetic actuation. 
�ese limitations notably restrict the working space, preventing 
large degrees of shape morphing and e�ective object manipulation 
(movie S7). Furthermore, these mechanisms also allow the manipu-
lation of multiple beads or water droplets individually or simultane-
ously. Figure 5G shows the merging of two di�erent colored water 
droplets into one colored large droplet by individually moving each 
droplet. Figure 5 (C and H) demonstrates the simultaneous move-
ment of two beads in parallel and six di�erent sized droplets in two 
rows, respectively. �is is achieved by using an extended array of the 
C- shaped patterned magnets (inset of Fig. 5, C and H). �e six drop-
lets in two rows merge into two large droplets in parallel a�er two 
sequential merging along the path.

Next, we explore applications of the dynamic shape- shi�ing kiri-
gami metasheet for remote manipulation of nonconductive and 
nonmagnetic objects of di�erent shapes, materials, and weights. 
Figure 6A shows the time- lapse images of linear transporting a 
lightweight rectangular wood plate (48 mm by 20 mm by 2 mm, 0.5 g) 
on top during one period (Tp = 0.56 s) of linear motion of an array 

of 12 bar- shaped magnets with alternate orientations. �e wood 

plate covers nearly 3 by 2 (length × width) arrays of domes in the 
5 by 5 metasheet. As the array of magnets moves to the le�, the 

wood plate moves in the opposite direction to the right. Reversing 
the magnets’ moving direction also reverses the object transporta-
tion direction. �us, the metasheet enables bidirectional linear 
transportation of objects. �is is due to the active interaction- 
induced thrust force between the propagating wave–like shape- 
shi�ing motion in the metasheet and the object on top. As the 
magnets move to the le�, the dynamically changing localized mag-
netic �eld rotates cw, as marked by the red arrow in Fig. 6A, which 
drives the array of domes underneath the plate to asymmetrically 
and sequentially dome toward and propagate to the right by follow-
ing the rotating magnetic �eld as discussed in Fig. 3E. Consequently, 
the asymmetric dynamic shape- shi�ing doming generates a cw 
torque to propel the plate backward (see the insets of Fig. 6A on the 
magni�ed photos of the shape changes in the dome), opposite to the 
moving direction of the magnets. In one period of linear motion of 
the magnets (Tp = 0.56 s), the metasheet moves the wood plate by 
4.3 mm, which gives a transportation speed of 7.6 mm/s. Similarly, 
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it can also transport other shapes of wooden plates in a reverse mov-
ing direction to the magnets, such as a star (Fig. 6B), triangle, pen-
tagon, and irregular shapes that only cover a few domes, as well as 
simultaneously transport multiple di�erent- shaped objects and as-
cend a small slope (9°) with a wood plate of ∼1 g (�g. S10 and movie 
S8). Furthermore, it can also transport other representative non-
magnetic objects such as a slightly heavy glass slide (4.6 g; Fig. 6C) 
and an oversize leaf (Fig. 6D), as well as 3D objects with small area 
contact such as a saddle- shaped chip propelled only by two bound-
ary line contacts (Fig. 6E). On the basis of the magnetic sti�ening 
e�ect, it also shows high load- li�ing and transportation capabilities 
of heavy objects that weigh 53.8 g, which is 35 times the self- weight 
of the metasheet (Fig. 6F). However, the average transportation 
speed is markedly reduced with increasing load (Fig. 6G). In con-
trast, the continuous dome metasheet fails to transport even 
lightweight objects, such as a small pentagonal wooden plate and 
an empty petri dish, which have small and large coverage areas, 
respectively (movie S9). Both objects remain stationary under the 

actuation of moving magnets. �is emphasizes the advantages of 
magnetic kirigami designs over noncut continuous structures as the 
kirigami design enhances deformability while maintaining high 
sti�ness. �ese qualities enable a larger working space for versatile 
shape morphing and provide superior load- bearing and load- li�ing 
capabilities, allowing for various nongrasping object manipula-
tion tasks.

Last, in addition to linear transportation, we demonstrate multi-
modal object manipulation in rotational motion driven by the spin-
ning magnet (Fig. 7A and movie S10). When placing an object such 
as a petri dish (6.8 g) on the shape- shi�ing metasheet driven by a 
magnet spinning cw quickly, the dish starts to spin ccw slowly, op-
posite to the spinning direction of the magnet (see the arrows in Fig. 
7B). �e dish can still spin ccw when its weight becomes nearly 
doubled but with a much slower spinning speed (Fig. 7C). �e ob-
ject spinning speed ωo has a nonlinear curve with the spinning rate 
of the magnet ω

m
, where ω

o
 increases markedly with ω

m
 at a higher 

spinning rate over 1000 rpm (Fig. 7A). When ω
m
= 1600 rpm,  ωo is 

Fig. 5. Applications of the metasheet for remote magnetic multimodal manipulation of nonmagnetic solid beads and water droplets without grasping. 

(A) Schematic of multipath manipulation of plastic beads under an array of patterned C- shaped pillar magnets translating underneath. Scale bar, 5 mm. (B) Time- lapse 

top- view photos on the process of transporting the plastic bead from top left to bottom down following the prede�ned “L”- shaped pathway. Scale bar, 5 mm. (C) Time- 

lapse top- view photos on the process of simultaneously transporting two beads on the metasheet under an extended array of patterned pillar magnets, as schematically 

shown in the inset. Scale bar, 5 mm. (D) Schematics of the multimodal manipulation of single and multiple droplets on the superhydrophobic coated metasheet. (E) Front- 

view photo of a 50 μl- water droplet dyed with yellow color sitting on the superhydrophobic coated metasheet without penetration. Scale bar, 2 mm. (F) Time- lapse 

top- view photos on the process of transporting the water droplet (∼50 μl) from bottom down to top left following the prede�ned zigzag pathway. Scale bar, 5 mm. 

(G) Time- lapse top- view photos on the process of merging two di�erent colored water droplets (∼30 μl for the yellow- colored droplet and ∼50 μl for the light blue- 

colored droplet) into one large droplet by separate remote manipulation. Scale bar, 5 mm. (H) Time- lapse top- view photos on the process of simultaneously transporting 

and merging two parallel arrays of three aligned di�erent sized red- colored droplets on the metasheet under an extended array of patterned pillar magnets. The two large 

droplets (∼50 μl) sequentially merge and collect with small droplets (10 to 20 μl) along the desired pathways. Scale bar, 5 mm.
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Fig. 6. Applications of the metasheet for remote magnetic multimodal manipulation of various nonmagnetic solid objects without grasping. (A) Time- lapse 

photos on the process of directionally transporting a lightweight rectangular wood plate (48 mm by 20 mm by 2 mm, 0.5 g) on the metasheet from left to right during 

one period (Tp = 3.18 s) under an array of 12 bar- shaped magnets with alternate orientations moving to the left. Scale bar, 5 mm. (B to E) Time- lapse top- view photos on 

the process of directionally transporting nonmagnetic objects of di�erent shapes, materials, and sizes, including a star- shape wood plate (B), a glass slide (C), a large- size 

leaf (D), and a 3D potato chip (E) moving from left to right on the metasheet. Scale bars, 5 mm. (F) Illustration of lifting and transporting a heavy object, a stack of �ve 

petri dishes �lled with plastic beads (53.8 g) on the metasheet (1.5 g). Scale bar, 5 mm. (G) Relationship between the average step length (moved distance in one time 

period) and the carrying loads of dish- shaped objects.

Fig. 7. Applications of the metasheet for remote magnetic rotational manipulation of nonmagnetic objects without grasping driven by the spinning magnet. 

(A) Top: Schematic of cw spinning of the capsule- shaped magnet. Bottom: Actuated spin rate of the dish- shaped objects with di�erent weights as a function of the spin 

rate of the driving capsule- shaped magnet. (B and C) Time- lapse top- view photos on the actuated ccw rotating motions of an empty petri dish (6.8 g) and a �lled petri 

dish with plastic beads (13.4 g) on the metasheet under the cw spinning of the capsule- shaped permanent (1000 rpm). Scale bars, 5 mm.
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∼1.8 and 0.8 rpm for the dish with and without extra loading weight, 
respectively, which are notably slower than the driving spinning 
rate. Similar to linear transportation, the inverse spinning motion in 
the object is due to the dynamically changing ccw rotating magnetic 
�eld along the tangential direction generated by the cw spinning 
magnet. Consequently, it generates a tangential torque to drive the 
ccw spinning of the object via the asymmetric dynamic shape- 
shi�ing doming along the tangential direction.

DISCUSSION

In this work, we combine in�atable so� kirigami domes with mag-
netic actuation to achieve both high deformability and high sti�ness. 
�e kirigami cuts drastically reduce the modulus while maintaining 
structural integrity, allowing adaptive dynamic shape morphing and 
providing a large working space for potential functionalities. �e 
notable sti�ening e�ect, induced by the interaction between the kiri-
gami structures and external magnetic �elds, enables high load- 
bearing and load- li�ing capabilities. �is combination of bene�ts 
showcases a potential application in remote magnetic multimodal 
nongrasping object transport, where both large morphing �exibility 
and high force outputs are required for e�ective manipulation.

Given the intriguing potential of in�atable kirigami structures 
for versatile shape morphing (39) and the fast remote actuation ca-
pabilities of magnetoresponsive elastomers (13–15), we envision 
that the concept of combining in�atable kirigami structures with 
magnetic elastomers could lead to the development of a broad range 
of so� shape- shi�ing structures with both high deformability and 
sti�ness. �ese shape- morphing magnetic kirigami structures could 
have broad applications, including �exible mechanical metamateri-
als (40), shape- morphing matter (4), recon�gurable so� robots (7), 
nonprehensile robotic manipulation in con�ned and unstructured 
environments (30), bio�uid droplet manipulation for biomedicine 
and medical diagnostics (36), and active haptic devices for displays 
and virtual reality (41).

Even compared to previous so�- hard and rigid platforms for 
shape morphing and object manipulation, such as the composite 
lattice- based robotic surface (8) and the rigid inFORM dynamic 
shape- shi�ing platform (42), our entirely so� magnetic kirigami 
platform stands out with unique advantages. First, our platform uses 
the adaptive interactions between the remote magnetic �eld and 
kirigami dome structures to substantially enhance and modulate 
sti�ness in so� materials and structures. �is sti�ening e�ect enables 
high load- bearing, load- li�ing, and transport capabilities, which are 
distinct from the inherently sti� components of so� composites (8) 
and rigid systems (42) that enable high sti�ness for load- bearing. 
Second, our platform allows for both shape morphing and object 
manipulation through remote actuation, o�ering greater �exibility, 
simpli�ed control, and autonomy. �e composite robotic surface and 
inFORM platform required tethered systems with individual control 
over tens of LCE strip segments (8) or hundreds of motorized pins 
(42) to achieve complex dynamic shape changes. In contrast, our sys-
tem autonomously adapts to moving magnets, simplifying both ac-
tuation and control for multimodal object manipulation.

Despite the promising results, several limitations remain. 
First, the rotation, bending, and stretching deformation of the 
discretely connected cut panels during inflation affect both 
magnetization and actuation, which are challenging to capture 
in the simpli�ed 1D strip model. Full 3D continuum mechanics 

modeling and simulation are necessary to account for the intri-
cate interactions between the 3D magnetized kirigami dome and 
external magnetic fields. Second, the underlying mechanism 
behind the optimal design for achieving both high deformability 
and sti�ness has yet to be fully explored. Future 3D modeling will 
help uncover the physics behind the optimal design. �ird, the 
versatility and accuracy of dynamic shape- shi�ing and object 
manipulation in the magnetic kirigami dome metasheet need 
further improvement.

MATERIALS AND METHODS

Fabrication of the magnetoresponsive kirigami metasheet
�e base material of the magnetic metasheet was prepared by blend-
ing the uncured Eco�ex 00- 50 (Smooth- On Inc., Part A and Part B 
were mixed with a weight ratio of 1:1) and neodymium- iron- boron 
(NdFeB) magnetic microparticles (MQFP- 15- 7- 20065- 089, Mag-
nequench) with an average particle diameter of  with the loading 
ratio of 60 wt % to Eco�ex 00- 50. �e uncured elastomer and NdFeB 
particles were well mixed and degassed for 10 min. �e well- mixed 
composite was weighted to 4.19 g and spin coated on a petri dish 
with the dimension of 100 mm by 50 mm (EZ4, Schwan Technol-
ogy, spin rate: 1500 rpm, 20 s). �e petri dish was placed onto a 
hot plate (GUARDIAN 5000) at 55°C for 30 min. �e cured mate-
rial was cut to designed kirigami patterns using a laser cutter 
(EPILOG LASER 40 W). �e remanent magnetization pro�les of 
the magnetically programmed kirigami domes and array were 
characterized by measuring the magnetic fields in the out- of- 
plane direction across sample surfaces via a magneto- optical 
sensor (cmos- magview, Matesy, Jena, Germany). �e samples are 
measured at the �attened disk shape under no external magnetic 
�elds applied.

In�ation- induced magnetization of the 
magnetoresponsive metasheet
�e pneumatic elastomeric in�ators without encapsulation were 
fabricated following the conventional molding- demolding manu-
facturing strategy for �uid- driven so� actuators. �e elastomeric 
in�ators were encapsulated by Sil- Poxy (Smooth- On Inc.). �e rigid 
holder was 3D printed using an Objet260 Connex3 (Stratasys Inc.) 
and assembled with the metasheet and the elastomeric in�ator. �e 
pressurized setup was placed between the poles of a GMW 3472- 70 
electromagnet for magnetization. �e out- of- plane direction of the 
kirigami elastomer was parallel to two poles. Pressure P = 33 kPa 
was applied to in�ate the kirigami elastomer. �e uniform magne-
tizing �elds with di�erent intensities (1.03, 1.23, and 1.41 T) were 
applied. Removing pressure P and the magnetic �eld, the kirigami 
elastomer recovered to the �attened shape.

Indentation test under the magnetic �eld
�e rigid holder with the hollow hole and the plastic indenter were 
3D printed using an Objet260 Connex3 (Stratasys Inc.). �e holder 
was clamped onto the frame of the mechanical tensile tester Instron 
5944. �e indenter was assembled with the loading cell (maximum 
range: 5 N). �e metasheet, cylindrical permanent magnet (19 mm 
in diameter and 12.5 mm in thickness, N52), and rigid holder were 
aligned coaxially. �e hemispherical indentation tip vertically in-
dented the sample under a displacement control with a loading rate 
of 0.5 mm/min.
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Capturing the deformation of the single magnetic kirigami 
dome under the uniform magnetic �elds with varied 
inclined angle
�e single magnetic dome was bonded with a rigid ring and placed 
between the poles of the electromagnets (GMW 3472- 70). �e digi-
tal camera (Canon 6D Mark II) assembled with a macro lens (Can-
on, EF 180 mm) was used to capture its deformation.

Assemblies, linear translation, and spinning rotation of the 
permanent magnet array
�e bar- shaped permanent magnet array: 9 and 12 permanent bar- 
shaped magnets (MKD60103- 6P, 60 mm by 10 mm by 3 mm in di-
mension, N45) aligned horizontally with alternative directions of 
magnetic poles to form an array. �e array was �xed on a custom-
ized plastic holder. �e pillar- shaped magnet array: multiple pillar- 
shaped permanent magnets (diameter of 6.3 mm and height of 
25 mm, N52) inserted into a customized plastic holder as shown in 
�g. S11. Linear motion of the magnets: A prototype system was built 
to achieve the linear movement of the magnets. �e magnets were 
mounted on a linear stage (FUYU FSL30 Mini Linear Stage), which 
is actuated by a stepper motor (NEMA 14). �e motion system was 
controlled by a stepper driver (STEPPERONLINE, DM542T). �e 
tunable spinning motion of the capsule- shaped permanent magnet 
was generated by a stir plate (VWR, 190205003).

High- speed motion capture
�e evolving shape- shi�ing of the metasheet was captured by a 
high- speed camera (Photron SA- 2) with the frame rate from 1500 
to 8000 fps.

Experiment of water droplet manipulation
�e magnetic metasheet was spray coated using commercial silica- 
based particles (NeverWet, RUST- OLEUM). The weight added 
after spray coating is ∼0.5 g. �e water droplets were dyed using 
colored resin (Microclekoo) without apparent variation of the 
surface tension.

Supplementary Materials
The PDF �le includes:

Supplementary Text

Figs. S1 to S12

Table S1

Legends for movies S1 to S10

Other Supplementary Material for this manuscript includes the following:

Movies S1 to S10
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