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Shape-changing micromachines



Miniaturized machines

Nanomachines: Nanoscale systems
Anything that can gather information and manipulate 

environment at the micro and nano world.

Miniaturize information ✓
Miniaturize computing ✓
Miniaturize machines ✗



• Typical size: few µm to 100’s µm

• Well known materials and fabrication processes

• Si is a well understood material 

• Easy to design, control and manipulate

• Elasticity theory works well (Hooke’s law)

• Applications: basic science to high-end products

• Hard environments: X-rays, accelerations,…

Bell Labs ANL Bell Labs ANL

Microphone Magnetometer2D scanner

2D scanner

Micro Electro Mechanical Systems technology



MEMS for communications

Handle large amount of information: Big Data



Micromachines today



MEMS technology today: actuation forces

V

Electrostatic forces vs. Mechanical deformation

Coulomb balance - 1785



MEMS technology today: 3D structures

Micro-machines can be used to assemble and build micro-machines



• Very large-scale integration of MEMS

• Intelligent micro-systems

Micromachines technology evolution



Very large-scale integration

Few  transistors

One transistor
Few  million 
transistors

Building the mechanical equivalent of a Pentium chip: 
giving arms to a microprocessor

High-end microprocessor  (AMD "Epyc" ) 
contains 40 billion transistors in a chip 

about 3 cm on a side.

https://www.amd.com/en/processors/epyc-7002-series


MEMS-based Spatial Light Modulators
Optimization with Noisy Intermediate-Scale 

Quantum devices (ONISQ)

Trapping of neutral atom with parallel operation 
of gates and beam shaping at µsec speed

Neural Engineering System Design (NESD)

Device that can read 106 neurons and 
write to 105 neurons

Adaptive Laser Headlights

Active shaping of a vehicle’s high beam



From MEMS to NEMS

Scale invariant è Moore’s Law

MEMS Microphone

Harvard micro robotics

• NO Moore’s law for nano-systems
• NOT scale invariant (physics is scale dependent)



Intelligent micro-systems

Questions?

Micromachines technology evolution



Intelligent micro-systems

Learning
Adaptive, Evolving

Perception
Sensing, interpreting

Action
Moving, changing

Cell-scale intelligence
(perception, action and learning/adaptation)

Theo Jansen

Physical Intelligence (PI)
Encoding intelligence (perception, action & adaptation/learning) inside the physical 
body of a physical agent (structure, machine, robot, etc.)

Physical intelligence versus neural Computational Intelligence
• Centimeter and larger scale: CI dominant
• Millimeter scale (limited on-board powering/actuation/computation): PI ≈ CI
• Microscale (no on-board powering/actuation/computation): PI only

Metin Sitti - Max Planck Institute for Intelligent Systems



Intelligent micro-systems

Tardigrades exhibit robust inter-limb coordination across walking speeds (bioRXiv – 3/20/21)- Daniel Cohen’s group



Intelligent micro-systems

Tardigrades exhibit robust inter-limb coordination across walking speeds (bioRXiv – 3/20/21)- Daniel Cohen’s group



Physical Intelligence

How to create Physical Intelligence in Micro-systems?

• Physical self-adaptation to changing conditions
• Reconfigurable morphology, stiffness, damping, color

• Self-sensing & self-reacting to external stimuli or forces
• Light, temperature, flow,

• Encoding autonomous behavior by smart materials & interactions
• Mechanical memory
• Self-propulsion
• Self-organization



A vision for intelligent microsystems

Flat optics Kirigami nano-actuators 2D Electronics

New paradigm for designing intelligent microsystems



t < λ

Metasurface-based flat optics

Conventional bulk optics

Metasurface-based flat optics 

Primary 
wavefront

Secondary 
wavelets

• Straight-Forward Fabrication
• One mask level, cost effective

• Compact
• Light weight

• Unprecedented Control of Dispersion

• Overcome Limitations of Conventional Optics
• Aberrations, multifunctionality

• CMOS compatible
t >> λ

5"μm"



Metasurfaces and MEMS

Incorporation of flat-optics onto MEMS scanners → Flat optical systems

5"μm"

F. Capasso (Harvard)



Origami - Kirigami structures
Inspired by the ancient Japanese art of paper
folding and cutting, and recent developments in
modeling that allow inverse design of complex
shapes from a single sheet of paper, Origami
and Kirigami had emerged as a powerful
strategy to transform 2D layouts into scale
invariant 3D complex architectures that are
difficult to achieve by conventional fabrication
processes and additive manufacturing

A mechanically driven form of Kirigami as a route to
3D mesostructures in micro/nanomembranes
Yihui Zhanga,1, Zheng Yanb,1, Kewang Nanc, Dongqing Xiaod, Yuhao Liub, Haiwen Luane, Haoran Fue,f, Xizhu Wangb,
Qinglin Yangb, Jiechen Wangb, Wen Reng, Hongzhi Sib, Fei Liua, Lihen Yangb, Hejun Lig, Juntong Wangc, Xuelin Guob,
Hongying Luoe,h, Liang Wange,i, Yonggang Huange,2, and John A. Rogersb,d,j,2

aCenter for Mechanics and Materials, Applied Mechanics Laboratory (AML), Department of Engineering Mechanics, Tsinghua University, Beijing 100084,
People’s Republic of China; bDepartment of Materials Science and Engineering and Frederick Seitz Materials Research Laboratory, University of Illinois at
Urbana–Champaign, Urbana, IL 61801; cDepartment of Mechanical Science and Engineering, University of Illinois at Urbana–Champaign, Urbana, IL 61801;
dDepartment of Chemistry, University of Illinois at Urbana–Champaign, Urbana, IL 61801; eDepartments of Civil and Environmental Engineering and
Mechanical Engineering, Center for Engineering and Health, and Skin Disease Research Center, Northwestern University, Evanston, IL 60208; fDepartment
of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310058, People’s Republic of China; gDepartment of Chemical and Biomolecular
Engineering, University of Illinois at Urbana–Champaign, Urbana, IL 61801; hInstitute of Applied Mechanics, School of Aerospace Engineering and Applied
Mechanics, Tongji University, Shanghai 200092, People’s Republic of China; iInstitute of Chemical Machinery and Process Equipment, Department of
Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, People’s Republic of China; and jDepartment of Materials Science and
Engineering, Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana–Champaign, Urbana, IL 61801

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected in 2015.

Contributed by John A. Rogers, August 7, 2015 (sent for review July 14, 2015; reviewed by Michael David Dickey and Shu Yang)

Assembly of 3D micro/nanostructures in advanced functional
materials has important implications across broad areas of tech-
nology. Existing approaches are compatible, however, only with
narrow classes of materials and/or 3D geometries. This paper
introduces ideas for a form of Kirigami that allows precise, mechan-
ically driven assembly of 3D mesostructures of diverse materials from
2D micro/nanomembranes with strategically designed geometries
and patterns of cuts. Theoretical and experimental studies demon-
strate applicability of the methods across length scales from macro to
nano, in materials ranging from monocrystalline silicon to plastic,
with levels of topographical complexity that significantly exceed
those that can be achieved using other approaches. A broad set of
examples includes 3D silicon mesostructures and hybrid nanomem-
brane–nanoribbon systems, including heterogeneous combinations
with polymers and metals, with critical dimensions that range from
100 nm to 30 mm. A 3D mechanically tunable optical transmission
window provides an application example of this Kirigami process,
enabled by theoretically guided design.

Kirigami | three-dimensional assembly | buckling | membranes

Three-dimensional micro/nanostructures are of growing interest
(1–10), motivated by their increasingly widespread applica-

tions in biomedical devices (11–13), energy storage systems (14–19),
photonics and optoelectronics (20–24), microelectromechanical
systems (MEMS) (25–27), metamaterials (21, 28–32), and elec-
tronics (33–35). Of the many methods for fabricating such
structures, few are compatible with the highest-performance
classes of electronic materials, such as monocrystalline inorganic
semiconductors, and only a subset of these can operate at high
speeds, across length scales, from centimeters to nanometers.
For example, although approaches (36–39) that rely on self-ac-
tuating materials for programmable shape changes provide ac-
cess to a wide range of 3D geometries, they apply only to certain
types of materials [e.g., gels (36, 37), liquid crystal elastomers
(39), and shape memory alloys (38)], generally not directly rel-
evant to high-quality electronics, optoelectronics, or photonics.
Techniques that exploit bending/folding of thin plates via the
action of residual stresses or capillary effects are, by contrast,
naturally compatible with these modern planar technologies, but
they are currently most well developed only for certain classes of
hollow polyhedral or cylindrical geometries (1, 10, 40–44). Other
approaches (45, 46) rely on compressive buckling in narrow rib-
bons (i.e., structures with lateral aspect ratios of >5:1) or filaments
to yield complex 3D structures, but of primary utility in open-
network mesh type layouts. Attempts to apply this type of scheme

to sheets/membranes (i.e., structures with lateral aspect ratios of
<5:1) lead to “kink-induced” stress concentrations that cause
mechanical fracture. The concepts of Kirigami, an ancient aes-
thetic pursuit, involve strategically configured arrays of cuts to
guide buckling/folding processes in a manner that reduces such
stresses, to enable broad and interesting classes of 3D structures,
primarily in paper at centimeter and millimeter dimensions. Tra-
ditional means for defining these cuts and for performing the folds
do not extend into the micro/nanoscale regime, nor do they work
effectively with advanced materials, particularly brittle semi-
conductors. This paper introduces ideas for a form of Kirigami that
can be used in these contexts. Here, precisely controlled compres-
sive forces transform 2D micro/nanomembranes with lithographi-
cally defined geometries and patterns of cuts into 3D structures
across length scales from macro to micro and nano, with levels
of complexity and control that significantly exceed those that can
be achieved with alternative methods. This Kirigami approach is

Significance

Existing options in three-dimensional (3D) assembly of micro/
nanomaterials are constrained by a narrow accessible range of
materials and/or 3D geometries. Here we introduce concepts
for a form of Kirigami for the precise, mechanically driven as-
sembly of 3D mesostructures from 2D micro/nanomembranes
with strategically designed geometries and patterns of cuts.
Theoretical and experimental studies in a broad set of exam-
ples demonstrate the applicability across length scales from
macro to micro and nano, in materials ranging from mono-
crystalline silicon to metal and plastic, with levels of topo-
graphical complexity that significantly exceed those possible
with other schemes. The resulting engineering options in
functional 3D mesostructures have important implications for
construction of advanced micro/nanosystems technologies.
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different from conventional macroscopic analogs [e.g., including
lattice Kirigami methods (47, 48) that solve the inverse problem of
folding a flat plate into a complex targeted 3D configuration], where
negligible deformations occur in the uncut regions of the folded
structures and from recently reported microscale Kirigami meth-
ods that use 2D forms for stretchable conductors (49). The current
approach is also fully compatible with previously reported
schemes based on residual stresses and on buckling of filamen-
tary ribbons. Demonstrations include a diverse set of structures
formed using silicon nanomembranes, plates, and ribbons and
heterogeneous combinations of them with micro/nanopatterned
metal films and dielectrics. A mechanically tunable optical trans-
mission window illustrates the extent to which theoretical
modeling can be used as a design tool to create targeted geo-
metries that offer adaptable shapes and desired modes of
operation.

Results and Discussion
Assembly Concepts and Design Principles. Fig. 1 A–E and SI Ap-
pendix, Figs. S1 and S2, present examples of this type of Kirigami
process for assembly of 3D mesostructures from corresponding
2D bilayers of nanomembranes of monocrystalline silicon [Si
nanomembranes (NMs); 300 nm in thickness] and films of a
photodefinable epoxy (SU8; 300 nm in thickness). Here, pho-
tolithography and etching define patterns of cuts in these struc-
tures to yield enhanced flexibility in certain orientations, at
specific locations. Compressive forces imparted in the plane at
selected points (anchors; red, in SI Appendix, Fig. S2) deform
the systems into engineered 3D configurations via lateral
buckling (50), using a concept similar to the one exploited in
3D filamentary networks (46). The left frame of Fig. 1A illus-
trates a simple case that includes five square regions connected
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Fig. 1. Illustrative examples of a mechanically driven form of Kirigami for deterministic assembly of 3D mesostructures from corresponding 2D nano-
membranes. (A, Left, Center Left, and Center Right) FEA results that describe the formation of a square cuboid made of bilayers consisting of silicon nano-
membranes (Si NM, top side) and thin polymer films (SU8, bottom side), along with corresponding SEM image (colorized; A, Right) of the final configuration.
(B and C) Similar results for complex 3D structures transformed from membranes with Kirigami first- and second-order cross-cuts. (D and E) Three-dimensional
structures transformed from circular membranes with symmetric cuts along the circumferential directions and antisymmetric cuts in serpentine configurations.
(F) Complex 3D “jellyfish” structure made of a polymer film initially in a 2D geometry with closed-loop circular serpentines joined with a circle and radially
(approximately) oriented Kirigami cuts. (G) Experimental images and overlaid FEA predictions of 3D mesostructures across length scales from 100 nm (thickness,
Left) to 30 mm (lateral dimensions, Right), in a bare Si NM (Left), a Si NM/polymer bilayer (Center), and a plastic sheet (Right). In A–F, the color in the FEA results
corresponds to the magnitude of maximum principal strain in Si. (Scale bars: A–F, 200 μm; G, 20 μm, 200 μm, and 20 mm, respectively, from Left to Right.)

11758 | www.pnas.org/cgi/doi/10.1073/pnas.1515602112 Zhang et al.
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John Rogers (NU)

ARTICLES
https://doi.org/10.1038/s41563-019-0452-y

1John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA. 2Departments of Physics, and Organismic and 
Evolutionary Biology, Harvard University, Cambridge, MA, USA. 3Kavli Institute for Nanobio Science and Technology, Harvard University, Cambridge, MA, 
USA. *e-mail: lmahadev@g.harvard.edu

Kirigami, the creative art of paper cutting and folding, and 
the tessellations derived from it have recently emerged as 
prototypical routes towards a new class of mechanical meta-

materials. Indeed, various studies have focused on quantifying the 
geometry and kinematics of deployment of a given kirigami pat-
tern, and their potential as auxetic structures and shape-morphing 
sheets1–18, the so-called forward problem. From a mathematical, 
physical and a technological perspective, perhaps an even more 
interesting question is the inverse problem: can one design the kiri-
gami tessellations in a closed, compact subset of the plane, so that it 
can be deployed into a prescribed final shape in two or three dimen-
sions? Here, we pose this puzzle as a constrained optimization prob-
lem and solve it in a range of situations.

The simplest planar deployable kirigami patterns are based on 
periodic tilings of the plane using triangles, squares and hexagons, 
although other complex tessellations inspired by art and architec-
ture have been explored recently4,19. Here we focus on using the 
quadrilateral kirigami pattern for ease of exposition; however, our 
methods generalize to any periodic pattern (see Supplementary 
Information, Section 1). In Fig. 1a, we show the quad tessellation of 
the plane in its compact and deployed state, with the cuts along the 
edges of the quads designed to allow for rotational in-plane deploy-
ment about a set of hinges. This pattern constitutes a one-degree-of-
freedom mechanism whose planar deployment yields a continuous 
family of self-similar shapes that terminates at self-intersecting con-
figurations. The basic unit cell underlying this pattern is also shown 
in Fig. 1a in both its undeployed and deployed states and shows the 
mathematical constraints that define the system: pairs of deployed 
edges contract to the same edge in the undeployed state, and simul-
taneously sets of deployed angles contract to the same single vertex 
in the undeployed state. Given an initially periodic tiling of a patch 
of the plane with this unit cell, we can state our inverse design prob-
lem thus (as shown in Fig. 1b): how should the unit cell be modu-
lated in space to approximate a given planar shape in its deployed 

state and still be able to tile a patch of the Euclidean plane compactly 
when undeployed?

To find a solution requires us to search for potentially admissible 
results in the deployed space. A first step in this process is to quan-
tify the constraints that will allow the deployed initialization geom-
etry to correspond to a valid kirigami pattern that can compactly 
close onto a Euclidean patch. The necessary and sufficient contract-
ibility conditions imply that a valid deployed configuration must 
be able to contract (undeploy) the configuration into a generalized 
kirigami pattern that closes consistently along the cuts without any 
mismatch or overlap in lengths and angles. As illustrated in Fig. 1b, 
the contractibility constraints are: (1) every pair of edges with edge 
lengths a, b in the deployed space that correspond to the same cut 
must satisfy the condition

a2 ! b2 ¼ 0 ð1Þ

(2) Every set of four angles in the deployed space that correspond 
to an interior node must sum to 2π, so that

θ1 þ θ2 þ θ3 þ θ4 ¼ 2π ð2Þ

where θi are angles in the deployed space as illustrated in Fig. 1a (see 
Supplementary Information, Section 2 for the analogous formula-
tion for other kirigami tessellations).

To be able to deploy a kirigami pattern to match a given shape, 
we also need to ensure that for a given boundary curve ∂S

I
 we have a 

valid deployed configuration. This can be formulated as boundary-
shape matching constraints that force all nodes on the boundary of 
the deployed configuration to lie exactly on ∂S

I
. Mathematically, for 

every boundary node pi
I
, this implies that

pi ! epik k2¼ 0 ð3Þ

Programming shape using kirigami tessellations
Gary P. T. Choi! !1, Levi H. Dudte1 and L. Mahadevan! !1,2,3*

Kirigami tessellations, regular planar patterns formed by partially cutting flat, thin sheets, allow compact shapes to morph 
into open structures with rich geometries and unusual material properties. However, geometric and topological constraints 
make the design of such structures challenging. Here we pose and solve the inverse problem of determining the number, size 
and orientation of cuts that enables the deployment of a closed, compact regular kirigami tessellation to conform approxi-
mately to any prescribed target shape in two or three dimensions. We first identify the constraints on the lengths and angles of 
generalized kirigami tessellations that guarantee that their reconfigured face geometries can be contracted from a non-trivial 
deployed shape to a compact, non-overlapping planar cut pattern. We then encode these conditions into a flexible constrained 
optimization framework to obtain generalized kirigami patterns derived from various periodic tesselations of the plane that can 
be deployed into a wide variety of prescribed shapes. A simple mechanical analysis of the resulting structure allows us to deter-
mine and control the stability of the deployed state and control the deployment path. Finally, we fabricate physical models that 
deploy in two and three dimensions to validate this inverse design approach. Altogether, our approach, combining geometry, 
topology and optimization, highlights the potential for generalized kirigami tessellations as building blocks for shape-morphing 
mechanical metamaterials.

NATURE MATERIALS | VOL 18 | SEPTEMBER 2019 | 999–1004 | www.nature.com/naturematerials 999
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deployed configuration resembles the shape of a smooth hyper-
bolic paraboloid very well. Furthermore, just as planar deployment 
can be either bistable or monostable depending on the value of the 
torsional spring constant λ, we see the same effect in three-dimen-
sional deployment as well; when λ is large enough, the deployment 
becomes monostable.

Our inverse design framework is agnostic to the range of possi-
ble deployment trajectories aimed towards the target three-dimen-
sional shape, for example by applying displacements to multiple 
parts of the boundary, as well as fabrication methods of physical 
kirigami structures. Figure 5b shows the manual deployment of a 
physical model of a hyperbolic paraboloid fabricated by laser cut-
ting a natural rubber sheet model. We can also create generalized 
kirigami patterns by creating a mould into which one can pour a liq-
uid polymer and cross-linking it (see Supplementary Information, 
Section 7 for a fabricated model produced using polydimethylsilox-
ane (PDMS) and generalized kagome kirigami patterns for surface 
fitting obtained by our method).

Our inverse design approach allows us to create non-periodic 
compact kirigami patterns that when deployed can approximate 
any given shape in two or three dimensions. Simple fabrica-
tion methods using cutting and moulding allow us to verify our 
designs for a few planar and three-dimensional deployable shapes. 
When our geometry-based constrained optimization framework 
is generalized to account for the mechanical response of the til-
ings and hinges, we see that the response of the generalized kiri-
gami patterns can be tuned to switch between monostability and 
bistability. Altogether, harnessing the underlying topological and 
geometrical complexity of kirigami in a constrained optimiza-
tion framework opens the path for the use of generalized kirigami 
tesselations as the building blocks of shape-morphing mechani-
cal metamaterials. Simultaneously, the present work on inverse 
design of kirigami together with our ability to solve the inverse 
design problem in origami22 suggests a follow-up question: can 
we combine origami and kirigami, coupling geometry, topology 
and mechanics, to create structures that morph from any shape 
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Fig. 4 | Generalized kirigami patterns for three-dimensional surface fitting. a–d, The target surfaces are a hyperbolic paraboloid (with negative curvature) 
(a), a paraboloid (with positive curvature) (b), a periodic patch of an egg-carton shape (c) and a bivariate Gaussian (d). Columns: the target surfaces 
(leftmost), the generalized kirigami patterns, the deployed configurations of the patterns that fit the target surfaces, the top views of the deployed patterns 
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Gauss curvature K (rightmost).
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L. Mahadevan (Harvard)
K. Bertoldi, D. Nelson



Origami - Kirigami structures
Japanese art of paper folding (Origami) and cutting (Kirigami)

↓
Powerful strategy to transform 2D layouts 

↓
Scale Invariant 3D complex architectures

The most innovative applications of 
Origami/Kirigami engineering is the 

combination of structural and morphing 
capabilities that alters a device shape 

or enhances a material property.

t = 100 nm t = 50 nm



Kirigami-based metasurfaces
Incorporation of metasurfaces 

onto MEMS scanners

5"μm"

New methodology to fabricate complex 3D nanostructures: Reconfigurable Metasurfaces

New fabrication of complex and tunable 3D nanostructures
• Monolithic integration
• Van der Waals techniques

• hybrid integration of materials
• piezoelectric, 2D, metals, metasurfaces

Xu Zhang (CMU)
Haogang Cai (NYU)



Intelligent microscale systems: what’s next?

• Integrating sensing/learning functions
• Passive or active shape & dynamics
• Energetics of communications at small scale

• High and expensive
• how much communication you need
• is local communication enough

• Swarms of autonomous micromachines
• Coordination
• Emergent behavior

Manu Prakash (Stanford)
How does biological matter and body computation work? 

Radhika Nagpal (Harvard)



The Next Big Thing (?)

The most innovative applications of Origami/Kirigami engineering is the combination of 
structural and morphing capabilities that enhances or alters a material characteristic

Materials and structures for space exploration and settlement

2

Breakthrough Starshot Initiative

d=4.2 light years
t=20 years
vf=0.2c

Proxima Centauri b

lightsail (area ~10m2, mass ~1g)
Starchip payload (mass ~0.5g)

Photon engine
(ll~~1-1.5!", I=100 GW, 1km2 array) 

Goal: first interstellar travel
Breakthrough Starshot Initiative

# − %&'()*+, − 32,000,000 mln. km
Pluto – 6000 mln. km 

In order to reach relativistic speeds, the Starshot lightsail
should have an area of ~10 m2 and be kept to a mass of 
under ~1 gram, which translates into an equivalent 
thickness of approximately 100 atomic layers. The design 
of the lightsail will therefore need to push the boundaries of 
materials science, photonic design and structural 
engineering to enable high performance with minimal mass.

H. Atwater (Caltech)



Conclusions

• Very large-scale integration of MEMS

• Intelligent micro-systems
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