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Helices

in which they are triggered create a fold pattern
that determines the final shape of the 3D struc-
ture or mechanism.
The self-folding composite combines a con-

tractile layer of prestretched polystyrene (PSPS)
and a passive paper substrate, resulting in a bi-
morph actuator (24). PSPS is a shape-memory
polymer that is mechanically programmed to
contract bidirectionally when heated to approx-
imately 100°C. When the contractile layer is ac-
tivated, it exerts a shear stress on the substrate,
causing the composite to fold. These materials
were chosen for their low cost and ease of use;
substituting other shape-memory materials or
substrates into the composite would be straight-
forward. Embedded resistive circuits are included
at each hinge as heating elements to enable
localized heating and activation of the PSPS. The
composite includes PSPS on both sides to en-
able bidirectional folding (Fig. 1). Once folding
is completed, the hinge is cooled and the PSPS
hardens, resulting in a static fold. Self-folding
hinges are programmed into the composite with
layer-specific features (Fig. 1, B and C). Passive
flexures for dynamicmechanisms are programmed
in a similar manner (Fig. 1, D and E) (25). Not
only are flexure joints compatible with folded
assembly, they also have operational advantages
over typical bearing joints, such as negligible
friction losses and monolithic construction
(26, 27).
The composite’s first capability is that of pro-

ducing complex geometries. It is mathematically

possible to fold arbitrary geometries from a
single sheet of paper (10, 25). In particular,
Origamizer is a practical approach to design auto-
mation implemented as free software (12). To apply
this algorithm to self-folding, we need to demon-
strate two fundamental features of our composite:
(i) the ability to fold a crease by an arbitrary angle
in a desired direction, up to 180°, and (ii) the ability
for these creases to be connected together in any
cyclic fold—a collection of creases radiating out-
ward from a point or area.
Previous work in shape-memory composites

has already demonstrated folding of controlled
angles of up to 135° (24, 28), and angles up to
180° have been approximated using two adjacent
folds (29). We control the fold angle by varying
the gapwidth of the paper substrate at the hinge;
the substrate acts as a mechanical stop, and a
greater gap allows for a larger fold angle (fig.
S2A) (25). Standalone hinges with square faces
were built with varying paper gap widths to dem-
onstrate that fold angles could be controlled via
gapwidth. Each hinge was activated and allowed
to fold to completion, at which point the hinge
angle was measured. The data show that there is
a positive correlation between gap width and
fold angle over a range of 0° to 120°. The data also
show that for a given gap width, the standard
deviation of the final fold angle is 5° when the
angle is less than 100°, and 8° when the angle is
greater (fig. S2B).
The second feature necessary for complex

geometries was demonstrated by including cyclic

folds in the machine’s fold pattern to create the
body and the legs (Fig. 2, G and H). These folds
provide stiffness and raise the robot’s body while
angling the legs downward. Furthermore, the
legs are folded using a four-edge, single-vertex
fold—a specific type of cyclic fold with a single
degree of freedom. This fold is noteworthy
because it is the component fold of the Miura
pattern (19), a versatile fold pattern for compress-
ing a large area into a small volume.
There is a limitation on the spatial resolution

of a folded structure due to the thickness of the
folded sheet. The algorithms mentioned above
assume an infinitesimally thin material. Addi-
tional work developed rules and algorithms for
so-called “thick origami” to account for the non-
zero thickness of physical sheets (30).
The second capability of this composite is

the ability to produce arbitrary mechanisms. It
is mathematically possible to create bar-and-
joint linkages that can trace any algebraic curve
(25, 31–33). To apply these results to self-folding,
we need to produce general linkages with hinge
joints. We demonstrate this by including two
symmetric eight-bar linkages in the robot’s de-
sign. Each linkage assembly is driven by one
motor and actuates a front and back leg along
trajectories designed to create a walking motion
(Fig. 3). These linkages reduce the number of
motors required for walking while enabling dif-
ferential actuation for steering. We also demon-
strate the ability to integrate motors with our
linkages through alignment and locking tabs
that couple the linkages to the motor crank
arms (fig. S4).
The third capability of the composite, auto-

nomous assembly, is demonstrated by the robot
with embedded circuitry and an onboard power
supply (fig. S5). Self-assembly occurs in five se-
quential steps controlled by an onboard micro-
controller. Three of these steps involve actuated
folding (Fig. 2).
The design was created using 2D computer

design tools, so the digital plans are compatible
with many software programs and fabrication
tools. The robot was designed using a combina-
tion of kinematic simulations and iterative pro-
totypes to determine a functional fold pattern.
These rapid iterations weremade possible by the
fast fabrication process. (See supplementary text
for additional design information for all compo-
nents of the robot.)
Fabricating the 2D composite and installing

the electrical components took 2 hours by
hand (movie S2) (34). This is possible in part
because the composite is 2D, allowing for easy
installation and soldering. Our process was
designed around readily available parts and
materials, but the assembly time could be sub-
stantially reduced and completely automated
with the use of pick-and-place electrical compo-
nent assembly machines and automated adhe-
sive dispensers.
The robot self-assembled in 270 s, after which

time it was able to walk without further manual
intervention (Fig. 2 and movie S1). The self-
assembled linkagemechanisms operated effectively,
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Fig. 2.The self-assembly steps of the robot.The robot assembles itself in five steps, three of which
are self-folding. (A to F) The robot in each stage of assembly; (G to I) the fold pattern and active hinges.
Activated mountain folds are highlighted in red, valley folds in blue. (A) The robot begins in a flat
conformation. Folding is initiated 10 s after the batteries are connected. (B and G) The outer legs and
alignment tabs fold first. As the legs fold, they bring the linkages into position. (C) The motors rotate
180°, pushing the crank arm pins into notches in the alignment tabs. (D and H) Next, the body and
locking tabs fold. (E) The motors turn another 180°, causing the robot to stand up. (F and I) Smaller
middle legs fold down for added stability. Once the final folds cool and become rigid, the robot is
assembled and ready for operation.
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Self-folding 
origami and robots



Shrinky-Dinks

2

Shrinky-Dinks are sheets made of optically transparent, pre-strained 
polystyrene that shrink if heated to the glass transition temperature.

https://www.youtube.com/watch?v=m1mCoQFnOGU

https://www.youtube.com/watch?v=m1mCoQFnOGU


Shrinky-Dinks

3

Shrinky-Dinks are sheets made of optically transparent, pre-strained 
polystyrene that shrink if heated to the glass transition temperature.

source) can be realized by patterning black ink on opposite sides

of the polymer film as schematized in Fig. 1d.

We use sheets of inkjet printable Shrinky-Dinks, commercially

available toys composed of pre-stressed polystyrene shrink sheets

(the printable versions of Shrinky-Dinks include a proprietary

surface coating to improve adhesion of ink or toner).34,35 Pre-

stressed polymer sheets are essentially shape memory materials

that are fabricated by heating the polymer above Tg, stretching,

and subsequently cooling below Tg to preserve the deformed

shape.36 As a consequence of such processing, the stress stored

temporarily in the sheets releases rapidly when heated above the

Tg (e.g., sheets of Shrinky Dinks contract in-plane by 50–60% in

both the x and y dimensions34; cf. Figure S1 in the supporting

information†). Shrinky-Dinks have been used previously as

substrates for the fabrication of microfluidic chips34,35 the

densification of metal microdot arrays,37 and the topographical

patterning of surfaces38 All of these applications make use of

uniform heating of Shrinky-Dinks to cause the entire film to

shrink. In contrast, our self-folding process requires rapid local

heating of the hinges to induce self-folding. We achieve hinging

without doing any shape pre-programming by selectively heating

ink patterned regions of the sheets. In this paper, we demonstrate

and characterize this simple self-folding process experimentally

and present a simple theoretical model that provides insight into

the folding mechanism.

Results and discussion

We patterned black toner on Shrinky-Dinks using a desktop

printer and induced folding by placing the sheets under an IR light

bulb at a set distance (5 cm from the lamp). The samples folded

typicallywithin seconds upon exposure to the light (cf.Video S1 in

the supporting information†). The onset of folding and the time

required to complete folding depends on the intensity of the IR

light (fixed in our experiment at 988 mW cm!2), the hinge width

(w), and the temperature (TS) of the base support (e.g., a hot plate

on which the 2D patterned sheet rested during the IR light

exposure). The folding angle (aF, the angle between two adjacent

facets on the inked side of the hinge) can be controlled by varying

the exposure time to light and the shape, size, and pattern of the

inked region that defines the hinge. For clarity, we note that aF is

related complementarily to the angular displacement of the fold,

aB, by aF ¼ 180# ! aB. For instance, to achieve a folding angle of

60#, the originally flat sheet has to bend by 120#.

Fig. 2a–c depict three examples of 3D folds generated via our

approach. The left column depicts the 2D patterns before irra-

diation with IR light and the right column displays the corre-

sponding 3D structures after self-folding. Fig. 2b–c demonstrate

bidirectional folding of patterned Shrinky-Dinks; black ink

patterned on the backside of the sheet absorbs the IR light that

passes through the sheet (The sheets are slightly hazy due to light

scattering, but transmit light effectively as shown in Figure S1.

Measurements using an integrating sphere attachment on

a UV-Vis spectrometer show $ 90% transmission.). White

Shrinky-Dinks featuring patterns of black lines also undergo

unidirectional self-folding, but bidirectional folding requires

transparent substrates.

Self-folding can form 3D structures, including rectangular and

polyhedral boxes, as shown in Fig. 2d–f. The folding angle

generated by a single hinge is typically 90#, which is convenient

for forming boxes. The folding angle can, however, range from

60# to 90# depending on the duration of exposure to light and the

width of the hinge (cf. Table S1 in the supporting information†).

We created tetrahedrons by defining hinges with folding angles of

60# (cf. Fig. 2e–f). Single line hinges with line widths narrower

than 2 mm result in folding angles larger than 60# and thus

incomplete closing of the tetrahedron. This limitation can be

overcome by increasing the width of the printed line (cf. Fig. 2e).

Alternatively, adjacent parallel lines (cf. Fig. 2f) also produce

hinges that possess small folding angles (cf. Table S2 in the

supporting information†). These empirical results suggest that

various 3D structures can be realized by controlling the line

width and pattern of the hinge.

We measured the surface temperature of the polymer sheet as

a function of time during exposure to light using an IR camera

(FLIR A325). The measurements reveal that folding begins when

Fig. 1 Schematic of different approaches to self-folding via thermal actuation (a–c are in cross-sectional view). Previous approaches include folding

induced by:25 a) pre-programming of shape memory polymers; b) responsive hinges (dark red) composed of materials that differ from the bulk (blue); c)

expansion mismatch of multilayer film stacks. d) Our approach uses a uniform sheet and an even stimulus that is absorbed locally by surface patterns: i)

A plain Shrinky-Dink; ii) Unidirectional folding via absorption of light by black ink (width, w) patterned on one side of the Shrinky-Dink; and iii)

Bidirectional folding due to ink on both sides of the transparent Shrinky-Dink. Due to effective light absorption by the ink, the polymer under the black

ink heats up faster than the rest of the polymer. The thicknesses of polymer films and black ink are not drawn to scale.
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source) can be realized by patterning black ink on opposite sides

of the polymer film as schematized in Fig. 1d.

We use sheets of inkjet printable Shrinky-Dinks, commercially

available toys composed of pre-stressed polystyrene shrink sheets

(the printable versions of Shrinky-Dinks include a proprietary

surface coating to improve adhesion of ink or toner).34,35 Pre-

stressed polymer sheets are essentially shape memory materials

that are fabricated by heating the polymer above Tg, stretching,

and subsequently cooling below Tg to preserve the deformed

shape.36 As a consequence of such processing, the stress stored

temporarily in the sheets releases rapidly when heated above the

Tg (e.g., sheets of Shrinky Dinks contract in-plane by 50–60% in

both the x and y dimensions34; cf. Figure S1 in the supporting

information†). Shrinky-Dinks have been used previously as

substrates for the fabrication of microfluidic chips34,35 the

densification of metal microdot arrays,37 and the topographical

patterning of surfaces38 All of these applications make use of

uniform heating of Shrinky-Dinks to cause the entire film to

shrink. In contrast, our self-folding process requires rapid local

heating of the hinges to induce self-folding. We achieve hinging

without doing any shape pre-programming by selectively heating

ink patterned regions of the sheets. In this paper, we demonstrate

and characterize this simple self-folding process experimentally

and present a simple theoretical model that provides insight into

the folding mechanism.

Results and discussion

We patterned black toner on Shrinky-Dinks using a desktop

printer and induced folding by placing the sheets under an IR light

bulb at a set distance (5 cm from the lamp). The samples folded

typicallywithin seconds upon exposure to the light (cf.Video S1 in

the supporting information†). The onset of folding and the time

required to complete folding depends on the intensity of the IR

light (fixed in our experiment at 988 mW cm!2), the hinge width

(w), and the temperature (TS) of the base support (e.g., a hot plate

on which the 2D patterned sheet rested during the IR light

exposure). The folding angle (aF, the angle between two adjacent

facets on the inked side of the hinge) can be controlled by varying

the exposure time to light and the shape, size, and pattern of the

inked region that defines the hinge. For clarity, we note that aF is

related complementarily to the angular displacement of the fold,

aB, by aF ¼ 180# ! aB. For instance, to achieve a folding angle of

60#, the originally flat sheet has to bend by 120#.

Fig. 2a–c depict three examples of 3D folds generated via our

approach. The left column depicts the 2D patterns before irra-

diation with IR light and the right column displays the corre-

sponding 3D structures after self-folding. Fig. 2b–c demonstrate

bidirectional folding of patterned Shrinky-Dinks; black ink

patterned on the backside of the sheet absorbs the IR light that

passes through the sheet (The sheets are slightly hazy due to light

scattering, but transmit light effectively as shown in Figure S1.

Measurements using an integrating sphere attachment on

a UV-Vis spectrometer show $ 90% transmission.). White

Shrinky-Dinks featuring patterns of black lines also undergo

unidirectional self-folding, but bidirectional folding requires

transparent substrates.

Self-folding can form 3D structures, including rectangular and

polyhedral boxes, as shown in Fig. 2d–f. The folding angle

generated by a single hinge is typically 90#, which is convenient

for forming boxes. The folding angle can, however, range from

60# to 90# depending on the duration of exposure to light and the

width of the hinge (cf. Table S1 in the supporting information†).

We created tetrahedrons by defining hinges with folding angles of

60# (cf. Fig. 2e–f). Single line hinges with line widths narrower

than 2 mm result in folding angles larger than 60# and thus

incomplete closing of the tetrahedron. This limitation can be

overcome by increasing the width of the printed line (cf. Fig. 2e).

Alternatively, adjacent parallel lines (cf. Fig. 2f) also produce

hinges that possess small folding angles (cf. Table S2 in the

supporting information†). These empirical results suggest that

various 3D structures can be realized by controlling the line

width and pattern of the hinge.

We measured the surface temperature of the polymer sheet as

a function of time during exposure to light using an IR camera

(FLIR A325). The measurements reveal that folding begins when

Fig. 1 Schematic of different approaches to self-folding via thermal actuation (a–c are in cross-sectional view). Previous approaches include folding

induced by:25 a) pre-programming of shape memory polymers; b) responsive hinges (dark red) composed of materials that differ from the bulk (blue); c)

expansion mismatch of multilayer film stacks. d) Our approach uses a uniform sheet and an even stimulus that is absorbed locally by surface patterns: i)

A plain Shrinky-Dink; ii) Unidirectional folding via absorption of light by black ink (width, w) patterned on one side of the Shrinky-Dink; and iii)

Bidirectional folding due to ink on both sides of the transparent Shrinky-Dink. Due to effective light absorption by the ink, the polymer under the black

ink heats up faster than the rest of the polymer. The thicknesses of polymer films and black ink are not drawn to scale.
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light

light

J. Liu et al., Soft Mater 8, 1764 (2012)

Localized heating and shrinking of 
Shrinky-Dinks can be achieved with 

patterning of black ink that absorb light. 

Folding angle can be controlled with the width 
of ink and with the exposure time of light.



Shrinky-Dinks origami

4 J. Liu et al., Soft Mater 8, 1764 (2012)

the surface of the hinge exceeds 120 !C (cf. Figure S2 in the

supporting information†), which is above Tg of the polymer sheet

(z102.7 !C, as measured by differential scanning calorimetry).

At temperatures above Tg, the polymer starts relaxing to obtain

sufficient shrinkage for folding. Notably, the temperature of the

non-patterned regions of the polymer does not change signifi-

cantly in most cases (e.g., a sheet pre-heated to 80 !C stays within

the range of 80–90 !C during folding).

We performed systematic experimental measurements to study

the impact of the line width and the temperature of the support

on the onset of folding. For these studies, we define the ‘onset of

folding’ as the exposure time of the Shrink-Dink to the IR source

required to initiate folding as observed by the naked eye. Since

heat is required for folding, it is intuitive that the onset of folding

occurs faster at higher TS values (which require less light

absorption to generate the heat required to exceed Tg) and larger

w values (which provide more heat absorption), as shown in

Fig. 3a. With TS set to 90 !C, folding commences within one

second regardless of the width of the patterned line (2.0 mm

down to 0.5 mm, w < 0.5 mm gives imperfect folding). Lines

having w ranging from 1.5 mm to 2.0 mm at TS values of 50
!C

and 70 !C also initiate folding at a similar rate. At the other

extreme, TS at 20 !C and line widths <0.7 mm, folding occurs

after prolonged exposure times, which results in imperfect

folding and deformation of non-hinged regions of the substrate

(Figure S3 in the supporting information† shows deformed

panels resulting from over exposure to the IR light). During long

exposure times, heat dissipates and is no longer localized at the

hinge; this observation underscores the importance of differential

heating of the hinge relative to the facets.

We modeled the temperature profile inside the polymer films

using COMSOL Multiphysics 4.0a software and compared the

simulation results to the experimental measurements to gain

more insight into the folding mechanism. The model assumes

that (1) the black patterned lines act as heat sources with a heat

flux equivalent to the local intensity of the lamp, (2) the only

source of heat originates from the absorption of light by the

printed lines, (3) the bare surface of the Shrinky-Dinks does not

absorb light, (4) the initial temperatures for the polymer sheets

are the same as the temperatures of the support, and (5) the

thermal conductivity and heat capacity of the polymer sheet are

those of polystyrene.39 Based on our thermal imaging measure-

ments we define the theoretical onset of folding as the instant

at which any point on the top surface reaches z120 !C

(cf. Figure S2 in supporting information†).

Fig. 2 Photographs of 3D structures created by self-folding of Shrinky-Dinks patterned with a desktop printer. a) Single line (w ¼ 1 mm, L0 ¼ 10 mm)

patterned on the top side of the Shrinky-Dink; b) two lines (w ¼ 1 mm, 12 mm spacing, L0 ¼ 10 mm) patterned on either side of the Shrinky-Dink; c)

three lines patterned on alternating sides of the Shrinky-Dink (w ¼ 1 mm, 12 mm spacing, L0 ¼ 10 mm); d) rectangular box (20 mm # 10 mm # 10 mm,

w ¼ 1.5 mm); e) tetrahedral box (w ¼ 2.0 mm); and f) tetrahedral box with adjacent double hinges (w ¼ 1.0 mm, inter-hinge spacing 0.3 mm). Both

tetrahedrons have a square bottom facet (10 mm # 10 mm) and equilateral triangles on the other facets.

Fig. 3 a) Experimental onset of folding (sfolding,exp) as a function of

different patterned line widths and support temperatures and b) Time

difference between the experimental and simulated onset of folding

(sfolding,exp-sfolding,simul) as a function of different patterned line widths

and support temperatures. Shrinky-Dinks (25 mm # 10 mm) feature

a single line of ink patterned across the center of the sample. The initial

support temperatures (TS) range from 20 to 90 !C and the widths of the

lines vary from 0.5 mm to 2.0 mm.
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the surface of the hinge exceeds 120 !C (cf. Figure S2 in the

supporting information†), which is above Tg of the polymer sheet

(z102.7 !C, as measured by differential scanning calorimetry).

At temperatures above Tg, the polymer starts relaxing to obtain

sufficient shrinkage for folding. Notably, the temperature of the

non-patterned regions of the polymer does not change signifi-

cantly in most cases (e.g., a sheet pre-heated to 80 !C stays within

the range of 80–90 !C during folding).

We performed systematic experimental measurements to study

the impact of the line width and the temperature of the support

on the onset of folding. For these studies, we define the ‘onset of

folding’ as the exposure time of the Shrink-Dink to the IR source

required to initiate folding as observed by the naked eye. Since

heat is required for folding, it is intuitive that the onset of folding

occurs faster at higher TS values (which require less light

absorption to generate the heat required to exceed Tg) and larger

w values (which provide more heat absorption), as shown in

Fig. 3a. With TS set to 90 !C, folding commences within one

second regardless of the width of the patterned line (2.0 mm

down to 0.5 mm, w < 0.5 mm gives imperfect folding). Lines

having w ranging from 1.5 mm to 2.0 mm at TS values of 50
!C

and 70 !C also initiate folding at a similar rate. At the other

extreme, TS at 20 !C and line widths <0.7 mm, folding occurs

after prolonged exposure times, which results in imperfect

folding and deformation of non-hinged regions of the substrate

(Figure S3 in the supporting information† shows deformed

panels resulting from over exposure to the IR light). During long

exposure times, heat dissipates and is no longer localized at the

hinge; this observation underscores the importance of differential

heating of the hinge relative to the facets.

We modeled the temperature profile inside the polymer films

using COMSOL Multiphysics 4.0a software and compared the

simulation results to the experimental measurements to gain

more insight into the folding mechanism. The model assumes

that (1) the black patterned lines act as heat sources with a heat

flux equivalent to the local intensity of the lamp, (2) the only

source of heat originates from the absorption of light by the

printed lines, (3) the bare surface of the Shrinky-Dinks does not

absorb light, (4) the initial temperatures for the polymer sheets

are the same as the temperatures of the support, and (5) the

thermal conductivity and heat capacity of the polymer sheet are

those of polystyrene.39 Based on our thermal imaging measure-

ments we define the theoretical onset of folding as the instant

at which any point on the top surface reaches z120 !C

(cf. Figure S2 in supporting information†).

Fig. 2 Photographs of 3D structures created by self-folding of Shrinky-Dinks patterned with a desktop printer. a) Single line (w ¼ 1 mm, L0 ¼ 10 mm)

patterned on the top side of the Shrinky-Dink; b) two lines (w ¼ 1 mm, 12 mm spacing, L0 ¼ 10 mm) patterned on either side of the Shrinky-Dink; c)

three lines patterned on alternating sides of the Shrinky-Dink (w ¼ 1 mm, 12 mm spacing, L0 ¼ 10 mm); d) rectangular box (20 mm # 10 mm # 10 mm,

w ¼ 1.5 mm); e) tetrahedral box (w ¼ 2.0 mm); and f) tetrahedral box with adjacent double hinges (w ¼ 1.0 mm, inter-hinge spacing 0.3 mm). Both

tetrahedrons have a square bottom facet (10 mm # 10 mm) and equilateral triangles on the other facets.

Fig. 3 a) Experimental onset of folding (sfolding,exp) as a function of

different patterned line widths and support temperatures and b) Time

difference between the experimental and simulated onset of folding

(sfolding,exp-sfolding,simul) as a function of different patterned line widths

and support temperatures. Shrinky-Dinks (25 mm # 10 mm) feature

a single line of ink patterned across the center of the sample. The initial

support temperatures (TS) range from 20 to 90 !C and the widths of the

lines vary from 0.5 mm to 2.0 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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Sequential folding of Shrinky-Dinks origami

5J. Liu et al., Sci. Adv. 3, e1602417 (2017)

Different ink colors have 
different  absorption spectra 
for red, green and blue light. 

hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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Sequential folding of Shrinky-Dinks origami

6

The order of folding corresponds to the amount  
of absorbed blue light (black > red > walnut)Fig. 2. Images of complex structures formed via sequential folding. (A) Nested boxes with a small box with green hinges (5 mm × 5 mm × 5 mm) on top of a large

one with orange hinges (10 mm × 10 mm × 10 mm). (B) Unfolding pathway: Folding first occurs toward the top green hinge using a red LED. An orange hinge is
patterned on the opposite side of the green hinge. Unfolding occurs by activating the orange hinge using a blue LED. (C) Supercoil formed in a polymer strip patterned
with yellow (width, 1.5 mm) and cyan (width, 2.0 mm) diagonal stripes. Scale bars, 10 mm.

Fig. 3. Complex geometries via sequential folding. (A) Perspective schematic of star-shaped templates featuring a small star (black hinges) placed on the top of a
medium-sized star (red hinges) placed on top of the largest star (walnut-colored hinges). All hinge widths are 2 mm. (B) Corresponding sequential folding of the three-
layer lotus made of three stars with five hinges placed on top of each other. Onset time for these snapshots are 0 s (top) and 3, 4, 6, and 16 s (bottom) (see video S1 in
the Supplementary Materials). (C) Photograph of a folded structure. (D) Schematic of a template featuring double hinges with black, red, and walnut colors patterned
on a polymer sheet. Numbers 1 to 3 denote the designed folding order of the three panels. The double-line hinges are 2.0 mm wide with a spacing of 1.0 mm between
the two lines. (E) Three independent but overlapping single folding panels self-fold sequentially. The double-hinge design facilitates folding up to 180°. Time for these
snapshots are 1 s (top) and 2, 3, 5, 7, and 25 s (bottom) (see video S2 in the Supplementary Materials). (F) Photograph of a folded structure. Scale bars, 10 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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hinges printed onto the same polystyrene (PS) sheet, can thus be
achieved by using selective absorption of light. This strategy enables
sequential shape programming in a simple and controllable hands-
free manner.

RESULTS AND DISCUSSION
Differential optical absorption
Our approach to self-folding relies on differential light absorption.
The pristine prestrained polymer sheets are optically transparent in
the visible range and can therefore be exposed indefinitely to light in
the visible regime without any response. The use of colored hinges
that selectively absorb (or transmit) light of a given wavelength enables
sequential folding. The radar plot (Fig. 1A) highlights the absorption
of blue, green, and red light by different colors of ink printed on a
plain, transparent polymer sheet. For example, the yellow and cyan
inks show an opposite absorption response to red and blue LEDs.
In contrast to black or grayscale inks, which absorb light indiscriminant

of wavelength (52, 53), the folding sequence of a sheet containing yel-
low and cyan hinges depends entirely on the order of exposure to light,
as shown in Fig. 1B. The cyan hinge only folds in response to 660-nm
light, whereas it remains unresponsive to 470-nm light even after
extended exposures (at least 10 min), as shown in Fig. 1C. Concurrent-
ly, the yellow hinge only folds in response to 470-nm light, whereas it
remains unresponsive to 660-nm light for at least 10 min. This simple
idea can be extended to other color pairs with different LED wave-
lengths (Fig. 1D). The UV-vis absorption spectra of different color
inks at wavelengths ranging from 300 to 800 nm are provided in fig.
S1. More details about the LEDs and inks are provided in tables S1
and S2.

Sequential folding using colored hinges to achieve
complex structures
This approach can sequentially fold complex 3D structures, in which
the order of the folding affects the final shape. We designed, printed,
and tested different colored hinge patterns for fabricating 3D structures

Fig. 1. Concept of differential light absorption for sequential folding. (A) Radar plot in which each wedge represents an ink color from a laserjet printer. Data points
represent the optical absorption of the three wavelengths of LEDs used in this study: red (660 nm), green (530 nm), and blue (470 nm) LEDs. The data points are connected by
lines to guide the eye. (B) Photographs for folding controlled in sequence by using hinges in yellow (in response to a blue LED) and cyan (in response to a red LED). Fifteen-
watt LEDs were used at ~1.5 cm above the sample. (C) Bending angle as a function of LED exposure time for yellow and cyan hinges under the exposure of red and blue LEDs.
(D) Photographs for folding controlled in sequence by using the hinges in magenta (in response to a green LED) and cyan (in response to a red LED). Fifteen-watt red LED was
used at ~1.5 cm away from the sample, and 15-W green LED was used at a distance of 0.7 cm. The sample dimensions are 18 mm × 5 mm with a hinge width of 2 mm.
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Fig.2.Imagesofcomplexstructuresformedviasequentialfolding.(A)Nestedboxeswithasmallboxwithgreenhinges(5mm×5mm×5mm)ontopofalarge
onewithorangehinges(10mm×10mm×10mm).(B)Unfoldingpathway:FoldingfirstoccurstowardthetopgreenhingeusingaredLED.Anorangehingeis
patternedontheoppositesideofthegreenhinge.UnfoldingoccursbyactivatingtheorangehingeusingablueLED.(C)Supercoilformedinapolymerstrippatterned
withyellow(width,1.5mm)andcyan(width,2.0mm)diagonalstripes.Scalebars,10mm.

Fig.3.Complexgeometriesviasequentialfolding.(A)Perspectiveschematicofstar-shapedtemplatesfeaturingasmallstar(blackhinges)placedonthetopofa
medium-sizedstar(redhinges)placedontopofthelargeststar(walnut-coloredhinges).Allhingewidthsare2mm.(B)Correspondingsequentialfoldingofthethree-
layerlotusmadeofthreestarswithfivehingesplacedontopofeachother.Onsettimeforthesesnapshotsare0s(top)and3,4,6,and16s(bottom)(seevideoS1in
theSupplementaryMaterials).(C)Photographofafoldedstructure.(D)Schematicofatemplatefeaturingdoublehingeswithblack,red,andwalnutcolorspatterned
onapolymersheet.Numbers1to3denotethedesignedfoldingorderofthethreepanels.Thedouble-linehingesare2.0mmwidewithaspacingof1.0mmbetween
thetwolines.(E)Threeindependentbutoverlappingsinglefoldingpanelsself-foldsequentially.Thedouble-hingedesignfacilitatesfoldingupto180°.Timeforthese
snapshotsare1s(top)and2,3,5,7,and25s(bottom)(seevideoS2intheSupplementaryMaterials).(F)Photographofafoldedstructure.Scalebars,10mm.
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Note: red ink is thicker 
than the walnut ink!



Sequential folding of Shrinky-Dinks origami
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Self-folding robots (in 4 min)
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Robot assembly
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Fig. S1.  
The fabrication process of the self-folding robot. This process harnesses planar 
techniques to rapidly produce self-folding machines. (A) A mask is applied to a sheet of 
copper-polyimide using a solid ink printer. (B) The copper-polyimide is etched with 
ferric chloride. (C) The copper-polyimide layer, as well as two sheets of PSPS and two 
sheets of paper, are laser-machined with layer-specific features. (D) These layers are 
bonded together by hand, using silicone tape. (E) The final composite is laser-machined 
again. (F) Electrical components, motors, and batteries are added either manually, or with 
a pick-and-place machine. 
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in which they are triggered create a fold pattern
that determines the final shape of the 3D struc-
ture or mechanism.
The self-folding composite combines a con-

tractile layer of prestretched polystyrene (PSPS)
and a passive paper substrate, resulting in a bi-
morph actuator (24). PSPS is a shape-memory
polymer that is mechanically programmed to
contract bidirectionally when heated to approx-
imately 100°C. When the contractile layer is ac-
tivated, it exerts a shear stress on the substrate,
causing the composite to fold. These materials
were chosen for their low cost and ease of use;
substituting other shape-memory materials or
substrates into the composite would be straight-
forward. Embedded resistive circuits are included
at each hinge as heating elements to enable
localized heating and activation of the PSPS. The
composite includes PSPS on both sides to en-
able bidirectional folding (Fig. 1). Once folding
is completed, the hinge is cooled and the PSPS
hardens, resulting in a static fold. Self-folding
hinges are programmed into the composite with
layer-specific features (Fig. 1, B and C). Passive
flexures for dynamicmechanisms are programmed
in a similar manner (Fig. 1, D and E) (25). Not
only are flexure joints compatible with folded
assembly, they also have operational advantages
over typical bearing joints, such as negligible
friction losses and monolithic construction
(26, 27).
The composite’s first capability is that of pro-

ducing complex geometries. It is mathematically

possible to fold arbitrary geometries from a
single sheet of paper (10, 25). In particular,
Origamizer is a practical approach to design auto-
mation implemented as free software (12). To apply
this algorithm to self-folding, we need to demon-
strate two fundamental features of our composite:
(i) the ability to fold a crease by an arbitrary angle
in a desired direction, up to 180°, and (ii) the ability
for these creases to be connected together in any
cyclic fold—a collection of creases radiating out-
ward from a point or area.
Previous work in shape-memory composites

has already demonstrated folding of controlled
angles of up to 135° (24, 28), and angles up to
180° have been approximated using two adjacent
folds (29). We control the fold angle by varying
the gapwidth of the paper substrate at the hinge;
the substrate acts as a mechanical stop, and a
greater gap allows for a larger fold angle (fig.
S2A) (25). Standalone hinges with square faces
were built with varying paper gap widths to dem-
onstrate that fold angles could be controlled via
gapwidth. Each hinge was activated and allowed
to fold to completion, at which point the hinge
angle was measured. The data show that there is
a positive correlation between gap width and
fold angle over a range of 0° to 120°. The data also
show that for a given gap width, the standard
deviation of the final fold angle is 5° when the
angle is less than 100°, and 8° when the angle is
greater (fig. S2B).
The second feature necessary for complex

geometries was demonstrated by including cyclic

folds in the machine’s fold pattern to create the
body and the legs (Fig. 2, G and H). These folds
provide stiffness and raise the robot’s body while
angling the legs downward. Furthermore, the
legs are folded using a four-edge, single-vertex
fold—a specific type of cyclic fold with a single
degree of freedom. This fold is noteworthy
because it is the component fold of the Miura
pattern (19), a versatile fold pattern for compress-
ing a large area into a small volume.
There is a limitation on the spatial resolution

of a folded structure due to the thickness of the
folded sheet. The algorithms mentioned above
assume an infinitesimally thin material. Addi-
tional work developed rules and algorithms for
so-called “thick origami” to account for the non-
zero thickness of physical sheets (30).
The second capability of this composite is

the ability to produce arbitrary mechanisms. It
is mathematically possible to create bar-and-
joint linkages that can trace any algebraic curve
(25, 31–33). To apply these results to self-folding,
we need to produce general linkages with hinge
joints. We demonstrate this by including two
symmetric eight-bar linkages in the robot’s de-
sign. Each linkage assembly is driven by one
motor and actuates a front and back leg along
trajectories designed to create a walking motion
(Fig. 3). These linkages reduce the number of
motors required for walking while enabling dif-
ferential actuation for steering. We also demon-
strate the ability to integrate motors with our
linkages through alignment and locking tabs
that couple the linkages to the motor crank
arms (fig. S4).
The third capability of the composite, auto-

nomous assembly, is demonstrated by the robot
with embedded circuitry and an onboard power
supply (fig. S5). Self-assembly occurs in five se-
quential steps controlled by an onboard micro-
controller. Three of these steps involve actuated
folding (Fig. 2).
The design was created using 2D computer

design tools, so the digital plans are compatible
with many software programs and fabrication
tools. The robot was designed using a combina-
tion of kinematic simulations and iterative pro-
totypes to determine a functional fold pattern.
These rapid iterations weremade possible by the
fast fabrication process. (See supplementary text
for additional design information for all compo-
nents of the robot.)
Fabricating the 2D composite and installing

the electrical components took 2 hours by
hand (movie S2) (34). This is possible in part
because the composite is 2D, allowing for easy
installation and soldering. Our process was
designed around readily available parts and
materials, but the assembly time could be sub-
stantially reduced and completely automated
with the use of pick-and-place electrical compo-
nent assembly machines and automated adhe-
sive dispensers.
The robot self-assembled in 270 s, after which

time it was able to walk without further manual
intervention (Fig. 2 and movie S1). The self-
assembled linkagemechanisms operated effectively,
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Fig. 2.The self-assembly steps of the robot.The robot assembles itself in five steps, three of which
are self-folding. (A to F) The robot in each stage of assembly; (G to I) the fold pattern and active hinges.
Activated mountain folds are highlighted in red, valley folds in blue. (A) The robot begins in a flat
conformation. Folding is initiated 10 s after the batteries are connected. (B and G) The outer legs and
alignment tabs fold first. As the legs fold, they bring the linkages into position. (C) The motors rotate
180°, pushing the crank arm pins into notches in the alignment tabs. (D and H) Next, the body and
locking tabs fold. (E) The motors turn another 180°, causing the robot to stand up. (F and I) Smaller
middle legs fold down for added stability. Once the final folds cool and become rigid, the robot is
assembled and ready for operation.
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in which they are triggered create a fold pattern
that determines the final shape of the 3D struc-
ture or mechanism.
The self-folding composite combines a con-

tractile layer of prestretched polystyrene (PSPS)
and a passive paper substrate, resulting in a bi-
morph actuator (24). PSPS is a shape-memory
polymer that is mechanically programmed to
contract bidirectionally when heated to approx-
imately 100°C. When the contractile layer is ac-
tivated, it exerts a shear stress on the substrate,
causing the composite to fold. These materials
were chosen for their low cost and ease of use;
substituting other shape-memory materials or
substrates into the composite would be straight-
forward. Embedded resistive circuits are included
at each hinge as heating elements to enable
localized heating and activation of the PSPS. The
composite includes PSPS on both sides to en-
able bidirectional folding (Fig. 1). Once folding
is completed, the hinge is cooled and the PSPS
hardens, resulting in a static fold. Self-folding
hinges are programmed into the composite with
layer-specific features (Fig. 1, B and C). Passive
flexures for dynamicmechanisms are programmed
in a similar manner (Fig. 1, D and E) (25). Not
only are flexure joints compatible with folded
assembly, they also have operational advantages
over typical bearing joints, such as negligible
friction losses and monolithic construction
(26, 27).
The composite’s first capability is that of pro-

ducing complex geometries. It is mathematically

possible to fold arbitrary geometries from a
single sheet of paper (10, 25). In particular,
Origamizer is a practical approach to design auto-
mation implemented as free software (12). To apply
this algorithm to self-folding, we need to demon-
strate two fundamental features of our composite:
(i) the ability to fold a crease by an arbitrary angle
in a desired direction, up to 180°, and (ii) the ability
for these creases to be connected together in any
cyclic fold—a collection of creases radiating out-
ward from a point or area.
Previous work in shape-memory composites

has already demonstrated folding of controlled
angles of up to 135° (24, 28), and angles up to
180° have been approximated using two adjacent
folds (29). We control the fold angle by varying
the gapwidth of the paper substrate at the hinge;
the substrate acts as a mechanical stop, and a
greater gap allows for a larger fold angle (fig.
S2A) (25). Standalone hinges with square faces
were built with varying paper gap widths to dem-
onstrate that fold angles could be controlled via
gapwidth. Each hinge was activated and allowed
to fold to completion, at which point the hinge
angle was measured. The data show that there is
a positive correlation between gap width and
fold angle over a range of 0° to 120°. The data also
show that for a given gap width, the standard
deviation of the final fold angle is 5° when the
angle is less than 100°, and 8° when the angle is
greater (fig. S2B).
The second feature necessary for complex

geometries was demonstrated by including cyclic

folds in the machine’s fold pattern to create the
body and the legs (Fig. 2, G and H). These folds
provide stiffness and raise the robot’s body while
angling the legs downward. Furthermore, the
legs are folded using a four-edge, single-vertex
fold—a specific type of cyclic fold with a single
degree of freedom. This fold is noteworthy
because it is the component fold of the Miura
pattern (19), a versatile fold pattern for compress-
ing a large area into a small volume.
There is a limitation on the spatial resolution

of a folded structure due to the thickness of the
folded sheet. The algorithms mentioned above
assume an infinitesimally thin material. Addi-
tional work developed rules and algorithms for
so-called “thick origami” to account for the non-
zero thickness of physical sheets (30).
The second capability of this composite is

the ability to produce arbitrary mechanisms. It
is mathematically possible to create bar-and-
joint linkages that can trace any algebraic curve
(25, 31–33). To apply these results to self-folding,
we need to produce general linkages with hinge
joints. We demonstrate this by including two
symmetric eight-bar linkages in the robot’s de-
sign. Each linkage assembly is driven by one
motor and actuates a front and back leg along
trajectories designed to create a walking motion
(Fig. 3). These linkages reduce the number of
motors required for walking while enabling dif-
ferential actuation for steering. We also demon-
strate the ability to integrate motors with our
linkages through alignment and locking tabs
that couple the linkages to the motor crank
arms (fig. S4).
The third capability of the composite, auto-

nomous assembly, is demonstrated by the robot
with embedded circuitry and an onboard power
supply (fig. S5). Self-assembly occurs in five se-
quential steps controlled by an onboard micro-
controller. Three of these steps involve actuated
folding (Fig. 2).
The design was created using 2D computer

design tools, so the digital plans are compatible
with many software programs and fabrication
tools. The robot was designed using a combina-
tion of kinematic simulations and iterative pro-
totypes to determine a functional fold pattern.
These rapid iterations weremade possible by the
fast fabrication process. (See supplementary text
for additional design information for all compo-
nents of the robot.)
Fabricating the 2D composite and installing

the electrical components took 2 hours by
hand (movie S2) (34). This is possible in part
because the composite is 2D, allowing for easy
installation and soldering. Our process was
designed around readily available parts and
materials, but the assembly time could be sub-
stantially reduced and completely automated
with the use of pick-and-place electrical compo-
nent assembly machines and automated adhe-
sive dispensers.
The robot self-assembled in 270 s, after which

time it was able to walk without further manual
intervention (Fig. 2 and movie S1). The self-
assembled linkagemechanisms operated effectively,
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Fig. 2.The self-assembly steps of the robot.The robot assembles itself in five steps, three of which
are self-folding. (A to F) The robot in each stage of assembly; (G to I) the fold pattern and active hinges.
Activated mountain folds are highlighted in red, valley folds in blue. (A) The robot begins in a flat
conformation. Folding is initiated 10 s after the batteries are connected. (B and G) The outer legs and
alignment tabs fold first. As the legs fold, they bring the linkages into position. (C) The motors rotate
180°, pushing the crank arm pins into notches in the alignment tabs. (D and H) Next, the body and
locking tabs fold. (E) The motors turn another 180°, causing the robot to stand up. (F and I) Smaller
middle legs fold down for added stability. Once the final folds cool and become rigid, the robot is
assembled and ready for operation.
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in which they are triggered create a fold pattern
that determines the final shape of the 3D struc-
ture or mechanism.
The self-folding composite combines a con-

tractile layer of prestretched polystyrene (PSPS)
and a passive paper substrate, resulting in a bi-
morph actuator (24). PSPS is a shape-memory
polymer that is mechanically programmed to
contract bidirectionally when heated to approx-
imately 100°C. When the contractile layer is ac-
tivated, it exerts a shear stress on the substrate,
causing the composite to fold. These materials
were chosen for their low cost and ease of use;
substituting other shape-memory materials or
substrates into the composite would be straight-
forward. Embedded resistive circuits are included
at each hinge as heating elements to enable
localized heating and activation of the PSPS. The
composite includes PSPS on both sides to en-
able bidirectional folding (Fig. 1). Once folding
is completed, the hinge is cooled and the PSPS
hardens, resulting in a static fold. Self-folding
hinges are programmed into the composite with
layer-specific features (Fig. 1, B and C). Passive
flexures for dynamicmechanisms are programmed
in a similar manner (Fig. 1, D and E) (25). Not
only are flexure joints compatible with folded
assembly, they also have operational advantages
over typical bearing joints, such as negligible
friction losses and monolithic construction
(26, 27).
The composite’s first capability is that of pro-

ducing complex geometries. It is mathematically

possible to fold arbitrary geometries from a
single sheet of paper (10, 25). In particular,
Origamizer is a practical approach to design auto-
mation implemented as free software (12). To apply
this algorithm to self-folding, we need to demon-
strate two fundamental features of our composite:
(i) the ability to fold a crease by an arbitrary angle
in a desired direction, up to 180°, and (ii) the ability
for these creases to be connected together in any
cyclic fold—a collection of creases radiating out-
ward from a point or area.
Previous work in shape-memory composites

has already demonstrated folding of controlled
angles of up to 135° (24, 28), and angles up to
180° have been approximated using two adjacent
folds (29). We control the fold angle by varying
the gapwidth of the paper substrate at the hinge;
the substrate acts as a mechanical stop, and a
greater gap allows for a larger fold angle (fig.
S2A) (25). Standalone hinges with square faces
were built with varying paper gap widths to dem-
onstrate that fold angles could be controlled via
gapwidth. Each hinge was activated and allowed
to fold to completion, at which point the hinge
angle was measured. The data show that there is
a positive correlation between gap width and
fold angle over a range of 0° to 120°. The data also
show that for a given gap width, the standard
deviation of the final fold angle is 5° when the
angle is less than 100°, and 8° when the angle is
greater (fig. S2B).
The second feature necessary for complex

geometries was demonstrated by including cyclic

folds in the machine’s fold pattern to create the
body and the legs (Fig. 2, G and H). These folds
provide stiffness and raise the robot’s body while
angling the legs downward. Furthermore, the
legs are folded using a four-edge, single-vertex
fold—a specific type of cyclic fold with a single
degree of freedom. This fold is noteworthy
because it is the component fold of the Miura
pattern (19), a versatile fold pattern for compress-
ing a large area into a small volume.
There is a limitation on the spatial resolution

of a folded structure due to the thickness of the
folded sheet. The algorithms mentioned above
assume an infinitesimally thin material. Addi-
tional work developed rules and algorithms for
so-called “thick origami” to account for the non-
zero thickness of physical sheets (30).
The second capability of this composite is

the ability to produce arbitrary mechanisms. It
is mathematically possible to create bar-and-
joint linkages that can trace any algebraic curve
(25, 31–33). To apply these results to self-folding,
we need to produce general linkages with hinge
joints. We demonstrate this by including two
symmetric eight-bar linkages in the robot’s de-
sign. Each linkage assembly is driven by one
motor and actuates a front and back leg along
trajectories designed to create a walking motion
(Fig. 3). These linkages reduce the number of
motors required for walking while enabling dif-
ferential actuation for steering. We also demon-
strate the ability to integrate motors with our
linkages through alignment and locking tabs
that couple the linkages to the motor crank
arms (fig. S4).
The third capability of the composite, auto-

nomous assembly, is demonstrated by the robot
with embedded circuitry and an onboard power
supply (fig. S5). Self-assembly occurs in five se-
quential steps controlled by an onboard micro-
controller. Three of these steps involve actuated
folding (Fig. 2).
The design was created using 2D computer

design tools, so the digital plans are compatible
with many software programs and fabrication
tools. The robot was designed using a combina-
tion of kinematic simulations and iterative pro-
totypes to determine a functional fold pattern.
These rapid iterations weremade possible by the
fast fabrication process. (See supplementary text
for additional design information for all compo-
nents of the robot.)
Fabricating the 2D composite and installing

the electrical components took 2 hours by
hand (movie S2) (34). This is possible in part
because the composite is 2D, allowing for easy
installation and soldering. Our process was
designed around readily available parts and
materials, but the assembly time could be sub-
stantially reduced and completely automated
with the use of pick-and-place electrical compo-
nent assembly machines and automated adhe-
sive dispensers.
The robot self-assembled in 270 s, after which

time it was able to walk without further manual
intervention (Fig. 2 and movie S1). The self-
assembled linkagemechanisms operated effectively,

SCIENCE sciencemag.org 8 AUGUST 2014 • VOL 345 ISSUE 6197 645

Fig. 2.The self-assembly steps of the robot.The robot assembles itself in five steps, three of which
are self-folding. (A to F) The robot in each stage of assembly; (G to I) the fold pattern and active hinges.
Activated mountain folds are highlighted in red, valley folds in blue. (A) The robot begins in a flat
conformation. Folding is initiated 10 s after the batteries are connected. (B and G) The outer legs and
alignment tabs fold first. As the legs fold, they bring the linkages into position. (C) The motors rotate
180°, pushing the crank arm pins into notches in the alignment tabs. (D and H) Next, the body and
locking tabs fold. (E) The motors turn another 180°, causing the robot to stand up. (F and I) Smaller
middle legs fold down for added stability. Once the final folds cool and become rigid, the robot is
assembled and ready for operation.
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APPLIED ORIGAMI

A method for building
self-folding machines
S. Felton,1* M. Tolley,1 E. Demaine,2 D. Rus,2 R. Wood1

Origami can turn a sheet of paper into complex three-dimensional shapes, and similar
folding techniques can produce structures and mechanisms. To demonstrate the
application of these techniques to the fabrication of machines, we developed a crawling
robot that folds itself. The robot starts as a flat sheet with embedded electronics, and
transforms autonomously into a functional machine. To accomplish this, we developed
shape-memory composites that fold themselves along embedded hinges. We used
these composites to recreate fundamental folded patterns, derived from computational
origami, that can be extrapolated to a wide range of geometries and mechanisms.
This origami-inspired robot can fold itself in 4 minutes and walk away without human
intervention, demonstrating the potential both for complex self-folding machines and
autonomous, self-controlled assembly.

S
elf-assembly is ubiquitous in nature, with
examples as varied as the formation of cel-
lular components (1) and dynamically orga-
nizing insect colonies (2). Self-assembly
concepts drawn from natural contexts have

many applications in engineering (3), and sev-
eral artificial methods for self-assembly have
been developed at length scales ranging from
nanometers to centimeters (4). One particularly
useful form of self-assembly involves folding two-
dimensional materials into three-dimensional

(3D) structures. Folding is capable of complex
shapes and can be scaled to different sizes. Folded
structures have high strength-to-weight ratios
(5), and planar materials are compatible with a
wide range of fabrication techniques (e.g., photo-
lithography). Prior to folding, the integration
of system components (e.g., batteries, integrated
circuits, motors) can be automated for planar
structures with the use of pick-and-place tools
to populate printed circuit boards. Several ac-
tuation methods for self-folding have already
been developed at a range of length scales from
micrometers to centimeters, including poly-
mer swelling (6), shape-memory materials (7, 8),
and magnetic fields (9). Fold patterns can be
created using existing computational origami
design automation tools (10–13), and many ge-
ometries and mechanisms have been invented

that harness the unique strengths of folded
structures (14–16). Existing approaches to self-
folding are capable of creating static geometric
structures but are limited in making complex
geometries or functional mechanisms (i.e., struc-
tures that move or compute). Functional folded
mechanisms have been demonstrated, but they
require manual assembly steps, such as scaffold
removal or integration of components after
folding (17, 18).
There are two primary application areas for

a practical and sophisticated self-folding meth-
od. The first is remote, autonomous assembly.
Structures and machines could be transported
in a flat conformation, such as when putting
satellites into space (19, 20) or rapidly deploy-
ing shelters in dangerous environments (21, 22).
The second application is automation of cer-
tain aspects of manufacturing. In particular,
self-folding can be combined with inexpen-
sive planar fabrication techniques such as li-
thography, laser machining, and pick-and-place
electrical component assembly machines to quick-
ly produce machines from digital plans, allow-
ing for “printable” manufacturing (i.e., rapid
manufacture with minimal overhead) to com-
plement or compete with 3D printing, including
the ability to create monolithic electromechan-
ical systems (23).
Wedemonstrate that autonomous self-assembly

of functional machines from flat sheets is possible
with a composite that folds itself. Specifically, we
used this composite to build a self-folding crawling
robot that represents both a complex structure
and a functional device that demonstrates three
capabilities of the composite: (i) producing com-
plex shapes, (ii) producing dynamicmechanisms,
and (iii) assembling autonomously. The composite
includes self-folding hinges that are controlled
by embedded heating elements. The placement
of these hinges in the composite and the order

644 8 AUGUST 2014 • VOL 345 ISSUE 6197 sciencemag.org SCIENCE

Fig. 1. Self-folding shape-memory composites. (A) The self-folding shape-memory composite consists of five layers: two outer layers of PSPS, two layers of
paper, and a layerof polyimide (PCB) bearinga coppercircuit in themiddle.Cuttinga gap into theupper paper layer allowscontrolled foldingof the polyimide, and slits
in the bottom layers of paper and PSPS prevent antagonistic forces. (B) A structural hinge, designed to fold once when activated and then become static. (C) When
activated, the PSPS on the concave side pulls the two faces together, bending the polyimide along the hinge. (D and E) A dynamic hinge, designed to bend freely and
repeatably. (F) A self-folding crawler built with the shape-memory composite.This robot includes both (G) self-folding and (H) dynamic hinges.
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A method for building
self-folding machines
S. Felton,1* M. Tolley,1 E. Demaine,2 D. Rus,2 R. Wood1

Origami can turn a sheet of paper into complex three-dimensional shapes, and similar
folding techniques can produce structures and mechanisms. To demonstrate the
application of these techniques to the fabrication of machines, we developed a crawling
robot that folds itself. The robot starts as a flat sheet with embedded electronics, and
transforms autonomously into a functional machine. To accomplish this, we developed
shape-memory composites that fold themselves along embedded hinges. We used
these composites to recreate fundamental folded patterns, derived from computational
origami, that can be extrapolated to a wide range of geometries and mechanisms.
This origami-inspired robot can fold itself in 4 minutes and walk away without human
intervention, demonstrating the potential both for complex self-folding machines and
autonomous, self-controlled assembly.

S
elf-assembly is ubiquitous in nature, with
examples as varied as the formation of cel-
lular components (1) and dynamically orga-
nizing insect colonies (2). Self-assembly
concepts drawn from natural contexts have

many applications in engineering (3), and sev-
eral artificial methods for self-assembly have
been developed at length scales ranging from
nanometers to centimeters (4). One particularly
useful form of self-assembly involves folding two-
dimensional materials into three-dimensional

(3D) structures. Folding is capable of complex
shapes and can be scaled to different sizes. Folded
structures have high strength-to-weight ratios
(5), and planar materials are compatible with a
wide range of fabrication techniques (e.g., photo-
lithography). Prior to folding, the integration
of system components (e.g., batteries, integrated
circuits, motors) can be automated for planar
structures with the use of pick-and-place tools
to populate printed circuit boards. Several ac-
tuation methods for self-folding have already
been developed at a range of length scales from
micrometers to centimeters, including poly-
mer swelling (6), shape-memory materials (7, 8),
and magnetic fields (9). Fold patterns can be
created using existing computational origami
design automation tools (10–13), and many ge-
ometries and mechanisms have been invented

that harness the unique strengths of folded
structures (14–16). Existing approaches to self-
folding are capable of creating static geometric
structures but are limited in making complex
geometries or functional mechanisms (i.e., struc-
tures that move or compute). Functional folded
mechanisms have been demonstrated, but they
require manual assembly steps, such as scaffold
removal or integration of components after
folding (17, 18).
There are two primary application areas for

a practical and sophisticated self-folding meth-
od. The first is remote, autonomous assembly.
Structures and machines could be transported
in a flat conformation, such as when putting
satellites into space (19, 20) or rapidly deploy-
ing shelters in dangerous environments (21, 22).
The second application is automation of cer-
tain aspects of manufacturing. In particular,
self-folding can be combined with inexpen-
sive planar fabrication techniques such as li-
thography, laser machining, and pick-and-place
electrical component assembly machines to quick-
ly produce machines from digital plans, allow-
ing for “printable” manufacturing (i.e., rapid
manufacture with minimal overhead) to com-
plement or compete with 3D printing, including
the ability to create monolithic electromechan-
ical systems (23).
Wedemonstrate that autonomous self-assembly

of functional machines from flat sheets is possible
with a composite that folds itself. Specifically, we
used this composite to build a self-folding crawling
robot that represents both a complex structure
and a functional device that demonstrates three
capabilities of the composite: (i) producing com-
plex shapes, (ii) producing dynamicmechanisms,
and (iii) assembling autonomously. The composite
includes self-folding hinges that are controlled
by embedded heating elements. The placement
of these hinges in the composite and the order

644 8 AUGUST 2014 • VOL 345 ISSUE 6197 sciencemag.org SCIENCE

Fig. 1. Self-folding shape-memory composites. (A) The self-folding shape-memory composite consists of five layers: two outer layers of PSPS, two layers of
paper, and a layerof polyimide (PCB) bearinga coppercircuit in themiddle.Cuttinga gap into theupper paper layer allowscontrolled foldingof the polyimide, and slits
in the bottom layers of paper and PSPS prevent antagonistic forces. (B) A structural hinge, designed to fold once when activated and then become static. (C) When
activated, the PSPS on the concave side pulls the two faces together, bending the polyimide along the hinge. (D and E) A dynamic hinge, designed to bend freely and
repeatably. (F) A self-folding crawler built with the shape-memory composite.This robot includes both (G) self-folding and (H) dynamic hinges.
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copper

electric current through patterned 
copper network locally heats up and 

shrinks the “Shrinky-Dinks” layer

How can we actuate the 
assembled robot?



scissor lift

Structures with mechanisms
Structures composed of bars and hinges, which 
have fewer constraints than degrees of freedom, 

have specific mechanisms (=modes of deformations)

changing direction of motion

precise robotic surgeries

amplifying/reducing amplitude of motion
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Crank slider mechanism converts linear to rotary motion!
Crank slider mechanism

A

B

CC1 C2B1 B2

path of B

path of C

Crank slider mechanism in car engines

https://en.wikipedia.org/wiki/Crank_(mechanism)12
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Robot actuation
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demonstrating both the efficacy of the compo-
site’s dynamic hinges and its ability to precisely
align folds to couple the motors to the linkages.
When operating, the robot moved at a speed of
0.43 body lengths per second (5.4 cm/s). It was
also able to turn at an average speed of 0.56
rad/swith an average turning radius of 6.1 cm. The
folding process required approximately 8.8 kJ of
electrical energy to activate (25).
We calculate that the mechanical work re-

quired to assemble the machine was 3.8 mJ,
based on the mass (78 g) and final center of mass
height (10 mm) of the machine. If we assume
that the torque is exerted evenly by all hinges
and that all hinges reach completion at 90°, then
the total torque exerted by the hinges must be at
least 0.01 N·m. This does not account for the
effects of friction or antagonistic forces caused by
hinges pushing against each other. According to
an analytical model relating the hinge geometry
and material properties to actuated torque, we
calculate that the actual torque exerted by the
hinges is 0.15 N·m (25).
Out of three attempted self-assemblies, one ro-

bot was able to complete the assembly process
and achieve the desired functionality. In the other
two trials, a single hinge failed to fold to the
required precision. This illustrates the inter-
dependent nature of self-assembling machines
with localized actuation and the need for design
methodologies that produce folding plans that
are robust to failures of individual folds. If we
consider these three trials as sets of individual
hinges, 82 of 84 hinges self-folded to their neces-
sary position (25).
For the machine presented here, folding was

initiated by a simple timing program in the mi-
crocontroller, designed to trigger assembly 10 s
after the batterieswere connected.However,more
complex triggers could be integrated, including
wireless activation or response to an environ-
mental change (25). The materials used in this
robot are well suited for structures andmachines
at a length scale of tens of centimeters, but limit-

ations imposed by fabrication techniques and
hinge torques can restrict their use for smaller
and larger devices, respectively. Fortunately, these
limitations can be overcome by using different
materials and fabricationmethods. This substrate
also has a maximum operating temperature of
approximately 100°C.Ahigher temperature causes
uniform activation of the shape-memory poly-
mer, resulting in a deformed and nonfunctional
machine. This limit can also be altered through
material selection (25).
The self-folding robot demonstrates a practical

process for creating self-assemblingmachines with
complex structures and dynamics by means of
planar materials and folding. By automating the
folding process, origami-inspired machines can
be produced without manual folding, reducing
the skill and time necessary for fabrication. This
technique can be used to rapidly prototype electro-
mechanical systems, build satellites that assemble
themselves in space, and fabricate centimeter-scale
robots. Because this technique uses composites
that are inexpensive and can be easily altered,
this technique can be adapted to a wide range of
applications.
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Fig. 3. Linkages
connect the front
and back legs to the
motors of the
self-folding robot.
(A) The linkages before
self-assembly takes
place. (B) The linkage
assembly after coupling
with the motor. The
front (right) leg
is driven by a four-bar
linkage (L1 to L4), and
the rear (left) leg is
driven by an eight-bar
linkage (L1 to L8).
The kinematics of the
linkages produce
walking trajectories in
the front and rear feet
when driven by the motors (shown in red). The middle leg (gray) supports the robot when the outer
legs are raised. Linkage lengths are given in table S1.
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APPLIED ORIGAMI

A method for building
self-folding machines
S. Felton,1* M. Tolley,1 E. Demaine,2 D. Rus,2 R. Wood1

Origami can turn a sheet of paper into complex three-dimensional shapes, and similar
folding techniques can produce structures and mechanisms. To demonstrate the
application of these techniques to the fabrication of machines, we developed a crawling
robot that folds itself. The robot starts as a flat sheet with embedded electronics, and
transforms autonomously into a functional machine. To accomplish this, we developed
shape-memory composites that fold themselves along embedded hinges. We used
these composites to recreate fundamental folded patterns, derived from computational
origami, that can be extrapolated to a wide range of geometries and mechanisms.
This origami-inspired robot can fold itself in 4 minutes and walk away without human
intervention, demonstrating the potential both for complex self-folding machines and
autonomous, self-controlled assembly.

S
elf-assembly is ubiquitous in nature, with
examples as varied as the formation of cel-
lular components (1) and dynamically orga-
nizing insect colonies (2). Self-assembly
concepts drawn from natural contexts have

many applications in engineering (3), and sev-
eral artificial methods for self-assembly have
been developed at length scales ranging from
nanometers to centimeters (4). One particularly
useful form of self-assembly involves folding two-
dimensional materials into three-dimensional

(3D) structures. Folding is capable of complex
shapes and can be scaled to different sizes. Folded
structures have high strength-to-weight ratios
(5), and planar materials are compatible with a
wide range of fabrication techniques (e.g., photo-
lithography). Prior to folding, the integration
of system components (e.g., batteries, integrated
circuits, motors) can be automated for planar
structures with the use of pick-and-place tools
to populate printed circuit boards. Several ac-
tuation methods for self-folding have already
been developed at a range of length scales from
micrometers to centimeters, including poly-
mer swelling (6), shape-memory materials (7, 8),
and magnetic fields (9). Fold patterns can be
created using existing computational origami
design automation tools (10–13), and many ge-
ometries and mechanisms have been invented

that harness the unique strengths of folded
structures (14–16). Existing approaches to self-
folding are capable of creating static geometric
structures but are limited in making complex
geometries or functional mechanisms (i.e., struc-
tures that move or compute). Functional folded
mechanisms have been demonstrated, but they
require manual assembly steps, such as scaffold
removal or integration of components after
folding (17, 18).
There are two primary application areas for

a practical and sophisticated self-folding meth-
od. The first is remote, autonomous assembly.
Structures and machines could be transported
in a flat conformation, such as when putting
satellites into space (19, 20) or rapidly deploy-
ing shelters in dangerous environments (21, 22).
The second application is automation of cer-
tain aspects of manufacturing. In particular,
self-folding can be combined with inexpen-
sive planar fabrication techniques such as li-
thography, laser machining, and pick-and-place
electrical component assembly machines to quick-
ly produce machines from digital plans, allow-
ing for “printable” manufacturing (i.e., rapid
manufacture with minimal overhead) to com-
plement or compete with 3D printing, including
the ability to create monolithic electromechan-
ical systems (23).
Wedemonstrate that autonomous self-assembly

of functional machines from flat sheets is possible
with a composite that folds itself. Specifically, we
used this composite to build a self-folding crawling
robot that represents both a complex structure
and a functional device that demonstrates three
capabilities of the composite: (i) producing com-
plex shapes, (ii) producing dynamicmechanisms,
and (iii) assembling autonomously. The composite
includes self-folding hinges that are controlled
by embedded heating elements. The placement
of these hinges in the composite and the order
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Fig. 1. Self-folding shape-memory composites. (A) The self-folding shape-memory composite consists of five layers: two outer layers of PSPS, two layers of
paper, and a layerof polyimide (PCB) bearinga coppercircuit in themiddle.Cuttinga gap into theupper paper layer allowscontrolled foldingof the polyimide, and slits
in the bottom layers of paper and PSPS prevent antagonistic forces. (B) A structural hinge, designed to fold once when activated and then become static. (C) When
activated, the PSPS on the concave side pulls the two faces together, bending the polyimide along the hinge. (D and E) A dynamic hinge, designed to bend freely and
repeatably. (F) A self-folding crawler built with the shape-memory composite.This robot includes both (G) self-folding and (H) dynamic hinges.
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Fig. S4 
The motor and alignment mechanism of the robot. (A) The linkages are fabricated in 
plane with the composite, and the crank arms are oriented upward. (B) The legs and 
linkages fold into position, and the alignment tab folds into place. (C) The motor rotates 
180°, pushing the crank arm pin into the alignment notch. (D) The locking tab folds over 
the pin, coupling the pin to the linkage. In (C) and (D) the obscuring linkage is displayed 
in outline only for clarity. 

sequential folding enables  
locking of the crank arm to 

the robot structure

rotary motor moves the crank 
arm, which controls the 

movement of robot legs via a 
specific structure mechanism
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Helices in plants

How are helices formed?
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Differential growth or differential shrinking 
produces spontaneous curvature

faster growth
of the top layer
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Differential growth (shrinking) of the two 
layers produces spontaneous curvature
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R
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W

rectangular cross-section. The two strips are then glued together
side-by-side along their length. At this stage, the bi-strips are flat
and the red strip is under a uniaxial pre-strain, defined as
x~(L{L’)=L’. Being elastomers, volume conservation requires

that the heights are related by h’~h
ffiffiffiffiffiffiffiffiffiffi
1zx
p

. Then, in the final
operation, the force stretching the ends of the bi-strip is gradually
released, with the ends free to rotate. More details of the
manufacturing and experimental procedures are given in Materials
and Methods.

Upon release, the initially flat bistrips start to bend and twist out
of plane and evolve towards either a helical or hemihelical shape,
depending on the cross-sectional aspect ratio. As indicated by the
images in Fig. 1, when the aspect ratio h=w is small, we observe the
formation of periodic perversions, separating helical segments of
alternating chiralities, whereas when the bi-strips have a large
aspect ratio, they spontaneously twist along their length to form a
regular helix. Significantly, these three-dimensional shapes form
spontaneously and do so irrespective of whether the release is
abrupt or the ends are slowly brought together. Furthermore, it is
also observed that after release, the bi-strip can be stretched

straight again and released many times and each time the same
shape, complete with the same number of perversions, reforms.
Experiments were also performed under water to minimize
gravitational effects and dampen vibrations. Video recordings,
reproduced in File S1, capture the evolution of the 3D shapes,
several transient features including how perversions move along
the bi-strip to form a regular arrangement as well as how an initial
twisting motion is reversed.

The experimental observations indicate that the number of
perversions n is the critical geometric parameter that distinguishes
which shape forms upon release. Assuming that the perversions
are uniformly distributed along the length of the bistrip, the
number that form can be expected to depend on the prestrain
ratio, the cross-sectional aspect ratio and the length of the bi-strip.
Dimensional arguments then suggest that the number is given by:
wn=L~g(x,h=w). To establish how the number of perversions
depends on these variables, a series of experiments were
performed with different values of pre-strain and cross-sectional
aspect ratio. The results of these experiments are shown in the
structural phase diagram in Fig. 3 where the numbers associated
with the symbols indicate the number of perversions observed.
The boundary between the formation of helices and hemihelices is
shown shaded. The data in Fig. 3 indicates that increasing the h=w
ratio drives the strip from the hemihelical configurations to helices.
On the other hand, the prestrain ratio x has only a weak influence
on both the helix-to-hemihelix transition and the number of
perversions. This phase diagram (Fig. 3) was established under
experimental conditions that allowed both ends to freely rotate as
the stretching force was reduced. A similar phase diagram (Fig. S5
in File S1) but notable by the absence of any helices was obtained
upon unloading when the ends were constrained from rotating (see
File S1 for details).

Finite element simulations

Numerical simulations to explore the morphological changes
occurring during the release in the bi-strip system were conducted
using detailed dynamic finite element simulations. In our analysis,

Figure 1. Illustration of a helix (top), a hemihelix with one
perversion marked by an arrow (middle) and a hemihelix with
multiple perversions (bottom). The scale bar is 5 cm, and is the
same for each image. These different shapes were all produced in the
same way as shown in figure 2 with the same value of pre-strain x~1:5
but with decreasing values of the height-to-width ratio of the bi-strip’s
cross-section. L~50 cm, w~3 mm, h~12,8,2:5mm).
doi:10.1371/journal.pone.0093183.g001

Figure 2. Sequence of operations leading to the spontaneous
creation of hemihelices and helices. Starting with two long
elastomer strips of different lengths, the shorter one is stretched to
be the same length as the other. While the stretching force, P, is
maintained, the two strips are joined side-by-side. Then, as the force is
slowly released, the bi-strip twists and bends to create either a helix or a
hemihelix.
doi:10.1371/journal.pone.0093183.g002

Figure 3. The number of perversions observed as a function of
both the prestrain and the cross-section aspect ratio, h=w. The
data indicates that there is a transition between the formation of helixes
at larger aspect ratios and hemihelices at smaller aspect ratios. The
precise phase boundary cannot be determined with any precision
experimentally and so is shown shaded but there is evidently only a
weak dependence on the value of the pre-strain. In some cases, bistrips
made the same way produce either one or the other of the two
perversion numbers indicated.
doi:10.1371/journal.pone.0093183.g003

Structural Transition from Helices to Hemihelices

PLOS ONE | www.plosone.org 2 April 2014 | Volume 9 | Issue 4 | e93183

Filaments that are longer than               ,             
form helices to avoid steric interactions.

L > 2⇡R

more shrinking
of the bottom layer
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Cucumber tendril climbing via helical coiling

S. J. Gerbode et al., Science 337, 1087 (2012)

Cucumber tendrils 
want to pull 

themselves up above 
other plants in order 
to get more sunlight.

Already studied by 
Charles Darwin in 1865:
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Helical coiling of cucumber tendril

young
tendril

old
tendril

extracted
fiber ribbon

tendril cross-section

theoretical treatments have incorporated in-
trinsic curvature or differential growth without
addressing its origin or mechanical consequences
(6, 15, 16). Recent studies of tendril anatomy
(17, 18) have provided a new twist by revealing
an interior layer of specialized cells similar to
the stiff, lignified gelatinous fiber (g-fiber) cells
found in reaction wood (19). These cells provide
structural support in reaction wood via tissue
morphosis driven by cell-wall lignification, water
flux, and oriented stiff cellulose microfibrils. The
presence of a similar ribbon-like strip of g-fiber
cells in tendrils suggests that the coiling of the
soft tendril tissuemay be driven by the shaping of
this stiff, internal “fiber ribbon” (18).

We investigated the role of the fiber ribbon
during tendril coiling in both Cucumis sativus
(cucumber) and Echinocystis lobata (wild cu-
cumber) (20). The g-fiber cells, identified in wild
cucumber by using xylan antibodies in (18), are
easily distinguished as a band of morphologically
differentiated cells consistently positioned along
the inner side of the helical tendril that lignify
during coiling (17, 18). In straight tendrils that
have not yet attached to a support (Fig. 1A), a faint
band of immature g-fiber cells is barely visible by
using darkfield microscopy (Fig. 1B), with no
ultraviolet (UV) illumination signature, indicating
the absence of lignification (Fig. 1C). In coiled
tendrils (Fig. 1D), g-fiber cells are clearly visible
(Fig. 1E) and lignified (Fig. 1F). The fiber ribbon
consists of two cell layers, with the ventral layer

on the inside of the helix showing increased lig-
nification relative to the dorsal outer layer (Fig. 1,
G andH), which is consistent with earlier observa-
tions of increased lignification on the stimulated
side of the tendril (17, 18). When a fiber ribbon is
extracted from the coiled tendril by using fungal
carbohydrolases [Driselase (Sigma-Aldrich, St.
Louis, MO)] to break down the nonlignified epi-
dermal tendril tissue (20), it retains the helical
morphology of a coiled tendril, and furthermore,
lengthwise cuts do not change its shape (Fig. 1I
and fig. S2).

These observations suggest that tendril coil-
ing occurs via asymmetric contraction of the fiber
ribbon; the ventral side shrinks longitudinally rel-
ative to the dorsal side, giving the fiber ribbon its
intrinsic curvature. The asymmetric contraction
may be generated by a variety of dorsiventral
asymmetries, including the observed differential
lignification (Fig. 1H), variations in cellulose mi-
crofibril orientation as in reaction wood, or dif-
ferential water affinities. For example, because
lignin is hydrophobic the ventral cells may expel
more water during lignification, driving increased
cell contraction. This would be consistent with
observations of extracted fiber ribbons that pas-
sively shrink and coil even further when dried but
regain their original shape when rehydrated
(movie S2). Dehydrated tendrils also exhibit this
behavior because they are dominated by the stiff
fiber ribbon (movie S3). Together, these facts
suggest that the biophysical mechanism for

tendril coiling is provided by the asymmetric con-
traction of the stiff fiber ribbon, whose resulting
curvature is imposed on the surrounding soft
tendril tissue. The perversions in a doubly sup-
ported tendril follow naturally from the topo-
logical constraint imposed by the prevention of
twist at its ends.

To better understand the origin of curvature in
fiber ribbons, we reconstituted the underlying
mechanism using a physical model composed of
two bonded, differentially prestrained silicone rub-
ber sheets, similar to rubber models for shaping
sheets (21–23). The first silicone sheet was uni-
axially stretched, and an equally thick layer of
silicone sealant was spread onto the stretched
sheet. After the sealant was fully cured, thin strips
were cut along the prestrained direction, yielding
bilayer ribbons (Fig. 2A) with intrinsic curvature
set by the relative prestrain, thickness, and stiff-
ness of the two layers (fig. S3) (20). Like fiber
ribbons, the initially straight physical models spon-
taneously form coiled configurations with two
opposite-handed helices connected by a helical
perversion (Fig. 2A, left).

However, there is an unexpected difference in
mechanical behavior between the physical mod-
els and tendril fiber ribbons. When clamped at
both ends and pulled axially, the physical model
simply unwinds to its original uncoiled state (Fig.
2A and movie S4). In contrast, in fiber ribbons
we observed a counterintuitive “overwinding”
behavior in which the ribbon coils even further
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Fig. 1. Tendril coiling via asymmetric contraction. During coiling, a strip of
specialized structural gelatinous fiber cells (the fiber ribbon) becomes lignified
and contracts asymmetrically and longitudinally. (A to C) A straight tendril
that has never coiled (A) lacks lignified g-fiber cells. In the tendril cross
section, darkfield (B) and UV autofluorescence (C) show no lignin signal. (D to
H) In coiled tendrils (D), the fully developed fiber ribbon consists of ∼2 layers
of highly lignified cells extending along the length of the tendril. In the tendril

cross section, darkfield (E) and UV autofluorescence (F) show strong lig-
nification in the fiber ribbon. In (G) and (H), increased magnification reveals
that ventral cells (top left) are more lignified than dorsal cells. (I) The extracted
fiber ribbon retains the helical morphology of the coiled tendril. (Inset) Higher
magnification shows the orientation of g-fiber cells along the fiber ribbon.
Scale bars, (B) and (C) 0.5 mm, (E) and (F) 100 mm, (G) and (H) 10 mm, (I)
1 mm.
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Coiling in older tendrils is due to a thin layer of stiff, lignified 
gelatinous fiber cells, which are also found in wood.

S. J. Gerbode et al., Science 337, 1087 (2012)
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Helical coiling of cucumber tendril
Drying of fibber ribbon

increases coiling
Drying of tendril
increases coiling

Rehydrating of tendril
reduces coiling

S. J. Gerbode et al., Science 337, 1087 (2012)

theoretical treatments have incorporated in-
trinsic curvature or differential growth without
addressing its origin or mechanical consequences
(6, 15, 16). Recent studies of tendril anatomy
(17, 18) have provided a new twist by revealing
an interior layer of specialized cells similar to
the stiff, lignified gelatinous fiber (g-fiber) cells
found in reaction wood (19). These cells provide
structural support in reaction wood via tissue
morphosis driven by cell-wall lignification, water
flux, and oriented stiff cellulose microfibrils. The
presence of a similar ribbon-like strip of g-fiber
cells in tendrils suggests that the coiling of the
soft tendril tissuemay be driven by the shaping of
this stiff, internal “fiber ribbon” (18).

We investigated the role of the fiber ribbon
during tendril coiling in both Cucumis sativus
(cucumber) and Echinocystis lobata (wild cu-
cumber) (20). The g-fiber cells, identified in wild
cucumber by using xylan antibodies in (18), are
easily distinguished as a band of morphologically
differentiated cells consistently positioned along
the inner side of the helical tendril that lignify
during coiling (17, 18). In straight tendrils that
have not yet attached to a support (Fig. 1A), a faint
band of immature g-fiber cells is barely visible by
using darkfield microscopy (Fig. 1B), with no
ultraviolet (UV) illumination signature, indicating
the absence of lignification (Fig. 1C). In coiled
tendrils (Fig. 1D), g-fiber cells are clearly visible
(Fig. 1E) and lignified (Fig. 1F). The fiber ribbon
consists of two cell layers, with the ventral layer

on the inside of the helix showing increased lig-
nification relative to the dorsal outer layer (Fig. 1,
G andH), which is consistent with earlier observa-
tions of increased lignification on the stimulated
side of the tendril (17, 18). When a fiber ribbon is
extracted from the coiled tendril by using fungal
carbohydrolases [Driselase (Sigma-Aldrich, St.
Louis, MO)] to break down the nonlignified epi-
dermal tendril tissue (20), it retains the helical
morphology of a coiled tendril, and furthermore,
lengthwise cuts do not change its shape (Fig. 1I
and fig. S2).

These observations suggest that tendril coil-
ing occurs via asymmetric contraction of the fiber
ribbon; the ventral side shrinks longitudinally rel-
ative to the dorsal side, giving the fiber ribbon its
intrinsic curvature. The asymmetric contraction
may be generated by a variety of dorsiventral
asymmetries, including the observed differential
lignification (Fig. 1H), variations in cellulose mi-
crofibril orientation as in reaction wood, or dif-
ferential water affinities. For example, because
lignin is hydrophobic the ventral cells may expel
more water during lignification, driving increased
cell contraction. This would be consistent with
observations of extracted fiber ribbons that pas-
sively shrink and coil even further when dried but
regain their original shape when rehydrated
(movie S2). Dehydrated tendrils also exhibit this
behavior because they are dominated by the stiff
fiber ribbon (movie S3). Together, these facts
suggest that the biophysical mechanism for

tendril coiling is provided by the asymmetric con-
traction of the stiff fiber ribbon, whose resulting
curvature is imposed on the surrounding soft
tendril tissue. The perversions in a doubly sup-
ported tendril follow naturally from the topo-
logical constraint imposed by the prevention of
twist at its ends.

To better understand the origin of curvature in
fiber ribbons, we reconstituted the underlying
mechanism using a physical model composed of
two bonded, differentially prestrained silicone rub-
ber sheets, similar to rubber models for shaping
sheets (21–23). The first silicone sheet was uni-
axially stretched, and an equally thick layer of
silicone sealant was spread onto the stretched
sheet. After the sealant was fully cured, thin strips
were cut along the prestrained direction, yielding
bilayer ribbons (Fig. 2A) with intrinsic curvature
set by the relative prestrain, thickness, and stiff-
ness of the two layers (fig. S3) (20). Like fiber
ribbons, the initially straight physical models spon-
taneously form coiled configurations with two
opposite-handed helices connected by a helical
perversion (Fig. 2A, left).

However, there is an unexpected difference in
mechanical behavior between the physical mod-
els and tendril fiber ribbons. When clamped at
both ends and pulled axially, the physical model
simply unwinds to its original uncoiled state (Fig.
2A and movie S4). In contrast, in fiber ribbons
we observed a counterintuitive “overwinding”
behavior in which the ribbon coils even further
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I

Fig. 1. Tendril coiling via asymmetric contraction. During coiling, a strip of
specialized structural gelatinous fiber cells (the fiber ribbon) becomes lignified
and contracts asymmetrically and longitudinally. (A to C) A straight tendril
that has never coiled (A) lacks lignified g-fiber cells. In the tendril cross
section, darkfield (B) and UV autofluorescence (C) show no lignin signal. (D to
H) In coiled tendrils (D), the fully developed fiber ribbon consists of ∼2 layers
of highly lignified cells extending along the length of the tendril. In the tendril

cross section, darkfield (E) and UV autofluorescence (F) show strong lig-
nification in the fiber ribbon. In (G) and (H), increased magnification reveals
that ventral cells (top left) are more lignified than dorsal cells. (I) The extracted
fiber ribbon retains the helical morphology of the coiled tendril. (Inset) Higher
magnification shows the orientation of g-fiber cells along the fiber ribbon.
Scale bars, (B) and (C) 0.5 mm, (E) and (F) 100 mm, (G) and (H) 10 mm, (I)
1 mm.
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Coiling of tendrils in opposite directions

right-handed
helix

left-handed
helix

perversion

theoretical treatments have incorporated in-
trinsic curvature or differential growth without
addressing its origin or mechanical consequences
(6, 15, 16). Recent studies of tendril anatomy
(17, 18) have provided a new twist by revealing
an interior layer of specialized cells similar to
the stiff, lignified gelatinous fiber (g-fiber) cells
found in reaction wood (19). These cells provide
structural support in reaction wood via tissue
morphosis driven by cell-wall lignification, water
flux, and oriented stiff cellulose microfibrils. The
presence of a similar ribbon-like strip of g-fiber
cells in tendrils suggests that the coiling of the
soft tendril tissuemay be driven by the shaping of
this stiff, internal “fiber ribbon” (18).

We investigated the role of the fiber ribbon
during tendril coiling in both Cucumis sativus
(cucumber) and Echinocystis lobata (wild cu-
cumber) (20). The g-fiber cells, identified in wild
cucumber by using xylan antibodies in (18), are
easily distinguished as a band of morphologically
differentiated cells consistently positioned along
the inner side of the helical tendril that lignify
during coiling (17, 18). In straight tendrils that
have not yet attached to a support (Fig. 1A), a faint
band of immature g-fiber cells is barely visible by
using darkfield microscopy (Fig. 1B), with no
ultraviolet (UV) illumination signature, indicating
the absence of lignification (Fig. 1C). In coiled
tendrils (Fig. 1D), g-fiber cells are clearly visible
(Fig. 1E) and lignified (Fig. 1F). The fiber ribbon
consists of two cell layers, with the ventral layer

on the inside of the helix showing increased lig-
nification relative to the dorsal outer layer (Fig. 1,
G andH), which is consistent with earlier observa-
tions of increased lignification on the stimulated
side of the tendril (17, 18). When a fiber ribbon is
extracted from the coiled tendril by using fungal
carbohydrolases [Driselase (Sigma-Aldrich, St.
Louis, MO)] to break down the nonlignified epi-
dermal tendril tissue (20), it retains the helical
morphology of a coiled tendril, and furthermore,
lengthwise cuts do not change its shape (Fig. 1I
and fig. S2).

These observations suggest that tendril coil-
ing occurs via asymmetric contraction of the fiber
ribbon; the ventral side shrinks longitudinally rel-
ative to the dorsal side, giving the fiber ribbon its
intrinsic curvature. The asymmetric contraction
may be generated by a variety of dorsiventral
asymmetries, including the observed differential
lignification (Fig. 1H), variations in cellulose mi-
crofibril orientation as in reaction wood, or dif-
ferential water affinities. For example, because
lignin is hydrophobic the ventral cells may expel
more water during lignification, driving increased
cell contraction. This would be consistent with
observations of extracted fiber ribbons that pas-
sively shrink and coil even further when dried but
regain their original shape when rehydrated
(movie S2). Dehydrated tendrils also exhibit this
behavior because they are dominated by the stiff
fiber ribbon (movie S3). Together, these facts
suggest that the biophysical mechanism for

tendril coiling is provided by the asymmetric con-
traction of the stiff fiber ribbon, whose resulting
curvature is imposed on the surrounding soft
tendril tissue. The perversions in a doubly sup-
ported tendril follow naturally from the topo-
logical constraint imposed by the prevention of
twist at its ends.

To better understand the origin of curvature in
fiber ribbons, we reconstituted the underlying
mechanism using a physical model composed of
two bonded, differentially prestrained silicone rub-
ber sheets, similar to rubber models for shaping
sheets (21–23). The first silicone sheet was uni-
axially stretched, and an equally thick layer of
silicone sealant was spread onto the stretched
sheet. After the sealant was fully cured, thin strips
were cut along the prestrained direction, yielding
bilayer ribbons (Fig. 2A) with intrinsic curvature
set by the relative prestrain, thickness, and stiff-
ness of the two layers (fig. S3) (20). Like fiber
ribbons, the initially straight physical models spon-
taneously form coiled configurations with two
opposite-handed helices connected by a helical
perversion (Fig. 2A, left).

However, there is an unexpected difference in
mechanical behavior between the physical mod-
els and tendril fiber ribbons. When clamped at
both ends and pulled axially, the physical model
simply unwinds to its original uncoiled state (Fig.
2A and movie S4). In contrast, in fiber ribbons
we observed a counterintuitive “overwinding”
behavior in which the ribbon coils even further
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FD

I

Fig. 1. Tendril coiling via asymmetric contraction. During coiling, a strip of
specialized structural gelatinous fiber cells (the fiber ribbon) becomes lignified
and contracts asymmetrically and longitudinally. (A to C) A straight tendril
that has never coiled (A) lacks lignified g-fiber cells. In the tendril cross
section, darkfield (B) and UV autofluorescence (C) show no lignin signal. (D to
H) In coiled tendrils (D), the fully developed fiber ribbon consists of ∼2 layers
of highly lignified cells extending along the length of the tendril. In the tendril

cross section, darkfield (E) and UV autofluorescence (F) show strong lig-
nification in the fiber ribbon. In (G) and (H), increased magnification reveals
that ventral cells (top left) are more lignified than dorsal cells. (I) The extracted
fiber ribbon retains the helical morphology of the coiled tendril. (Inset) Higher
magnification shows the orientation of g-fiber cells along the fiber ribbon.
Scale bars, (B) and (C) 0.5 mm, (E) and (F) 100 mm, (G) and (H) 10 mm, (I)
1 mm.
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Twist, Writhe and Linking numbers
Ln=Tw+Wr linking number:  total number of turns of a particular end

twist: number of turns due to twisting the beam
Wr writhe:  number of crossings when curve is projected on a plane 
Tw
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Coiling of tendrils in opposite directions

right-handed
helix

left-handed
helix

perversion

theoretical treatments have incorporated in-
trinsic curvature or differential growth without
addressing its origin or mechanical consequences
(6, 15, 16). Recent studies of tendril anatomy
(17, 18) have provided a new twist by revealing
an interior layer of specialized cells similar to
the stiff, lignified gelatinous fiber (g-fiber) cells
found in reaction wood (19). These cells provide
structural support in reaction wood via tissue
morphosis driven by cell-wall lignification, water
flux, and oriented stiff cellulose microfibrils. The
presence of a similar ribbon-like strip of g-fiber
cells in tendrils suggests that the coiling of the
soft tendril tissuemay be driven by the shaping of
this stiff, internal “fiber ribbon” (18).

We investigated the role of the fiber ribbon
during tendril coiling in both Cucumis sativus
(cucumber) and Echinocystis lobata (wild cu-
cumber) (20). The g-fiber cells, identified in wild
cucumber by using xylan antibodies in (18), are
easily distinguished as a band of morphologically
differentiated cells consistently positioned along
the inner side of the helical tendril that lignify
during coiling (17, 18). In straight tendrils that
have not yet attached to a support (Fig. 1A), a faint
band of immature g-fiber cells is barely visible by
using darkfield microscopy (Fig. 1B), with no
ultraviolet (UV) illumination signature, indicating
the absence of lignification (Fig. 1C). In coiled
tendrils (Fig. 1D), g-fiber cells are clearly visible
(Fig. 1E) and lignified (Fig. 1F). The fiber ribbon
consists of two cell layers, with the ventral layer

on the inside of the helix showing increased lig-
nification relative to the dorsal outer layer (Fig. 1,
G andH), which is consistent with earlier observa-
tions of increased lignification on the stimulated
side of the tendril (17, 18). When a fiber ribbon is
extracted from the coiled tendril by using fungal
carbohydrolases [Driselase (Sigma-Aldrich, St.
Louis, MO)] to break down the nonlignified epi-
dermal tendril tissue (20), it retains the helical
morphology of a coiled tendril, and furthermore,
lengthwise cuts do not change its shape (Fig. 1I
and fig. S2).

These observations suggest that tendril coil-
ing occurs via asymmetric contraction of the fiber
ribbon; the ventral side shrinks longitudinally rel-
ative to the dorsal side, giving the fiber ribbon its
intrinsic curvature. The asymmetric contraction
may be generated by a variety of dorsiventral
asymmetries, including the observed differential
lignification (Fig. 1H), variations in cellulose mi-
crofibril orientation as in reaction wood, or dif-
ferential water affinities. For example, because
lignin is hydrophobic the ventral cells may expel
more water during lignification, driving increased
cell contraction. This would be consistent with
observations of extracted fiber ribbons that pas-
sively shrink and coil even further when dried but
regain their original shape when rehydrated
(movie S2). Dehydrated tendrils also exhibit this
behavior because they are dominated by the stiff
fiber ribbon (movie S3). Together, these facts
suggest that the biophysical mechanism for

tendril coiling is provided by the asymmetric con-
traction of the stiff fiber ribbon, whose resulting
curvature is imposed on the surrounding soft
tendril tissue. The perversions in a doubly sup-
ported tendril follow naturally from the topo-
logical constraint imposed by the prevention of
twist at its ends.

To better understand the origin of curvature in
fiber ribbons, we reconstituted the underlying
mechanism using a physical model composed of
two bonded, differentially prestrained silicone rub-
ber sheets, similar to rubber models for shaping
sheets (21–23). The first silicone sheet was uni-
axially stretched, and an equally thick layer of
silicone sealant was spread onto the stretched
sheet. After the sealant was fully cured, thin strips
were cut along the prestrained direction, yielding
bilayer ribbons (Fig. 2A) with intrinsic curvature
set by the relative prestrain, thickness, and stiff-
ness of the two layers (fig. S3) (20). Like fiber
ribbons, the initially straight physical models spon-
taneously form coiled configurations with two
opposite-handed helices connected by a helical
perversion (Fig. 2A, left).

However, there is an unexpected difference in
mechanical behavior between the physical mod-
els and tendril fiber ribbons. When clamped at
both ends and pulled axially, the physical model
simply unwinds to its original uncoiled state (Fig.
2A and movie S4). In contrast, in fiber ribbons
we observed a counterintuitive “overwinding”
behavior in which the ribbon coils even further
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Fig. 1. Tendril coiling via asymmetric contraction. During coiling, a strip of
specialized structural gelatinous fiber cells (the fiber ribbon) becomes lignified
and contracts asymmetrically and longitudinally. (A to C) A straight tendril
that has never coiled (A) lacks lignified g-fiber cells. In the tendril cross
section, darkfield (B) and UV autofluorescence (C) show no lignin signal. (D to
H) In coiled tendrils (D), the fully developed fiber ribbon consists of ∼2 layers
of highly lignified cells extending along the length of the tendril. In the tendril

cross section, darkfield (E) and UV autofluorescence (F) show strong lig-
nification in the fiber ribbon. In (G) and (H), increased magnification reveals
that ventral cells (top left) are more lignified than dorsal cells. (I) The extracted
fiber ribbon retains the helical morphology of the coiled tendril. (Inset) Higher
magnification shows the orientation of g-fiber cells along the fiber ribbon.
Scale bars, (B) and (C) 0.5 mm, (E) and (F) 100 mm, (G) and (H) 10 mm, (I)
1 mm.
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Link = Twist + Writhe

Coiling in the same direction 
increases Writhe, which needs to 

be compensated by the twist.

Note: there is no bending energy 
when the curvature of two helices 
correspond to the spontaneous 
curvature due to the differential 

shrinking of fiber.

In order to minimize the twisting 
energy tendrils combine two helical 

coils of opposite handedness
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Overwinding of tendril coils

w
hen

pulled,
adding

turns
on

both
sides

of
the

perversion
(Fig.2A

,right,and
m
ovie

S5).E
ven-

tually
though,

under
high

enough
tension

the
fiberribbon

unw
inds,returning

to
a
flat,uncoiled

state
as

expected
(m

ovie
S5).

Inspired
by

our
observations

of
asym

m
etric

lignification
in

fiber
ribbons,w

hich
suggestthat

the
inner

layer
is

less
extensible,

w
e
added

a
relatively

inextensible
fabric

ribbon
to

the
inside

of
a
coiled

physical
m
odel.

To
m
im

ic
lignified

cells
that

resist
com

pression,
w
e
added

an
in-

com
pressible

copper
w
ire

to
the

exterior
of

the
helix.

T
he

internal
fabric

ribbon
prevents

elon-
gation,w

hereasthe
externalcopperw

ire
prevents

contraction.Together,these
m
odificationsincrease

Fig.3.M
echanicalconsequencesofoverwinding.(A

and
B)

Force
extension

curves
for

one
young

tendrilthatdoes
not

overwind
(red

curves)
and

one
old

tendril
that

exhibits
substantial

overwinding
(blue

curves).
Each

tendril
was

separated
into

a
segm

entcontaining
the

helicalperversion
(dotted

curves
indicate

perverted)
and

a
segm

ent
with

no
perversion

(solid
curves

indicate
clam

ped).The
dim

ension-
less

force
F ∼
is
plotted

against
the

scaled
displacem

ent∆
l

(detailed
definitions

are
available

in
the

supplem
entary

m
aterials)

in
(A).The

difference
in

scaled
force

due
to

the
helicalperversion

∆
f=

f(perverted)−
f(clam

ped)
is
plotted

against∆
lin

(B).The
shaded

range
in
(B)indicatesvariations

in
the

fitted
initial

slope
value.

(C)
Dim

ensionless
force-

extension
curvesare

plotted
fornum

ericalfilam
entswith

B/C
values

1/5
(red),1

(green),5
(blue).(Inset)Log-linear

plot
of

the
sam

e
data.

(D
)
The

difference
in

force
∆
F ∼

=
F ∼(perverted)−

F ∼(clam
ped)highlightsthe

m
echanicaleffect

of
the

helicalperversion.For
B
<
C,the

perversion
always

decreasesthe
force

needed
to
axiallyextend

the
filam

ent;for
B
>
C,the

perversion
initially

decreasesthe
force

needed
but

eventually
increases

this
necessary

force
at

higher
exten-

sions.(Inset)∆
fis

plotted
against∆lfor

directcom
parison

with
the

experim
entaldata.

Fig.
2.

Twistless
springs

unwinding
and

overwinding.(A)A
silicone

twistless
spring

with
lower

bending
stiffness

B
than

twisting
stiffness

C
unwinds

when
pulled,returning

to
itsoriginalflatshape.(B)W

hen
a
fiberribbon

ispulled,it
initiallyoverwinds,adding

one
extra

turn
to
each

side
ofthe

perversion
(num

ber
ofturnsare

indicated
in
white).(C)Overwinding

isinduced
in
the

silicone
m
odel

byadding
a
relativelyinextensible

(undertension)fabricribbon
to
the

interiorof
the

helix
and

an
inextensible

(undercom
pression)copperwire

to
the

exterior.

Together,these
increase

the
ratio

B/C.(D
)W

hen
B/C

>
1,num

ericalsim
ulations

of
elastic

helical
filam

ents
recapitulate

this
overwinding

behavior,
which

is
consistentwith

physicaland
biologicalexperim

ents.(E)Change
in
the

num
ber

ofturnsin
each

helix∆
N
isplotted

versusscaled
displacem

ent∆
lforB/C

values
1/5

(red),1
(green),and

5
(blue).Overwinding

becom
esm

ore
pronounced

with
increasing

B/C.(F)Overwinding
isalso

observed
in
old

tendrils,which
have

dried
and

flattened
into

a
ribbon-like

shape
with

B/C
>
1.Scale

bars,1
cm

.

w
w
w
.sciencem

ag.org
SC

IEN
C
E

VO
L
337

31
A
U
G
U
ST

2012
1089

REPO
RTS

 on August 30, 2012www.sciencemag.orgDownloaded from 

w
hen

pulled,
adding

turns
on

both
sides

of
the

perversion
(Fig.2A

,right,and
m
ovie

S5).E
ven-

tually
though,

under
high

enough
tension

the
fiberribbon

unw
inds,returning

to
a
flat,uncoiled

state
as

expected
(m

ovie
S5).

Inspired
by

our
observations

of
asym

m
etric

lignification
in

fiber
ribbons,w

hich
suggestthat

the
inner

layer
is

less
extensible,

w
e
added

a
relatively

inextensible
fabric

ribbon
to

the
inside

of
a
coiled

physical
m
odel.

To
m
im

ic
lignified

cells
that

resist
com

pression,
w
e
added

an
in-

com
pressible

copper
w
ire

to
the

exterior
of

the
helix.

T
he

internal
fabric

ribbon
prevents

elon-
gation,w

hereasthe
externalcopperw

ire
prevents

contraction.Together,these
m
odificationsincrease

Fig.3.M
echanicalconsequencesofoverwinding.(A

and
B)

Force
extension

curves
for

one
young

tendrilthatdoes
not

overwind
(red

curves)
and

one
old

tendril
that

exhibits
substantial

overwinding
(blue

curves).
Each

tendril
was

separated
into

a
segm

entcontaining
the

helicalperversion
(dotted

curves
indicate

perverted)
and

a
segm

ent
with

no
perversion

(solid
curves

indicate
clam

ped).The
dim

ension-
less

force
F ∼
is
plotted

against
the

scaled
displacem

ent∆
l

(detailed
definitions

are
available

in
the

supplem
entary

m
aterials)

in
(A).The

difference
in

scaled
force

due
to

the
helicalperversion

∆
f=

f(perverted)−
f(clam

ped)
is
plotted

against∆
lin

(B).The
shaded

range
in
(B)indicatesvariations

in
the

fitted
initial

slope
value.

(C)
Dim

ensionless
force-

extension
curvesare

plotted
fornum

ericalfilam
entswith

B/C
values

1/5
(red),1

(green),5
(blue).(Inset)Log-linear

plot
of

the
sam

e
data.

(D
)
The

difference
in

force
∆
F ∼

=
F ∼(perverted)−

F ∼(clam
ped)highlightsthe

m
echanicaleffect

of
the

helicalperversion.For
B
<
C,the

perversion
always

decreasesthe
force

needed
to
axiallyextend

the
filam

ent;for
B
>
C,the

perversion
initially

decreasesthe
force

needed
but

eventually
increases

this
necessary

force
at

higher
exten-

sions.(Inset)∆
fis

plotted
against∆lfor

directcom
parison

with
the

experim
entaldata.

Fig.
2.

Twistless
springs

unwinding
and

overwinding.(A)A
silicone

twistless
spring

with
lower

bending
stiffness

B
than

twisting
stiffness

C
unwinds

when
pulled,returning

to
itsoriginalflatshape.(B)W

hen
a
fiberribbon

ispulled,it
initiallyoverwinds,adding

one
extra

turn
to
each

side
ofthe

perversion
(num

ber
ofturnsare

indicated
in
white).(C)Overwinding

isinduced
in
the

silicone
m
odel

byadding
a
relativelyinextensible

(undertension)fabricribbon
to
the

interiorof
the

helix
and

an
inextensible

(undercom
pression)copperwire

to
the

exterior.

Together,these
increase

the
ratio

B/C.(D
)W

hen
B/C

>
1,num

ericalsim
ulations

of
elastic

helical
filam

ents
recapitulate

this
overwinding

behavior,
which

is
consistentwith

physicaland
biologicalexperim

ents.(E)Change
in
the

num
ber

ofturnsin
each

helix∆
N
isplotted

versusscaled
displacem

ent∆
lforB/C

values
1/5

(red),1
(green),and

5
(blue).Overwinding

becom
esm

ore
pronounced

with
increasing

B/C.(F)Overwinding
isalso

observed
in
old

tendrils,which
have

dried
and

flattened
into

a
ribbon-like

shape
with

B/C
>
1.Scale

bars,1
cm

.
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Old tendrils overwind when stretched.

re
la

xe
d

st
re

tc
he

d

S. J. Gerbode et al., Science 337, 1087 (2012)

Rubber model unwinds when stretched.

re
la
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d
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d
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Overwinding of tendril coils

S. J. Gerbode et al., Science 337, 1087 (2012)

Preferred curved state Flattened state

In tendrils the red inner layer 
is much stiffer then the 

outside blue layer.

In rubber models both layers 
have similar stiffness.

High bending energy cost 
associated with stretching 

of the stiff inner layer! 

Small bending energy.
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w
hen

pulled,
adding

turns
on

both
sides

of
the

perversion
(Fig.2A

,right,and
m
ovie

S5).E
ven-

tually
though,

under
high

enough
tension

the
fiberribbon

unw
inds,returning

to
a
flat,uncoiled

state
as

expected
(m

ovie
S5).

Inspired
by

our
observations

of
asym

m
etric

lignification
in

fiber
ribbons,w

hich
suggestthat

the
inner

layer
is

less
extensible,

w
e
added

a
relatively

inextensible
fabric

ribbon
to

the
inside

of
a
coiled

physical
m
odel.

To
m
im

ic
lignified

cells
that

resist
com

pression,
w
e
added

an
in-

com
pressible

copper
w
ire

to
the

exterior
of

the
helix.

T
he

internal
fabric

ribbon
prevents

elon-
gation,w

hereasthe
externalcopperw

ire
prevents

contraction.Together,these
m
odificationsincrease

Fig.3.M
echanicalconsequencesofoverwinding.(A

and
B)

Force
extension

curves
for

one
young

tendrilthatdoes
not

overwind
(red

curves)
and

one
old

tendril
that

exhibits
substantial

overwinding
(blue

curves).
Each

tendril
was

separated
into

a
segm

entcontaining
the

helicalperversion
(dotted

curves
indicate

perverted)
and

a
segm

ent
with

no
perversion

(solid
curves

indicate
clam

ped).The
dim

ension-
less

force
F ∼
is
plotted

against
the

scaled
displacem

ent∆
l

(detailed
definitions

are
available

in
the

supplem
entary

m
aterials)

in
(A).The

difference
in

scaled
force

due
to

the
helicalperversion

∆
f=

f(perverted)−
f(clam

ped)
is
plotted

against∆
lin

(B).The
shaded

range
in
(B)indicatesvariations

in
the

fitted
initial

slope
value.

(C)
Dim

ensionless
force-

extension
curvesare

plotted
fornum

ericalfilam
entswith

B/C
values

1/5
(red),1

(green),5
(blue).(Inset)Log-linear

plot
of

the
sam

e
data.

(D
)
The

difference
in

force
∆
F ∼

=
F ∼(perverted)−

F ∼(clam
ped)highlightsthe

m
echanicaleffect

of
the

helicalperversion.For
B
<
C,the

perversion
always

decreasesthe
force

needed
to
axiallyextend

the
filam

ent;for
B
>
C,the

perversion
initially

decreasesthe
force

needed
but

eventually
increases

this
necessary

force
at

higher
exten-

sions.(Inset)∆
fis

plotted
against∆lfor

directcom
parison

with
the

experim
entaldata.

Fig.
2.

Twistless
springs

unwinding
and

overwinding.(A)A
silicone

twistless
spring

with
lower

bending
stiffness

B
than

twisting
stiffness

C
unwinds

when
pulled,returning

to
itsoriginalflatshape.(B)W

hen
a
fiberribbon

ispulled,it
initiallyoverwinds,adding

one
extra

turn
to
each

side
ofthe

perversion
(num

ber
ofturnsare

indicated
in
white).(C)Overwinding

isinduced
in
the

silicone
m
odel

byadding
a
relativelyinextensible

(undertension)fabricribbon
to
the

interiorof
the

helix
and

an
inextensible

(undercom
pression)copperwire

to
the

exterior.

Together,these
increase

the
ratio

B/C.(D
)W

hen
B/C

>
1,num

ericalsim
ulations

of
elastic

helical
filam

ents
recapitulate

this
overwinding

behavior,
which

is
consistentwith

physicaland
biologicalexperim

ents.(E)Change
in
the

num
ber

ofturnsin
each

helix∆
N
isplotted

versusscaled
displacem

ent∆
lforB/C

values
1/5

(red),1
(green),and

5
(blue).Overwinding

becom
esm

ore
pronounced

with
increasing

B/C.(F)Overwinding
isalso

observed
in
old

tendrils,which
have

dried
and

flattened
into

a
ribbon-like

shape
with

B/C
>
1.Scale

bars,1
cm
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Tendrils try to keep the preferred 
curvature when stretched!
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Overwinding of rubber models with an 
additional stiff fabric on the inside layers

w
hen

pulled,
adding

turns
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both
sides

of
the

perversion
(Fig.2A

,right,and
m
ovie

S5).E
ven-
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the
fiberribbon

unw
inds,returning
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a
flat,uncoiled
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ovie
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m
etric

lignification
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fiber
ribbons,w
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the
inner

layer
is
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extensible,

w
e
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a
relatively

inextensible
fabric

ribbon
to

the
inside

of
a
coiled

physical
m
odel.

To
m
im

ic
lignified

cells
that

resist
com

pression,
w
e
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an
in-

com
pressible

copper
w
ire

to
the

exterior
of

the
helix.

T
he

internal
fabric

ribbon
prevents

elon-
gation,w

hereasthe
externalcopperw

ire
prevents

contraction.Together,these
m
odificationsincrease

Fig.3.M
echanicalconsequencesofoverwinding.(A

and
B)

Force
extension

curves
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not

overwind
(red

curves)
and
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tendril
that

exhibits
substantial

overwinding
(blue

curves).
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tendril
was

separated
into

a
segm

entcontaining
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helicalperversion
(dotted

curves
indicate

perverted)
and

a
segm

ent
with

no
perversion

(solid
curves

indicate
clam

ped).The
dim

ension-
less

force
F ∼
is
plotted

against
the

scaled
displacem

ent∆
l

(detailed
definitions

are
available

in
the

supplem
entary

m
aterials)

in
(A).The

difference
in

scaled
force

due
to
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helicalperversion

∆
f=

f(perverted)−
f(clam

ped)
is
plotted

against∆
lin

(B).The
shaded

range
in
(B)indicatesvariations

in
the

fitted
initial

slope
value.

(C)
Dim

ensionless
force-

extension
curvesare

plotted
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ericalfilam
entswith

B/C
values

1/5
(red),1

(green),5
(blue).(Inset)Log-linear

plot
of

the
sam

e
data.

(D
)
The

difference
in

force
∆
F ∼

=
F ∼(perverted)−

F ∼(clam
ped)highlightsthe

m
echanicaleffect

of
the

helicalperversion.For
B
<
C,the

perversion
always

decreasesthe
force

needed
to
axiallyextend

the
filam

ent;for
B
>
C,the

perversion
initially

decreasesthe
force

needed
but

eventually
increases

this
necessary

force
at

higher
exten-

sions.(Inset)∆
fis

plotted
against∆lfor

directcom
parison

with
the

experim
entaldata.
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Twistless
springs
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and
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silicone
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spring

with
lower

bending
stiffness

B
than

twisting
stiffness

C
unwinds

when
pulled,returning

to
itsoriginalflatshape.(B)W

hen
a
fiberribbon

ispulled,it
initiallyoverwinds,adding

one
extra

turn
to
each

side
ofthe

perversion
(num

ber
ofturnsare

indicated
in
white).(C)Overwinding

isinduced
in
the

silicone
m
odel

byadding
a
relativelyinextensible

(undertension)fabricribbon
to
the

interiorof
the

helix
and

an
inextensible

(undercom
pression)copperwire

to
the

exterior.

Together,these
increase

the
ratio

B/C.(D
)W

hen
B/C

>
1,num

ericalsim
ulations

of
elastic

helical
filam

ents
recapitulate

this
overwinding

behavior,
which

is
consistentwith

physicaland
biologicalexperim

ents.(E)Change
in
the

num
ber

ofturnsin
each

helix∆
N
isplotted

versusscaled
displacem

ent∆
lforB/C

values
1/5

(red),1
(green),and

5
(blue).Overwinding

becom
esm

ore
pronounced

with
increasing

B/C.(F)Overwinding
isalso

observed
in
old

tendrils,which
have

dried
and

flattened
into

a
ribbon-like

shape
with

B/C
>
1.Scale

bars,1
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Overwinding of helix with infinite bending modulus 

x

y
z

2r0

p

pi
tc

h

diameter

Mathematical description

~r(s) =

✓
r0 cos(s/�), r0 sin(s/�),

p

2⇡�
s

◆

� =
q
r20 + (p/2⇡)2

Infinite bending modulus fixes the 
helix curvature during stretching

Z

length of the 
helix backboneL

number
of loops

Z = pN = p(L/2⇡�)

K =
r0

r20 + (p/2⇡)2

N =
Z

p

Helix pitch and radius

r0 =
1

K

✓
1� Z2

L2

◆

p =
2⇡Z

KL

r
1� Z2

L2

Number of loops

N =
Z

p
=

KL

2⇡
p

1� (Z/L)2



0 0.2 0.4 0.6 0.8 1
0

0.5
1

1.5
2

2.5
3

3.5
4

28

Overwinding of helix with infinite bending modulus 
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