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Flat sheets patterned with folds, cuts or swelling regions can deform into complex
three-dimensional shapes under external stimuli*2*. However, current strategies
require prepatterning and lack intrinsic shape selection®2*. Moreover, they either rely
on permanent deformations

61711718 hreventing corrections or erasure of ashape, or

sustained stimulation®” %, thus yielding shapes that are unstable. Here we show that
shape-morphing strategies based on mechanical multistability can overcome these
limitations. We focus on undulating metasheets that store memories of mechanical
stimuliin patterns of self-stabilizing scars. After removing external stimuli, scars
persist and force the sheet to switch to sharply selected curved, curled and twisted
shapes. These stable shapes can be erased by appropriate forcing, allowing rewritable
patterns and repeated and robust actuation. Our strategy is material agnostic,
extendable to other undulation patterns and instabilities, and scale-free, allowing
applications from miniature to architectural scales.

The transformation of flat sheets into three-dimensional (3D) shapes
is fundamental in nature, science and technology. Patterns of shrink-
ing and stretching underlie the wrinkling of leaves, skin and torn
plastic sheets, as well as the reshaping of lettuce leaves and organ
tissue' ™. These processes have inspired shape-morphing strategies
for man-made sheets that shrink or grow under light, heat, pres-
sure or chemical stimuli®™. Likewise, purely geometric origami- and
kirigami-based strategies leverage patterns of folds and cuts for the
formation of 3D shapes™ ™. Together, these strategies yield applications
ranging from self-folding robots to smart actuators and microelectro-
mechanical systems (MEMS)7 %2 Ideal shape-morphing strategies are
simple and yield a variety of stable and precisely selected 3D shapes.
However, current strategies require complex prepatterning of the
sheet (with cuts, folds, optical markers, swelling regions, pre-stress
or director fields)*?*. Moreover, strategies based on reversible actua-
tion produce shapes that relax when the stimulus is removed>’ %,
whereas strategies based on irreversible deformations are prone to
overshooting®**'7!8 This provokes the question: are there robust
shape-morphing strategies that inherently combine stability and
selectivity? Here, we leverage multistability to address this challenge.
To demonstrate the power of multistability, we introduce the specific
class of groovy metasheets as a new shape-morphing platform that
allows repeated switching from the flat state to multiple, precisely
selected and stable 3D shapes.

Our metasheets are thin sheets embossed with patterns of parallel
grooves, reminiscent of corrugated plate materials (Fig. 1a,b; Methods)
whose high effective stiffness-to-density ratio have made them desir-
able construction materials and subject of extensive research®. These
metasheets morph via a two-step process. In the first step, stretching
with pointforcesinduces hallmark snap-through defectsineachgroove
(Fig.1c; Methods). Under continued forcing, these multistable defects
self-organize into a scar (Fig. 1d). Scar formation is robust and

insensitive to perturbed or excess forcing, and produces the building
blocks of our reshaping patterns. In the second step, external forces
areremoved. Away fromthe scar, the sheetaims torelax toits unstressed
state; however, the scar remains, encoding local stretching and forcing
the metasheet to reproducibly switch to a precise 3D shape (Fig. 1e)
thatis stable to perturbations (Fig.1f). Applying a suitable strong flat-
tening force erases the pattern and returns the metasheet to itsinitial
state (Fig. 1g). Vitally, the grooves allow effective stretching of the
metasheet without plastic stretching of the constituent material, pro-
vided the groove’s radius r and thickness ¢ and the material’s Young’s
modulus E and yield strength o, obey the relation ? > % asisthe
case here; consequently, minimal permanent damage toa properly
designed sheetis observed during formation and erasure of scars and
shapes (Methods). This example illustrates that groovy metasheets
encode mechanically rewritable patterns that allow stable, robust,
simple and repeatable formation of 3D shapes.

Thegrooves play multiple roles. First, they endow a metasheet with
unusual soft deformations that have proven useful for the morphing
of aircraft skins®. Stretching and bending along the groove direction
v necessitate material stretching and are thus stiff (Fig. 2a), whereas
stretchingand bendingalong the perpendicular direction only require
material bending and are thus soft (Fig. 2b). This allows soft metasheet
deformations to be modelled as ruled surfaces® (Methods). Consistent
with this, grooved sheets enable soft splay and twist deformations that
arenotaccessiblein flat sheets (Fig.2c). The grooves thus enlarge the
space of attainable shapes. Second, the grooves facilitate the forma-
tion of defects. Appropriate forcing, such as denting, creates defects
similar to those in cylindrical shells or tape-springs'®” . These defects
produce an ‘H’-shaped mean curvature pattern®® (Fig. 2d) and denting
from opposite sides of the sheet yields defects with positive or negative
curvature. Defectsintroduce geometrical frustration and store energy:
theirlocal stretching along &, sharp bending along vand adent along z

AMOLF, Amsterdam, the Netherlands. ZHuygens-Kamerlingh Onnes Laboratory, Universiteit Leiden, Leiden, the Netherlands. *School of Engineering and Applied Sciences, Harvard University,

Cambridge, MA, USA. ¥e-mail: a.meeussen@gmail.com

516 | Nature | Vol 621 | 21 September 2023


https://doi.org/10.1038/s41586-023-06353-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06353-5&domain=pdf
mailto:a.meeussen@gmail.com

Stable

d Pattern e I

\
Mk

Fig.1| Two-step shape-morphingingroovy metasheets. a, Left: side view of
undeformed groove geometry with wavelength A, amplitude A4, arclengths,
thickness¢, includinga curved section of radius rand angle 8 and aflat section
oflength [.Right: groovy sheet schematic showinglocal coordinate frame

(€, v,0).b,Agroovy sheet, thermoformed from 40-um-thick polyethylene
terephthalate (PET) plastic (Methods). ¢,d, First, stretching by point forcing

(c) along leads to nucleation of defects (dashed circles), which organize ina
scar (d).e-g,Second, after release, the scar forces the sheet toswitch toarolled
state (e) thatisstable (f) yet erasable (g).

require material stretching, asevidenced by sharp peaksin the Gaussian
curvature (Fig. 2d; Methods). Crucially, the formation of defects is
hysteretic, and defects can be erased by flattening the grooves via,
for example, stretching. Therefore, grooves allow storage of elastic
energy and memories of external forcing. Third, sheet distortions
governed by the grooves facilitate the binding of defects into stable
scars (Fig. 2e and Supplementary Video 1), which we demonstrate by
generating two adjacent defects and dragging one along its groove.
Well-separated defects are weakly pinned and easily moved (Fig. 2e(i)).
Whenthe defects are subsequently brought closer, repulsive interac-
tions cause the mobile defect to spontaneously glide back (Fig. 2e(ii)).
However, when the defects are brought very close, they attract and
bind into an aligned configuration (Fig. 2e(iii)). This attraction is
associated with a lowering of the elastic energy, as confirmed by
simulations (Methods). Interactions between non-adjacent defects
are weak (Methods and Supplementary Video 1). Attraction between
adjacent defects thus produces robust stable scars, which, inanalogy
with origami, we refer to as mountains (+) and valleys (-). By contrast
todiscrete pop-through defects that can be used to shape periodically
patterned sheets'>*'** and corrugated tubes®, our strategy does not
require one-by-one creation of individual defects and allows for scars
whose location and orientation can be continuously controlled by
simple manipulations. Hence, the grooves facilitate easy writing and
erasure of scar patterns.
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Fig.2|Groovysheet geometry causes unusual mechanics. a-c, Undulations
produce deformations that are very stiff (a), very soft (b) and of intermediate
stiffness (c). The deformationsinband c canbe approximated as ruled
surfaces.d, Left: 3D scan of asheet with abistable defect (Methods),

which causes alocal kink but no significant overall deformation. Shading
corresponds to mean curvature. Right: mean (K,,,) and Gaussian (K,) curvature
near the defect. e, Adjacent defects ((i), dashed circles) glide along grooves
under localforcing (brown arrows) or spontaneous motion (pink arrows).
Defects exhibit medium-range repulsion (ii) and short-range attraction (iii),
allowing defectstoalignintoscars. f, Snapshots of scar formation. Defects
(dashed circles) propagate stepwise from the forcing points (white arrows)
untilanavalancheyields a contiguous scar. Time stamps are shown. g, Force F
versus extensiond during scar formation; snapshotsinfareindicated by
colouredstars. Stretching the sheet continuously increases the force,
interrupted by minor drops when defects form (enlargement, right).
Abruptscar creation results inamajor force drop and transition to asecond
stablestate. Scalebars, 2 cm.
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AsshowninFigs.1and 2f, the defects that formascar initially propa-
gate from the forcing points in discrete steps, after which the rest of
scar forms nearly instantaneously. This observation raisesimportant
questions about the underlying mechanisms of scar formation. We can
capture its phenomenology qualitatively based on two assumptions
consistent with our experimental observations (Fig. 2f,g; Methods).
First, defects are bistable structures that switch from a high-stress,
smoothly curved configuration to a low-stress defect configuration.
Second, defect formation requires local stretching along the soft direc-
tion £ and is promoted by bending along the stiff groove direction v.
Thus, globally, defects form most easily near the edges where point
forcesare applied along & and locally, defects—which bend the grooves
along v—facilitate the formation of neighbouring defects. In this
picture, defects are first created one by one near the forcing location,
as stress heterogeneity throughout the sheet is strong and coopera-
tive effects are weak. Once multiple defects have been formed, stress
heterogeneity weakens—requiring larger overall stresses to initiate
defect formation—and cooperative effects become stronger. This
eventually leads to an avalanche where the remaining part of the scar
forms essentially instantaneously. Hence, we suggest that the propaga-
tion of defects follows fromasubtle balance between cooperative and
anticooperative effects (Methods).

Scars encode local stretching of the metasheet to yield complex
yet controlled shapes. Consider a roll consisting of a scarred region
flanked by two unscarred wings (Fig. 3a). Each defect locally flat-
tens the metasheet yielding unidirectional extension along the scar.
The wings accommodate this extension via soft splay and stretch
deformations and the formation of a kink near the scar, yet relax
near the sheet’s edge (Fig. 3a, inset). A single groove in the scarred
metasheet forms twoisosceles trapezoids—isolated snapped grooves
form similar shapes—and tiling these yields a roll with a circular
scar (Fig. 3b). A spring-based model shows the same phenomena
(Fig. 3c; Methods). Hence, we can describe scarred metasheets as
stitched ruled surfaces, where patches of ruled surfaces are stitched
together by stretched scars (Methods). This geometrical picture
also captures our observation that the roll curvature diminishes for
increased wingspan (Methods). Hence, the combination of scar
stretching and flexural properties drives shape-morphing in groovy
metasheets.

Using multiple scars produces complex shapes that are accurately
described as stitched ruled surfaces (Fig. 3d,e; Methods). First, we note
that two scars of opposite sign cannot formaroll, owing to geometric
incompatibility, and instead form a helical structure (Fig. 3d). The
surface in between the scars exhibits significant twist, reflecting the
anomalous soft deformations of our metasheets. Second, two adjacent
scars of equal sign form a dual rolled structure (Fig. 3e). Here, too, we
observe twisting of the surface that connects the scars—this can be
understood intuitively by noting that the metasheetis stretched along §
bybothscarswhich canberelaxed by twisting. A precise understanding
of this emergence of twist can be obtained by modelling the relative
energy penalties of sheet deformations (bend, stretch, splay and twist)
and scar bending (Supplementary Information). Such models also
correctly capture our observations that asingle-scarred roll exhibits a
bifurcation from anon-twisted state for short wings, to atwisted state
for long wings (Fig. 3f; Methods).

Toextend the space of achievable shapes, we relax our tacit assump-
tions that scars span the full sheet, that scarred sheets have no self-
contacts, and that scar and grooves are perpendicular (Fig. 4a-d).
First, scars with alternating positive and negative sign canbe chained,
yielding ribbons with arbitrary curvature sign alternations such as an
‘«’-shape (Fig. 4a). Similarly, scars may be robustly terminated mid-
sheet by using small perforations that function as local edges, allowing
juxtaposition of curved and non-curved regions (Fig. 4b). Second,
long sheet strips with a central scar may self-block during the rolling
process viastericinteractions, producing pretzel-like shapes (Fig. 4c).
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Fig.3|Scarred sheetsyield complex yet controlled shapes.a, 3D-scanned
subsection of asingle-scarred (schematic, left), rolled 75-pm-thick PET plastic
groovy metasheet. Coloursindicate mean curvature asaguide to the eye. Right:
sheetsectionsatthescarand near the edge (black lines) and their best-fit circles
(greylines).b, Asingle groove with a defect (left) and asketch of its footprint
(middle). Tiling scarred grooves without additional deformation yieldsaroll
(right). ¢, Acoupled-spring model exhibits the same phenomenology, and
illustrates how local strain (colours) is distributed. d, Opposite-parity scars
(left) produce helicoidal geometries (middle, scale bar, 2 cm) that are well
approximated by geometric stitched ruled surfaces (right). e, Scars of equal
parityyieldrolled and twisted shapes. f, Experimental twist bifurcationin angle
aatlargesize W;ofasingle-scarred sheet (left) is reproduced by including
deformation energy penaltiesin the ruled-surface model (right). For details,
see Methods.

Lastly, strips with grooves and a central scar that are not orthogonal
form corkscrews; allowing self-blocking yields characteristic helical
perversions (Fig. 4d). Combining chaining, terminating, steric inter-
actions and scar angles yields a wide variety of shapes. Groovy sheet
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Fig.4|Pluripotent shape-morphingindiversescarred groovy metasheets.
a, Twoscars, adjoined but of opposite sign (top, schematic), yield S-shaped
sheets of alternating curvature (bottom). b, Holes allow scars to terminate
midsheet, resulting ininterstitial flat sections. c,d, Steric hindrance leads to
pretzelrolls (c) or helical perversions whenscar and grooves are non-parallel
(d).Sheetsina-dare cut from commercial corrugated PET film (¢ =15 pum,
A=1mm,A=3.7 mm) withsilicone rubber spray coating of 20 + 10 pum for
visualization. Scale bars,1cm. e, Shape-morphingis material independent:

shape-morphing is realizable in a range of materials (Fig. 4¢e) as well
as across a range of scales (Fig. 4f). In addition, scars endow groove
sheets with load-bearing capabilities (Fig. 4f).

Our multistability-based strategy for robust, stable and repeatable
shape-morphingisscale-free and can be extended using, forexample,
non-parallel undulations. We anticipate that combinations of multi-
stable, reversible and irreversible strategies will bring metasheets
with unprecedented switching, actuation and morphing capabilities
within reach, with applications in sensing and actuation, prosthet-
ics and wearables, design, (soft) robotics, self-learning materials and
mechanical information processing.

3D-printed flexible polyester (left) and commercial corrugated PET film (right)
show similar stability and shape. Scalebars, 5cm. f,Sheets reshape across
scales: commercial corrugated PET film (top) and PE roofing (bottom) differin
size by nearly two orders of magnitude (A =5mmand 100 mm), but show similar
helical shapes (compare with Fig.3d). g, Multiple opposing scars (schematic
shownininset) lead torigid curved structures:a2.9 gsheet (¢=23 pm,A=2mm,
A=6.4 mm), which normally buckles under gravity, now supports tentimesits
ownweight (black oblong,32.3 g).Scalebar,2cm.
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Methods

Sheet fabrication and shape

We thermoform biaxially oriented polyethylene terephthalate sheets
(Dupont Teijin Mylar-A) to obtain reproducable corrugated geom-
etries (Extended DataFig.1). The 25-100-pm-thick PET films are placed
on a30-by-30 cm aluminium sheet with machined grooves. Screw-in
insertsare used to push the filminto each corrugation (Extended Data
Fig.1a). The assembly is heated to 120 °C for approximately 1.5hina
commercial oven, followed by around an at least 2 h cooling period
before removal of the formed sheet. The mould’s geometry is set by
amplitude A = 6.8 mm, wavelengthA = 7.4 mm, mean radius of curvature
R=1.5mm, groove angle 8=160°, facet length /=4.4 mm and insert
spacing d =50 pm (Extended Data Fig. 1b). A typical resulting groove
shape for 75-pum-thick film is illustrated in Extended Data Fig. 1c,d,
showing agood match between mould and sheet shape.

Elastic and plastic deformations

We investigate under which conditions our sheets behave elastically,
and show that defects do not lead to appreciable plastic deformation
of groovy sheets. Shape-morphed groovy sheets exhibit defects anal-
ogousto those found in snapped tape-spring measures. Previous work
has shown that the maximal change of curvature across the snapped
region is approximately equal to the tape’s initial curvature®. On the
basis of this finding, we estimate the maximal straininduced by a defect
inagroovysheetase,,, = %. Assuming an elastic-plastic material model
o=Eein whiclt1 € <t€y£' o=Ee¢, =0, €>¢, theno-yield condition s then
givenby R > 26,= 20,

Fracture testing following ASTM-D882 on three Mylar-A samples
using anInstron 3360 universal testing machine and Instron2530100 N
static load cell produce an average yield strain of ¢,= 0.025+ 0.007.
Sheets of thickness t = [25, 50, 75,100] pum used in this work thus require
groove radius of curvature R >[0.5,1, 1.5, 2] mm to ensure elastic
behaviour. Sheets used throughout this paper lie above this bound-
ary and, consistent with this fact, we observe no appreciable plastic
deformation, indicating that elasticity rather than plasticity governs
shape-morphingin groovy sheets.

We emphasize that the above rule of thumb is material agnostic. For
example, for metal sheeting, atypical Young’s modulus £= ©(100) GPa
and yield stress g, = 0(0.1) GParesultin R > 500¢; at a typical thick-
ness t= 0.5 mm, groove radius designs above R = 25 cm should result
ingroovy sheets with elastic reshaping behaviour.

Defect formation energy
We measure the formation energy of a single defect in a 75-pm-thick
groovy sheet of W=100 + 5 mm length (Extended Data Fig. 2).

We use a horizontal Instron 4900-series universal testing machine
outfitted with an Instron 2530 10 N load cell. The sample is placed on
twosstiff supports w =50 mmapart and probed with anindenter secured
tothe sample with aball magnet (Extended Data Fig. 2a). Theindenter
isdisplaced by uat 0.1 mm s, resulting in popping of the groove while
forces Fare measured. Extended Data Fig. 2b shows resulting data
for popping (upper curve) and unpopping (lower curve, obtained by
indenting a reversed defected sample) of a sheet with N=5 grooves.
Calculation of the area under the curve yields an experimental esti-
mate of popping and unpopping energies of 1.7 mN mand 0.1 mN m,
respectively.

Extended Data Fig. 2¢ shows collected popping data for
Ne[0.5,1,2,3,5] grooves. The defect at N=0.5 is not stable. Two
characteristic snapping events are observed for Ne[1, 2, 3, 5] (grey
areas). The resulting areas under each curve yield popping energy
estimates that increase with N and appear to reach a plateau value at
N=5(Extended DataFig.2d), indicating that defects’ elasticinteraction
range is limited to several grooves.

3D imaging

3D images of groovy sheets are obtained using fringe-projection
imaging® (Extended DataFig. 3). An Epson EMP-X3 projector sequen-
tially images a sinusoidal fringe pattern with distinct phase offsets
Ay €10, /2, m,3m/2] on areference surface at [, =110 cm distance. A
Basler acA2040-25gm camera with Kowa 75 cmfocus lensat/,=15cm
fromthe projector records the fringeimages at wavelength A = 52.7 px,
yielding a spatial resolution of 0.075 mm px (Extended Data Fig. 3a).
Whenanobjectis placed infront of the reference surface, the projected
fringe patternis distorted (Extended Data Fig. 3b); the phase difference
A between reference and distorted images yields an estimate of the
sample’s height profile Az via

A
Ip,~P|=5 A9
1
Ip,—p.l4 (
Az=|p,-p,|=——",
Pa™ Py Ip,~ P+

with p,, py, P.and p,as shownin Extended Data Fig. 3a. Height profile
noise, due to the projector’sresolution and deviation of the fringes from
pure sinusoids, is filtered via two-dimensional Gaussian smoothing
over 0.75 mm and one-dimensional Gaussian smoothing over 2 mm
orthogonalto the fringes (Extended DataFig. 3c), yielding typical height
profiles such as that shown in Extended Data Fig. 3d.

Computational spring model
We present asimple numerical spring model that approximates agroovy
sheet’s geometry and stiffness. More precise homogenized models?
may beusedin future work. However, the spring model exhibits the same
qualitative behaviour as real sheets, showing that reshaping is robust
and can be captured by elastic, geometry-governed deformations.

The model, shown in Extended Data Fig. 44, is built from squares of
Hookean springs (length [ =1, stiffness k, = 1) cross-braced by diagonal
springs (k= 0.1k,), placed in an accordion pattern at fold angle
¢°=2.1rad and connected by N,-by-N, nodes (linear torsional stiffness
k.=107*1%k,). Thg resulting structure qualitatively mimics a [(N, —1)-
by-I(N, - 1)cos¢7 groovy sheet (Extended Data Fig. 4b).

Generally, we may approximate the model’s minimal-energy con-
figuration (encoded by node positions Q at time ¢) under an applied
node displacement via a gradient descent algorithm:

Q"1=Q - avyE(Q), (2)

where £ is the system’s elastic energy and a = 0.25 the descent speed.
To limit computational complexity, we choose ¢,,,, =10° iterations
per optimization step.

In particular, the shape-morphed sheet in Fig. 1e is obtained from
this spring model, starting from a configuration at rest, displacing
two opposing boundary nodes over six steps until they are separated
by theflattened sheet length, and finally allowing the structure to relax
freely over 14 steps, resulting in a well-converged solution with minimal
geometric change (|AQ| <107°).

Defect interactions in experiment and numerics
Defects in a groovy sheet interact via geometry-mediated elastic
interactions. Experiments on a 50-pum-thick sample, shown in Sup-
plementary Video 1, indicate that defects separated by one or more
grooves do notinteractsignificantly, whereas adjacent defectsinteract
strongly and dominate the sheet’s reshaping behaviour. Specifically,
defects of equal signin adjacent grooves exhibit short-range attraction
and long-range repulsion. Here, we briefly discuss experimental and
numerical evidence for these interactions.

First, sheet deformations may be decomposed into mean and
Gaussian curvature K, and K, associated with material bending and
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stretching. The curvatures are obtained from 3D-scanned height pro-
files z(x, y) via®:
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The above equations were used to obtain the curvatures of the
75-um-thick thermoformed BoPET sheet shown in Fig. 2d. Extended
DataFig. 5 shows curvature distributions for adjacent defects at vari-
able spacing.

Each defect, placed at agroove crest, yields a characteristic pattern of
Gaussian curvature (K;) inadjacent troughs (Extended DataFig. 5a,b).
Well-separated defects in adjacent crests feature two such patternsin
their shared trough. When brought close together, the patterns merge
into a ‘diamond’ pattern of lower magnitude (Extended Data Fig. 5c).
We hypothesize that the weaker Gaussian pattern for bound defects
corresponds to areduction in stretching energy.

Thereduction of energy for adjacent defectsis supported by numer-
ical calculationsin the spring model (see above) ontwo grooves (N, =5,
N, =21) with two defects at variable spacing d (Extended Data Fig. 5d).
The model’s total elastic energy £ is a measure of defect interaction
strength (Extended Data Fig. 5e) and shows a small reduction for bound
defectsatd =0, indicating close-range attraction.

Scar formation

We describe how scars form under point loading of a groovy sheet in
both experiments and simulations, and propose a theoretical model
thatreproduces key features of the phenomenon.

Experiment. As shown in Extended Data Fig. 6a, a groovy sheet is at-
tached attwo edge pointsto anInstron 3360 universal testing machine
fitted withanInstron 253010 N static load cell. The sample is extended
by a distance d as shown by the profile in Extended Data Fig. 6b. The
force Fisrecorded, as well as a video of the sample. Initially, sequential
snapping events near the loading points lead to minor force drops;
finally, an avalanche where the remaining part of the scar forms at
high speed leads to a major force drop (Fig. 2f,g and Extended Data
Fig. 6¢). Snapping events are automatically identified from video foot-
age by comparing differences between consecutive images (Extend-
ed DataFig. 6¢, orange line) in a region near the scar (Extended Data
Fig. 6a, dashed box); large differences correspond to snapping events
(Extended DataFig. 6¢, dashed grey lines).

Simulation. A computational model (Methods) is used to simulate a
sheet similar to the experimental sample above (Extended Data Fig. 6d).
Thesimulated sheet is placed under stepwise point loading at opposing
edgenodesand elongated by adistance d over 1,000 simulation steps.
The resulting force Fis recorded and shown in Extended Data Fig. 6e.
Minor force drops corresponding to one-by-one defect formation are
observed, as is a rapid major force drop when the full scar is formed

(Extended DataFig. 6f). Convergence of the static model during dyna-
mic snap-through events—measured by geometric change |AQ| of the
sheet’s node positions Q—is fair (AQ| <107%). The qualitative similarity
of experiment and simulation shows that scar formation is a robust
phenomenon.

Theory. We now introduce a simple theoretical model that aims to
capture three experimental observations: (1) initially, defects appear
one at atime; (2) defects nucleate near the edges and then propagate
inwards contiguously; (3) after enough defects have appeared, the full
scar is formed during a sudden avalanche.

To capture (1), we model the state of each groove i (with or without
defect) by a binary state variable s; (0 or 1, respectively). To represent
the transition between the two states, we assume a bilinear relation
between forcef;and extension d;(Extended Data Fig. 6g): the undefected
state with unity stiffness switches—viaaforce drop atacritical force fl.C
—to the defected state with larger stiffness. A small random offset is
added to each unit’s critical force to prevent degeneracies. As the
grooves are coupled in series, the overall force Fis equal to the force f;
oneachunit. Asinthe experimentabove, we drive achain of n =12 bista-
ble units by applying an increasing global extensiond =Y d.. Initially,
all units are in state 0. For given d and chain state configuration
S:=(sy, ...S; -..),d;and Fcan be calculated implicitly; wheneverF>fiC for
aunitinstates;= 0, itsstateis switchedtos;=1,and d;and Farerecalcu-
lated. This model gives rise to one-by-one state switching of each unit,
analogous to defect formation in agroovy sheet. Specifically, whenever
a unit switches to state 1, the global force F drops and the remaining
units relax. Hence, observation (1) follows from the combination of
serially coupled grooves and force balance; however, the sequence of
state switches is set by the noise on fic, and there are no avalanches.

We now capture observations (2) and (3) by adding inhomogeneities
and interactions to the model. As the main text argues, defects form
inascar formation owing to three effects: global stretching (as in the
model above); high stress near the forcing location (inhomogeneity);
and bending induced by neighbouring defects (interactions).

We first add inhomogeneity, which can be represented as a stress
that decays away from the forcing point. We model this through each
unit’s critical force: f° =9 4 Asin(tii/(2n)), so that critical forces
increase further into the bulk. Although we set f*® =1,1= 0.1 here, note
that our results are sensitive to neither the precise values nor the spa-
tial decay profile ofﬁ. Second, we add interactions. Defect formation
inaunit (transition fromstate 0 to1) is promoted if neighbouring units
sportdefects (areinstate1). Moreover, although asingle defect hardly
bendsthe sheet (Fig. 2d), achain of several defects leads to appreciable
bending (Fig. 2f). To model this effect, we lower the critical force of
units that are directly adjacent to a patch of [ defects by an amount
AfiC =-¢ [. With inhomogeneity and interactions included in our
model, we find that a broad range of heterogeneity strengths (1) and
interaction parameters (c, p) lead to defects nucleating from the forc-
ing points as well as contiguous defect formation, explaining observa-
tion (2). Finally, to capture observation (3)—emergence of an
avalanche—nonlinear defect cooperativity (p = 2) appears to be neces-
sary.Allinall, defect formationinthe bulkis thus suppressed by inho-
mogeneity, yet encouraged by interactions.

We find that the combination of these two competing effects leads
to runaway defect formation—that is, scarring— at a critical value of
overallstretching and scar length. Even though a full study of this heu-
ristic model (as well as connecting it to the physics of thin sheets) is
beyond this study, we find that asurprisingly wide variety of parameters
produces realistic results (Extended Data Fig. 6h), underlining the
robustness of scar formation.

Experimental scarred sheet shapes
We describe the experimental shaping effect of scar lines placed sym-
metricallyinagroovy sheet, orthogonal to the grooves. Asingle scar line



producesrolls, two equal-parity scar lines produce twisted cylinders and
two opposite-parity scar lines resultin helicoids (Extended Data Fig. 7).

Extended Data Fig. 7a shows the shaping effect of a single scar line,
placed centrally in a sheet of variable width 2W;. Local stretching and
curving of the scar cause the sheet torollinto a cylinder with radius of
curvature R, at the scar. R;initially grows with increasing sheet width,
but saturates to a constant value. We believe this saturation emerges
because of a weak bending of the grooves, which may lower elastic
energy atlarger sheet widths. Inaddition, atintermediate sheet width, a
sharp transition from no twisting to finite twisting is observed in angle «
between the grooves and rolling axis. Symmetric left- and right-twisting
states are seen.

Sheets with two equal-parity scar lines are studied for varying scar-
scar distance D and scar-edge distance W; (Extended Data Fig. 7b). All
observed shapesrollinto acylindrical shape, described by the central
radius of curvature R, with an additional persistent twist described
by angle a between the grooves and rolling axis. The sheets’ spon-
taneous twisting can be understood intuitively by envisioning two
single-scarred sheets that must be joined to create a double-scarred
sheets. Attaching two rolled sheets as is necessitates groove bending
athigh stretching energy cost; however, this geometric frustration can
berelieved by low-energy twisting deformations. Symmetric left-and
right-twisting states are observed and shownin Extended Data Fig. 7b.
Thesheet’s rolling radius depends weakly on sheet size; conversely, the
twisting angle decreases with growing scar-scar distance.

Two opposite-parity scar linesresult in helicoidal shapes, quantified
by atwisting angle per groove fand a groove wavelength A, at the heli-
coid axis (Extended Data Fig. 7c). Both shape metrics decrease as the
scar-scar distance D grows; the scar-edge distance W;shows no sig-
nificantshapeimpact. If the sheet shapeisindeed helicoidal, ageomet-
ricrelationbetween A and Sexists. Let us assume that scars are helicoids
withradius of curvature R = D/2 and pitch2ni 7= 27")[ ~ Thescararclength

over the central axis section /= is thengivenby~/R? + T2 % Assuming
that grooves at the scar are completely flattened to the full arc length
s, the axis wavelength and twist per groove are related via

A= [s- (gpjzj, )

which compares favourably to the measured data (Extended Data
Fig.7c,right). Thus, groovy sheets with two opposite-parity scars form
helicoidal surfaces to agood approximation.

Geometric ruled-surface model of sheets with one scar
Here we describe scarred sheets asruled surfaces: the scar line forms a
generating curve and grooves are modelled as straight lines that point
away from this base curve. Ruled surfaces can capture the shape of a
groovy sheet undergoing soft deformations (Fig. 2a). Soft deforma-
tions are defined as (1) stretching and bending along &, which couple
linearly to material bending; and (2) in-plane splay and out-of-plane
twist, which couple linearly to material bending and quadratically to
material stretching?.

Inour ruled-surface model, we approximate the scar line as a helical
curve h(¢) with radius R and wavelength 2n 7 (we denote by Tthe helix
length), which is described by the parametrization

h(¢) = (Rcost, Rsint, Tt), (6)

asshownin Extended DataFig. 8a. The base curve has alocal coordinate
frame (the Serret-Frénet frame), whichis given by the tangent, normal
and binormal vectors:

t=—L(Rsint,Rcost, T) )

VR*+T?

fi = (-cost, - sint, 0) ()]
b= #(Tsint —Tcost,R) 9)
JR2+ T2 ' o

The angle between the binormal vector and the cylinder axis is set by

a=arctanT /R. The helix’ curvature kand torsiongare constants, calcu-

latedtobe k=% = 12 _and g=p- |2/ = T wheres=+/T>+R%¢
T2+R T2+R

isthe arclength along the helix.

Extended Data Fig. 8billustrates how we model grooves as straight
lines g(w, t) = wg + h(t) of length w € [0, W;], that start at point h(¢) at
thescar line and point away from it along vectors g = cosb(t) +sinBi(t)
with no tangential component (note that this tangential component
corresponds to significant material stretching at the scar line, and we
assume such stretching to be negligible because of its high energetic
cost). Together, the radius Rand helix length Tof the scar line, and the
angle $and length W; of the grooves, completely set the 3D shape of
the scarred groovy sheet.

ot
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Geometric ruled-surface model of sheets with two scars
Analogous to the ruled-surface model for single scars above, we
describe asheet section of length W, flanked by two parallel scar lines
as aruled surface connected to two helical base curves h(¢) and c(t).

We construct the two-scar surface starting fromahelical scar line h(¢),
defining grooves g(W;, t) asrules of length W;pointing away fromh(t),
and connecting the groove ends by a secondary scar line c(t). Generi-
cally, c¢(t) can be parametrized as

Ccos(t+¢)
Csin(t+¢)
Tt + Wycosfcosa

c)=h@®)+gW, 0= (10)

The secondary scar line is another helicoid with pitch pitch
2nT around the same axis as the base curve h. Its radius is
C=sgn(R- Wfsinﬁ),J(R— W;sinB)? + (WicospBsina)?, and its phase is
shifted with respect to the primary scar line by the fixed angle

_ Wecospfsina
o= arctanik_ Wesing *

Assuming the material behaves the same at both scars h and ¢, two
adjacent rules must have the same spacing at both curves, satisfying

Ih(A?) - h(0)| *= |c(AL) - ¢(0)| %, 1)

where At is a rule spacing parameter that can be related to the
physical groove wavelength at the scar d° via|h(At) - h(0)* = T2A¢2 +
2(1- cosAt)(R?) = (d°)2 Therule spacing constraintimplies that |C| = |R|
(which greatly reduces the number of available shapes). This equality
is satisfied if

_ Z(R*2+ T*Z) i T*Z

sin’g g ng+ ke 0, (12)

where T = T/W;and R* = R/W,. This equation describes a phase dia-
gram of geometrically admissible shapes for a double-scarred sheet:
each combination of 8 and T* corresponds to a unique value of R*.
Sketches of the shapes are shown in Extended Data Fig. 9. Visual
inspection shows shapes close to experimentally observed geometries
sporting equal- and opposite-parity scars (solid and dashed boxes,
respectively).

Energetic model for one scar

Here we describe sheets as ruled surfaces withadded elasticity, which
reproduces experimentally observed sheet shapes in the presence
of asingle central scar (Extended Data Fig. 10a). Crucially, the model
qualitatively reproduces the twisting bifurcation at increased sheet
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width, indicating the transition is due to an energetic competition
between sheet and scar deformations.

Wefirst consider scar line elasticity. We assume that the scar line has
apreferred curvature k°= ioand torsiong® = 0. We estimate the rest-
ing radius R = .Sn" 5= (9(16 mm), based on the experiments illustra-
ted in Extended Data Fig. 7a; we assume that grooves are flattened
completely at the scar line to their full arc length s,. Deviations from
k°and g° over ascar line section of length s, are then penalized via:

Eeo (k- Kk°)%s), (13)

£, (g-g°)%s). (14)

Second, we assume that grooves point orthogonally away from the scar
line at a small preferred folding angle B°. We estimate 8°~ 0.2 based
on experiments (Extended Data Fig. 7a). We assume that the folding
of grooves around the scar line takes place over a characteristic width
comparable with the groove wavelength A. The energy cost for devia-
tions of the folding angle 8 over a scar line section of length s, is then

modelled as
B-p°)
Eﬂ o< ( A j Sp.

Third, we attribute an energy cost to sheet deformations away from
the scar line. The sheet prefers to remain flat, its grooves parallel and
at fixed mutual distance A; thus, rolling, splaying (either in- or out-of-
plane) and stretching of the grooves is penalized. We first consider
rolling. Specifically, if the scar line has a finite radius of curvature R,

the sheet’s local curvature at a distance w from the scar line is given
by k(w) = % ,where R(w) = J(R - wsinp)? + (wsinacospP)? . The

2
energy costuf)o deviate from the flat state, k(w) = 0, is then given by

(15)

W
f:,«jo k(w)?dw. (16)

Finally, we consider groove splaying and stretching. Neighbouring
grooves have a preferred constant distance A. The actual distance d(w)
between neighbouring grooves, attached to a scar line with radius of
curvature R and pitch 2n7, is given by

2
d*(w) = T%*- 2RwsinB+2(1- cost) [RZ - wz[l - Rzlirzcoszﬁ]] 17)

where t is defined via s;2= T%2+ 2R*(1 - cost). The corresponding
groove strain is then given by e(w) = d(w/lﬁ . Assuming that groove
deformations take place over distances of order A, we define agroove

strain energy

Ego< PJ‘O e(w)*dw. (18)
The total sheet energy is given by:
gtot:Kkgk+Kgsggs+Kﬁgﬂ+ngs+KrErr (19)

where Ky, K, Kj, K, K. = {K} are the stiffnesses of the sheet against the
deformations listed above (Extended Data Fig. 10a, right); stiffness
Ky (scar rolling), K (scar torsion), K; (wing angle changes), K; (sheet
splay) and K, (sheet rolling). The precise values of {K} are difficult to
determine theoretically. However, scar deformations are associated
withmaterial stretching, whereas groove deformations are governed by

material bending whichis significantly softer. We choose K, K., K;=1,
K, K.=0.1. The minimal-energy configuration of a sheet (given the
equilibrium parameters k°, A, s, and ° for the scar curvature, groove
wavelength, groove arc length and scar folding angle) are then found
through numerical minimization of equation (19).

Modelled equilibriumshapesareillustrated in Extended Data Fig.10b
for short, intermediate and long widths. The sheet shapes match
experimental observations: narrow sheets roll, whereas wide sheets
also twist. Extended Data Fig. 10b shows how the rolling radius of cur-
vature at the scar R, helix length Tand groove angle a vary with the
sheet width W;. Results show qualitative agreement with experimentally
observed shapes (Fig. 3f) in terms of magnitude and trend. First, the
rolling radius startsaround R® at W; = 0 and subsequently increases to
R+ AR over the simulated range of W} Experiments show that the
rolling radius reaches a plateau; this feature is not reproduced by our
model, which we attribute to the absence of groove bending in our
theory.Second, the helix length Tundergoes abifurcation atacritical
sheet widthW§, increasingto afinal value 7*. Lastly, the corresponding
groove anglea = arctanT/Rundergoes the same bifurcation, reaching
afinal value a*. Crucially, shape measures AR and a* and bifurcation
measurelW f match experimental values within afactor 2 (compare with
Extended Data Fig. 7a).

Our simple modelindicates that an energetic competition between
deformations of the scar and sheet yields a twisting bifurcation at finite
sheet width, consistent with experimental observations.

Note that a large spectrum of stiffnesses {K} reproduces both the
twisting bifurcationand the overall sheet shape. Extended DataFig.10c
shows the shape measures AR, T* and a* as well as bifurcation measure
W for variations of K,, Ky, K, K, K, in the range [107, 10]. A bifurca-
tion is observed in the studied range of W, for nearly all stiffnesses;
postbifurcation shapes with radii around 20 mm and groove angles
around 0.15 rad are seen throughout, indicating that the twisting effect
of scarsis particularly robust against stiffness variations. We therefore
expect the reshaping behaviour of scar lines in groovy sheets to be
consistent across a wide range of geometries and materials.
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Extended DataFig.1|Groovy sheetfabrication. a, Flat plastic film (orange) is
placed onan aluminium mould (grey) with machined grooves. Screw-fastened
rods pushthe filminto eachgroove.b, Mould geometry is set by amplitude A,
wavelength A, meanradiusR, curveangle 6, facetlength/and mould spacingd.
The film’s mid-surfaceisindicated (orangeline). ¢, Top: cross-section photograph
ofa75 um-thickgroovy sheet after formingin the mould (grey line). Bottom:
image analysisyields anaverage amplitude and pitchA=5.4 + 0.3 mmand
A1=10.9 £ 0.3 mm.d, Groove heightasafunctionofarclength s (left) is used to
calculate thelocal curvature k (right). Averaged values (black lines) yield radius
ofcurvatureR=2.0+ 0.2 mmand facetlength[=4.0 + 0.1mm, close to the
mould’sshape (dashedlines,R=1.5mm,[=4.4 mm).
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Extended DataFig.2 | Popping energy of asingle defect.a, Experimental
setup. Anindenter (grey) is attached by a ball magnet toasheet (orange,
Ngrooves, width W=100 + 5 mm) and held by two supportsatw =50 mm.
Forces Fare measured while moving theindenter over displacement u.
b, Force-displacement curve measured while popping (upper curve) and
un-popping (lower curve) asheet with N=5grooves. Defect formation

correspondsto1l.7 mNm of work (area under curve); un-popping to 0.1 mNm.
¢, PoppingofsheetswithNe[0.5,1,2, 3, 5]. Two snap-through eventsiand ii
(grey areas) and stable defects areseenfor N=1to 5. Defectat N=0.5 (black
curve)isunstable.d, Work done duringindentation (see c) reaches a plateau
valuearound N=S5.
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Extended DataFig.3|3Dimagingofgroovy sheets. a, A sinusoidal fringe
patternis projected over distance [, on areference plane. The projector’s optical
axis (grey dashed line) is orthogonal to the reference. ACCD camera (optical
axis: grey dashed line) at distance [, away from the projector captures the fringe

pattern, which may be distorted by asample (orangelines). b, Typical recorded
images with and without sample (bottom, top). ¢, Sample height profile (colour
bar)is calculated from animage set (left; see main text) and filtered (right).

d, Typicalfiltered height profile (colour bar) of ascarred groovy sheet.
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Extended DataFig. 4 | Computational model of agroovy sheet. a, Unit cell:
asquare lattice (grey bars) of Hookean edge springs (length [ =1, stiffness k,)
cross-braced by diagonal springs (length /2 [, stiffness k,,) and connected by
nodes (circles) with torsional hinges (stiffness k,, resting angle ¢° along X and it
along y).b, Astructure of N,by N,nodes mimicsagroovy sheet of N= %
grooves. Indices nshow node numbering convention.
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Extended DataFig. 5| Experimental and simulated defectinteractions.

a, Experimental differential mean curvature AK,, (calculated from difference
between surface withand without defects) and Gaussian curvature K, (colour
bar) of a75 um-thick groovy sheet with two distant defectsin adjacentgrooves.
&, varelocalsheet coordinates. Right: 3D-scan showing region of interest
(dashed box). Greyscaleindicates z-height. b, AK,,and K, for defects at
intermediate distance. Zoom-in of K,shows typical check pattern. ¢, AK,,and K,
forbound defects. Zoom-in of K, shows distinct diamond pattern. d, Left: top
view of two simulated grooves of length W=20/where [is the square unit cell
size. Right: two defects (plus signs) at mutual distance d, resulting in material
strain (colour bar). e, Elasticenergy £ due to material strainis shownasa
function of defect spacingd. Asmalldip atd = 0isseen (arrow), indicating
short-range attraction.
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Extended DataFig. 6 | Scar formation. a, Agroovy sheet (14 cmwide with 12
grooves, thickness 50 um, and design wavelength, pitch, and curvature radius
A=6.2mm,A=6.6 mm,and R=1mm)isattached toaninInstron UTMunder
point forcing (white arrows). Scale bar: 2 cm. b, Applied extension d of the sheet
overtimet.c, Extensional force Fas afunction of time ¢ (black line). Snapping
eventsare tracked via changes of the video signal (orange line, arbitrary units)
withinthe areashownina(dashed box). Large changes correspond to snapping
events (dashed grey lines). d, Mimicking the experimental groovy sheet, a
numerical model of size N, = N, =21 (see Methods) is sequentially extended
under point forcing (black arrows). e, Numerical force-displacement curve.
Minor force drops due to defect nucleation and a major force drop due to
suddenscar formationare observed. f, Snapshots of the numerical model;
corresponding simulation steps are indicated by coloured starsine. Linear
springstrain eis shown (colour bar). g, Force-displacement curvef;(d;) of a
theoreticalbistable uniti. The unit switches from low-stiffness states;= 0

(no defect) to high-stiffness states; =1 (defect) at critical force ff. h, Amodel
of 12 chained bistable unitsasingis explored (parametersare f*©=1,1=0.1,
¢=0.004,and p=2).Under applied extension, the force F (left axis) and state
ofeachunitis calculated (right axis, legend). Minor force drops correspond to
single units switching state, starting at the forcing locations and propagating
inward; amajor force drop is seen when remaining units avalancheinto the
defectstate.
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Extended DataFig.7|Shape metrics of 75 um-thick groovy sheets with one with Wy(colors). Groove angle a decreases weakly with D. Note that this
ortwoscars.a, One scar causes rolling. Left: schematic showing central scar configurationis notstable for D <90 mm.c, Two opposite-signed scars
signand location at distance W fromsheet edge. Middle: 3D-scanned image of produce ahelical shape. Left toright: scar signs and locations are shown
deformed sheet. Shape metrics for twisting (groove angle ) and rolling (scar schematically. 3D-scanned image shown shape metrics of twist per groove 8
radiusR,.,,) areindicated. Right: shape metrics measured for increasing scar- and central groove wavelength A.. The latter shows a weak decrease with
edge distance W} Saturation of scar radiusand asudden symmetry-breaking scar-scar distance Dand varies between the resting wavelength Aand groove
twisting bifurcation are observed forincreasing Wy b, Two equal-signed scars arclengths(dashedlines).Prediction of A.for a purely helicoidal shape is
causerollingand twisting. Left to right: scar signs and locations at mutual shown (solid line, see Eq. (5)). Twistangle Binitially increases, then decreases
distance D are shown. 3D-scanned image shows groove angle @ and central with D. Only left-twisting states are reported; equivalent right-twisting states

curvatureradiusR..Radius R increases weakly with D and decreases weakly existaswell.
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Extended DataFig. 8 | Ruled surfaces approximate scarred sheet shapes.

a, Ahelicoidalbase curve of radius R and pitch 2nTwith local coordinate frame
{t,n, b} (pinkline) approximates ascar line. b, Straight rules of length W;
extending atanorthogonal angle faway from the base curve (grey lines)
approximate the sheet’s grooves.



Extended DataFig. 9| Admissible sheet shapes for parallel scarsinthe
ruled-surface model. a, State diagram of double-scarred shapes. Therescaled
scar radius R* as function of rescaled pitch T*and groove angle Sis shown
(colour bar). Contours of constant R* are shown for clarity (dashed grey lines).
b, Zoom-in of experimentally relevant portion of the state diagram. Real

sheets with parallel scars exhibit R* < % c,Examples of double-scarred shapes
throughout the phase diagram, correspondingto coloured dotsinb; scar lines
(blue/green) and grooves (grey) areindicated. Constant W,=1and scar arc
length of m/40W;between adjacent grooves were chosen for visualization. Coils
(left), cylinders (bottom left), cones (bottom) and helices can be distinguished.
Point 7 = f=0 produces cylindrical surfaces with arbitrary value of R* (purple
star, dashed box); there are no other surfaces with 8= 0. Solid (dashed) black
boxesindicate qualitative experimentally observed shapes forequal
(opposite)-parity scars.
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Extended DataFig.10 | Twisting transitioninasimple elasticmodel. a, Left:

sheetsare modelled asruled surfaces. The scar line forms a helical directrix
(orange line) with radius of curvature R, and pitch 2rT. Grooves (grey lines)
areapproximated as straight lines of length W;at angle B to the scar, resulting
inacylindrical shape twisted over angle a. Right: elastic deformation modes
ofthesheet costenergy (see Eq. (19)) and are resisted with stiffness K (scar
rolling), K, (scar torsion), K; (wing angle changes), K (sheet splay), and K,
(sheetrolling). b, Energy-minimizing sheet shapes as function of W;for given

deformationresistance Ky, K, K;=1,K,, K, = 0.1. Consistent with experiments
(see Extended Data Fig. 7a), R, grows fromitsinitial value R° by amount AR.
Atwistingbifurcationin Tand ais observed at critical W . Post-bifurcation
values T*and a* at the end of the studied width range W;=150 mmare indicated.
Sheetshapes shownleft correspond toblackcirclesineachgraph.c, The
overallsheet shape and existence of the twisting bifurcation, quantified by

AR, W, T*,and a*, are robust against variations of deformation resistances over

several orders of magnitude (legend).
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