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Locomotion of an organism interacting with an environment is the
consequence of a symmetry-breaking action in space-time. Here
we show a minimal instantiation of this principle using a thin cir-
cular sheet, actuated symmetrically by a pneumatic source, using
pressure to change shape nonlinearly via a spontaneous buckling
instability. This leads to a polarized, bilaterally symmetric cone
that can walk on land and swim in water. In either mode of loco-
motion, the emergence of shape asymmetry in the sheet leads to
an asymmetric interaction with the environment that generates
movement––via anisotropic friction on land, and via directed iner-
tial forces in water. Scaling laws for the speed of the sheet of the
actuator as a function of its size, shape, and the frequency of ac-
tuation are consistent with our observations. The presence of eas-
ily controllable reversible modes of buckling deformation further
allows for a change in the direction of locomotion in open arenas
and the ability to squeeze through confined environments––both
of which we demonstrate using simple experiments. Our simple
approach of harnessing elastic instabilities in soft structures to
drive locomotion enables the design of novel shape-changing ro-
bots and other bioinspired machines at multiple scales.
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Autonomous locomotion in animals enables complex behav-
iors motivated by the ability to respond dynamically to other

animals and to the environment (1). The evolution of locomotion
was thus an important step in the history of life, with multiple
solutions that were both enabled and constrained by geometry,
physics, and biology (2). Many studies of locomotion focus on the
neural circuits or mechanisms associated with the active sensing
and control of the organism’s sense of self and its interaction
with the world. However, since directional movement requires
the breaking of space-time symmetry associated with the inter-
actions of an organism and its environment (3–5), a physical
perspective will complement the current emphasis on the un-
derlying neurobiological processes (6).
Early multicellular organisms were soft-bodied aggregates of

cells and polymer matrices that took the form of low-dimensional
geometries such as filaments and sheets (7), and were thus easily
susceptible to spontaneous symmetry breaking via mechanical
instabilities (8). Inspired by this observation, we ask: Might it be
possible to harness instabilities to engineer locomotion in a simple
physical setting? Such simple locomotors could find use in a range
of applications on a range of scales since the basic principle un-
derlying their operation is independent of absolute scale and relies
instead on scale separation.
In addition to the choice of geometry, locomotor systems also

require design choices that need to be made associated with the
choice of the material, a power source required for actuation,
control, and sensing, and finally an operating environment. Among
the vast array of choices available for each of these subsystems, as
shown in Fig. 1 and SI Appendix, Figs. S1–S4, we chose a thin
axisymmetric circular sheet (thickness t, diameter d) made of a
flexible material (modulus E), susceptible to a buckling instability
as the symmetry-breaking mechanism, driven and controlled using

an oscillatory pneumatic input that is amphibious, i.e., it can
operate in both terrestrial and aquatic environments.
When a free circular sheet buckles under the influence of

axisymmetric forces out of the plane, it forms an asymmetric
developable cone, a singular structure that is the basic constit-
uent of a crumpled sheet, with a shape and response that is well-
studied (9–11). Since the buckling stress scales as Et2/d2 (9–11),
this elastic instability is relatively easy to induce using a pneu-
matic actuator (SI Appendix, Fig. S5). Generating large-amplitude
motions is equally easy geometrically with thin sheets because the
amplitude scales linearly with disk size for a given cone angle.
Similarly, since the asymmetric cone breaks rotational symmetry
but is bilaterally symmetric, orienting the direction of locomotion
follows naturally. Together, these features allow for gait control-
lability in an engineered locomotor system.
We use a pneumatic ring actuator attached to thin circular disk

made of a flexible polymeric sheet that spontaneously buckles
when the pressure inside the ring exceeds a critical value. The
symmetric sheet deforms into a bilaterally symmetric polar object,
an asymmetric cone with a single invagination that is partly convex
and partly concave. When the pressure is released, the sheet re-
covers its planar shape; however, the next time it is deformed, it
deforms the same way due to the small crescent-shaped plastically
deformed zone at the center of the cone that provides a geometric
memory of the deformation response (9–11). To obtain directed
locomotion using this structure requires a mechanism for rectify-
ing this oscillatory response to an oscillatory pneumatic stimulus.
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shape-changing robots and other bioinspired machines at mul-
tiple scales using simple constituent materials and power
sources.

Author contributions: A.N., W.-K.L., G.M.W., and L.M. designed research; A.N., W.-K.L.,
D.J.P., M.P.N., N.-N.D., and L.M. performed research; A.N., W.-K.L., and L.M. contributed
new reagents/analytic tools; A.N., W.-K.L., G.M.W., and L.M. analyzed data; and A.N., W.-
K.L., G.M.W., and L.M. wrote the paper.

Competing interest statement: G.M.W. acknowledges an equity interest in and board
position with Soft Robotics, Inc.; the work described here has no current impact on prac-
tical soft robots and actuators.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1A.N. and W.-K.L. contributed equally to this work.
2To whom correspondence may be addressed. Email: gwhitesides@gmwgroup.
harvard.edu or lmahadev@g.harvard.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2013801118/-/DCSupplemental.

Published February 18, 2021.

PNAS 2021 Vol. 118 No. 8 e2013801118 https://doi.org/10.1073/pnas.2013801118 | 1 of 4

EN
G
IN
EE

RI
N
G

D
ow

nl
oa

de
d 

at
 H

ar
va

rd
 L

ib
ra

ry
 o

n 
Ju

ly
 1

, 2
02

1 

https://orcid.org/0000-0003-2002-7473
https://orcid.org/0000-0002-7878-1981
https://orcid.org/0000-0002-0096-0285
https://orcid.org/0000-0003-0771-5407
https://orcid.org/0000-0001-7183-7973
https://orcid.org/0000-0001-9451-2442
https://orcid.org/0000-0002-5114-0519
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013801118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013801118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013801118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2013801118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:gwhitesides@gmwgroup.harvard.edu
mailto:gwhitesides@gmwgroup.harvard.edu
mailto:lmahadev@g.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013801118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013801118/-/DCSupplemental
https://doi.org/10.1073/pnas.2013801118
https://doi.org/10.1073/pnas.2013801118


If the buckled conical sheet is in contact with a rough surface,
the (rear) concave edge meets the surface at an acute contact
angle (θc < πc/2), while the (front) convex edge meets it at an
obtuse contact angle (θc > πc/2), while the wings of the structure
are not in contact with the substrate (Fig. 2A). The two feetlike
contacts of the conical structure with different contact angles
leads to a fore–aft frictional asymmetry in the cone’s interaction
even with a homogeneous substrate; it can slide more easily
forward than backward because the concave (rear) foot digs into

the substrate more strongly than the convex (front) foot. Fur-
thermore the (front) convex edge can move more easily back-
ward, while the (rear) concave edge can move more easily
forward, because of the different tendency of each edge to dig in
to the substrate as a function of the contact angle. Thus, when
the cone is pneumatically actuated, the (front) convex foot
moves forward while the (rear) concave foot remains stuck, and
when the pressure is released, the (rear) concave region remains
pinned while the (front) convex region slips forward. If the
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Fig. 1. Schematic representation of the choices of variables available to engineer locomotion. Geometry and material choices make up a system that uses a
power source and, on interaction with the environment, causes symmetry breaking, leading to a net directional movement. Buckling of a thin circular sheet is
one of the simplest mechanisms of symmetry breaking of an axisymmetric system.
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Fig. 2. Locomotion of buckling-sheet actuator with scaling law in terrestrial environment. (A) Photos of crawling motion of the buckling-sheet actuator with
d = 20 cm on a rough surface. (B) Displacement vs. time plot for crawling of the buckling-sheet actuator with different d values for ω = 0.5 Hz. (C) vc/(ω d) vs. h
plot to show the scaling law for crawling with d = 20 cm. The coefficient (slope of linear fit) is ∼0.6 (R2 ∼ 0.81). All measurements were performed with
pneumatic input for buckling of the sheet and vacuum for unbuckling of the sheet. θc in A is the contact angle between the “foot” of the conimal and
the surface.
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actuation and release are temporally symmetric with a frequency
ω, and the angle of the (symmetric) cone within which the
asymmetric cone fits is θ, the average speed of crawling vc should
follow the simple scaling law

vc ∼ ωdθ  . [1]

We note that this mode of motion is driven by the geometry-
induced asymmetric interaction with the surface, and the speed is
limited by the process requiring the longest time (lowest fre-
quency) in the system.
If the sheet is submerged in water (density ρ) and deformed

into a polar cone, it displaces water. In the limit when viscous
forces dominate, i.e., when the Reynolds number Re <<1, when
the cone reverts to a sheet, the water is again displaced, but in
the opposite sense, and thus the sheet does not undergo any net
movement. However, if we break symmetry in time by deforming
rapidly over the first half-cycle and slowly over the second half,
such that at least one motion occurs with Re ≧ 1, we see net
motion. This type of unsteady motion is similar to that seen in
medusoids, such as jellyfish (12). The average force due to
pressure drag scales as Fd ∼ ρv2s d2f (Re) while the average pro-
pulsive force to accelerate a fluid bolus of volume d3θ to average
speed vs ∼scales as Fp ∼ ρd3   θvsΔω, where Δω = ωB − ωU, is the
difference in the rate of forming a cone (bending) and relaxing
back to a sheet (unbending). Balancing the two yields an ex-
pression for the speed

vs ∼ Δωdθ=f (Re), [2]

where the function f (Re) can only be calculated numerically by
solving the complete elastohydrodynamic problem. Here, we
note that the speed is controlled by the temporal asymmetry
associated with bending and unbending the soft sheet. The sim-
ilarity between [1] and [2] is a natural consequence of the fact
that in both cases, spontaneous symmetry breaking leads to the
formation of soft polar objects that interact asymmetrically with
their environments and thus move. However, locomotion in a
fluid requires breaking time-reversal symmetry, a well-known

requirement (13), while the geometry of the cone automatically
provides asymmetric frictional interactions when moving on a
rough substrate.
To test these predictions, the conical sheet actuators were first

placed on a rough surface and actuated with an oscillatory pneu-
matic input of variable frequency and amplitude. We see that the
oscillatory pneumatic input leads to periodic buckling and thence
net translational movement on a rough surface (Fig. 2A). We
systematically studied the dependence of the crawling velocity of
the locomotion with the diameter of the disk (d), the maximum
height of the buckle (h, noting that h ∼ dθ), which is easier to vi-
sualize, and the frequency (ω) of actuation (Fig. 2B and SI Ap-
pendix, Figs. S6 and S7). Here, we defined ω = 1/tT, where tT = tB
+ tU (tT is the period of one buckling–unbuckling cycle, tB is the
buckling time, and tU is unbuckling time, respectively). For all
the crawling experiments, we used pneumatic input for buckling of
the sheet and vacuum for unbuckling of the sheet such that ωB =
ωU. We see that our experiments agree with the scaling law [1], as
indicated in Fig. 2C, with an experimentally measured prefactor
that is 0.6, so that vc ≅ 0.6ωdθ. The discrepancies at large values of
h are likely due to the heterogeneity of the frictional interaction
with the surface.
We then investigated the ability to harness this instability to

generate net directional movement in an aquatic environment
(Fig. 3A). Periodic buckling against viscous forces leads to a
swimming motion only when the active buckling frequency ωB =
1/tB is larger than active unbuckling frequency ωU = 1/tU, and we
independently tuned ωB and ωU using electronic control devices
for the motions (SI Appendix, Fig. S3). We investigated the de-
pendence of the swimming velocity by varying d, h, and (ωB –

ωU) (Fig. 3B and SI Appendix, Fig. S8). The buckling frequency
was kept constant ωB of ∼0.83 Hz, the unbuckling frequency ωU
was varied between 0.3 and 0.83 Hz, and the size of the sheet was
varied between 12 and 20 cm. Fig. 3C shows that the proposed
scaling law [2] is valid for aquatic locomotion. In this case, as
unbuckling is the rate-determining step, the velocity of swimming
vS scales linearly with the frequency difference (Δω = ωB − ωU),
and the experimentally measured prefactor for the scaling law [2]
is ∼0.5, comparable with that of crawling motion for the range of
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Fig. 3. Locomotion of buckling-sheet actuator in aquatic environment. For swimming motion, the actuator with different diameters (d) was actuated with a
constant buckling frequency (ωB) and varying unbuckling frequency (ωU). (A) Photos of buckling-sheet actuator with d = 20 cm swimming on the surface of
water. The actuator moves only when the buckling frequency (ωB) is larger than the unbuckling frequency (ωU). (B) Displacement vs. time plot for swimming
of the buckling-sheet actuator with different d values for ωB ∼ 0.83 Hz and ωR ∼ 0.36 Hz. (C) The plot of the scaling law for swimming, vS/[(ωB – ωU) d)] vs. h/
d with d = 20 cm. The coefficient (slope of linear fit) is ∼0.5 (R2 ∼ 0.86).
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actuation frequencies we use. It is worth pointing out that the
direction of motion in an aquatic environment is exactly opposite
that on land, as the fold is a pusher on land and a puller in water.
This implies that in a littoral zone, this “con(e-an)imal” will re-
main localized, going back and forth between land and water.
Our engineered system shows how a minimal symmetry-

breaking mechanism in a soft sheet suffices to generate loco-
motion in both terrestrial and aquatic environments. To make
the two gaits successful and functional, though, we need to ad-
dress the question of their efficiency—that is, the ratio of the
physical work they perform during locomotion versus the input
energy required (13, 14)—and their controllability. In both
engineered and evolved systems, the efficiency of locomotion
determines whether a design is successful or not. Here, loco-
motion arises from actively driving the system only over half the
cycle and while allowing the system to recover passively over
the other half (SI Appendix, Fig. S9). In our experiments so far,
the orientation of the polar cone is random and determined by the
spontaneous breaking of rotational symmetry induced by buckling.
To control the direction of locomotion we use two actuators on a
pair of mechanically coupled sheets with separate pneumatic in-
puts (SI Appendix, Fig. S10) that are now designed to be polar.
Actuating either of the two buckles independently leads to turning
motion, while actuating both buckles simultaneously leads to lin-
ear translational motion (SI Appendix, Fig. S10). We can also take
advantage of the softness of the sheet to change its shape dy-
namically and thus squeeze through a narrow opening with a
footprint that is smaller than that of the extended flat sheet (SI
Appendix, Fig. S11). Furthermore, the conimal can achieve jelly-
fishlike motion in water by squirting water jets as it buckles,
mimicking simple soft-bodied jellyfishlike organisms (SI Appendix,

Fig. S12). Finally, it is also noteworthy that the buckling-sheet
actuator driven by elastic instabilities can perform untethered lo-
comotion with an integrated electropneumatic source (SI Appen-
dix, Fig. S13) as well as display real-world applications such as a
robotic gripper (SI Appendix, Fig. S14).
Our choices of geometry and actuation have yielded a polar,

bilaterally symmetric morphology that arises naturally from a
static elastic instability and enables stable and robust amphibious
locomotion using relatively simple materials and power sources.
The purely geometric instability to generate locomotion is time-
independent, complementing other systems that rely on dynamic
bistability associated with snapping behavior (15–17), and marks
the beginning of an exploration of other forms of morphological
phenotypes that serve as primitives for soft robotic locomotion
(18, 19). In a biological context, perhaps it might not have been
too difficult to harness this soft mode of deformation to effect
directed movement in benthic environments, and thus enable the
evolution of locomotion in primitive soft-bodied multicellular
organisms, setting off a cascade whose consequences we now see
around us (1).

Data Availability. All study data are included in the article and/or
supporting information.
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