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Abstract

Origami-inspired robots are of particular interest due to their potential for rapid and accessible design and
fabrication of elegant designs and complex functionalities through cutting and folding of flexible two-
dimensional sheets or even strings, that is, printable manufacturing. Yet, origami robots still require bulky rigid
components or electronics for actuation and control to accomplish tasks with reliability, programmability,
ability to output substantial force, and durability, restricting their full potential. In this study, we present a
printable self-sustained compliant oscillator that generates periodic actuation using only constant electrical
power, without discrete components or electronic control hardware. This oscillator is robust (9 out of 10
prototypes worked successfully on the first try), configurable (with tunable periods from 3 to 12s), powerful
(can overcome hydrodynamic resistance to consistently propel a swimmer at ~1.6 body lengths/min or
3.66 mm/s), and long lasting (~ 10° cycles); it enables driving macroscale devices with prescribed autonomous
behaviors, for example, locomotion and sequencing. This oscillator is also fully functional underwater and in
high magnetic fields. Our analytical model characterizes essential parameters of the oscillation period, enabling
programmable design of the oscillator. The printable oscillator can be integrated into origami-inspired systems
seamlessly and monolithically, allowing rapid design and prototyping; the resulting integrated devices are
lightweight, low cost, compliant, electronic free, and nonmagnetic, enabling practical applications in extreme
areas. We demonstrate the functionalities of the oscillator with: (1) autonomous gliding of a printable swimmer,
(2) LED flashing, and (3) fluid stirring. This work paves the way for realizing fully printable autonomous robots
with high integration of actuation and control.

Keywords: origami-inspired robots, printable manufacturing, self-sustained compliant oscillator, bistability,
physical intelligence

Introduction

FOLDING OF PATTERNED flexible two-dimensional (2D)
sheet materials (or even linear stings), as a top-down,
parallel transformation approach, provides an opportunity to
simplify and accelerate the design and fabrication of objects
to achieve elegant designs and complex functionalities.' In
nature, folding plays an important role in the creation of a
wide spectrum of complex biological structures, such as
proteins and insect wings. Inspired by nature, roboticists

explore folding as a design and fabrication strategy to
build robots; these robots—created using origami folding
processes—are defined as origami-inspired robots.? Origami-
inspired robots are also referred to printable robots’—they
are designed and fabricated in a planar manner, resembling
the printing process on copy paper.'* To clarify, the print-
able method in this article is specifically referred to origami-
inspired cut-and-fold, which is different from three-
dimensional (3D) printing technology. This printable
manufacturing strategy enables the construction of a wide
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range of robotic morghologies and functionalities, such as
crawling,” grasping,” swimming,” shape morphology,®’
self—folding,10 locomotion,11 or combinations of these
tasks.'>'* Such origami-inspired printable devices have
several potential advantages, including rapid design and
fabrication,'”” low cost and high accessibility,'® high
strength-to-weight ratio,'” built-in compliance for safe in-
teraction with humans,'® compact storage and transport,'
reconfigurability?® and self-folding,>' and high scalability
to still be practical at micro/nano-scale.?***

Despite these functional advantages, origami-inspired ro-
bots may need to rely on bulky components and electronics
for actuation and control to accomplish tasks with reliability,
programmability, durability, and the ability to output sub-
stantial force. For example, although having origami print-
able bodies, many robots still use electromagnetic motors and
microcontrollers for actuation and control.>'®?! Dependency
on such devices restricts the full potential of origami robots,
especially in applications where such components or elec-
tronics do not apply.'

In soft robotics, recent advances in materials and mecha-
nisms have enabled autonomous operations without rigid
components or electronics, only requiring a constant power
supply. Fluidic oscillators, including microfluidic logic,**
soft oscillators,25 and pneumatic ring oscillators,26 are able to
generate oscillatory pressure outputs without hard compo-
nents or electronic control. These oscillations could be cor-
respondingly harnessed to implement meaningful physical
tasks, for example, periodic actuation,27 earthworm-like
walking,*® and rolling locomotion®® for fully soft robots only
utilizing a constant pressure source. Another class of soft
robots relies on self-sustained oscillation for actuation and
control to realize autonomous functionalities, for example,
propulsion and shape morphing.?® These oscillations are in-
duced from special configurations with constant stimulus
fields, including humidity gradients,”® temperature dis-
crepancies,”*>" or visible light patterns.* Entirely soft di-
electric elastomer robots are capable of accomplishing tasks
autonomously thanks to dielectric elastomer logic gates,
which function similar to their electronic analogy while ex-
erting mechanical outputs. The dielectric elastomer logic
gates are based on the interaction of dielectric elastomer
switch/dielectric elastomer actuator,”*>* which is high-
energy density and capable of exerting large strain actuation.
However, these technologies are built around complex ma-
terial fabrication processes, limiting the accessibility prom-
ised by origami-inspired manufacturing; the realization of
printable autonomous actuation and control of cut-and-fold
robots remains a challenge.

In this study, we present a printable self-sustained com-
pliant oscillator that generates periodic actuation without
electronics or control hardware. Based on our previous
proof-of-concept “‘mechanical logic’*® that demonstrated
fluctuating electrical signals from a constant power supply
through mechanical interactions, this work substantially
improves the design and extends the concept to realize au-
tonomous actuation for origami-inspired robots. The au-
tonomous actuation can be more specifically defined here as
prescribed periodic actuation without the need of an exter-
nal control signal,**?? which might still need electrical
power source. This oscillator is robust, configurable, pow-
erful, and long lasting and enables actuating macroscale
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devices to autonomously accomplish meaningful prescribed
tasks with reliability, programmability, ability to output
substantial force, and durability. The printable oscillator is
built of nonrigid raw materials using origami-inspired cut-
and-fold manufacturing methods; this approach enables
integrated design and rapid prototyping, enhances accessi-
bility through low-cost materials and processes, as well as
increases the potential for interaction with humans with
built-in compliance.

The fundamental unit of our oscillator is a printable, self-
opening switch that disconnects its circuit after a geometri-
cally programmed timed delay. The self-opening function is
realized by integrating a bistable buckled beam and a con-
ductive super coiled polymer (CSCP) actuator*®>’
ductive thermal actuator, functionally similar to a coiled
shape memory alloy wire. The actuator gradually contracts
due to Joule heating from a constant power supply and drives
the bistable beam snap through to the other state, opening the
circuit.

The oscillator is composed of two mechanically coupled
self-opening switches; the oscillation results from the
system-level coupling of the opening of one switch to the
closing of the other ensuring that no stable state can exist in
this design (Fig. 1A). The oscillation period of the printable
oscillator depends on the self-opening switch’s timed delay,
which can be characterized as a function of its material
properties, geometric design parameters, and supply current.
To enable systematic design of the printable oscillator, we
present an analytical model for the oscillation period as a
function of those three categories of parameters. We dem-
onstrate the capabilities of our printable oscillator by (1)
autonomously gliding a printable swimmer on water, (2)
animating an LED display, (3) mixing fluid, and (4) lifting a
helium blimp. Specifically, these resulting devices and robots
are lightweight, low-cost, compliant, electronic-free, and
nonmagnetic, allowing for extensive practical applications,
especially in extreme areas.

Design
The printable, self-opening switch

The key mechanism generating a self-sustained oscilla-
tor is a printable self-opening switch. This self-opening
switch provides a method to realize a timed delay effect in
printable structures, which can lead to more sophisticated
control and logic functions when appropriately integrated.
This switch derives its operation from a precompressed
bistable buckled beam with two stable equilibrium states
coupled to a CSCP actuator (see Supplementary Fig. S2 for
detailed fabrication process). It is worth noting that the
performance of CSCP actuators in isolation has been well
characterized and modeled in Ref.*” We observed the same
response in our experiments so that we can directly apply
the knowledge into our study (see Supplementary Fig. S12
for detailed characteristics). When supplied with an elec-
trical current as presented in Figure 1B and C, this switch
functions as a normally-closed timer.*® Initially, the switch
is in the unactuated state with the biased contact closed
(Fig. 1B). The actuator gradually increases its tempera-
ture by Joule heating, resulting in an applied force on the
bistable beam. When the displacement of the beam ex-
ceeds a given displacement threshold Wgpap-hru, the beam
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FIG. 1. A printable, self-
sustained compliant oscillator
= composed of two inter-
connected self-opening
switches. (A) A printable os-
cillator is composed of two
switches in parallel with their

\ poles linked. This special
configuration leads to a sys-

tematic instability of any pole
position: a constant electric
current supply, Igpp, drives
an oscillatory displacement
output w of the poles. The top
views of the switch show its
circuit and schematic, with

Bistable beam
Heat-shrink tube

Connecting strip

A
Supply Switch1 Output
% --.. current ________,_Q'_S_-_____) &
@ e W - =
= A 8
3 ©
&) boups | =1
2]
— (]
Time i Switch 2 Time
.‘r’:‘ 3
Self-opening switch: |
B" Unactuated C Actuated
@ : Q
State 1 Bistable I 1 State 2
beam —_— : 3
C i
T Actuator :
Biased| ! .
contact I
fmlrpp 'TL' | .-'ﬂlpp _é_
D Contact
support

Beam support

Bistable beam:
Bistable Contact
beam

State 1/ | State2 State 1 State 2

RRRRRS AR TR

Heat-shrink
tube

CSCP actuator

Biased contact:
- Contact

the unactuated state (biased
contact closed, switch ‘“‘on”

in (B) and the actuated state
(biased  contact  opened,
switch ““off”’) in (C). (D) The
detailed structure of a self-
opening switch. The two ends
of the CSCP actuator are
connected with the bistable
beam and biased contact, re-
spectively. Both  bistable
beam and biased contact have
two different states (bottom).
When the bistable beam is at
state 1, the pulling force F, of
the actuator keeps the contact
closed; otherwise the contact
stays opened by the bias
force, F,. (E) Time-resolved
displacement of the center
point C of the bistable beam
under supply currents of 0.50,
0.53, and 0.56 A, respec-

pad

m

State 2

Displacement (mm)

tively. (F) Stable displace-
ment of center point C after
actuation as a function of the
supply current.

Uf2
Time (s) Time (s) Time (s)

experiences snap-through, triggering a rapid transition be-
tween bistable states and leading to the opening of the
electrical connection of the biased contact (Fig. 1C).
Therefore, this is a self-opening switch characterized by a
timed delay. Potentially, this switch could be desired as an
actuator in applications where controllable actuation duration
or instantaneous large geometrical changes are required.**°
Before starting the next operation, the switch needs to be
reset with the actuator cooled down to environment temper-
ature and the bistable beam toggled back to the initial state.
The operating frequency of this switch is typically limited by

0.4 0.6 0.8 L
Current (A)

the (passive) cooling time T, that is needed to reset the
CSCP actuator since the (driven) heating of the actuator
could be much faster.

The self-opening switch is composed of a bistable buckled
beam, a CSCP actuator, and a biased contact connected in
series (Fig. 1D, with detailed fabrication process in Supple-
mentary Note 1). One end of the actuator is connected to the
biased contact, whose other terminal is electrically grounded;
the other end is attached on the bistable beam and connected
to a current supply, Iy Due to the axial displacement
constraints, the originally straight beam decreases in length
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by being compressed; it then buckles into a cosine-wave
shape after reaching a compression threshold, resulting in a
bistability. The beam does not require power to remain
in either unactuated or actuated states, although switching
between states does require energy. When the beam, at state 1,
is driven rightwards by the actuator to a critical displacement,
Winap-thru» 1t Will snap to state 2 (Fig. 1C); it can be reset to
state 1 (Fig. 1B) with a critical displacement leftwards,
Wsnap- back -

The delay of the switch is determined by the time needed
for the actuator to heat up sufficiently to initiate the bistable
beam’s snap-through (Supplementary Fig. S1). To demon-
strate the self-opening mechanism, we built a prototype
device. As shown in Figure 1E, the bistable beam cannot
reach the threshold displacement at low supply currents—
the resulting equilibrium temperature, and thus, drive force
in the CSCP actuator is too low. Once the drive current
surpassed the threshold, the actuator was then able to drive
the beam pass its threshold causing snap-through into state 2
(Fig. 1F and Supplementary Movie S1). Increasing the
supply current further beyond this threshold reduces the
time needed for the actuator to heat up to its critical tem-
perature and thus the time delay of the switch, increasing the
operating speed of the device. In conclusion, the self-
opening switch features a configurable timed delay effect
and can serve as one-shot actuators with instantaneous large
geometrical changes.

The printable, self-sustained oscillator

The printable oscillator consists of two aforementioned
self-opening switches connected mechanically and electri-
cally (Fig. 1A). The two switches are connected electrically
in parallel (i.e., with the same current supply connections).
To generate oscillation, we mechanically linked the two
switches’ poles—coupling opposing unactuated and actu-
ated states, respectively—forming a double pole, single
throw switch. To physically implement this mechanical
linkage, the two switches can be integrated by sharing the
same bistable beam leading to a simpler configuration
(Fig. 2A, see Supplementary Note 1 for fabrication details).
The motion of the timed opening of one switch will auto-
matically reset the other (back to the unactuated state, still
needing to cool down the actuator). Thus, no stable state
exists for this system composed of two connected switches;
a system-level instability is built up as the switches close
and open sequentially and asynchronously, each shifted by
180° in phase (Fig. 2B, C). This system-level instability
results in periodic oscillation of the displacement of the
center point C of the bistable beam with a minimal unstable
transition period (Fig. 2D).%¢

To demonstrate, a printable oscillator is fabricated
with two integrated identically designed self-opening
switches (Fig. 2A). The mechanical structure is made from
commercially available flexible DuraLar™ Polyester Film
and conductive yarn, with Wgap-thu, ~ —0.89 mm, and
Wsnap-back» ~ 0.87 mm (see Supplementary Note 1 and 6 for
detailed fabrication and characterization processes, respec-
tively), and supplied with a constant electric current power
(Isupp =0.60 A). To reduce the reset time Tcq,, a forced air
source is supplied. After about three initial transient cycles,
the oscillator started to generate a stable periodic oscillation
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of the output displacement of the midpoint C of the bistable
beam (Supplementary Movie S2) with oscillation period,
Tose =3.93 s, calculated by averaging its peak-to-peak periods
in the time-displacement curve (Fig. 2D). Each oscillation
consists of four phases: rightward pulling, snap-through, left-
ward pulling, and snap-back (Fig. 2D). The snap-through and
snap-back phases are significantly faster than the pulling pha-
ses: in this case the snap-through time was Tgnap-ih ~ 0.125
(3.1% of the period) and snap-back time was Tsnap-pack ~0.10s
(2.5% of the period). The dimension of the bistable beam
and CSCP actuators is mainly chosen owing to two rea-
sons. (1) The geometry feature of the bistable beam should
match the resolution of fabrication and assembly methods
(i.e., cutting and folding); (2) the critical displacement
(and critical force) of the bistable beam should be appro-
priate so that the CSCP actuator can easily activate it to
snap through (see Supplementary Note 9 and 10 for more
discussions).

We further investigated the envelope of the printable os-
cillator design. We varied the input current and found out that
the shortest oscillation period was about 3.15s when the
current reached 0.63 A for this specific design. Beyond this
value, oscillation could not be sustained as the actuators
could not cool down between periods. After several oscilla-
tions, the bistable beam will stop at some position between
two stable equilibrium states due to the simultaneous pulling
of the two actuators. A broader operating range of the os-
cillation period could be obtained by simultaneously adjust-
ing the speeds of actuation and cooling. In addition, the
oscillator was able to continuously cycle for about 2000
complete periods with marginal change in frequency or
degradation in performance (Supplementary Fig. S15); the
oscillator continued but with a deviation in oscillation fre-
quency due to the thermal instability of the actuators over an
additional 8000 periods.

We also explored the possibility of the oscillator working in
different environments. First, we submerged the oscillator
completely underwater; the oscillator was able to oscillate with
aperiod of around 1.21 s from a 1.58 A supply (Supplementary
Movie S3) due to the reduced cooling time 7o resulting from
the higher thermal conductivity of water. This oscillator could
be used as an actuator for underwater robots leading to a new
application domain for origami-inspired designs. Second, we
placed the oscillator into a strong magnetic field of 0.18 T
(about 4000 times Earth’s field). The oscillator was unaffected
by either constant or dynamic magnetic fields (Supplementary
Movie S4); this demonstrates the potential of this oscillator for
applications within otherwise challenging high magnetic en-
vironments, such as Magnetic Resonance Imaging systems
(with fields of 0.2-7 T).

Analysis Model for the Printable Oscillator

The oscillator is a deeply coupled thermal-mechanical-
electrical system. To describe the fundamental physics of
the oscillator, we performed theoretical modeling to es-
tablish a governing formula. Due to the symmetry of the
oscillator, we need to only consider its behavior within one
single self-opening motion of a switch. Thus, the oscillation
period, Ty, of an oscillator is two times of the sum of the
pulling time, Tp,, and snap-through duration, Tip,p
(Fig. 2D):
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where T,y can be specifically defined as the duration that the
actuator takes to drive the bistable beam to reach its snap-
through point.

Since the actuation of the CSCP actuator features a sig-
nificantly larger characteristic time constant than the dy-
namics of the bistable beam,*' we propose a quasi-static
assumption to simplify our model: in response to the force
generated by the actuator, the bistable beam is able to achieve
equilibrium instantly. Therefore, the dynamics of the actuator
dictates the behavior of the entire system. In addition, on the
scale of our consideration, the snap-through duration, Ty, is
typically rather small.** For example, Tnqp is about 0.1,
while the pulling time is about 2.0 s (Supplementary Movie
S2, Figs. 2C and 3B). Therefore, we can neglect Ty;,, and
approximate the oscillation period of an oscillator as two
times of the pulling time, that is, Tosc & 2Tp,. Once we know
the snap-through characteristics of the bistable beam, we can
obtain the snap-through temperature of the actuator from

and, thus, calculate the time
period (i.e., Tpuy) that the actuator takes to reach the snap-
through temperature from its first-order thermoelectric
model. Therefore, the oscillation period, T, can then be
written as (with derivation in Supplementary Note 9):

Toe= —2%In{l-
M F onap = thra — kOWonap = thra — woly 2)

)
erlip R

A
Isupp > \/ [anap-thru - k(Wsnap-lhru — Wrise)] 3)
CTR

Iqpp is the supplied electrical current through the actuator
with a lower bound for oscillation defined by Eq. 3.

Cy, and A are the thermal mass and absolute thermal con-
ductivity of the actuator in its specific environment. R, k, and
cr refer to the actuator’s resistance, stiffness, and thermal
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coefficient. It is worth noting that some parameters vary with
actuator geometry: 4, Cy,, and R are directly proportional,
while k is inversely proportional to the length of the CSCP
actuator. cr is a constant of the material. Thus, the length of
the actuator has a direct effect on the oscillation period,
which is a key design parameter of the proposed oscillator
(Supplementary Note 9).

In contrast, Wrise, Wenap-thru» aNd Fyap-tmry are the critical
snap-through characteristics of the bistable beam, respec-
tively, initial rise, critical displacement, and critical force
(Supplementary Fig. S13). All these three parameters are
determined by the bistable beam’s material, geometry,
boundary conditions, and loading.** According to Equation
(2), Tosc can be arbitrarily designed, under the assumptions of
negligible snap-through duration. However, its lower bound
is determined by the cooling time, T, that the opposite
actuator needs to take to reset to the environment temperature
before the next cycle, constraining Tpuy = Tosc /2 > Teool

In our experiment, we used a 69.0 mm actuator with R =3.8
Q, k=—0.28 N/mm, and c7= 1.6 x 107> N/°C (Supplementary
Note 5). The bistable beam features snap-through character-
istics measured to be Wyjse =—2.12mm, Wepap-thru =—0.89 mm,
and Fgpap-thr =0.42 N (Supplementary Note 6). The influence

of supply current on oscillation period is shown in
Figure 3A. When the current increased, T,s. dropped
monotonically; the corresponding oscillation curves of the
center point of the bistable beam are presented in Figure 3B.

During the experiment, the oscillator was unable to os-
cillate outside the range of [0.54 A, 0.63 A] of the supply
current. When the current is smaller than 0.54 A, the actuator
could not generate enough force to activate the snap-through
motion due to the insufficient equilibrium temperature.
Meanwhile, oscillation is not sustainable when the Ty /2 is
smaller than T, due to the switch reset requirements. By
fitting the experimental results of the oscillation period ver-
sus current, we obtained the thermal mass, Cy,, and absolute
thermal conductivity, /, of the actuator to be 2.99 x 1072 Ws/
°C and 2.31x 1072 W/°C, respectively. The fitting curve (the
red dash line in Fig. 3A) indicates that the lower bound of the
current is around 0.538 A [from Eq. (3)], which is very close
to our experimental observation, that is, 0.54 A. In addition,
the fitting curve suggests that the period asymptotically ap-
proaches 0 with increasing supply of power; however, real
limits on the period, including cooling time, snap-through
duration, and inertial dynamics, were outside our assumed
bounds.
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Although dramatically simplified, our model showed a
good agreement with the experimental observation, sug-
gesting that it may be used as an analytical tool to predict
the system behaviors of the printable oscillator (and other
similar devices composed of bistable mechanisms and ac-
tuators). In addition, this analytical model can potentially
be used to create a design tool for rapid protot 1plng of the
oscillator due to its simplicity and explicitness.” Itis worth

noting that the oscillation period would increase when ex-
ternal loading is applied on the bistable beam, with this
loading effect resulting in the delay of the onset of the snap-
through. However, the characterization of this effect has
not been included in this article, which may require addi-
tional analysis.
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Applications of the Self-Sustained Oscillator

By embedding actuation and control directly into printable
mechanisms, we can then build fully printable devices and
robots monolithically fulfilling greater potentials of printable
manufacturing. To demonstrate the abilities of our printable
oscillator, we proposed four disparate applications built on
our design: autonomously propelling a printable swimmer
on water utilizing a rotary paddle driven by the oscillator
(Fig. 4), animating an LED display using the periodic motion
of the oscillator to control electrical circuits (Fig. 5), mixing
fluid through the oscillatory dragging of an agitator actuated
by the oscillator (Supplementary Note 11), and lifting a he-
lium blimp (Supplementary Note 12).
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FIG.4. Autonomous gliding of a fully printable compliant swimmer on water. (A) The swimmer consists of an oscillator,
four stabilizers, and one L-shaped paddle. The stabilizers and paddle are folded structures and can be monolithically
integrated into the oscillator design. (B) The stabilizers and paddle (in purple) are added onto the edges of the oscillator and
the bottom edge of the bistable beam, respectively. The paddle is connected with the bistable beam through a flexible
origami connector (see zoom-in view). (C) Simplified locomotion mechanism of the swimmer. (i) When the bistable beam
snaps back (leftward in the figure), it drives the paddle counter-clockwise, propelling the swimmer leftward by a distance,
dccw. (1) When the bistable beam snaps through (rightward in the figure), the paddle thrusts the swimmer to move further by
another distance, d.,. Thus, the swimmer can glide leftward by d( = d,cw + d.w) totally in one cycle. (D) Power was supplied
after about 3 s; the resulting oscillation of the bistable beam drives the rotational motion of the paddle to propel the swimmer
leftward over the water surface (Supplementary Movie S5). (E) Time-resolved plots of the (angular) displacement of the
swimmer and paddle. The average speed is about 3.66 mm/s. CCW, counter-clockwise; CW, clockwise.
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FIG. 5. Animation of an LED display.
Two green LED arrays are controlled by
connecting their respective cathodes to
points a and b of the oscillator; their power,
VieD, is independently supplied. Thus, the
states of each switch can control the ‘“‘on/
off”” status of the corresponding LED array
(A). The two LED arrays are integrated into
a panel with a stick-figure pattern with three
terminals, namely a, b, and power supply pin
(B) (see Supplementary Fig. S9C and D for
detailed circuit design). This LED panel has
two different lighting patterns. When switch
1 is closed, the panel shows pattern 1; oth-
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erwise, it displays pattern 2 (C). (D) Once
the oscillator is powered with a constant
current, the LED panel (supplied with a
5.1V power source) starts to flash, alternat-
ing between pattern 1 and pattern 2. “1”

13 LX)

means the corresponding pattern is ‘‘on,

0
0000$0°00
000

0

Vieo| 0095000
ad o)
o O

(e

while ““0” represents ‘‘off.”” This alternating

flashing combined with the unique pattern D
animates the walking of the stick figure.

When the amplitude of the current was in-

creased at around sixth second, the flashing 1

frequency grew as well, causing the stick

figure to “‘run” (See Supplementary Movie
S6 for the complete display).

« Pattern 1
= Pattern 2

State

T Increase current

Autonomous gliding of a fully printable
swimmer on water

We demonstrated the ability of the oscillator to achieve
translational locomotion of origami-inspired robots using
only a constant current input. We designed a fully printable
swimming robot (Fig. 4A) that can glide on water surface by
harnessing the periodic rotational propulsion of a paddle.***
This rotational propulsion is generated through a mechanism
that guides the paddle travel through an asymmetric stroke
driven by the symmetric oscillation of the bistable beam. The
swimmer is built upon the printable oscillator with additional
integrated origami-inspired features (Fig. 4B and Supple-
mentary Fig. S8A). We added four stabilizers around the
oscillator and one paddle onto the bottom edge of the bistable
beam (see Supplementary Note 2 for fabrication details).

These stabilizers have three functions: (1) to balance the
swimmer to avoid rolling; (2) to control the gliding direction
through vertical fins; and (3) to reduce friction against the
sidewalls (if necessary) through horizontal bumpers. The
L-shaped paddle is connected with the bistable beam through
a flexible connector and constrained by a narrow hole on
the body. The flexible connector joint enables the angular
movement of the paddle while being compatible with the
origami-inspired manufacturing method. Additional features
are added onto the edges of the paddle to increase the me-
chanical efficiency of propulsion in water and, thus, the
generated thrust (Supplementary Fig. S8B).

It is worth noting that all of the newly added components
(including four stabilizers, one paddle, and the flexible con-
nector) are fabricated by the same origami-inspired printable
method as the oscillator and thus integrated into a monolithic
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design. In other words, the mechanical subsystem of the
printable swimmer can be directly made out of a single sheet
material (Supplementary Fig. S8§A). This monolithic design
and fabrication strategy improves the robot’s simplicity and,
hence, reduces the manufacturing complexity and cost.

Once the power is supplied, the paddle generates thrust on
the swimmer in two steps (Fig. 4C). In the first step, from
state (i) to (ii), the bistable beam snaps back (leftward in the
figure) driving the paddle counter-clockwise (CCW) to pro-
pel water, which results in a leftward gliding of the swim-
mer by a distance, d .. In the second step, from state (ii) to
(iii), the bistable beam snaps through (rightward in the figure)
and thus the paddle rotates clockwise (CW), thrusting the
swimmer leftward by another distance, d.y,. Therefore, the
robot can swim leftward by d (=d..w + d.w) in one cycle.
Over time, the swimmer can continuously glide on water
surface only with a constant current supply.

We experimentally demonstrated the capability of the
swimming robot, with an on-board integrated oscillator.
After a 3-s rest, the swimmer was powered by a constant
current supply and traveled 120.8 mm in 33.0s, achieving an
overall average speed of about 3.66 mm/s (equivalent to 1.6
body lengths/min, Fig. 4D, E, and Supplementary Movie S5).
The stable swimming speed is about 4.21 mm/s after the
initial acceleration period. Meanwhile, the paddle featured an
oscillatory rotational motion (in purple, Fig. 4E) driven by
the reciprocating motion of the bistable beam. The swimmer
glided continuously with the intermittent propulsion from the
paddle thanks to the small friction on water. Since the os-
cillators are low-cost, nonmagnetic, and electronic free, the
resulting printable swimmer is more applicable to tasks, such
as exploration, rescue, and navigation, in extreme areas (e.g.,
with high magnetic field or high radiation).

Animation of an LED display

The oscillator can also generate sequential electrical con-
trol: we controlled the on/off states of two LED circuits re-
sulting in the controlled animation of the light arrays. On the
base of the oscillator, two LED arrays are incorporated into
the system by connecting their cathodes at point a and b,
respectively (Fig. SA). The LED light arrays can be supplied
with independent power (i.e., VL gp). Therefore, the states of
two LED arrays are only controlled by the open/closed status
of the corresponding self-opening switches.

In this study, we integrated the two LED arrays into an
LED panel composed of 49 green LED (Fig. 5B, see Sup-
plementary Note 3 for detailed fabrication specifications).
This LED panel has two different light patterns (Fig. 5C).
When switch 1 is closed, the LED panel shows pattern 1;
likewise, switch 2 shows pattern 2. Vi gp is about 5.1 V and is
independent of the power supply of the oscillator. Once the
oscillator is powered, the LED panel switched between pat-
tern 1 and 2 leading to the designed animation of a stick figure
walking. When the supply current to the oscillator was in-
creased (at around =6 5s), its oscillation frequency increased
(Fig. 5D), animating the figure to walk faster and then run
(see Supplementary Movie S6 for the complete animation
sequence). Due to the fabrication error, the asymmetry of the
bistable beam of the oscillator led to the asymmetric oscil-
lation, which resulted in the irregular lighting pattern in
Figure 5D. Nonetheless, thanks to the electronic-free nature

of the oscillators, this LED flasher might work in extreme
environments, such as high radiation fields, where typical
electronic components could not function.

Materials and Methods

Characterization of printable devices

The power of the devices was supplied by a laboratory DC
power supply (TP-3003D-3; Kaito Electronics, Inc.). The
input current and output displacement were characterized and
recorded from the reading panel of the power supply and a
digital camera (30 or 240 fps), respectively. An active cool-
ing system was added to help speed up the cooling process of
the actuator. The default parameters of the active cooling
system were set to about 22°C (room temperature), ~110 cfm
flow rate, ~ 150 mm distance from the tested devices. Other
sets of parameters are available for various applications.

Discussion and Conclusion

Previous methods to achieve actuation and control of
origami-inspired printable devices have relied on bulky and
rigid components, often requiring external control system
devices and limiting their potential and use in applications
where completely printable robots are desirable or neces-
sary. This article presents a printable self-sustained com-
pliant oscillator that is powerful, robust, configurable, and
long lasting, which can generate periodic actuation to en-
able driving macroscale robotic devices with prescribed
autonomous behaviors. This oscillator is composed of two
self-opening switches. The oscillation stems from two in-
stabilities: the buckling instability of the bistable beam that
controls the ““closed” and ‘‘opened’ states of the biased
contacts of each self-opening switch and the system-level
instability caused by the mechanical coupling of the poles
of the two self-opening switches. This printable oscillator
outputs periodic displacement and enables driving origami-
inspired printable robots and mechanisms from only a sin-
gle constant electrical power supply. Thus, this oscillator
empowers oscillatory motions in completely printable de-
vices, illustrating the feasibility of embedding simple
control into the electromechanical constructions, elimi-
nating the need for auxiliary electronic devices through
mechanical design.

In addition, a printable oscillator generating asymmetric
oscillations can be obtained in a similar manner by com-
bining switches with distinct timed delays, which enables
yet additional applications. This oscillation mechanism
can be characterized as a generic physical strategy to
convert a constant energy input into an oscillatory output
through coupled feedback of time-delayed mechanical
instabilities.

The mechanism of the printable oscillator is verified
through the experimental observation of the periodic dis-
placement of the bistable beam. To enable systematic
design, we built an analytical model for this printable os-
cillator, validating it against its constituent self-opening
switch. This model allows us to predict its oscillation period
against the supply current, geometric parameters, and ma-
terial properties. Currently, we only demonstrate one in-
stance of our oscillator with specific geometries. This
analytical model allows readers to explore the design space.
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For example, the proposed oscillator could be scaled up
according to the model if we can guarantee that the actuator
can drive the bistable beam snap through. This condition can
be rather easily met based on two reasons: (1) the CSCP ac-
tuator is one of the most powerful actuators, which can exert
giant specific power of average 27 kW/kg (about 500 times of
human muscle); and (2) CSCP actuators can be bundled to-
gether to increase the exerting force to drive the scaled-up
bistable beam.*'

We were able to achieve oscillation periods down
to ~1.21s by submerging the oscillator under water; the
oscillation can be faster through simultaneously increasing
the pulling speed and cooling speed. The snap-through mo-
tion of the beam itself provides much faster structural de-
formations at high force, which could be independently
applicable to additional nonperiodic tasks.*®

We demonstrated the capability of the printable self-
sustained oscillator by (1) autonomously propelling a fully
printable gliding swimmer, (2) animating an LED display,
(3) stirring and mixing of fluid, and (4) lifting a helium
blimp. When supplied with a constant current power, the
oscillator could give rise to the aforementioned applications.
Our oscillation mechanism has great potential for various
other robotics applications; oscillation is one of the most
available mechanical mechanisms used to generate kinetic
energy in motion, propulsion, and directional locomotion.**
For example, we can use the oscillator to drive robotic
crawlers that move forward by oscillation-driven asymmet-
rical friction forces.*’

In addition, our oscillation mechanism arises from a self-
opening switch, which can be generalized and applied to
various systems regarding materials, structures, manufacturing
methods, and power sources. For example, the oscillation
mechanism could be adapted to other configurations, including
using different bistable mechanisms (e.g., Kresling bistable
pattern and origami bistable hypar) and actuators (e.g., elec-
tromagnetic actuators and dielectric elastomer actuators),
which can lead to distinct oscillators with ample configurations.
Due to the high currents (but low voltages) necessary for the
thermal actuators, a low series resistance is necessary for its
power supply; with an appropriate battery, these designs can be
untethered to enable infrastructureless operation. These can be
put into complex environments that would otherwise preclude
typical electronic components, including large ambient mag-
netic or radiation fields.

The oscillator is built of nonrigid raw materials through
origami-inspired printable manufacturing techniques; the
oscillator is preprogrammed and patterned in 2D sheet ma-
terial and then folded and assembled into its final 3D ge-
ometry. This approach allows integrated and monolithic
design and rapid fabrication, leads to accessible, low cost,
and potentially disposable designs,"*® and improves the
safety for interaction with humans, making them an attractive
alternative to nonprintable systems that require electronic
control components.
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