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Supplementary Discussion:

Our OMS and logic gates use electrical signals as both inputs and outputs; this architecture
makes it possible to use the output to control any electrically or thermally driven actuators (e.g.,
shape memory alloy actuators (/), conductive liquid crystal elastomers (LCE) (2), etc.), making
them suitable for integrating into a wide range of robots and machines. The system can function
equally well under AC signals; though not demonstrated, the core OMS is driven by the current
magnitude and is thus independent of its direction of flow. For example, an output AC signal
can be directly used to drive an electromagnetic actuator from a comparable supply. For pure
mechanical logic networks, the number of inputs that an output signal can drive (i.e., fan-out)
is often very small, which is restricted by the limited number of accessible interactions between
gates, high damping, and other losses (3). Our proposed architecture combined with the nature
of low resistance of logic gates vastly enlarges the fan-out, which could potentially increase the
overall scope of the resulting computing networks and thus the design space of our proposed
system.

Our OMS-based mechanism provides opportunities for adopting other actuation systems,
which could lead to broader applications. As stated above, we use the same type of signal for
both the inputs and outputs of OMS-based devices. The output signals from previous gates can
be directly fed as the inputs of the downstream gates without additional interfacing components.
Thus, we have two main requirements for actuators in our system. 1) They can be directly acti-
vated by signals of interest. For instance, CSCP actuators can be electrically driven. 2) Actua-
tors are capable of exerting sufficient displacement and force to toggle the bistable mechanism.
Taking shape memory alloy (SMA) actuators as an example, they can be electrically activated
and generate large linear contractions, which makes them suitable for our systems. Actuators,
like ionic polymer-metal composites, might not be competent due to their small output force.

Other electrically driven actuators, e.g., conductive LCEs are also viable. Another common ac-



tuation of interest is pneumatic (or fluidic). For instance, linear contracting pneumatic actuators
can be used to activate the bistable beam (4). Accordingly, we need to use pneumatic current
as a signal instead of electricity (5). Otherwise, we could build hybrid origami logic systems
for specific applications that require different input and output signals, although additional in-
terfacing components are required for cascaded circuits. For example, we can create origami
logic with pneumatic inputs but electrical outputs similar to Ref. (6). Alternative actuators,
e.g., light-driven LCEs, may be adopted into our system to build more hybrid origami logic and
autonomous machines.

The proposed devices have been tested to robustly function for the order of hundreds of
repetitions, which is sufficient for all of the demonstrations in this paper. Based on our previous
work (7) that conducted a lifecycle test on a self-sustained oscillator that shares the same ma-
terials and physical processes, these devices could presumably work at least thousands of times
with marginal degradation in performance; failure largely happened because of the thermal in-
stability of CSCP actuators under cyclic heating/cooling. Extending the durability of origami
devices is out of the scope of this paper; the feasibility of long-time operation still needs to
be validated experimentally for further exploration. Alternately, this issue can be addressed
by replacing the CSCP actuators with known long-life mechanisms, e.g., dielectric elastomer
actuators (DEA), although that requires a high working voltage (8).

Constructing logic gates and robots with bistable beams enables easy memory and state stor-
age, which allows energy saving since only switching between states requires power. Although
it is favorable for information storage, this bistability-based architecture requires a reset after
each computational execution. Instead, using monostable beams with snap-through (the beams
will snap back to their stable position if the applied force is removed) can enable self-reset at
the cost of constant operating power. The self-reset allows continuous operation and thus less

external interference for simple circuits (5). However, the fabrication of a monostable beam



using folding-based methods is much more challenging due to the high sensitivity to its geom-
etry parameters and boundary conditions (9). Therefore, the trade-off between two different
architectures needs to be considered for specific tasks.

The delay of a single OMS-based gate is essentially determined by the time needed for
the contraction of the CSCP actuator and the snap-through of the bistable beam. Presumably,
we could largely shorten the response time of the actuator by increasing the supply voltage
while increasing the snap-through speed by adopting a shorter, stiffer, or lightweight beam, or
increasing the thickness of the beam (more discussion can be found in Supplementary Note
7 and Supplementary Note 8). However, it is very challenging to further reduce the delay to
be comparable with that of semiconductor-based devices, which is also not the goal of this
work. Therefore, our OMS-based devices are mainly suitable for speed-insensitive applica-
tions. Moreover, our origami-based process provides alternative approaches to generate more
complicated circuits. For instance, a self-sustained oscillator can be directly created instead of
combining several OMS-based gates (7). Other more complex functionalities could presumably
be built in a similar manner.

Although our origami components and devices, such as logic gates, are less performant
than conventional semiconductor counterparts in terms of speed, density, and energy efficiency,
our OMS information processing architecture demonstrates advantages for certain applications
without a power constraint. For example, the OMS, sensors, logic gates, and origami robots
are built of non-rigid, inexpensive sheet materials (polyester) and conductive sewing threads
through origami-inspired folding. This approach allows integrated design and rapid fabrica-
tion for accessible, low cost, and potentially disposable designs (/0). The resulting integrated
systems are semiconductor-free, and nonmagnetic, enabling practical applications in extreme
environments (e.g., with high magnetic or radiation fields). Meanwhile, our folding-based

compliant devices and robots are easier to build and integrate with compared with soft-bodied



polymer counterparts, which typically involve multi-stage molding (or printing) and sealing
processes (5, 6, 11). The folding-based method for creating robots is engaging and unintimi-
dating, making it desired for applications in the toy industry and education (/0). The low cost
of constituent materials and simple equipment requirements further make our method more
accessible for resource-constrained students.

Currently, we have realized up to two levels of cascaded combinational logic; our modular-
ized design of fundamental gates (NOT, AND, and OR) allows us to compose arbitrarily com-
plex gates through further cascading using geometric layout and wiring. However, to broaden
the scope of our origami digital logic for autonomous robots, this universal functionality must
be augmented by three additional research contributions: i) Fabrication. Although our current
folding-based process makes it easy to prototype single units, it is limited for high-throughput
creation. Solutions for at-scale manufacturing of origami structures include automating self-
folding (/2) through careful materials selection (/3). ii) Sizing. We have currently designed
centimeter-scale devices. Though a nominal decrease in size might be possible through further
engineering optimization, a several-fold reduction in characteristic dimension—on par with
other scaled 2D printable techniques such as pop-up book MEMS (/4) or direct printing of
actuators (/5)—would practically enable much more complex logic. iii) Design automation.
With the increasing number of logic gates in more complicated circuits, the design and imple-
mentation of desired functionalities become onerous; this could also result in inefficiencies due
to unoptimized circuits and their wiring. Computational design tools (e.g., (16)) have been used
to assist in the generation of manufacturable drawings from functional specifications.

Our work lays the groundwork for future research aimed at creating autonomous robots
purely through folding without post-installation. Currently, parts of components (e.g., actua-
tors) still need to be installed after folding processes. Therefore, it is vital to develop versatile

2D composites that can tightly integrate necessary functional materials to complete essential



functionalities, including sensing, computing, and actuation. Pop-up book MEMS is a promis-
ing method to embed necessary functionalities into patterned laminates that can be folded to
construct autonomous machines. Another encouraging direction is 3D printing, especially mul-
timaterial direct-ink-writing and embedded 3D printing. Thus, multifunctional 2D precursors
can be directly created either through lamination or printing and then folded into reprogrammed
configurations with desired functionalities without post-installation.

To create untethered autonomous robots fully through origami cut-and-fold, we can incor-
porate thin film lithium batteries by embedding them into origami structures (/7-19). These
batteries can provide both load-bearing and energy storage and easily be built through 2D fab-
rication without requiring post-installation. We can also replace the DC motors with origami
oscillators (7) to generate periodical motions which are essential for the autonomy of robots,
especially for locomotion. This would lead to advances in developing untethered intelligent
systems of natural counterparts purely through origami-inspired cut-and-fold.

Additional capabilities such as clocking logic and alternate sensing modalities can be achieved
within our proposed origami paradigm, although replicating semiconductor-based electronic
computers and machines is not the underlying goal of our research. We can create a clock by
using origami oscillators that generate alternating signals from a constant voltage supply as
presented in our previous work (20). Integrating this clock enables sequential logic and higher
autonomy for origami machines. Sensors that perceive different signals allow a broader range of
interactions with humans and the environment. One way they can be constructed is by replacing
the CSCP actuators on the bistable (or monostable) beam of OMS with stimuli-responsive ma-
terials (Supplementary Fig.23); thus the corresponding stimuli can be transduced into an output
voltage signal. For example, the OMS can be modified as an optical sensor by substituting the

CSCP actuators with photo-responsive liquid crystal elastomers (2).



Fabrication of Devices:

Supplementary Note 1 Fabrication of OMS and logic gates

The OMS and logic gates share the same fabrication process (Supplementary Fig.3). Here we
use an origami NOT as an example to demonstrate the fabrication method; the detailed creation
of each logic can be found in Supplementary Fig.5-9. This also similarly corresponds to that of
the crawler (Supplementary Fig.13), flytrap-inspired robot (Supplementary Fig.15), and origami
wheeled car (Supplementary Fig.18). The fabrication of the NOT is mainly done in three stages:
(1) origami cut-and-fold (with contact pads attached), (ii) attaching copper tape circuit traces,
and (iii) assembly of CSCP actuators.

The NOT gate is firstly constructed by patterning a flexible, polyester film (DuraLar™,
Grafix Plastics) with a cutting machine (Silhouette CAMEO 2, Silhouette America, Inc.). The
2D fabrication pattern of the NOT is shown in Supplementary Fig.4A, where the red and blue
dashed lines indicate mountain and valley folds, respectively. Before folding, the contact pads
are attached to the tabs; otherwise, it would be very challenging to fix them on the buckled
beam (Supplementary Fig.4C). The contact pads were partnered in such a fashion that the lower
extruding rectangular parts, were facing away from one another. After partnering them, the
smaller, T-shaped piece was attached to the thin, center, stick-like, cut out of the beam and
the top edges of the T were wrapped around to ensure adhesion. Next, the z-shaped piece
was directly attached to the beam with its upper rectangular piece being placed underneath the
previous T-shaped pad, creating electrical contact between the two surfaces. Thus the two pads
only contact when the bistable beam is at a certain stable state.

The origami frame is then folded from a planar base and various out-of-plane structures;
these structures can be visualized in Supplementary Fig.4B, indicated by the two supports along
the boundary and the beam support through the center. These structures are folded in a weaving

manner, coming up through a slot from below the base and folding back down through the



various support slots to form the arches. By using origami features as connectors, we can
minimize the resources required to assemble the devices. More fabrication details of this class
of origami devices can be found in (27).

Secondly, we place the copper tape circuit traces (see Supplementary Fig.4D) on the base of
the origami framing (Supplementary Fig.4B) while connected with contact pads through copper
wires. The widths of copper traces could vary since they have very high conductivity compared
with other electrical components, e.g., CSCP actuators. For convenience, we use about 3mm
traces. Although it would require extra effort and care during folding, these copper traces can
also be laminated onto the PET sheet before folding. For simplicity, we chose to install them
after folding. Lastly, we install the actuator onto the resulting structure. One terminal of the
CSCP actuator was fixed to the beam by using a piece of heat-shrink tubing (7496K81, Insultab)
on either side. The other terminal of the actuator was similarly fixed to the support structure
through another heat-shrink tube. Each of the exterior ends of the actuators was then connected

to the circuit traces using thin copper wires, completing the electrical connection of the circuit.
Supplementary Note 2 Fabrication of the flytrap-inspired robot

The fabrication of the flytrap-inspired robot and the crawler robot shares a similar process to
that of the origami NOT described above. The robot contains an AND gate (without reset mech-
anism) at its central base as shown in Supplementary Fig.15A. Its corresponding folding pattern
is shown in Supplementary Fig.15C. The outer leaves were then attached to the central switch
through the leaf-base connections (see Supplementary Fig.15A and B). These connections use
double rib tabs, similar to those previously mentioned for the various beams and supports, to
support the opening and closing of the leaves. A touch sensor, based on the bistable switch, is
formed on the center of each leaf by adhering the contact pads shown in Supplementary Fig.15C

to both bistable beams. The outputs of the two sensors are connected to the two inputs of the



AND gate (see Fig.5b). Then, the actuators are threaded through the holes indicated in Sup-
plementary Fig.15C and tethered to the bottom platform (in green) and the support structure on
the leaf itself, using shrink tubes. When the actuators contract, the leaves rotate along with the
hinges on the connections to capture living ‘prey’. The complete circuit diagram of the robot

can be found in Supplementary Fig. 17.
Supplementary Note 3 Fabrication of the legged robot

The origami crawler consists of body, legs, antennae (with embedded touch sensors), origami
controller, and a 3.7-V Lithium battery. (i) The body was firstly constructed by folding in
accordance with the manually-designed patterns shown in Supplementary Fig.13; the various
components were then mounted together into their designated slots, completing the crawler’s
body. (ii) Circuit traces, including contact pads, were then cut and placed on the body (see
Supplementary Fig.14 for the detailed circuit diagram). The sensing antenna function by com-
pleting one path of the circuit when contact is made against a surface. Consistent, sustained
contact is necessary in order to trigger the corresponding reversal mechanism; thus magnets
were placed underneath the surface of the upper body and just in front of the antenna. These
magnets guarantee a solid connection between the two contact pads, once a sufficient force has
been applied for the magnetic force to bring the antenna to the body. Alternative methods were
explored, such as that of a bistable beam, but much larger forces were required to trigger such
switches. (ii1)) One CSCP actuator was incorporated in nearly the same manner as described for
the NOT gate with a single key distinction, only one support is required since the beam itself can
act as an attachment point with manual reset. Another CSCP actuator was similarly attached to
the DPDT switch to alter the state of the switch. (iv) Next, the various electronic components
including a battery, a power switch, an 8-ohm resistor, and two DC motors (FS90R, Pololu

Corporation) were embedded into the circuit as shown in Supplementary Fig.14. Much of the



wiring is taken care of by the printed circuit trace pattern with these various components being
implemented in series with the circuit, in the empty middle layer of the crawler. The active legs

were attached to the output shafts of the motors to complete the assembly.
Supplementary Note 4 Fabrication of the origami wheeled car

The origami wheeled car consists of three major parts: one origami body, one memory disc,
and two corrugated wheels (see Fig. 7a). The body of the car was folded from a PET sheet with
the 2D pattern shown in Supplementary Fig.18A. The motor frame is designed to hold the DC
motors (FS90R, Pololu Corporation) that are used to drive the wheels. To improve the stiffness
of the wheels and the robustness of locomotion, we adopted a corrugated wheel design (22).
One rubber band was attached to each wheel to increase the friction to prevent sliding for stable
locomotion. The key component of the car is the memory disc with its corresponding 2D pattern
in Supplementary Fig.18C; it includes supporting disc, bistable memory bits, and associates.
The supporting disc was cut from a 1.5mm-thick clear acrylic sheet by a laser cutter (Speedy
300 flexx, Trotec). The basic memory bits sharing a similar design as OMS were fixed on the
supporting disc through customized beam supports; this modular design can reduce fabrication
difficulty. The information (voltage) of memory bits are read by the rotating head driven by a
gearbox motor (HP 6V, Pololu Corporation, attached on the disc through the center motor slot);
the sliding brushes on the read head extracted the signal through the electrical contact with the
copper sliding rings (see Supplementary Fig.18D). We also specially designed a two-channel
slip ring to enable the information transmission from the rotating read head to stationary motors
on the car. The detailed circuit diagram of the origami car is present in Supplementary Fig.19,
though only one composite memory bit (including two basic bistable memory bits) is shown in

Supplementary Fig.19A.



Characterization of Components:

Supplementary Note 5 Characterization of the CSCP actuator

There were two properties, thermal coefficient, ¢y and stiffness %, of the CSCP actuator that
needed to be characterized. The detailed parameters of the tested actuator sample are listed in
Supplementary Table 1. To obtain ¢, we heated the actuator through Joule heating with a DC
power supply (TP-3003D-3, Kaito Electronics, Inc.). When the actuator’s temperature reached
a steady state, the temperature and its corresponding generated force read from the Mechanical
Test Systems (MultiTest, Mecmesin) were recorded. In the same manner, we changed the supply
power, and thus temperature and recorded corresponding exerted force to plot the temperature-
force curve, as shown in Supplementary Fig.20A. By repeating the same test three times on
two samples, we could fit the data with a linear curve. The curve’s mean slope is the thermal
coefficient, ¢y, approximated as 2.18 x 102 N/°C (23).

k is determined through the slope of the force-displacement curve (23) produced by using
the Mechanical Test Systems. A K-type thermal couple (CT-QB-K-0.1, PerfectPrime) and a
thermometer (COMINHKPR 146086, Leaton) were attached to the actuator using cyanoacrylate
glue (Krazy glue, Elmer’s Product, Inc.). The force-displacement curve has a slope of around
0.39, which means the mean stiffness of the 50-mm-long actuator is 0.39 N/mm (Supplementary

Fig.20B).
Supplementary Note 6 Characterization of the bistable beam

The specific geometry parameters of the bistable beam testing samples are listed in Supplemen-
tary Table 1. During the experiment, the Mechanical Test Systems (MultiTest, Mecmesin) can
directly export the force-displacement curve of the bistable beam. We repeated the test three
times and plot the force-displacement curve with a calculated standard deviation in light red

color (see Supplementary Fig.21). This curve indicates the values of the wyse, w,;, and F'; are



-2.12 mm, -0.83 mm, and 0.35 N. Note that the values of wyg, W, and F', are converted to

the coordinate system as shown in Supplementary Fig.22A.

Theory and Modeling:
Supplementary Note 7 Analytical modeling for the gate delay of the OMS

The schematic of the simplified OMS (actuator-bistable beam system) is denoted in Supple-
mentary Fig.22. Hence, the positive direction of the selected coordinate is pointing upwards.
The beam’s length, width, and thickness are labeled as Ly, b, and h, respectively. L represents
the span of the buckled beam. Using the Euler-Bernoulli beam model, the actuator-bistable
beam system can be modeled by the governing equation, Supplementary Equation (1) with its

boundary condition, Supplementary Equation (2), and initial condition, Supplementary Equa-

tion (3) (24):
0w *w  EA*w [* ow.,, Pw  Ow
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where F'(w,t)d(x — 0.5L) (§ is the Dirac delta function) represents a point force F'(x,w,t)
applied on the beam at the position x+ = 0.5L (center point C) as an equivalent distributive
load. We denote the mass per unit length, Young’s modulus, damping coefficient, axial loading,
second moment, and cross-sectional area of the beam as m, E, ¢, P, I (I = bh3 /12), and A
(A = bh), respectively. The beam’s midpoint has an initial rise of w,,. The force exerted by

the actuator is the following (23):
F(w,t) = k(w — wyise) + by + cr[T'(t) — T 4)

where k and b, represent the mean stiffness and mean damping of the actuator, respectively. Due

to the special coordinate, the value of k is negative. The actuator’s temperature is 7'(¢), while Ty



is the room temperature, and cr is the mean slope that translates the temperature rise to force.
Typically, the actuator’s velocity before snap-through is minimal, under 3 x 1073 m/s (see Fig.
2¢), enabling us to dismiss the effect of damping. Originating from a first-order thermoelectric

model, the actuator’s temperature rise is described with Supplementary Equation (5)

U? -2

T(t) = 15(1—c “n') + T, 5)

where A\, CY,, and R are the absolute thermal conductivity, thermal mass, and resistance of the
actuator, respectively. While the voltage across the actuator is U.

Based on the quasi-static assumption that the dynamics of the actuator dictate the time-
resolved behavior of the integrated system (25), we can reduce the model by eliminating the
time derivative terms in Supplementary Equation (1) to obtain a simplified ODE. Thus, we can
perform discretized time steps and solve for the displacement of point C at any point in time,
during the actuation process. The resulting ODE describes the displacement at a specific time

point ¢;, as shown in Supplementary Equation (6) and Supplementary Equation (7).
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F(wi, ti) = k(w; — wyise) + cr[T(t;) — To] (7)

Therefore, we are able to separate the system and consider the force exerted from the actuator
as a series of time-resolved inputs of Supplementary Equation (6). Supplementary Fig.22 de-
scribes this process, in which the force-displacement curve of the bistable beam is depicted by
the blue curve while that of the actuator is captured by the straight lines. At its initial state (t=ty),
the actuator’s force-displacement curve (black line) intersects with that of the bistable beam at
(w=wyise, F'=0). Over time, the actuator’s temperature rises, causing its force-displacement
curve to shift upward, with the intersection of the two curves approaching the critical point

(w=w, F'=F). As a result, the bistable beam snaps through. Thus, we know that the once



tsnap Satisfies the equation:
Fcr - k(wcr - wrise) + CT[T<tsnap) - TO] (8)

We can solve for Supplementary Equation (8) by combining with Supplementary Equa-

tion (5), to have the expression of the actuation period, T 'scwation (= tsnap) as follows:

C AR
Tactuation = _Tthln{l - W[Fcr - k(wcr - wrise)]} (9)

According to the definition of gate delay, this T,cyai0on must be calculated when the opposite
(reset) CSCP actuator is fully cooled down to ambient temperature. For Supplementary Equa-
tion (9) to be meaningful, we must force the value of the expression inside Logarithmic function

to always remain positive, then we have Supplementary Equation (10).

AR
‘/SUPP > \/E [anap—thru - k(wsnap—thru - wrise)] (10)

Visupp 15 the supplied electrical voltage across the actuator with a lower bound for snap-through
defined by Supplementary Equation (10).

This expression serves to define the exclusive lower bound of the current necessary to cause
the snap-through for a specific switch. Otherwise, the bistable bean will remain somewhere
between w;se and w,, (see Supplementary Fig.1 and Supplementary Fig.22).

Thus, the gate delay can be expressed through the following:

Tdelay = Tactuation + Tsnap—thru (1 1)

T snap-tnru 18 the time period of the bistable beam as it transitions from a critical point snapping
to another equilibrium state (26). We characterized the T's,p-mry Of our bistable beam as about

0.11 s.



Supplementary Note 8 Scaling analysis of the gate delay of OMS

As Supplementary Equation (11) suggests, the lower bound of the gate delay is determined
by both T';cwation and Tsnap-thru- Lactuation 18 mainly attributed to actuators. To reduce T 'acqations
we can increase actuation speed. For example, in our case, we can increase the supply power
of the CSCP actuator as shown in Fig. 2c. Otherwise, we can instead utilize intrinsically fast
actuators, e.g., dielectric elastomer actuators. However, to obtain a smaller gate delay, it is
necessary to speed up the snapping duration, which is mainly affected by the geometry and

material properties of the bistable beam. According to (26), we can estimate the timescale of

snapping by

Lo* [3p
T.=——4/=L 12
2\ E (12)

where Lg, h, p, and E are the length, thickness, density, and Young’s modulus of the beam,
respectively. This equation suggests that the most efficient method to reduce 7'sap-thry 1S to use a
shorter beam; while increasing thickness, using lightweight or stiffer materials of the beam also
help.

Supplementary Note 9 Comparing origami- and semiconductor-based control of the

flytrap-inspired robot.

The flytrap-inspired robot with origami-based control is built as described in Supplementary
Note 2. To conduct a head-to-head comparison, we created a semiconductor-based traditional
analog as shown in Supplementary Fig. 16. The main difference from the origami-based robot
is that we used common and easily accessible off-the-shelf semiconductor-based components
for control, including a micro-controller (ESP8266), two capacitive touch sensors (TTP223B),
and two linear motor modules. Each motor module consists of a servo motor (FS90R), a spool
(made of a servo arm), and nylon string. When the motor is activated, it will rotate and drive

the spool to contract the nylon string to close the leaves.



The detailed components, weight, and cost of these two robots are listed in Supplementary
Table 3. Here we consider the linear motor module as one component although it is composed
of three sub-components. Therefore, our origami-based robot only shows a slight advantage
over the traditional one on the component count. This comparison result remains valid for
most electrically/thermally driven actuators (e.g., SMA) that do not require additional associ-
ated components to close the leaves. It is worth noting that these actuators are usually more
expensive and less accessible. For more general cases, we often need auxiliary components to
convert the motion of actuators to achieve the closure of leaves. For example, when we use lin-
ear servo motors instead, specific transmission mechanisms or connectors are required, which
increases the component number and thus the complexity.

Our origami-based robot has obvious advantages in terms of weight and cost. Specifically,
the traditional robot weighs 2.5 times heavier than the origami one. The ratio could be even
larger by replacing the 3D printed supports with lightweight origami counterparts. However,
this advantage in weight could be mitigated when including heavy auxiliary components, e.g.,
batteries. As for cost comparison, we only calculate the total cost of off-the-shelf components.
For example, the cost of a capacitive touch sensor is $ 0.84 (from Amazon) while that of an
origami AND gate is about $ 0.34, estimated as the total cost of the required PET sheet and
copper tape (from Amazon).

In addition, to compare the robustness, we operated these two robots under four different
adversarial environmental events, i.e., static magnetic field, RF signal, electrostatic discharge
(ESD), and mechanical deformation. (1) Static magnetic field. We used permanent magnet
beads to introduce a magnetic field (0.47 T). On the traditional robot, the micro-controller and
sensors were not affected by the magnetic field but the motors failed to respond. Upon removal,
the traditional robot recovered its functionality. The origami-based one behaved as designed

(see Supplementary Movie 9). (2) RF signal. The RF signal around the traditional robot trig-



gered unexpected motor operation. This caused one of the leaves to close, which led to un-
successful operation after the RF signal was removed. The origami-based counterpart remains
intact (see Supplementary Movie 10). (3) ESD. A piezo igniter was adapted to generate high-
voltage ESD, which damaged the micro-controller while having no impact on the origami AND
gate (see Supplementary Movie 11). (4) Through bending and twisting, we applied mechanical
strain rather than stress to the controllers, resulting in failure of the micro-controller but not the
origami one (see Supplementary Movie 12). It is worth noting that the pliers were electrically

insulated to avoid causing a short circuit.
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Supplementary Fig. 1. Mechanism of a bistable buckled beam. The bistable beam has two symmetric stable
states, i.e., state 1 and state 2. The centerpoint of the beam will snap through towards state 2 when its displacement
exceeds Wsnap-thru- Similarly, the beam will snap back state 1 when it is actuated to Wsnap-back-
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Supplementary Fig. 2. Fabrication of the CSCP actuator. (A) Coils insertion. The conductive yarn was
pretensioned by a weight and then twisted by a stepper motor until coils were formed. (B) Annealing process of
the coiled yarn. The coiled yarn was periodically heated/cooled to release the twisting stress, resulting in a CSCP
actuator. (C) Stabilization process of the actuator. The weight was removed and the actuator was treated by a
similar heating/cooling process to stabilize the strain.
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Supplementary Fig. 3. A generalized process of creating OMS-based devices. The fabrication process includes
three major steps: (i) cut-and-fold 2D pattern to create origami frame; contact pads are attached on the bistable
beam before folding, (ii) affix the copper circuit traces onto the base of the folded frame, and (iii) install CSCP
actuator(s) and complete the circuit of the device.
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Supplementary Fig. 4. Design and assembly of the NOT gate. (A) 2D pattern of the origami frame. Red dashed
lines represent mountain folds and blue lines are valley folds. (B) Assembled origami NOT gate. (C) Contact pads.
(D) Circuit traces made of copper tape. (E) CSCP actuators and heat-shrinking tubes.
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Supplementary Fig. 5. Design and assembly of the OMS / S-R latch. (A) 2D pattern of its origami frame. (B)
Assembled origami OMS / S-R latch. (C) Contact pads. (D) Circuit traces. (E) CSCP actuators and heat-shrinking
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Supplementary Fig. 6. Design and assembly of the AND gate. (A) 2D pattern of the origami frame. (B)
Assembled origami AND gate. (C) Contact pads. (D) Circuit traces. (E) CSCP actuators and heat-shrinking tubes.
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Supplementary Fig. 7. Design and assembly of the OR gate. (A) 2D pattern of the origami frame. (B) Assem-
bled origami OR gate. (C) Contact pads. (D) Circuit traces. (E) CSCP actuators and heat-shrinking tubes.
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Supplementary Fig. 8. Design and assembly of the NAND gate. (A) 2D pattern of the origami frame. (B)
Assembled origami NAND gate. (C) Contact pads. (D) Circuit traces. (E) CSCP actuators and heat-shrinking
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Supplementary Fig. 9. Design and assembly of the NOR gate. (A) 2D pattern of the origami frame. (B)
Assembled origami NOR gate. (C) Contact pads. (D) Circuit traces. (E) CSCP actuators and heat-shrinking tubes.
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Supplementary Fig. 10. Conceptual workflow to create a functional robot/system using our monolithic
paradigm. The capabilities of our manufacturing process could enable a possible computational design pipeline to
take as input a schematic outlining a high-level breakdown of the required components and output manufacturable
drawings ready for fabrication and assembly. Currently, our system relies on experts to decompose functionalities,
combine components from the library, and generate manufacturable drawings for assembly. Further development
on automated tools could enable on-demand design for non-expert users: with our existing available components
(sensors, switches, logic, controllers, and actuators) as building blocks, users could compose their targeted func-
tionalities and realize the creation of desired robotic devices through folding from functional sheet and thread
materials.
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Supplementary Fig. 11. The schematic of origami XOR gate based on OMSs. The XOR gate consists of two
AND gates, one OR gate, and one NOT gate.




B AAAAAAAAAAAA
YYVVVVVVVYYY

0
AAAAAAAAAAAA 1;?

vYVyvvvvvvy

|

4/ AND

|

y

N\~

By)

OR

=

Supplementary Fig. 12. The schematic of origami XNOR gate based on OMSs. The XNOR gate consists of

two OR gates, one AND gate, and one NOT gate.



@ Body

“} :‘ Motor frame Active legs DPDT switch
N 1| 4 S 3E 7
T == = > <D 4D
= AL e
YA
Antenna \ ] C | C OR gate
7*3!”4 [ - - | | k . a4
LSl = =)
70 NN d N d b
ZIRE N Gl
! LI
/ i ! Support
Passive - | - g D>
leg
L .
—_ = = = == === |Mountain folds == \alley folds <

(®  circuttraces
r'IJ b1
2y
=T
Contact pads

° I

@ ionBattery (37 V)

@ Power switch

@ Actuators

+ heat-shrink tubes

LEtTtte 1&5&&\1&&&‘.&1\(,\”&{&&&&1&5&1&&“&!

DC servo motor (5V)

- PL 652450

+3.70 1200w

Supplementary Fig. 13. Design and assembly of the legged robot. 2D pattern of the origami structures and a
list of necessary components are presented.
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Supplementary Fig. 14. Circuit diagram of the legged robot. Two touch sensors perceive external information
and send that as a voltage signal to the OR gate; the output (voltage) of the gate, in turn, is used to activate the
CSCP actuator that are used to change the rotation direction of DC motors through a DPDT switch.
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Supplementary Fig. 15. Design and assembly of the flytrap-inspired prey-catching robot. (A) The detailed

structure of the robot with labels. (B) 2D fabrication pattern of the origami body of the robot. (C) CSCP actuators
and contact pads.
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Supplementary Fig. 16. Design and assembly of the traditional flytrap-inspired robot with semiconductor-
based control. We built this traditional robot to compare with the origami-based counterpart in terms of complex-
ity, cost, weight, and robustness to adversarial environmental events.
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Supplementary Fig. 17. Circuit diagram of the flytrap-inspired prey-catching robot. The information from
the two touch sensors on the leaves determines the output of the origami AND gate; its output is used to decide the
actuation of the two CSCP actuators, which could contract to close the leaves.
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Supplementary Fig. 18. Design and assembly of the origami car with reprogrammable trajectories. (A) 2D
fabrication patterns of the origami body with motor frame. (B) The 2D pattern of the origami corrugated wheel.
(C) Design of the memory disc. (D) The detailed structure of the car with labels.
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Supplementary Fig. 19. Circuit diagram of the origami wheeled car. (A) An example of the circuit of the car
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Supplementary Fig. 20. Characterization of the CSCP actuator. (A) The exerted force of the actuator as
a function of its temperature when heated up through Joule heating. (B) The force-displacement curve of the
actuator in room temperature.
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Supplementary Fig. 21. Characterization of the bistable beam. The force-displacement curve of the bistable
beam. The shaded area represents standard deviations obtained from three separate experiments.
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Supplementary Fig. 22. Schematic of the OMS. (A) A simplified model of OMS. The actuation force F' from
the actuator was applied to the centerpoint C of the bistable beam with an initial rise wyjse. The green dashed curve
represents the transition mode (from state 1 to state 2) of the bistable beam. (B) The mechanism of the decoupled
model of OMS. Black profile is the force-displacement curve of the bistable beam; straight lines represent the
force-displacement curves of the CSCP actuator at different moments with their corresponding temperatures.
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Supplementary Fig. 23. Schematic of sensors for other stimuli. The stimuli-responsive actuators can activate
the bistable beam to change the on/off state of the circuit upon perceiving corresponding signals. Thus, various
stimuli could be detected and converted to electrical signals to interface with our control units.



Supplementary Table 1. The set of parameters of the CSCP actuator and bistable beam for characterization.

Parameters Unit Value

CSCP actuator :

Length (zg) mm 50.0
Diameter (D) mm 0.71
Resistance (R) ohm 2.79

Bistable beam :

Length (Lg) mm 14.9
Width (b) mm 7.0
Thickness (h) mm 0.127

Precompression (dp) mm 0.9




Supplementary Table 2. Design space of our proposed method.

Components Implementation Challenges
Computation :
Single logic gates (NOT, OR, AND) v (Fig. 3a, ¢)
Cascaded logic gates (NOR, NAND) v (Fig. 3d)
Clock v (Ref (20))
Complex combinational logic ey Fabrication
Sequential logic + Fabrication,
Integration with registers
Sensing :
Sensor (touch) v (Fig. 5d, Fig. 6a)
Sensor (vision) X No available transducers
Sensor (other stimuli) N (Supp. Fig.23) Need stimuli-responsive materials

Actuation :

Actuator (electrical/thermal driven)
Actuator (other stimuli)

v/ (Fig. 3b, Fig. 6b)
ot

)

Require functional materials

Actuator (linear) v (Fig. 3b, e)

Actuator (small-angle rotating) v (Fig. 5e)

Actuator (continuous rotating) X No available rotating mechanism
Memory :

S-R latch v (Fig. 4a)

Multi-bit nonvolatile memory v (Fig. 7b)

Addressable memory bank oy Fabrication,

Require indexing mechanisms

Power :

Battery

** (Ref (17, 18))

Fabrication,
Need suitable electrochemical materials

Note: *}* represents that the component has not been created but it is possible based on our proposed method.



Supplementary Table 3. Comparison between semiconductor- and origami-based control for the flytrap-
inspired robot!.

Semiconductor-based Origami-based
Component count *: Total 9 Total 8
Sensing Capacitive touch sensor (2) Origami touch sensor (2)
Control Microcontroller (1) Origami AND gate (1)
Actuation Linear motor module? (2) CSCP actuator (2)
Structure Leaf (2), support (1) Leaf (2), support (1)
Leaf holder (1)
Weight (g): Total 69.62 Total 28.03
Sensing Capacitive touch sensor (1.91x2) Origami touch sensor (0.34x2)
Control Microcontroller (7.93 x2) Origami AND gate (1.91x2)
Actuation Linear motor module (12.39x2)  CSCP actuator (0.07x2)
Structure Leaf (3.13x2), support (17.13) Leaf (3.13x2), support (17.13)
Leaf holder (0.77)
Cost ($)*: Total 19.17 Total 1.48
Sensing Capacitive touch sensor (0.84x2) Origami touch sensor (0.08x2)
Control Microcontroller (5.50) Origami AND gate (0.32)
Actuation Linear motor module (5.61 x2), CSCP actuator (0.12x2)
Structure Leaf (0.02x2), support (0.72) Leaf (0.02x2), support (0.72)
Leaf holder (0.01)

Robustness:

Magnetic field (0.47T) X
RF signal (power, 5 W) X
ESD (V,; > 20kv) X
Mechanical deformation X

AN NN

Note: 1. We do not include wiring and power supplies for a fair comparison. 2. We use component count to
partially represent the complexity of the resulting robots. 3. Each linear motor module consists of a servo motor, a
spool, and a nylon string. However, we consider each module as one component. 4. It is difficult to compare costs
accurately. Here we only calculate the total cost of off-the-shelf components to represent the comparison.
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