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Using wind to disperse microfliers that fall like seeds and leaves can help automate
large-scale sensor deployments (Z, 2). Here, we present battery-free microfliers that
can change shape in mid-air to vary their dispersal distance. We design origami
microfliers using bi-stable leaf-out structures and uncover an important property:
a simple change in the shape of these origami structures causes two dramatically
different falling behaviors. When unfolded and flat, the microfliers exhibit a tum-
bling behavior that increases lateral displacement in the wind. When folded inward,
their orientation is stabilized, resulting in a downward descent that is less influenced
by wind. To electronically transition between these two shapes, we designed a low-
power electromagnetic actuator that produces peak forces of up to 200 mN within
25 ms while powered by solar cells. We fabricated a circuit directly on the folded
origami structure that includes a programmable microcontroller, Bluetooth radio,
solar power harvesting circuit, a pressure sensor to estimate altitude and a tempera-
ture sensor. Outdoor evaluations show that our 414 mg origami microfliers are able
to electronically change their shape mid-air, travel up to 98 m in a light breeze, and
wirelessly transmit data via Bluetooth up to 60 m away, using only power collected

from the sun.



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Introduction

Many plants passively disperse biological material in the wind such as seeds and leaves (3—5). This
ability to disperse in the wind without active propulsion is useful for designing wind-dispersed mi-
crofliers (2). Equipped with sensors, such microfliers could automate the deployment of large-scale
wireless sensor networks for environmental monitoring (/). These designs are significantly smaller
and lighter than drones (6—8), however they lack onboard actuation and thus do not have in-air con-
trol over varying their descent behavior or dispersal distance. In this work, we engineer miniaturized,
battery-free, programmable microfliers that can both disperse in the wind and vary their dispersal
distance through electronic actuation. The actuation can be triggered either by an onboard sensor or
through wireless communication.

Achieving effective wind dispersal requires minimizing the mass of the microfliers to achieve
low terminal velocities for maximum flight time. Introducing actuation and control however adds the
mass of the actuation mechanism, requires onboard sensing and computation for control, as well as the
ability to power these components. Prior designs use fixed wing gliders (9) and spinning seed-inspired
designs (10, 11) to alter their descent behavior; however, these designs use large, power-consuming
motors and servos and required heavy batteries. As a result, they are orders of magnitude larger in
size and weight than our sub-gram miniaturized microfliers.

We present battery-free microfliers that are able to electronically change their shape in mid-air to
alter their falling behavior and vary their dispersal distance (Fig|[I). These solar-powered miniaturized
devices can be dropped from small commercial drones. They spread outward in the direction of the
wind in their tumbling state. Upon reaching a programmable altitude, triggering a timer, or receiving
a wireless trigger signal, these devices can use harvested power to transition to a stable state in mid-
air, in which they descend with decreased lateral dispersal. Upon landing, the devices continue to

harvest energy to power onboard environmental sensors and a Bluetooth radio to wirelessly transmit
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sensor data.

Given the limited and intermittent nature of solar harvesting, instead of continuous actuation, our
microflier design uses leaf-out origami based on the Miura-ori building block to produce bistable
structures (/2—14). These structures maintain their configuration in either of their two states without
any active energy consumption.

Our work reveals an important property of leaf-out origami: these structures have dramatically
different falling behaviors in their two states. Fig 2JA,B show comparisons of the flat “tumbling”
state in which the structure falls chaotically, and the folded state in which it exhibits a stable descent.
A fluid analysis demonstrating the airflow around the microflier in each of its two states is shown
in Fig Movies S1,2 demonstrate that a small inward fold can emulate two distinct descending
behaviors of two different leaf shapes, shown for comparison. This difference in behavior substan-
tially changes their response to lateral wind gusts (Movie S3), which can be used to vary their wind
dispersal distance.

Creating a solar-powered origami microflier is challenging for three reasons. First, the structure
should not transition until actively triggered. As the microflier tumbles, it not only encounters the
force of the wind, but also gravity acting on the mass of the payload. This imposes a trade-off
between the origami design and the actuator. The structure must be stiff enough to prevent false
transitions, but doing so also increases the force the actuator has to deliver, which in turn requires
larger components and higher power consumption. Second, transitioning the solar-powered microflier
in mid-air imposes the strict requirement that it must be completely untethered from any power source
or actuation stimulus, be electronically controllable by the device itself, and produce a rapid response
to transition before the device falls to the ground. While origami systems that use external magnetic
fields, shape memory alloys, electrothermal polymers, motors, peizoelectric actuators or electrostatic
actuators have been proposed in the literature (/5-26), none of them meet our size, weight, power,

and rapid response requirements. Third, this system must rapidly charge a lightweight energy storage



67

68

69

70

7

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

920

element such as a capacitor up to the voltage required by the actuator, and discharge a pulse of energy
sufficient for transitioning. Moreover, many microcontrollers are designed for low voltage operation
to minimize power consumption and cannot tolerate the higher voltages that may be required for
actuation. This requires creating separate power regulation circuits for both parts of the system and a
strategy to dynamically switch between them to multiplex a single lightweight solar array.

In this article, we demonstrate that it is possible to address these challenges and build solar-
powered origami microfliers that can electronically change their shape in mid-air for wind dispersal

of wireless sensors. We make the following key contributions:

1) We design origami microfliers and demonstrate that small changes in their shape can dramatically
change their falling behavior from chaotic tumbling to a stable descent. Further, we observe that the
microfliers are more responsive to lateral wind gusts in their tumbling state achieving as much as 3x

greater dispersal distance than in their stable state.

2) We combine our origami with a low-power, bi-stable electromagnetic actuation mechanism com-
patible with solar power harvesting. This allows our origami microflier to transition between origami
states in mid-air, completely untethered. Our onboard actuator produces peak forces of up to 250 mN
within 25 ms. This enables the design of robust origami microfliers that can operate without false

transition in wind speeds upwards of 5 m/s.

3) We also design a solar energy harvesting circuit that can both cold-start from zero charge at sunrise
and harvest enough power to transition the structure in mid-air. Additionally, an onboard microcon-
troller, radio, and pressure sensor enable multiple modes of operation for triggering a transition based
on time delays, altitude readings, or wireless commands. After landing, the onboard temperature and

pressure sensor wirelessly transmit data to a remote Bluetooth receiver at distances of 60 m.

4) We perform real-world deployments by dropping our sensors from drones at altitudes of 40 m

and demonstrate dispersal up to distances of 98 m in a light breeze. We further show that our 414 mg
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device can harvest enough energy to transition in mid-air. Additionally, the devices can receive trigger
signals via Bluetooth and transmit real-time sensor data as they fall for taking sensor measurements

at different altitudes while landing with their solar cells facing up 87% of the time.

Results

Bi-stable origami structure. Our objectives were to design miniaturized (sub-gram), wind-dispersed
microfliers that have the ability to change their falling behavior to thereby vary their dispersal distance.
One method to achieve this would be using active propulsion such as spinning rotors that would
produce lift; this, however, requires substantial energy and is challenging to achieve using solar-
harvesting (27). A lower power alternative would instead be to leverage interactions with the air
flowing around the microflier as it falls. In particular, the terminal velocity of a falling object is
affected by its projected area and structure dependent drag coefficient (3). Changing the shape of the
falling microflier therefore presents an alternative means of changing its descent behavior.

To create a shape change with minimal energy, we use bi-stable origami structures that can al-
ternate between two different folded shapes. Specifically, we leverage the bio-mimetic Miura fold
that occurs in leaves (28). The Miura-ori pattern can be tessellated as a building block for high
expansion ratio structures that produce substantial shape changes (28, 29) and achieve bi-stable struc-
tures (14, 30). Additionally, the Miura-ori pattern is a form of rigid origami, meaning the faces of the
structure will not contort during folding and deformations only occur along defined crease lines. This
provides two key engineering advantages. First, energy is concentrated along the crease lines and
not expended, elastically deforming the faces of the structure. This minimizes the energy required
to transition the structure from one state to another. Second, the lack of deformation on the faces
provides stable areas in which to attach components like electronics and solar cells.

We design our origami microfliers by combining multiple Miura-ori unit cells as shown in Fig[3A.

An individual unit cell is shown shaded gray and is composed of three distinct types of crease lines:
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boundary, main, and sub creases. The structure is tessellated by connecting adjacent boundary crease
lines to other unit cells, with all of the unit cells’ main and boundary crease lines meeting at the origin
point O. Each crease is represented as either a mountain fold (protruding out of the page) or a valley
fold (going into the page).

Following the rigid origami model, we assume all creases act like hinges between rigid and non-
bendable panels (faces). Each unit cell is characterized by a central angle (v = 7/nes) and main
crease line length (L = OM) parameter. The crease stiffness of our fabricated prototypes is tuned by
using different materials, varying material thickness, and by introducing cut patterns along the crease
lines to decrease stiffness, shown to the right in Fig[BJA. As the leaf-out is folded from one state to the
other, its folding stage is characterized by 1), representing the angle between the main crease line and
the Z-axis extending through the center of the structure. Intuitively, this angle represents how much
the main crease is folded inward.

To understand the energy requirements for changing the origami shape, we look to prior works
on leaf-out origami simulations to model the kinematics of the structure in different configurations
(13, 14). It has been shown that we can analyze different configurations of the leaf-out structure using
the rigid origami simulation technique, where we assume that the crease line folds are represented as
torsional springs, each Miura-ori cell exhibits a single degree-of-freedom (DOF) folding motion, and
transformations are assumed to be uniform (73, 14, 31, 32). A uniform transformation has all 7.
with equal ¢ values throughout each folding stage, and all mountain and valley crease assignments
maintained throughout each folding stage. Using the assumptions stated above, it has been shown
that we can estimate the peak energy required to transition the structure by conducting an energy
analysis based on the kinematics of the leaf-out structure (13, 14). Fig shows the energy required
to transition the structure between states for a variety of leaf-out configurations with different 7..y;.
This value represents the sum of the energy required for each fold normalized by their spring constant

kg (see Supplementary Materials for details). We assume this constant is the same across folds as
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they are made from a uniform material. The normalized energy plots show that as i) approaches 0°,
the flat state, the energy required to fold the structure to that angle increases rapidly. Beyond this
peak, the structure transitions to its other state and the energy rapidly decreases. Movie S4 shows
how the structure folds and transitions between states. These results show that increasing the number
of unit cells increases the peak energy required to transition, another parameter that can be tuned to
match the ideal configuration for a given application. In this work, we aim to optimize the 7.5 of
our leaf-out design to maximize lateral displacement for enabling dispersal in the wind over a wide
area. We then tune the material thickness and crease cut pattern to ensure that the chosen leaf-out
configuration can be transitioned given the fixed energy generated from our actuator.

Next, we evaluate how lightweight origami structures fabricated on thin films fall in each of their
states. To characterize this behavior, we perform empirical measurements due to the complexities
of accurately modelling the fluid—structure interactions for thin, deformable, freely falling objects.
We use laser micromachining to cut out each of the simulated structures from polyimide films (see
Methods for details). To tune the energy required to transition, we experiment with altering the film
thickness, as well as by varying the cut patterns on the boundary and sub crease lines to vary their
stifftness and therefore the force required to transition.

Specifically, we evaluate the force required to transition four unit cell origami structures made
with different three different polyimide film thicknesses and boundary crease cut patterns. We note
that these experiments are performed on the bare folded film. We measure the force by placing the
origami folded polyimide sheets onto a precision weight scale (Sartorius QUINTIX125D-1S) and
position a screw driven micromanipulator holding a flat carbon fiber plate affixed to a rod above the
center of the origami. We slowly move the carbon fiber rod and plate down to apply pressure to the
origami and record the reading on the scale at which it transitions. We then convert the measured
mass to a force in Newtons and plot the results in Fig[3IC. The legend indicates the percentage of cut

length, or the percentage of holes along the crease line. A higher percentage indicates more holes
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along the crease and therefore lower stiffness. We perform additional characterization of how these
values change when the structure has payload such as circuit components on the faces in Fig
These experiments show a range of forces that can be achieved by modulating the material and cut
parameters.

These results demonstrate the ability to achieve a variety of values to suit potential actuation
strategies. During these tests however we observe that off axis forces and airflow could cause these
thin structure to warp and violate the rigid origami design principle. In order to address this, we again
look to real leaves for inspiration and note that they have rigid veins that define their structure. We
emulate this by creating patterns of carbon fiber and PET as shown in Fig[2IC. We attach these carbon
fiber root structures to the faces of the origami to create multilayered prototypes (see Methods and
Movie S4). We further find that this increases the force required to transition. For example, a 12.5 pm
thick leaf-out structure with 26% holes along the main and sub creases goes from requiring 6.5 mN
to transition without the root structure to 34 mN with the root structure.

We evaluate the flier’s resistance to false transition in high winds by suspending the structure from
a thin Kevlar thread above a fan, and expose the origami face to wind speeds up to 5 m/s. Movie S5
shows that this wind speed is strong enough to break the glue joint holding the flier in place, after
which it goes into the air and lands on the ground. We note that even after experiencing this force, the
structure does not falsely transition, and these results are consistent across 10 experiments averaging
7 s in duration. We further note that by tuning the material thickness and crease cuts we can make the
structure even more resilient to false transitions.

Next we perform a series of drop tests with our origami microfliers and observe their behavior
during free fall. We fabricate an array of origami designs with 3-8 unit cells on 12.5 um thick Kapton
sheets, and perform drop tests (N=10 trials) for each origami design in its two folded states from a
height of 2 m. We record videos of their descent, and observe that our designs reach their terminal

velocity from this height.
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These experiments highlight a key difference in the behavior of the origami in its two states as
shown in Movies S1, S2 and S3. When the structure is flat it quickly begins tumbling about an axis,
whereas in its closed state it exhibits a stable descent. We further observe that the tumbling state
is more affected by wind gusts, giving it the potential to travel longer lateral distances during wind
dispersal. The results of our drop tests comparing different origami designs in their flat and tumbling
state are shown in Fig BD,E. We observe that the four unit cell design produces a greater number of
rotations as it descends. This is correlated with the observation that the four unit cell design achieves
greater lateral displacement from the drop location, suggesting that the momentum from this rota-
tion causes it to move further outward from the drop location. Additionally, as shown in Movie S3,
flipping contributes to greater lateral displacement in wind gusts. We also perform experiments ana-
lyzing falling behavior with payload and different weight distributions shown in Fig |[S3|and provide
additional discussion in supplementary text.

To understand the cause of this behavior, we perform particle image velocimetry (PIV) measure-
ments to characterize the flow around and in the wake of the flier, using the setup described in Fig[STA
and Supplementary text (see PIV analysis). In it’s flat tumbling state, the flier presents sharp edges
to the incoming air flow as it falls downward. We observe that the flat, tumbling configuration has a
wider, highly asymmetric instantaneous wake, with higher frequency vortex shedding which results
in large aerodynamic torque with respect to the flier’s center of mass. Specifically, Fig shows
the magnitude of the aerodynamic torque, represented by the location of the center of pressure with
respect to the center of the flier is substantially higher in the flat, tumbling state than in the stable state.
The location of the center of pressure moves over a range of 10 mm at characteristic frequencies on
the order of 10 Hz causing the flier to tilt and begin tumbling. This represents the main mechanism
causing the instability. Once in unstable fall, there is no aerodynamic torque to return the flier to
stable fall, perpendicular to its plane. In contrast, the folded stable state presents beveled corners to

the flow, resulting in narrower wake, as shown in the time-averaged flow velocity contours in Fig
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Fig . In this state, the wake vortices form closer to the center of the flier, resulting in a more
symmetric wake and lower aerodynamic torque with respect to its center of mass. Thus, the flier in
the folded state is more stable: less prone to tilting its plane from falling perpendicular-to-gravity to
aligned-with-gravity. Experimental methods and analysis are discussed extensively in Supplementary

text (see PIV analysis).

Solar-powered actuator. Creating an origami microflier that can transition in mid-air between tum-
bling and stable states requires careful co-design between the origami structure, actuator, and power
harvesting circuit which raises multiple design challenges. First, the structure must be robust to false
transitions when it encounters the force of the wind and gravity acting on the mass of the payload. This
presents a trade-off between the origami design and the actuator. The structure must be stiff enough
to prevent false transitions, but doing so also increases the force the actuator has to deliver, which in
turn requires larger components and higher power consumption. Second, the actuation mechanism
itself must be compatible with the complex geometry of the origami structure and tolerate folding.
As shown in Fig and Movie S4, when the origami structure transitions between states, the center
point and creases move up and down along the Z-axis while the borders of the structure contract in-
ward along the X and Y axes. This makes it challenging to mount a rigid actuator on the structure at
a fixed mounting point that is compliant with the origami folds. Third, the actuation mechanism must
produce a rapid response to transition the device before falling to the ground. We observe that when
dropped from an altitude of 40 m, our microfliers are airborne for approximately 15 s. This means that
our actuator must be able to transition much faster than this to achieve our target of programmable
transitions at different heights. Fourth, transitioning the structure in mid-air imposes a strict require-
ment that the microflier must be completely untethered from any power source or actuation stimulus
and be electronically controllable by the device. To achieve this in a lightweight form factor we lever-
age solar power harvesting; this, however, adds constraints on both the total energy available as well

as the maximum voltage and current.
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Despite substantial prior work on programmable matter and robotic origami (33), current systems
do not meet these requirements due to the well known scaling challenges of size, weight and power
in the microrobotics community (/5). Specifically, designs requiring external magnetic fields or heat-
ing need close proximity to the source (/6—18) and cannot operate in mid-air. Other heat actuated
mechanisms like shape memory alloys (/9, 20) and electrothermal polymers use large amounts of en-
ergy which would require substantially increasing size and mass to accommodate either a large solar
array or a heavy battery. Additionally these actuators have slow response times and can require over
a minute to fold (27). Hygroscopic actuators that cause bending in response to humidity face simi-
lar drawbacks of long actuation times and are not electronically controllable (5, 34). Other designs
have used motors combined with thread or gearing mechanisms to achieve folding but again require
large and heavy batteries and actuation mechanisms (22, 23). Piezo actuators are known to be highly
efficient at small scale, however require high voltage boost converters to drive them which substan-
tially increases mass and reduces efficiency (24,35). Similarly, origami designs driven by electrostatic
actuators require even higher voltages of over 1 kV (25). These challenges are also highlighted by
recently developed small folding robots weigh approximately 10 g and cite difficulty scaling down in
size due to their use of batteries which occupies roughly half of the robot’s surface area and consumes
40% of its mass (26).

To solve these multi-faceted design challenges, we analyzed different actuation modalities to iden-
tify candidates that are compatible with solar power harvesting. Each solar cell produces a maximum
of 2.8 V in bright sunlight. While this can be increased by connecting multiple cells in series, achiev-
ing hundreds or thousands of volts would require a heavy and inefficient boost converter. Additionally,
solar energy varies with factors like clouds and light intensity which requires a capacitor to buffer en-
ergy. Small capacitors also cannot tolerate high voltages due to dielectric breakdown, but do have low
series resistance and can discharge current quickly. We therefore focus on actuators that require low

voltages (< 10V) but higher currents. This suggests electromagnetic actuators or heat based actuation.
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We eliminate the latter due to their slow response times and high energy requirements.

The most common electromagnetic actuators are continuously rotating motors, however we can
leverage the properties of origami to simplify our actuation to a single pulse of linear motion. As long
as the force on the major creaselines exceeds the energy barrier shown in Fig 3B, it will snap into the
other stable state. Thus, we design a solenoid actuator that can provide the required linear motion.
At a high level, the force of a solenoid depends on the strength of the permanent magnet used and
the current applied to the coil. The Lorentz force acting on the magnet can be expressed as (36, 37):
Frorentz(t) = Bradiat(T(t))Leoit(t)lcoiMurns- The term Byaq4iq 18 the magnetic field experienced by
the coil which varies with the position of the magnet z(t), I.,; denotes the current applied to the coil,
leoi refers to the length of the coil and 7y, is the number of windings. This lends itself well to our
capacitor based energy storage scheme, as low series resistance capacitors can rapidly discharge high
currents to create a motion pulse.

Fig|4A shows a diagram of the actuation mechanism which consists of a solenoid coil (30x3 turns
array wound, 2.1 mm coil diameter) and a small 2.0 mm diameter neodymium magnet. We select the
highest grade (N52) to maximize the strength of the permanent magnet. The magnet is constrained to
moving up or down within an 2.1 mm diameter tube. The tube is made of an 12.5 um thick polyimide
film to minimize the distance between the magnet and the coil. Connecting a low series resistance
capacitor to the coil results in a short, high amplitude pulse of current which accelerates the magnet
upward causing the structure to fold and transition as shown in Fig[dB,C and Movie S6. We note that
these diagrams are shown with the tube oriented upward to better illustrate the components, however
the microflier rotates in its tumbling state and falls with the tube oriented downward in its stable state.

We perform a series of benchmark experiments to characterize the force produced by the actuator
itself prior to integration with the origami structure. As shown in Fig a magnet attached to a
carbon fiber rod and flat reflector are placed in a polyimide tube with a solenoid coil at the base.

The coil and tube are glued to a glass slide to keep them in place. A laser distance sensor (Keyence

12
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IA-030) shining down at the reflector and sampling at 1 kHz was used to measure the distance versus
time as the magnet accelerated upward. The actuator was connected to the switch and capacitor circuit
used on the origami microflier and probed with an oscilloscope (Tektronix MDO34) to measure the
capacitor voltage shown in Fig D. The second derivative of the distance waveform and the mass of
the magnet and carbon fiber rod were used to calculate the force. To achieve maximum force with
minimal weight, we evaluate a number of capacitors with different properties and plot the peak force
they produce. The same measurements were repeated N=5 times for each of the capacitors shown in
Fig HE. We begin by testing a single capacitor, and then proceed to test two capacitors of the same
type in parallel.

The peak value of approximately 250 mN is more than six times greater than the force required
to transition the structure. The waveforms also show our actuator can be controlled electronically
and responds within tens of milliseconds, meeting the requirement for fast motion. Fig {E.F further
demonstrates the ability to produce sufficiently large pulses of force to transition with only tens of
milligrams required for energy storage.

Coupling this force to the structure however introduces additional challenges as we seek to repli-
cate the bending required for state transition shown in Movie S4. The magnet and coil must be able
to push against each other. The structure creases must also be able to bend freely to transition, and as
the structure folds inward, the perimeter of the structure shrinks. To address this, we rigidly attach the
magnet to the center of the origami structure with a carbon fiber rod, as the center point experiences
motion only in the Z direction. We also suspend the tube and coil above it using carbon fiber rods
connected to the outer edges of the structure. The rods are rigidly glued to the top of the tube, but are
attached to the origami structure with flexible hinges made of 12.5 um thick polyimide film as shown
in Fig AA,B. The rigid carbon fiber rods transfer force to the outer edges of the structure, but must
also be able to bend at their attachment points to accommodate folding. The magnet produces a force

in the Z direction, while the rods push the structure inwards in the X and Y directions. At a high level,
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our design operates similar to an umbrella. Maximizing the force delivered to the structure requires
optimizing the initial angle of the rods 6 shown in Fig[JA (see Supplementary text and Fig[SJ).

In order to balance the large force required to transition the origami structure with the need for
low power, we also add an additional magnet as a passive method for reducing the force required by
the actuator. By placing an additional permanent magnet in the tube above the coil, as soon as the
magnet attached to the origami accelerates upwards, it will experience an attractive force that will
help pull it upwards. Additionally, once transitioned, the origami will remain in this state.

We measure the attractive forces between our two 2.0 mm diameter N52 magnets empirically.
To do this, we place a polyimide tube on an approximately 3 cm tall plastic object to create a raised
platform on a precision weight scale (Sartorius QUINTIX125D-1S) to make sure the magnets have no
interaction with the scale and that metal components in the scale do not affect our measurement. We
confirm magnetic effects to not affect the scale readings at this distance. We then place our cylindrical
magnet (Magnet A, 1 mm diameter, 2 mm height, grade N52) on the plastic surface and place the tube
around it. We then glue another one of the same size magnets (Magnet B) to the end of a carbon fiber
rod and lower it through the top of the tube using a micromanipulator. We record the decrease in mass
of Magnet A to determine the attractive force caused by lowering Magnet B, shown in Fig @F. As
expected, the attractive force increases non-linearly as the magnets approach each other. This allows
us to achieve a robust transition with less energy input to the coil. These results demonstrate a fully

functional actuator compatible with solar-power harvesting that meets all of our design requirements.

Solar harvesting and wireless circuit. Programmably triggering our origami microflier to transition
in mid-air requires an electronic circuit with multiple components for sensing, control, and power
regulation. At the core of the circuit is a programmable microcontroller with an onboard Bluetooth
radio (nRF52832, Nordic Semiconductor) which reads data from a temperature and pressure sensor
(BMP384, Bosch) and can send a control command to the actuator to trigger it. We fabricate the entire

circuit directly on a flexible sheet of copper coated 12.5 um polyimide as shown in Fig[5|A. This allows

14
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for integrating the electronics directly with the origami structure (see Methods). Additionally, this
method enables scalable production of origami structures with integrated electronics using industry
standard circuit fabrication techniques.

Running this device off of solar power however requires addressing multiple challenges. To tran-
sition in mid-air, the solar cells must rapidly charge a lightweight energy storage element such as a
capacitor to above 5 V for the actuator to generate a large enough force to transition our fully as-
sembled origami microflier, as shown in Fig f|D. However our microcontroller can only tolerate a
maximum of 3.6 V which introduces the need for dual power regulation circuits to multiplex a single
solar cell array and the ability to send control commands to these components (see Supplementary
Text for embedded software details). Additionally, to operate for extended periods of time after de-
ployment, these devices need to be able to cold-start without any stored energy due to the lack of
an onboard battery. This is challenging as many microcontrollers have short, high current power
spikes when turning on. This is often due to initialization procedures such as waiting for their clock
oscillators to stabilize before they can run code to go into their low power modes.

To address these challenges, we design the lightweight circuit shown in Figs [5]A,B. Power is
provided to the circuit by a lightweight solar cell array. To achieve the voltage required by our
actuator, we use a minimum of two solar cells (5x5 mm, Microlink Devices) connected in series.
For more robust operation in low light environments, we connect an additional two cell array in
parallel. The output of the solar cell then goes to a diode to prevent reverse current flow and then into
a single pole dual throw switch. We use this switch to multiplex our solar cells between powering
the microcontroller and charging the capacitors for the actuator. This strategy allows us to rapidly
charge up for transitioning using all available power and then use the power for sensing and data
transmission after deployment with a single lightweight component. The switch control signal uses a
pull-up resistor to keep it in the default state of charging the microcontroller for startup.

In order to sustain the microcontroller while charging the actuator, our microcontroller needs
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an energy storage capacitor Cgyo.. We select a small 7.5 mF supercapacitor which can sustain the
microcontroller while transmitting Bluetooth packets at a rate of 1 packet per second for up to 1
minute, even with no input power. However, this component can only tolerate a maximum of 2.6 V.
We place a voltage regulator which acts as a limiter to prevent damage. We also use a modified version
of the lightweight startup circuit presented in our prior work (/) to enable robust cold-start. Briefly, the
circuit uses a voltage divider from the input to trigger the enable pin of a second 1.9V regulator when
Cistore 18 fully charged. Upon startup, an additional high impedance feedback path keeps the system
on. We also note that to achieve robust startup we place an additional 100 uF tantalum capacitor in
parallel with the larger 7.5 mF capacitor to help buffer the initial transient power spike.

Fig [5C illustrates the full operation of the power harvesting circuit from cold-start to actuation.
When first exposed to light with zero charge at t;, the microcontroller storage capacitor Cgre begins
to charge. Upon reaching 2.5 V, the voltage regulator limits the value of Cyy, While the solar array
increases to its maximum voltage over 5 V. Simultaneously, the startup circuit with the 1.9 V regulator
detects that Cge 1s fully charged and turns on to power the microcontroller. The time required to turn
on the microcontoller, t g start, 1S determined by the light intensity.

We evaluate the time required to charge each of the capacitors in our circuit outdoors. We place
the fully assembled origami microflier on its side with its solar cells facing up towards the sun. We
connect wires between the solar cell outputs and power input to measure current with a multimeter
(Fluke 289), and use 43 AWG wires connected to different points on the circuit to measure the wave-
forms shown in Fig using an oscilloscope (Tektronix MDO34). We place a solar power meter
(TES 132) next to the solar cells at the same angle to measure the incident solar power. We extract the
startup and charging times from the oscilloscope waveforms to generate the plots in Fig [5D, which
shows the microcontroller startup time across a variety of light conditions with 2 and 4 solar cells.

The microcontroller then begins running code and can sample its sensor readings, run an onboard

timer, or wait for a radio signal to determine when to transition. Fig[5|C shows the circuit operating

16



390

391

392

393

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

with a fixed delay after which it sets the Vicn signal high and begins charging C.,;. The time
required to fully charge Cy; also varies with light intensity. We perform measurements outdoors
as explained above and plot the results in Fig with 2 and 4 solar cells. This latency between
charging and transition introduces a relationship between the available sunlight and the minimum
height from which the sensors can be dropped. The circuit then waits for C.; to charge which can
either be implemented with a programmed delay, or using an interrupt from the supervisory circuit
which detects when C,; has reached maximum charge. Next, the circuit sets Vi, to high which
enables the actuator and transitions the structure.

Movie S7 shows the resulting end to end operation of the microflier transitioning completely
untethered using solar power. Additionally, Movie S8 demonstrates the same end-to-end operation
transitioning in mid-air when dropped outdoors from a ladder at a height of approximately 4 m. The
origami microflier begins falling in its tumbling state, and then transitions in mid-air to it’s stable state
and changes its descent behavior.

After deployment, the microcontroller continues to sampling its sensors. As shown in Fig 5D,
the circuit can cold start from zero charge even in low light conditions. To understand how often
our device can transmit data, we perform additional outdoor measurements to determine throughput.
Due to the complexity of reprogramming the miniaturized circuit during different sun conditions, we
measure the power required for Bluetooth first and then measure the power provided by the solar cells.
To measure the the achievable Bluetooth throughput versus light level we begin by programming the
microcontroller to transmit packets at different rates. We test the maximum and minimum delays
between packets allowed by the chip in its advertising mode. We power the circuit with a source meter
(Keithley 2470) and record the average current for a duration of two minutes. We note that shortly
after startup, the circuit draws more power, but then settles to a steady state after approximatley 1 min.
Minimal change is seen after 2 min.

To determine the light level required to achieve each transmission rate, we perform the same
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measurement described above using a multimeter connected between the solar cells and the circuit
input during the startup phase. We plot the results in Fig [S6/and use linear regression to generate a
mapping between light level and currents. The plot shows a highly linear mapping for both two and
four cells with R? > 0.98. We use this data to generate Fig |§|F The results show that in brighter
conditions, the circuit harvests enough power to transmit data at the maximum possible rate allowed
by the Bluetooth radio chip, sending a packet every 20 ms.

We also evaluate the distance at which we can decode Bluetooth transmissions in outdoor en-
vironments. We evaluate Bluetooth range in an open field by placing the origami microflier on the
ground in the grass, and placing a receiver at increasing distances. We utilize the microflier’s on-
board antenna, a chip antenna (Johanson 2450AT14A0100) with an 8 mm length of 41 AWG wire
attached to the end to improve performance (38, 39) as the transmitter. For the reciever, we connect an
nRF52832 development board to an 8 dBi patch antenna (L-Com, REQ9P-SM) at a height of 2 m. For
each trial we transmit N=1000 packets with sequence numbers from the origami microflier and count
the number of packets correctly decoded at the receiver to determine packet delivery rate in Fig 5G.
Despite its small antenna, we observe a robust link with low packet error rates up to 60-70 m. This
demonstrates the potential for a drone to fly over and collect data from the devices at a high altitude

using a Bluetooth receiver.

Outdoor field evaluation. In addition to characterizing the components of our solar-powered origami
microfliers we performed outdoor field experiments to evaluate their real-world behavior. First, we
verify that the difference in falling behavior shown in Movies S1, S2, and S3 also occurs outdoors.
To evaluate this, we constructed a mechanism to drop our microfliers from a drone (DJI Mavic Mini,
Fig[S7). The origami microflier is place in a compartment below the drone and a remotely triggered
servo opens the compartment. As shown in Movie S9, our origami microflier is dropped from the
drone at a height of 20 m. The video shows it begin falling in its tumbling state and then transition

in midair to change its falling behavior to stable descent. At the beginning of its fall the flier passes
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through a region affected by drone induced airflow (40—42). We observe in Movie S9 that this appears
to have minimal effect with the flier falling straight downward, potentially with some downward
acceleration due to downwash. We note that other drone configurations that induce more turbulent
flow in this region could even help scatter the fliers laterally.

We repeat these experiments in a range of altitudes and wind conditions as shown in Movie S10
to evaluate dispersal distance. We use a hot wire anemometer sampling at a rate of 1 Hz (4051, Testo)
to measure the lateral wind speed during these trials. We place the anemometer at a fixed height of
2 m oriented in the direction that the microflier traveled due to the challenges of measuring ambient
wind speed at varying altitudes and trajectories in the field. We also measure the distance from the
drop location to the microflier’s landing site. We combine these data to investigate the effect of lateral
wind and dispersal distance seen in controlled experiments in Movie S3.

Fig [6]A shows a comparison of the distances traveled in tumbling and stable states versus wind
speed when dropped from a height of 20 m in an open field. The data shows a division between the two
states, especially at higher wind speeds, confirming that the observations in Movie S3 hold outdoors
in higher altitudes as well. This is intuitively because the rotation of the sensor in the tumbling state
helps maximize the area exposed to lateral wind gusts.

We also performed a series of experiments transitioning the origami microfliers in mid-air. To
change the shape at different altitudes, we programmed our microfliers to transition a fixed time
delay after receiving a trigger command sent over Bluetooth. The origami microfliers were also
programmed to continuously broadcast Bluetooth packets with values of their onboard counter as well
as temperature and pressure readings. In our implementation, we can use the pressure sensor, a timer,
or a Bluetooth command to trigger the transition. We use the same drone and wind measurement
setup described above and performed drop experiments in an open park space from an altitude of
40 m. Trials were performed sequentially to facilitate recording data.

Fig[6B shows the distance traveled versus wind speed and Fig[6|C shows the same data represented
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as a map of microflier landing locations. Additionally, the colorbar indicates the amount of time spent
in the tumbling state versus the stable state. For example, 100% would indicate the sensor was con-
stantly tumbling and was not programmed to transition while 0% would indicate it was programmed
to immediately transition and fell only in the stable state. Values in between indicate a mid-air transi-
tion. We observe that similar to Fig[6]A, the longer the sensor spent in the tumbling state, the farther
it traveled. Further, across microfliers that spent a similar amount of time in their tumbling state,
those that experienced higher wind speeds traveled longer distances. We note that although the wind
varied across our individual experiments, when dropping multiple devices programmed to transition
at different times or altitudes they will experience the same conditions and travel different relative dis-
tances. These plots demonstrate that the transitioning mechanism works in real world environments
and can achieve our goal of varied dispersal distances.

Due to their low mass and terminal velocity, our origami microfliers were not damaged by physical
impact with the ground. Our design however requires that they land with their solar cells facing
upward. To evaluate this, we perform a series of experiments dropping our origami microfliers onto a
grass surface from a height of 2 m. We observe that in the tumbling state, the microfliers land upright
only 52% of the time (N=50). However, in their stable state they land upright 87% of the time (N=50).
In the stable state we observe that an even greater number (96%) initially landed upright but either
bounced or collided with an object causing them to flip. This shows that by transitioning to the stable
state before landing we can increase the probability of our devices landing upright to harvest power.

Fig illustrates the trajectory of an origami microflier transitioning in mid-air when dropped
from 15 m. While this 2D image makes it difficult to visualize the difference in lateral distance
traveled along the Y-axis, the trajectory shows the device tumbling until it transitions and stabilizes
in mid-air. Figs [7B,C also show data recorded from Bluetooth transmissions in real time during a
drop from 50 m. Fig shows the in-air sensor data as raw pressure measurements converted to

altitude. The plot shows the altitude increasing as the drone lifts off and ascends to its target height of

20



490

491

492

493

494

495

496

497

498

499

500

501

503

504

505

506

507

508

509

510

511

512

513

50 m. Upon release, the microflier begins to fall to the ground and shows a corresponding decrease
in altitude. Fig shows the temperature data from the microflier as it falls from the drone, again
demonstrating the ability for the solar array to power our microfliers in mid-air and the potential for
taking atmospheric measurements at different altitudes.

We also evaluate performance of the microflier on the ground post-deployment to verify the cir-
cuits can cold-start and operate on solar power for extended periods of time. The data was collected
by a computer receiving the Bluetooth measurements. Fig [/D.E show the results over the course
of three days, during which the sensor turns off at sunset and successfully cold-starts shortly after
sunrise. During this time it was able to send 24,000 Bluetooth packets and operate continuously for
6 hours per day. We note that the operational time was limited by the number of sunlight hours at the
deployment location in Seattle, WA in December. We perform additional measurements to evaluate

sensor performance in comparison to a reference device (see Supplementary text and Fig [S8).

Discussion

Here, we designed solar-powered origami microfliers that can change their shape in mid-air to vary
their dispersal distance. Our key observation is that leaf-out origami structures exhibit distinct falling
modes in their two states: a tumbling behavior conducive to wind dispersal and a stable descent state
less affected by wind. We co-designed a light-weight, low-power actuator and solar power harvesting
circuit that enables the microflier to change its shape in mid-air using solar power harvested outdoors.
Our design uses a programmable microcontroller that makes it extensible to adding other sensors for
a wider range of environmental monitoring applications.

Adding more payload, however, requires additional consideration to maintain a robust difference
in falling behavior between the two origami states. We find that the device is sensitive to weight
distribution and that adding too much weight on one unit cell can cause asymmetry and thus, flipping

in both states (see supplementary text). This can be addressed by adding balancing masses to ensure
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that weight is uniformly distributed across all cells. Further, the corners of our origami structures are
not reinforced with carbon fiber and are flexible which could also affect stability with larger payload.

Our origami microfliers support bi-directional radio connectivity via Bluetooth. This allows them
to not only communicate with a basestation, but potentially communicate amongst each other and
form peer-to-peer or mesh networks. This presents multiple opportunities to both increase operational
range through multi-hop communication, while also presenting routing and scheduling challenges due
to variability in solar power on terrains with complex geographic features (43). We also observe that
in brighter conditions, our actuator charges fast enough to be triggered repeatedly. Modifying the
design for bi-directional transitions between the states could enable more precise control over falling
behavior and even motion such as jumps after falling to the ground. Further, our actuator, circuit,
and fabrication methodology to pattern electronics directly onto the folding structure can be applied
broadly to the field of origami robots enabling a range of miniaturized battery-free designs.

Finally, while our microfliers enable new capabilities for field deployments of environmental sen-
sors, we must also consider their environmental impact at end of life and their potential to create
waste. One solution is to recollect the devices after deployment. The magnets in our actuators present
a means for automated collection by sweeping a magnet over the deployment area. We evaluate this
using a magnetic sweeping device used to collect nails and other metallic objects on construction sites
as well as a small neodymium bar magnet. As shown in Fig[S9A-C, even these relatively small mag-
nets can collect our microfliers from distances of 5 cm, and adding an extra onboard magnet extends
this to 6 cm. These experiments demonstrate the potential for automated collection for example by
pulling an electromagnet behind a tractor in agricultural deployments. Our onboard radio could also
be used for localization and presents opportunities to use recent advances in the sensor networking
communities (44, 45). An alternative method that is more attractive for remote and difficult terrain
would be to incorporate biodegradable materials in the design of our microfliers (46, 47). Our design

already eliminates batteries, and we can build on this to use biodegradeable materials such as cellu-
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lose for the structural components (34). We hope that future advances in sustainable materials paired

with innovation in micro-robotic systems could enable this vision.

Materials and Methods

Origami circuit fabrication. We fabricate our origami structures by folding sheets of polyimide
films (Dupont Kapton and DuPont Pyralux AC121200E) with the pattern in Fig 3]A. We choose the
number of unit cells and use a custom python script to generate a tessellation of unit cells with the
appropriate angle .. Next, we choose a film thickness and cut pattern. We tune the structure’s initial
folding angle by using a small number of holes along the boundary creases and adding more cuts
along the main and sub creases. The stiffer boundary crease dictates the initial folding angle and
energy barrier between states. Combined, these factors determine the energy required for transition.

We use laser micromachining (LPKF U4) to cut out the shape of the origami and make the crease
cuts. We choose four unit cells for our microfliers using data in Fig [3D,E and Fig which indicate
this design has the highest lateral displacement which is correlated to the greatest number of rotations
during its descent, and the lowest terminal velocity. Additionally this design is symmetric which
simplifies weight distribution and fabrication.. We choose a side length of 39 mm based on experi-
ments showing smaller prototypes did not exhibit different descent behaviors. This size achieves our
sub-gram target mass and provides sufficient area for the electronics.

We further demonstrate direct patterning of functional circuits onto the foldable origami to create
our final microfliers shown in Fig[2l We use a copper coated film (12 um copper, 12 um polyimide,
DuPont Pyralux AC121200E). We first cover the copper surface in an ink mask. Next, we use the laser
to raster away the mask in regions around the desired pads and traces leaving the copper exposed. We
then make the crease and boundary cuts. We etch the exposed copper using Ferric chloride and
remove the remaining ink using acetone or isopropanol to create the final circuit. Components are

then manually placed under a microscope and soldered using a hot plate at 285 °C. This creates a fully
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functional circuit on a flat, flexible sheet. This process is similar to commercial flexible circuitboard
fabrication which can be used to scale up production.

To maintain rigid origami, we attach a carbon fiber root structure as shown in Fig to rein-
force the faces. We first create 110 um thick carbon fiber layups (0°,45°,—45°,0°, Toray M46J) by
laminating the layers together in a heat press (80 psi at 150°C for 90 minutes). We use the same
laser micromachining procedure to cut out eight sections in the desired patterns matching the origami
faces. We choose the root pattern to add rigidity with minimal mass. We attach the subsections of the
root structure together by placing them on a piece of 50 pm thick PET tape (Gizmo Dorks) to create
a flexible hinge. The PET tape is patterned with cuts allowing it to bend more easily and act like a
hinge at the fold of the structure. This allows for the root structures to fold at angle 1. We attach the
root structure to the leaf-out circuit in its flat state using cyanoacrylate (CA) glue. We then apply the
origami folds shown in Fig[3A to create the folded origami circuit as shown in Fig[5]A. The solar cells
are placed on pieces of kapton tape and attached to the opposite side of the structure. The solar cells
(2-4x 5x5 mm cells, Microlink Devices) are manually wired together and soldered to the remainder
of the circuit using 43 AWG wire.

Actuator fabrication. After creating the origami structure and circuit, we fabricate our miniaturized
electromagnetic actuator and attach it to the structure. We roll a sheet of polyimide film (12.5 um,
Dupont Kapton) into a tube (2.1 mm diameter, 10.5 mm length) to restrict the motion of the magnet.
This tube is designed to match the inner diameter of our solenoid coils (2.1mm diameter, 2.1mm
height, 30x3 turns array wound, Golden Eagle Coil & Plastic Ltd). We insert the tube into the coil
and use CA glue to attach it at one end of the tube. We then attach a small neodymium magnet (1.0mm
diameter, 2.0mm height, grade N52) to a carbon fiber rod (0.25mm diameter, 8.0mm length) and glue
it to the center of the root structure to avoid interference with the creases of the hinge. We then glue a
second magnet-rod component inside the tube such that it is suspended approximately 8.0 mm above

the other magnet when the structure is in its flat, tumbling state. These measurements are empirically
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ss determined from Fig[dJF, and can be adjusted depending on the strength of the attractive force between

ss9 the two magnets and the required transition force.
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Supplementary Materials

Supplementary Text

Figure S1: Fluid Analysis. A) Diagram showing the PIV measurement setup in the wind tunnel.
B) Movement of center of pressure along the y-axis versus time. In the tumbling state the center of
pressure shows substantial and rapid oscillation from side to side causing the flier to tilt and begin
tumbling. C) Time averaged velocity profiles visualizing the flow in the wake of the flier in its stable
and tumbling states. The origami face is placed at x=0 with small amounts protruding into the plot in

the Tumbling state figure.

Figure S2: Origami transition force versus payload. Force required to transition an origami struc-
ture (12.5 pm Kapton, 15% holes cut) with added payload but without the root structure to simulate
circuit components. A red dotted line indicates the weight of our circuit design which has minimal
effect. The data shows a decrease in force required to transition as payload mass approaches and
exceeds 1 g, highlighting the need for minimizing circuit mass to maintain a high enough force to
present false transitions in mid-air. Adding the root structure further increases the required transition

force.

Figure S3: Weight distribution tests. We attach sample weights in different configurations to the
origami structure simulating the mass of the solar cells and electronic components. We perform drop

tests in each configuration to understand the impact of weight distribution on falling behavior.
Figure S4: Actuator force testing setup. Test setup used to characterize actuator force. A magnet

attached to a carbon fiber rod and flat reflector are placed in a polyimide tube with a soilenoid coil

at the base. A laser distance sensor (Keyence IA-030) shining down at the reflector and sampling at
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1 kHz was used to measure the distance versus time as the magnet accelerated upward. The actuator
was connected to the switch and capacitor circuit used on the origami microflier and probed with an

oscilloscope (Tektronix MDO34) to measure the capacitor voltage.

Figure S5: Force diagram. Diagram showing the forces between the actuator and origami structure.

Figure S6: Solar irradiance to current. This plot shows current harvested from two and four solar

cells at different light levels. We apply linear regression to obtain a mapping with R > (.98 for both.

Figure S7: Drone and drop mechanism. Image showing the drone (DJI Mavic Mini 2) and drop
mechanism used for deployment experiments. The deployment mechanism consists of a balsa wood
container with a trap door actuated by a single servo to fit within the payload of the small drone. The
servo is connected to a radio receiver that triggers it to open and close. The bottom surface of the
trap door is coated with PET to reduce friction and allow the microflier to reliably fall. We note that
this design could be further optimized through the use of lightweight high strength materials such as
carbon fiber or the use of a larger drone which could carry more complex release mechanisms. We
observe that the microflier does not require a fixed position and always descends in the direction of

the wind regardless of its initial orientation in the drop mechanism.

Figure S8: Sensor evaluation. A) Day long comparison of temperature sensor data from our de-
ployed origami microflier and a reference sensor demonstrating a similar trend after a fixed offset
subtraction to compensate for differences in placement and thermal mass of the reference sensor.
B) Linear regression showing high correlation between the microflier sensor and the reference with

R* > 0.95.
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Figure S9: Magnet pick up tests. A) Demonstration of microflier pick up using a magnet sweeper.
B) Average height that the microflier is attracted to the pickup system using two different magnets.

C) Test setup for the data gathered in B).

Figure S10: Terminal velocity data. Average terminal velocity of the leaf-out design with three

through eight unit cells when dropped in the tumbling state from a height of 2 m state (N > 10, o).

Figure S11: Pictorial flow diagram of fabrication process. The flow diagram differentiates the

assembly processes that are automated versus the processes that require manual assembly.

Figure S12: Microflier cost estimate. The total cost for a single fully assembled origami microflier
is approximately $10.94. The part cost for components are obtained from the electronics distributor
Digikey and are the unit prices for order quantities of 10,000 (prices as of 5/15/2023). Quantities
of each part are based on our finalized circuit schematic. Custom made solenoid coils were used
in the actuation mechanism, with the part cost being an estimated unit price for order quantities of
1000. The PCB cost is based on a quote for an order quantity of 1000 of our final circuit design from
manufacturer PCBWay. Bulk materials such as Kapton films are estimated based on the amount of
material used. This price estimate excludes the cost of solar cells as we test multiple configurations

and we are unable to obtain volume price estimates from our solar cell supplier.
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Movie S1: Origami microflier behavior in wind tunnel. Our bi-stable origami microfliers exhibit
different falling behaviors in their two states over. In the flatter “tumbling state”, they rotate and flip
as they fall. In the “stable state” folded inwards, they exhibit a stable straight downward descent. We
compare these behaviors over a vertical wind tunnel first with the base origami structure, followed by

our complete microflier with its onboard circuit and actuator.

Movie S2: Origami microflier compared to falling leaves. Our origami microfliers are shown in

free fall in their two states compared to leaves with similar behaviors.

Movie S3: Origami microflier in lateral wind. Our origami microflier experiences greater dis-
placement due to lateral wind gusts in its tumbling state than in its stable state. The video shows a
fan blowing air to the right as the microflier is dropped in each of its states. In its stable state, the
microflier moves to the right substantially when it encounters the wind whereas in its stable state the

wind has minimal effect.

Movie S4: Origami microflier manual transition. The video shows a diagram of our microflier’s
g g

origami structure and manual folding to demonstrate how it transitions between its two stable states.

Movie S5: Origami microflier false transition tests. We tested the robustness of our microflier’s
bi-stability by hanging one of our prototypes from a thin Kevlar thread vertically above a fan. We
recorded videos of the microflier in two different wind speeds, and tracked the fan’s wind speed from
an anemometer that actively output the wind speed data to a phone that is visible in the video. The
video shows that the microflier does not transition even at wind speeds of 5 m/s. We observe the same

result for N=10 trials averaging 7 s in duration.
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Movie S6: Electronically actuated origami transition. The video shows a tethered demonstration
of how our light-weight, low-power solenoid actuator can produce the required force and bending
motion to transition the origami structure from its tumbling state to its stable state. Our actuator pro-

duces substantial force causing the structure to briefly lift off the table.

Movie S7: Untethered solar-powered transition. Demonstration of a fully assembled and un-
tethered origami microflier transitioning between states using harvested solar power. The onboard,
battery-free circuit is able to harvest sufficient solar energy to start itself up and begin listening for
Bluetooth signals. Upon receiving a packet with the command to transition, it triggers the actuator.
The onboard microcontroller can be programmed to transition from a remote signal, onboard timer,

or pressure sensor at a particular altitude.

Movie S8: Mid-air solar-powered transition from low altitude. Origami microflier transitioning
in mid-air using harvested solar power when dropped from a ladder at a height of approximately 4
m. The video begins by showing the full trajectory and then proceeds to show a zoomed in, slow
motion view pausing to highlight the transition point. We note this version of the microflier is an

early prototype with thin wires for debugging and testing visible in the video.

Movie S9: Mid-air solar-powered transition from drone deployment. Origami microflier transi-
tioning in mid-air using harvested solar power after being dropped from a drone at an altitude of 20
m. The origami microflier starts falling in its tumbling state before transitioning mid-air to the stable
state. The video shows the full descent trajectory, then proceeds to show a zoomed in and slow motion

view to highlight the transition point.

Movie S10: Evaluating dispersal distance. We evaluate wind dispersal distance by dropping our
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708 origami microfliers from drones at multiple altitudes and in various wind conditions. Recording a
700 drone deployment video from 40 m in higher wind speeds requires running after the microflier as it

710 travels 86 m, resulting in shaking of the camera and difficulty keeping the microflier in the frame.

31



7

1

7

2

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

References

1. V.lIyer, H. Gaensbauer, T. L. Daniel, S. Gollakota, Wind dispersal of battery-free wireless devices,

Nature 603, 427 (2022).

. B. H. Kim, K. Li, J.-T. Kim, Y. Park, H. Jang, X. Wang, Z. Xie, S. Won, H.-J. Yoon, G. Lee,

W. Jang, K. Lee, T. Chung, Y. H. Jung, S. Heo, Y. Lee, J. Kim, C. Tengfei, Y. Kim, J. Rogers,
Three-dimensional electronic microfliers inspired by wind-dispersed seeds, Nature 597, 503

(2021).

. C. Cummins, M. Seale, A. Macente, D. Certini, E. Mastropaolo, I. Maria, A separated vortex ring

underlies the flight of the dandelion, Nature 562, 414 (2018).

. D. Lentink, W. Dickson, J. L. Van Leeuwen, M. Dickinson, Leading-edge vortices elevate lift of

autorotating plant seeds, Science (New York, N.Y.) 324, 1438 (2009).

. M. Seale, A. Kiss, S. Bovio, I. M. Viola, E. Mastropaolo, A. Boudaoud, N. Nakayama, Dandelion

pappus morphing is actuated by radially patterned material swelling, Nature communications 13,

1 (2022).

. T. Helps, C. Romero, M. Taghavi, A. T. Conn, J. Rossiter, Liquid-amplified zipping actuators for

micro-air vehicles with transmission-free flapping, Science Robotics 7, eabi8189 (2022).

. M. A. Estrada, S. Mintchev, D. L. Christensen, M. R. Cutkosky, D. Floreano, Forceful manipula-

tion with micro air vehicles, Science Robotics 3, eaau6903 (2018).

. X.Zhou, X. Wen, Z. Wang, Y. Gao, H. Li, Q. Wang, T. Yang, H. Lu, Y. Cao, C. Xu, et al., Swarm

of micro flying robots in the wild, Science Robotics 7, eabm5954 (2022).

. D.J. Edwards, A. D. Kahn, S. B. Heinzen, T. Z. Young, N. J. Arnold, D. Newton, B. Eber, S. V.

Carter, 2018 AIAA Aerospace Sciences Meeting (2018), p. 1008.

32



736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

754

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

P. Pounds, S. Singh, Samara: Biologically inspired self-deploying sensor networks, IEEE Poten-
tials 34, 10 (2015).

S. Bai, Q. He, P. Chirarattananon, A bioinspired revolving-wing drone with passive attitude sta-

bility and efficient hovering flight, Science Robotics T (2022).

L. Mahadevan, S. Rica, Self-organized origami, Science (New York, N.Y.) 307, 1740 (2005).

H. Yasuda, K. Johnson, V. Arroyos, K. Yamaguchi, J. Raney, J. Yang, Leaf-like origami with

bistability for self-adaptive grasping motions, Soft robotics 9 (2022).

H. Yasuda, Z. Chen, J. Yang, Multitransformable leaf-out origami with bistable behavior, Journal

of Mechanisms and Robotics 8 (2016). 031013.

R. St. Pierre, S. Bergbreiter, Toward autonomy in sub-gram terrestrial robots, Annual Review of

Control, Robotics, and Autonomous Systems 2, 231 (2019).

S. Miyashita, S. Guitron, K. Yoshida, S. Li, D. D. Damian, D. Rus, Ingestible, controllable, and
degradable origami robot for patching stomach wounds, 2016 IEEE international conference on

robotics and automation (ICRA) pp. 909-916 (2016).

S. Miyashita, S. Guitron, M. Ludersdorfer, C. R. Sung, D. Rus, An untethered miniature origami
robot that self-folds, walks, swims, and degrades, 2015 IEEE International Conference on

Robotics and Automation (ICRA) pp. 1490-1496 (2015).

G.Z. Lum, Z. Ye, X. Dong, H. Marvi, O. Erin, W. Hu, M. Sitti, Shape-programmable magnetic

soft matter, Proceedings of the National Academy of Sciences 113, E6007 (2016).

E. Hawkes, B. An, N. M. Benbernou, H. Tanaka, S. Kim, E. D. Demaine, D. Rus, R. J. Wood,
Programmable matter by folding, Proceedings of the National Academy of Sciences 107, 12441
(2010).

33



756

757

758

759

760

761

762

763

764

765

766

767

768

770

771

772

773

774

20.

21.

22.

23.

24.

25.

26.

27.

28.

A. Firouzeh, J. Paik, Robogami: A fully integrated low-profile robotic origami, Journal of Mech-

anisms and Robotics 7, 021009 (2015).

H. Shigemune, S. Maeda, Y. Hara, N. Hosoya, S. Hashimoto, Origami robot: A self-folding
paper robot with an electrothermal actuator created by printing, IEEE/ASME Transactions on

Mechatronics 21, 2746 (2016).

E. Vander Hoff, D. Jeong, K. Lee, Origamibot-i: A thread-actuated origami robot for manipula-
tion and locomotion, IEEE/RSJ International Conference on Intelligent Robots and Systems pp.

1421-1426 (2014).

C. H. Belke, J. Paik, Mori: a modular origami robot, IEEE/ASME Transactions on Mechatronics
22,2153 (2017).

K. Ma, P. Chirarattananon, S. B. Fuller, R. J. Wood, Controlled flight of a biologically inspired,

insect-scale robot, Science 340, 603 (2013).

J. Li, H. Godaba, Z. Zhang, C. Foo, J. Zhu, A soft active origami robot, Extreme Mechanics
Letters 24, 30 (2018).

Z. Zhakypov, K. Mori, K. Hosoda, J. Paik, Designing minimal and scalable insect-inspired multi-

locomotion millirobots, Nature 571, 381 (2019).

N. Elkunchwar, S. Chandrasekaran, V. lyer, S. B. Fuller, 2021 IEEE/RSJ International Confer-

ence on Intelligent Robots and Systems (IROS) (IEEE, 2021), pp. 5234-5241.

H. Kobayashi, B. Kresling, J. Vincent, The geometry of unfolding tree leaves, Proceedings of the
Royal Society, Biological Sciences 265, 147 (1998).

34



775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

29.

30.

31.

32.

33.

34.

35.

36.

37.

M. Straubel, M. Hillebrandt, C. Hiihne, Evaluation of different architectural concepts for huge de-
ployable solar arrays for electric propelled space crafts, /4th European Conference on Spacecraft

Structures, Materials and Environmental Testing (ECSSMET) (2016).

D. Focatiis, S. Guest, Deployable membranes designed from folding tree leaves, Philosophi-
cal Transactions of the Royal Society, A Mathematical, Physical and Engineering Sciences 360,

227-238 (2002).

B. Hanna, J. Lund, R. Lang, S. Magleby, L. Howell, Waterbomb base: A symmetric single-vertex

bistable origami mechanism, Smart Materials and Structures 23, 094009 (2014).

T. Tachi, Simulation of rigid origami, Origami 4: Fourth International Meeting of Origami Sci-

ence, Mathematics, and Education 4 (2009).

D. Rus, M. T. Tolley, Design, fabrication and control of origami robots, Nature Reviews Materials

3, 101 (2018).

F. Wiesemiiller, Z. Meng, Y. Hu, A. Farinha, Y. Govdeli, P. H. Nguyen, G. Nystrom, M. Kovac,
Transient bio-inspired gliders with embodied humidity responsive actuators for environmental

sensing, Frontiers in Robotics and AI 9 (2022).

J. James, V. Iyer, Y. Chukewad, S. Gollakota, S. B. Fuller, Liftoff of a 190 mg laser-powered
aerial vehicle: The lightest wireless robot to fly, IEEE International Conference on Robotics and

Automation (ICRA) p. 1-8 (2018).

P. Bhushan, Untethered Microrobots of the Rolling, Jumping & Flying kinds (University of Cali-
fornia, Berkeley, 2019).

P. Bhushan, C. Tomlin, An insect-scale self-sufficient rolling microrobot, IEEE Robotics and

Automation Letters 5, 167 (2019).

35



797

798

799

800

801

802

803

805

806

807

808

809

811

812

813

814

815

816

817

38.

39.

40.

41.

42.

43.

44.

45.

46.

V. Iyer, M. Kim, S. Xue, A. Wang, S. Gollakota, Airdropping sensor networks from drones and
insects, Proceedings of the 26th Annual International Conference on Mobile Computing and

Networking (2020).

V. Iyer, A. Najafi, J. James, S. Fuller, S. Gollakota, Wireless steerable vision for live insects and

insect-scale robots, Science Robotics 5, eabb0839 (2020).

T. E. Villa, E. Salimi, K. Morton, L. Morawska, F. Gonzalez, Development and validation of a

uav based system for air pollution measurements, Sensors 16, 2202 (2016).

D. Shukla, N. Komerath, Multirotor drone aerodynamic interaction investigation, Drones 2, 43

(2018).

F. Yang, X. Xue, C. Cai, Z. Sun, Q. Zhou, Numerical simulation and analysis on spray drift

movement of multirotor plant protection unmanned aerial vehicle, Energies 11, 2399 (2018).

J. de Winkel, H. Tang, P. Pawelczak, Intermittently-powered bluetooth that works, Proceedings
of the 20th Annual International Conference on Mobile Systems, Applications and Services p.

287-301 (2022).

R. Nandakumar, V. Iyer, S. Gollakota, 3d localization for sub-centimeter sized devices, Proceed-

ings of the 16th ACM Conference on Embedded Networked Sensor Systems p. 108—119 (2018).

R. Ayyalasomayajula, D. Vasisht, D. Bharadia, Bloc: Csi-based accurate localization for ble tags,
Proceedings of the 14th International Conference on Emerging Networking EXperiments and

Technologies p. 126—138 (2018).

V. Arroyos, M. L. K. Viitaniemi, N. Keehn, V. Oruganti, W. Saunders, K. Strauss, V. Iyer, B. H.

Nguyen, A tale of two mice: Sustainable electronics design and prototyping, Extended Abstracts

36



818

819

820

821

822

823

824

825

826

827

828

830

831

832

833

834

835

836

837

838

839

47.

48.

49.

50.

51.

52.

of the 2022 CHI Conference on Human Factors in Computing Systems (CHI EA ’22) pp. 1-10
(2022).

S. S. Sethi, M. Kovac, F. Wiesemiiller, A. Miriyev, C. M. Boutry, Biodegradable sensors are ready

to transform autonomous ecological monitoring, Nature Ecology & Evolution 6, 1245 (2022).

C. P. Bateson, A. Aliseda, Wind tunnel measurements of the preferential concentration of inertial

droplets in homogeneous isotropic turbulence, Experiments in fluids 52, 1373 (2012).

P. D. Huck, N. Machicoane, R. Volk, Production and dissipation of turbulent fluctuations close to

a stagnation point, Physical Review Fluids 2, 084601 (2017).

T. Tachi, Geometric considerations for the design of rigid origami structures, Proceedings of the

International Association for Shell and Spatial Structures Symposium pp. 771-782 (2010).

Y. M. Chukewad, A. T. Singh, J. M. James, S. B. Fuller, A new robot fly design that is easier to
fabricate and capable of flight and ground locomotion, 2018 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS) pp. 4875-4882 (2018).

M. I. Daepp, A. Cabral, V. Ranganathan, V. Iyer, S. Counts, P. Johns, A. Roseway, C. Catlett,
G. Jancke, D. Gehring, et al., 2022 21st ACM/IEEE International Conference on Information

Processing in Sensor Networks (IPSN) (IEEE, 2022), pp. 28—40.

Acknowledgements. The authors thank Hiromi Yasuda, Jinkyu Yang and members of the Laboratory

for Engineered Materials and Structures for advice and helpful discussions on origami design. We

also thank Nicole Sullivan for assistance with outdoor drop test experiments.

Funding. The researchers are funded by a Moore foundation fellowship, National Science Founda-

tion, National GEM Consortium, Google Fellowship Program, Cadence Fellowship Program, Wash-

ington NASA Space Grant Fellowship Program, and SPEEA ACE Fellowship Program.

37



840

841

842

843

844

845

846

847

848

Data and material availability. All data needed to evaluate the conclusions of the paper are available

in the paper or the Supplementary Materials. Source code will be made open-source at publication.

Author contributions. K.J. and V.A. designed and fabricated the origami structures; K.J., R.V., V.A.
and V.I. fabricated circuits and actuator parts. T.E. and V.I. developed the embedded software. K.J.,
V.A., VI, AF, AA., S.G. and S.F. designed the experiments. K.J., VA., RV, D.Y., AF, AA.
and V.I. conducted experiments and characterized system performance; K.J., V.A., AE, VI, D.Y.
analyzed data and generated figures; V.I., K.J., A.A. and S.G. wrote the manuscript; S.G., V.I., A.A.

and S.F. edited the manuscript. Conceptualization: V.I., S.G., K.J., and V.A.

Competing interests. S.G. is co-founder of Jeeva Wireless and Wavely Diagnostics. The other

authors declare that they have no competing interests.

38



Sunlight D Stable

descent
s;ete
Mid-air l
transition —

%‘/
15
Stable °
state |

Landing
. locations

Figure 1: Solar-powered shape-changing origami microfliers. Conceptual diagram show origami
microfliers changing their shape in mid-air to alter their falling behavior and achieve varied sensor
dispersal distances. The microfliers are released from a drone (A) and can wirelessly transmit sensor
measurements using solar power after landing (B). They begin falling in a flat, tumbling state (C)
with greater lateral dispersal in the wind. The microfliers use harvested solar power to electronically
transition in mid-air after a programmable time or altitude using their onboard actuators into a folded
state (D) with stable descent and lower wind dispersal. This enables individual microfliers to achieve
varying dispersal distances as shown in a aerial view (E).
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Exploded view of our origami microflier showing the major components.
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Figure 3: Bi-stable origami structure. A) Diagram showing the key features of the Miura-ori fold
and tessellation to create structures with multiple unit cells. Sample cut patterns that add holes along
the creases to tune the stiffness of origami folds are shown to the right. B) Kinematics simulation
showing the energy required for designs with different numbers of unit cells to transition between
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E) Lateral displacement when dropped from a height of 0.5 m in the tumbling state (N > 10, £o0).
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Figure 5: Solar harvesting and wireless circuit. A) Flexible circuit folded into 3D origami structure
and labeled top view of major components divided into four regions for even weight distribution. B)
Circuit diagram showing power management for cold start, storage capacitors and different voltage
domains, as well as the wireless microcontroller and sensor. C) Waveform illustrating microcontroller
cold start followed by charging and triggering the actuator for transitioning the structure. D) Time
required to cold start the microcontroller at varying light levels (N > 3, +0). E) Time required
to charge up the capacitors to transition at varying light levels (N > 3, +0). F) Achievable Blue-
tooth throughput at varying light levels (N=3, +0). G) Bluetooth packet delivery rate versus range
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43



A 20 m Drop Tests

= Tumbling state +~— Stable state

20 1
€ 15 1 -
~ oplo— ——o—
8 10 )
3
o]
© 51 —EEe e
O ==
0 T '_._|l T T
0.0 0.5 1.0 1.5
Wind speed (m/s)
B 40 m Drop Tests
100 A 100%
. 80 - L 75% £
S o
g 60 5 5
8 I——Tﬂlﬁ—l 50@ =
_9 40 T [0}
8 204 25%
P e
0 == 0%

00 05 10 15 20 25 3.0 35
Wind speed (m/s)

40 m Drop Test
FOP "8S1S et 100%
80
- 80%
D
60 £
_ - 60% &
E 40 =
> - 40% 2
20 £
20%
0
=L 0%

0 20 40 60 80
x (m)

Figure 6: Outdoor drop tests. A) Outdoor drop tests from 20 m showing a comparison of distance
traveled in the tumbling state and the stable state across wind conditions. N = 24 trials (error
bars indicate =0, N > 10 wind measurements). B) Outdoor drop tests from 40 m showing distance
traveled when the microflier transitions in mid-air (N = 38 drop trials, error bars indicate +0, N > 30
wind measurements). The colorbar indicates the time spent in the tumbling state before transitioning
to the stable state. C) Data from B) shown as a map of landing locations, drone liftoff from (0, 0).
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Figure 7: In-air and on-ground microflier measurements. A) Images showing our origami mi-
croflier falling from a drone and transitioning from its tumbling to stable state in mid-air. B) Real-
time pressure sensor readings sent via Bluetooth showing the altitude of our origami when dropped
from 50 m. C) Real-time temperature sensor readings sent via Bluetooth showing the temperature
as our sensor falls. D) Temperature readings from a 3 day outdoor deployment demonstrating that
the microflier cold-starts daily with harvested power. E) Pressure readings from the 3 day outdoor
deployment.
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Supplementary Text
PIV analysis

Particle Image Velocimetry (PIV) measurements were taken in an open loop wind tunnel (48, 49) as
shown in Fig[STA. The wind tunnel has a square cross-section measuring 1 m x 1 m. The free stream
velocity is produced by an array of electric fans controlled by constant DC voltage. The robotic flier
was held with its plane perpendicular to the free stream flow at the end of a thin (2 X 2 mm) aluminum
beam. A propylene glycol fog machine (ADJ VF400) was used for seeding the flow and placed 120
cm upstream of the robotic flier.

Stereoscopic particle image velocimetry (PIV) measurements were collected at a frame rate of
890 Hz. Illumination came from a solid-state dual-head laser (TerraPIV, Continuum, San Jose, CA,
USA) emitting short, O(10~%)s, pulses of visible light at 527 nm. The laser was synchronized with
two high-resolution, high-speed cameras (Phantom v641, Vision Research, Wayne, NJ, USA). The
flier and laser plane were arranged so that the laser plane was oriented in the streamwise and vertical
direction (x-y) as shown in Fig to visualise the flow in the wake of the flier. Light from the
laser plane, scattered by the seed particles in the flow, was captured by the two cameras with a 13
cm (in the streamwise direction) by 8 cm (in the spanwise dimension) field of view. The laser plane
was located at the plane of symmetry (center) of the model, and a total of 900 image pairs were
recorded. The time between two images used to compute the velocity field is 10~s. The data was
processed using PIV image analysis software (Insight 4G, Version 11.1.0.5, TSI Incorporated) using
Gaussian correlation fitting, multipeak detection, and gradient-based iterative correlation for subpixel
resolution. The velocity field in the wake of the flier was calculated with a recursive grid engine with
a first pass on 64x64 pixel windows and a second pass on 32 x 32 pixel windows.

The origami flier operates as an object falling at a constant speed, normal to its main plane.

At 16 cm? square cross section and falling at approximately 1 m/s terminal velocity (depending on
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configuration). The aerodynamics are those of a blunt body at Reynolds number 400-2600. Its wake
is characterized via PIV measurements using the method described above. We present the results of
these measurements in Fig ,C.

The aerodynamic torque was characterized in Fig by taking the moment of the velocity
profile, averaged over periods shorter than the instability of the wake (vortex shedding), with respect
to the center line of the flier. The magnitude of the aerodynamic torque is represented by the location
of the center of pressure with respect to the center of the flier. The data shows it is substantially higher
in the flat, tumbling state than in the stable state, and its switching frequency is also higher. This
represents the main mechanism which causes the flier to start tilting to one side and begin tumbling.
After rotating 90° from a stable fall in which the flier experiences high drag due to its plane being
normal to gravity (and the fall velocity), its drag decreases as its plane becomes aligned with gravity
and the fall velocity.

In its flat, tumbling state the flier presents sharp edges to the incoming air flow, when the flier is
falling with its plane perpendicular to the flow (gravity). Fig[STIC compares the wake of the two states
by visualizing the mean flow over a 1 s interval as color contours of constant velocity deficit. The plot
shows a wide wake and the extent of the wake momentum deficit resulting in widely different drag
coefficients. In comparison flier presents beveled corners to the flow in its folded stable state, resulting
in narrower wake, with vortex forming closer to the center of the flier, resulting in a more symmetric
wake and lower aerodynamic torque with respect to its center of mass. Thus, after transition to its
folded state the filer is more stable: less prone to turning its plane from falling perpendicular to gravity
to aligned with gravity.

In a Lagrangian sense, the flier falls under the effect of gravity and moves horizontally under
the effect of lateral wind. It falls with a high drag coefficient and therefore low terminal velocity,
as long as the flier’s plane is predominantly normal to the direction of relative wind (a combination

of the wind direction and the fall velocity). Under the effect of aerodynamic torque, the tumbling
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flier will turn and align its plane with the direction of the relative wind, resulting in a much lower
drag coefficient and much higher fall velocity. Additionally, while aligned with the relative wind
direction, there is no aerodynamic torque to keep turning it away from alignment. While aligned with
the relative wind direction, there is no aerodynamic torque to keep turning it away from alignment,
however its angular momentum and fluctuations in wind will perturb this motion, returning the flier to
an orientation with its face normal to gravity. In contrast, fliers in the folded, stable state will tend to
fall with their plane approximately perpendicular to gravity with a low drag coefficient in the lateral
direction throughout their descent.

Statistically, the direction and speed of the wind will affect the Lagrangian trajectories of the
fliers randomly; however the dynamics of the two states will cause a relative difference in behaviors.
The tumbling flier will turn and alternate aligning their plane normal to the ground and the direction
of lateral wind causing a changing drag coefficient and higher horizontal dispersal while fliers in
the stable state will tend to fall with higher vertical and lower horizontal drag. Thus, transitioning
fliers between the origami states allows for control of their trajectories and a means to separate a
population of fliers. Changing the time to transition can allow multiple sampling populations with

distinct residence times in different parts of the atmosphere and varying lateral dispersal as shown in
Figfdl
Leaf-out origami kinematic simulation

Using the kinematic models developed in (13, 14), we analyze the energy required to fold the structure
to an angle 1). We model each crease line j as a torsional spring with spring constant x; and folding
angle p;, defined as the complement of the angle between adjacent surfaces connected by that crease.
Positive angles represent valley folds and negative angles represent mountain folds. We compute the
potential energy E required to fold the structure to angle i) with respect to the lowest energy state of

the system, where p; is the rest folding angle of jth crease line. We then sum the individual energy
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of each of the folds up to Ny ., which represents the total number of crease lines in the leaf-out

origami:
1 Nrotal

E=3 > riloi =0y

=1

Because our structures are made of a uniform sheet of material, we assume an identical torsional
stiffness for all creaselines (k; = kg forj = 1,..., Nygq). We use the relationships developed
in prior rigid origami models (/3, 14, 32, 50) to numerically solve for the individual fold angles p;
as a function of 1). We implement this using a custom Python simulation visualization framework

developed in the authors prior work (/3).

Actuator attachment design considerations

The solenoid coil is used to produce a force that pulls the magnet into the tube. In order to couple
this to the structure however we need a way of attaching these points to the origami structure without
restricting its ability to fold. Potential attachment points include the center and outside edges. Our
magnet accelerates along the Z axis through the tube similar to an umbrella, and we suspend the tube
from the outside edges of the structure using a set of four carbon fiber rods. These can be attached
rigidly at one end, but require the ability to flex with the structure at the other. To achieve this we
create hinges using small pieces of polyimide film (12.5 um, 1x3 mm) and glue them to one end of the
rods. We select rods with a length of 30 mm and thickness of 0.25 mm. Each of these four rod-hinge
components are glued to the four corners of the origami structure near the sub crease lines without
circuit components attached as shown in Fig 4B. We then fold the hinges such that the rods attach to
the tube at an angle 6 ~ 45°.

We note that the length of the tube, rods, and angle play an important role in determining how
much of the actuator’s force along the Z axis is transmitted to the structure through the angled rods. As
shown in Movie S4, we seek to bend the structure by forcing the center point upward and pushing the

outer edges downward. The tube is rigidly coupled to the magnet and coil, and the rods are connected
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to the edge of the structure at an angle 6. Fig[S5|shows a diagram with the desired Z component of the
force we seek to maximize F,q, = Fr.q*cos(6). Decreasing the angle 6 by increasing the tube length
results in an increased net-force at the tips of the rods. Given 0; < 0y, F.,q % cos(62) < Foqx cos(07).
Increasing the tube length however increases total size and mass. This also affects the structure as

increasing payload decreases the force needed to transition as shown in Fig

Assembly process and automation potential

We illustrate the assembly of our fliers pictorially in Fig Our current prototypes are manually
assembled and use low batch prototyping methods to enable rapid design iteration. Below we discuss
potential techniques for scaling up production. The main body of our origami structure is created
using standard flexible circuit materials and processes. This enables a substantial fraction of our de-
vice to be produced using existing industrial processes that are performed at scale for fabrication and
assembly of flexible circuits. Printed circuit assemblies commonly use lamination to attach layers
together. Adding an additional lamination step would enable the carbon fiber and PET to be attached
during this process as well. The assembly could then be folded by pressing in a mold or using other
techniques for industrially fold paper. We note that while our design uses handmade polyimide tubes
in our initial prototypes, these are also commercially available as are solenoid coils. Additionally,
while we use cylindrical carbon fiber rods in our prototypes, the whole rod and flexible linkage as-
sembly could be produced as a single assembly using smart composite microstructures (39, 57) which
we have used in prior work and are common in the manufacturing of insect-scale robots. This leaves
gluing the 3D assembly together as the final step. This could be automated by depositing drops of
glue at the attachment points and lowering the tube and rod structures onto the circuit.

Cost estimate. We estimate the cost of a fully assembled origami microflier without solar harvesting

components to be $10.94, as shown in Fig We estimate the cost of the microflier without includ-
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ing the solar cell components because the number and quality of the solar cells can be adjusted based

on the application requirement.

Weight distribution

Designing a complete origami microflier that can transition in mid-air requires circuit components
that can trigger the actuator. Unlike the actuator which is constrained to attachment at the center, the
electronics can be placed anywhere on the rigid origami’s faces as they do not bend and connecting
traces can be routed across the structure. This raises a question of how to optimally distribute the
weight on the structure. We simulate our electronics using 25 mg solder balls (gray circles) and 6 mg
squares of 125 p thick FR4 (blue squares). We perform a series of experiments to understand the
effects of distributing these weights across the origami structure. We tested three different configura-
tions shown in Fig[S3|where A has no weight, B has the weights evenly distributed at the outer edges,
C has the weights un-evenly distributed and centered on the faces, and D has an even distribution at
the center. We perform a series of drop tests from a height of approximately 5 m indoors.

We observe first that even weight distribution achieves a greater difference in falling behavior. In
particular we note that configurations such as C cause the structure to start flipping about the axis
with greater mass in both folding states. In further outdoor experiments we observe that even weight
distribution is important for achieving robust stability. We also evaluate attaching a single payload at
the end of the tube extending up from the origami surface along the Z-axis and find similar issues of
causing differences in fall behavior.

Next, we tested the effect of evenly distributing the weights at the center or around the edge of
the structure. We observe that evenly distributing the weight of the electronics around the exterior of
the structure as in Fig maximized the difference in the behavior between the two stable states
and minimized the terminal velocity of the structure in the tumbling state. The three and four unit

cell designs showed to have the lowest terminal velocities when compared with the five through eight
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unit cell designs, shown in Fig At a high level, this is likely because in the flat state, the lowest
moment of inertia is across one of the axes on the surface of the flat leaf-out structure. However, in the
closed state the lowest moment of inertia is now shifted to being along the axis parallel to the tube-coil
component. We note that for a freely falling and flipping structure outdoors other aerodynamic effects

and lateral winds will impact the microflier’s structure as well.

Microcontroller software and sensor interface

Our origami microfliers are controlled by a programmable, low-power microcontroller with an in-
tegrated Bluetooth radio (Nordic Semiconductor nRF52832). We first describe the design decisions
behind our choice of microcontroller followed by details of the embedded software.

Prior work on wind dispersed devices has demonstrated highly miniaturized devices with elec-
tronics weighing less than 30 mg within an approximately 2 mm?® volume (/). Achieving this level
of miniaturization however requires certain compromises in functionality such as using a microcon-
troller without an active radio. These fliers could not receive data transmissions and required making
compromises in transmission range or hardware complexity such as a full duplex radio at the remote
receiver. In this work we incorporate onboard actuation which requires both additional mass and a
larger structure to increase power harvesting and drag. With this larger power and size envelope we
choose to enable more robust wireless communication and computation functionality by using the
nRF52832 Bluetooth chip.

Bluetooth is an active radio technology requiring 15 mW during transmission which necessitates
greater power harvesting and energy storage capabilities. Further, it consumes a minimum weight of
approximately 50 mg due to the use of a larger chip (3x3 mm compared to 1.65x1.65 in (7)) as well
as a crystal oscillator to provide a frequency reference. The electronics for wireless communication
are no longer the limiting factor when scaling up our fliers to support actuation, so we choose to use

the nRF52832 Bluetooth chip as our computing platform which comes with upgraded wireless capa-
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bilities such as transmitting at bit rates of 1 Mbps and enables receiving data onboard. This onboard
receiver enables reception of commands to trigger shape change in mid-air and is a core building
block to be able to design networks of these devices. The active transmission enables longer ranges
without a full duplex radio and direct communication to ubiquitous Bluetooth receivers integrated
into smartphones, laptops etc. The chip also has substantially greater computing power (64 MHz
processor ARM Cortex-M4 processor with floating point, 64 KB RAM, 512 KB FLASH) compared
to (/) (ATtiny20, 8 MHz, 128B RAM, 2KB FLASH).

Next, we describe the embedded software required to sample data from the onboard sensor and
transmit Bluetooth packets. Upon startup, the microcontroller begins by initializing its timers, Blue-
tooth radio, and I2C interface for reading sensor data. To measure its altitude, our microfliers include
an onboard sensor (Bosch BMP384) which measures pressure for mid-air transitions and temperature
for environmental monitoring after deployment. The microcontroller uses its 12C interface to send
commands and receive data. We note that many other sensors use this standard interface.

We demonstrate multiple modes of operation. The simplest and lowest power method is to use
a timer to transition. In this mode, after the initialization steps described above, the microcontroller
immediately enters its sleep mode. Then, upon receiving an interrupt, it wakes up, increments its
counter and checks whether it is at the threshold count to transition, and goes back to sleep. The
interrupt for timing can be implemented either using the onboard timer, or by configuring the sensor
to provide periodic interrupts. We implement the onboard timer method, but note that the latter
solution has the potential for greater power savings by putting the chip into its deepest sleep mode.

We also show that during its periodic wake-ups our microflier can actually harvest enough power
to also sample its sensor and transmit data in mid-air. Specifically, we use Bluetooth Beacon or adver-
tising packets which operate in a broadcast mode without requiring an active connection. Fig[7B,C
show real time sensor measurements from the microflier in the air as they fall. In these experiments,

we program the chips to transmit at a rate of 1 Hz. This value can be increased depending on the
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amount of solar power available.

In the second mode, the microflier uses its onboard pressure sensor to trigger a transition at a
programmed altitude. The microcontroller again goes into its sleep mode and periodically wakes
off of a timer interrupt. In this mode, it sends a command to read data from the pressure sensor and
checks the value against the threshold to determine whether or not to transition. In certain deployment
scenarios, this however raises a challenge: if the microcontroller is enabled on the ground and the
sensor remains ON while the drone is ascending, it could trigger a false transition. To prevent this,
we can add a simple logic check that stores the previous pressure value and checks the delta to make
sure the pressure is increasing indicating the sensor is falling. Fig shows the readings from our
pressure sensor both when ascending to 50 m and the real time pressure values when dropped. The
data show that the resolution of the pressure sensor is sufficient to detect altitude as the maximum
altitude matches the 50 m shown by the drone’s altimeter. Further, the sensor was programmed to
wake up and transmit data at 1 Hz during this experiment, demonstrating that the device can detect
changes in altitude even at a low sampling rate. We also observe that although the rate of descent
changes due to the wind, the altitude consistently decreases. We note one exception at an altitude of
around 10 m. Single point errors like this could also be eliminated by comparing the gradient across
two or more points.

The third mode leverages the onboard Bluetooth radio to transition. We demonstrate that even
with limited solar power, it is possible to run a receiver for remote controlled transitions. While
transmissions can be easily duty cycled and only require enabling the power hungry Bluetooth radio
for a few hundred microseconds, in contrast receiving data requires running the radio for longer. The
chip allows a minimum receiving window of 2.5 ms. Moreover, unless the transmitter and receiver
are perfectly synchronized (which is difficult to achieve with an intermittent solar power source) the
receiver does not know when a packet will arrive. In order to enable packet reception with minimum

power, we set the radio to turn on once per second for a short window of 5 ms. To balance the
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additional power draw, we reduce the rate of Bluetooth sensor transmissions to 0.5 Hz. We use a
second nRF52 chip on the ground programmed to send short packets at its maximum rate of over
20 ms to trigger the transmission. Due to the short duty cycle of the receiver, we observe substantial
variance of roughly 30 s before the microflier receives the command. While the duty cycle could be
increased in brighter sun conditions, in low light conditions we instead use the transmission to set a
programmable counter on the device similar to the first mode described above. This allows flexibility
and control for such manually triggered deployment scenarios and we use this method to conduct
experiments. The ability to receive Bluetooth data can also be used to remotely program an altitude
threshold. To reduce the cold-start time of the circuit in-air, we designed the drop mechanism system
to be clear. This allows the onboard capacitors to begin charging from the time the microflier is first
brought outside, through when the microflier is in the drop container while the drone is flying to the

drop location and altitude.

Outdoor sensor evaluation

In addition to making sure our microflier circuits can cold-start successfully, we also evaluate on-
board sensor performance. Fig shows a comparison of the data from our microflier compared to
a reference sensor (Sparkfun Openlog Artemis) with a fixed offset subtracted. The data shows that
the signals are closely correlated. We observe an offset in the raw data likely due to the fact that
our sensor is mounted onto a thin material (12 um) with lower thermal mass than the reference sensor
which is attached to a larger PCB (= 1 mm thick). Additionally, the placement of the reference sensor
was constrained by access to power and its exposure to sun and wind could also cause small changes.
Fig shows the correlation along with the results of a linear regression which yields an R? > 0.95.
The results demonstrate that the sensors successfully perform environmental measurements. We note
however that like with many sensors the results should be calibrated to the specific goals of the

application.
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Robustness and reuse

We performed approximately 50 drop tests from 40 m using a single microflier, demonstrating that
our device has the potential for multiple use cycles. Additionally, we observe in our experiments that
even the few prototypes that failed mechanically were able to sample and transmit sensor data without
issue. This enables devices to be value cycled as static wireless sensors even after mechanical failure.
At the end of the microfliers life cycle we demonstrate how a sweeping magnet could pick up the
devices to reduce the environmental pollution from this technology, shown in Fig[S9A-C

We also note that our experiments were performed in the fall in Seattle, WA, USA during which
our prototypes were exposed to high humidity and moistrure in the form of dew, and light rain dur-
ing field experiments. Resistance to moisture can be further improved through the use of conformal
coatings which are common in the consumer electronics industry for waterproofing circuits. Spe-
cific coating products include Microcure DTO (Cytonix) and Teflon AF which the authors have used
previously year long outdoor deployments (52). For example, a wet film thicknesses of 7.5 um of
Microcure DTO can achieve a hydrophobic coating with water contact angles of 100° while weighing

5.6 mg on our microflier.
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Figure S1: Fluid Analysis. A) Diagram showing the PIV measurement setup in the wind tunnel.
B) Movement of center of pressure along the y-axis versus time. In the tumbling state the center of
pressure shows substantial and rapid oscillation from side to side causing the flier to tilt and begin
tumbling.C) Time averaged velocity profiles visualizing the flow in the wake of the flier in its stable
and tumbling states. The origami face is placed at x=0 with small amounts protruding into the plot in
the Tumbling state figure.

57



c.)\&o
@ &
S
IQ
Z 51
£ I
I
S 47 |
S I
L
c 31 I
9 I
= I
2 2 I
© ]
l_ L] L] L] L] L] L] L] L] L] L] L] L]
O © & & & & & &© 0 ©
TP PSSP F

©
R

Payload Weight (mg)

Figure S2: Origami transition force versus payload. Force required to transition an origami struc-
ture (12.5 um Kapton, 15% holes cut) with added payload but without the root structure to simulate
circuit components. A red dotted line indicates the weight of our circuit design which has minimal
effect. The data shows a decrease in force required to transition as payload mass approaches and
exceeds 1 g, highlighting the need for minimizing circuit mass to maintain a high enough force to
present false transitions in mid-air. Adding the root structure further increases the required transition
force.
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Sample weights
[ Solar cell
@ 25 mg weight

Figure S3: Weight distribution tests. We attach sample weights in different configurations to the
origami structure simulating the mass of the solar cells and electronic components. We perform drop
tests in each configuration to understand the impact of weight distribution on falling behavior.
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Figure S4: Actuator force testing setup. Test setup used to characterize actuator force. A magnet
attached to a carbon fiber rod and flat reflector are placed in a polyimide tube with a soilenoid coil
at the base. A laser distance sensor (Keyence IA-030) shining down at the reflector and sampling at
1 kHz was used to measure the distance versus time as the magnet accelerated upward. The actuator
was connected to the switch and capacitor circuit used on the origami microflier and probed with an
oscilloscope (Tektronix MDO34) to measure the capacitor voltage.
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Figure S5: Force diagram. Diagram showing the forces between the actuator and origami structure.
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Figure S6: Solar irradiance to current. This plot shows current harvested from two and four solar
cells at different light levels. We apply linear regression to obtain a mapping with 22 > (.98 for both.
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Figure S7: Drone and drop mechanism. Image showing the drone (DJI Mavic Mini 2) and drop
mechanism used for deployment experiments. The deployment mechanism consists of a balsa wood
container with a trap door actuated by a single servo to fit within the payload of the small drone. The
servo is connected to a radio receiver that triggers it to open and close. The bottom surface of the
trap door is coated with PET to reduce friction and allow the microflier to reliably fall. We note that
this design could be further optimized through the use of lightweight high strength materials such as
carbon fiber or the use of a larger drone which could carry more complex release mechanisms. We
observe that the microflier does not require a fixed position and always descends in the direction of
the wind regardless of its initial orientation in the drop mechanism.
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Figure S8: Sensor evaluation. A) Day long comparison of temperature sensor data from our de-
ployed origami microflier and a reference sensor demonstrating a similar trend after a fixed offset
subtraction to compensate for differences in placement and thermal mass of the reference sensor.

B) Linear regression showing high correlation between the microflier sensor and the reference with
R? > 0.95.
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Figure S9: Magnet pick up tests. A) Demonstration of microflier pick up using a magnet sweeper.
B) Average height that the microflier is attracted to the pickup system using two different magnets.
C) Test setup for the data gathered in B).
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Figure S10: Terminal velocity data. Average terminal velocity of the leaf-out design with three
through eight unit cells when dropped in the tumbling state from a height of 2 m state (N > 10, -0).
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Figure S11: Pictorial flow diagram of fabrication process. The flow diagram differentiates the
assembly processes that are automated versus the processes that require manual assembly.
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Part Vendor Count Cost/count Total

MCU NRF52832-QFAA-R Digikey 1 $2.4100 $2.41
Crystal JXS21 Digikey 1 $0.1533 $0.15
Regulators Digikey 2 $0.1210 $0.24

100uF Capacitors Digikey 5 $0.2083 $1.04
7.5F Capacitors Digikey 1 $1.4552 $1.46
0201 Capacitors Digikey 16 $0.0011 $0.02
0201 Resistors Digikey 13 $0.0011 $0.01
BMP384 Sensor Digikey 1 $1.8801 $1.88
Switches Digikey 2 $0.0798 $0.16

Diodes Digikey 1 $0.0387 $0.04
Solenoid Coil o o0 & Sl 1 $1.0000 $1.00

PCB PCBWay 1 $0.5959 $0.60

Carbon Fiber rods (3cm) MicronWings 4 $0.1818 $0.73
Carbon Fiber Roots MicronWings 4 $0.2500 $1.00
Magnets Amazing Magnets 2 $0.0890 $0.18

Kapton Sheet American Durafilm 1 $0.0220 $0.02
Total: $10.94

Figure S12: Microflier cost estimate. The total cost for a single fully assembled origami microflier
is approximately $10.94. The part cost for components are obtained from the electronics distributor
Digikey and are the unit prices for order quantities of 10,000 (prices as of 5/15/2023). Quantities
of each part are based on our finalized circuit schematic. Custom made solenoid coils were used
in the actuation mechanism, with the part cost being an estimated unit price for order quantities of
1000. The PCB cost is based on a quote for an order quantity of 1000 of our final circuit design from
manufacturer PCBWay. Bulk materials such as Kapton films are estimated based on the amount of
material used. This price estimate excludes the cost of solar cells as we test multiple configurations

and we are unable to obtain volume price estimates from our solar cell supplier.
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