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MICROROBOTS

Si chiplet-controlled 3D modular microrobots with
smart communication in natural aqueous environments
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Modular microrobotics can potentially address many information-intensive microtasks in medicine, manufactur-
ing, and the environment. However, surface area has limited the natural powering, communication, functional
integration, and self-assembly of smart mass-fabricated modular robotic devices at small scales. We demonstrate
the integrated self-folding and self-rolling of functionalized patterned interior and exterior membrane surfaces
resulting in programmable, self-assembling, intercommunicating, and self-locomoting micromodules (smartlets
< 1 cubic millimeter) with interior chambers for onboard buoyancy control. The microrobotic divers, with 360°
solar harvesting rolls, functioned with sufficient ambient power for communication and programmed locomotion
in water via electrolysis. The interior folding faces carried rigid microcomponents, including silicon chiplets (Si
chiplets) as microprocessors and micro-light-emitting diodes (LEDs) for communication. The exterior faces were
able to engage in specific patterned docking interactions between smartlets. The heterogeneous integration is
mass producible and affordable through two-dimensional (2D)-automated lithography and microchiplet bump-
bonding processes, here shown to be compatible with subsequent autonomous 3D folding and rolling. The ro-
botic modules functioned in natural aqueous environments, and the technology was analyzed as scalable down
to microscopic dimensions. Selectively addressed communication with individual smartlets was enhanced via
frequency-specific optical signals and enabled precise control, allowing each smartlet to be activated indepen-
dently within a collective system. The work remodels modular microrobotics closer to the surface-rich modular

autonomy of biological cells and provides an economical platform for microscopic applications.

INTRODUCTION
Mainstream microrobotics has long operated without powerful un-
plugged electronic control on sub-cubic millimeter scales because
of surface area constraints on power, communication, memory, and
logic. Information processing in microscopic robotics is still vastly
inferior to that in living organisms. The three-dimensional (3D)
folding of proteins and thin membranes into modular architectures
enables a dense integration of mass-fabricated autotrophic and au-
tonomous functions on accessible surfaces within cellular life (I).
Functionally, this 3D deployment of self-folded, component-rich, ac-
tive surfaces, capable of selectively interacting internally or with the
environment, far surpasses the capabilities of monolithic chip tech-
nology, despite progress in the construction of onboard electroni-
cally controlled microrobots (2). Modular microrobotics requires
the integration of natural power harvesting and storage, complex
electronic control, sensors, and actuators beyond current levels of on-
board control, especially in soft robotics (3-7). Heterogeneous inte-
gration without self-folding (8, 9) has enabled progress in smart dust
(10, 11) and autonomous chiplets in solution (12, 13), easing but not
overcoming (I14) the planar layering of massively parallel lithogra-
phy (15) that has constrained progress in microrobotics.
Autonomous microrobots functioning at the sub-millimeter scale
hold potential for transformative applications across environmental,
medical, and industrial domains. The advanced forms of core robotic
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functions needed for such autonomous modular microrobots include
ambient power harvesting (to allow prolonged activity in natural
environments), self- and environmental sensing (to inform relevant
actions), onboard electronic programming and control (to facilitate
autonomous behavior), wireless intermodule communication (to co-
ordinate collective behavior), and low-power electronically controlled
microrobotic locomotion (to facilitate mobility, collective dynamics,
and reconfiguration) (16). Previous studies have successfully im-
plemented individual aspects of microrobotic functionality, such as
actuation, energy harvesting, sensing, or communication, with key
steps toward onboard electronic control taken in the development
of sub-millimeter smart dust (17-19) and microscopic smart elec-
trochemical lablets (13, 20) based on complementary metal-oxide
semiconductor (CMOS) chiplets, including early demonstrations of
onboard microcontrol (2). However, the complete set of function-
alities above—enabling fully untethered operation, independent
programming, and modular reconfigurability—has rarely been inte-
grated together in microscale robotic platforms to date. Micro-origami
folding techniques (21-23) and Swiss-rolled structures (3, 14) have
enabled the conversion of structured membranes carrying electronic
components and circuits into functional microstructures. These tech-
niques have been used to fabricate passive freestanding (24, 25),
electronically active (23, 26), and untethered microgrippers (27), as
well as surface-tethered microrobots (28). Nevertheless, the power
budget has continued to limit the capabilities of autonomous micro-
systems, despite substantial advances in the microscale integration
of radio frequency (29), optical (30), and ultrasound (31) energy har-
vesting. Moreover, electronic actuators (32), sensors (33), and tran-
sistor microelectronics compete for the limited available power and
space at these scales. Without full 3D integration—including in-
terior surfaces enabled by self-folding—there is insufficient sur-
face area at the <1-mm scale for either multifaceted docking (for
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self-assembly) or directional interrobot communication (for collec-
tive behavior).

Here, we realize a mass-fabricable, autonomous, and program-
mable modular microrobotics platform, extending the joint power
of monolithic lithography and parallel heterogeneous integration
via biomimetic self-folding fully into three dimensions. We dem-
onstrate the simultaneous integration of modular self-assembly
with the five key robotic functions—energy, sensing, control,
communication, and actuation—realizing autonomous micro-
robots envisioned as smartlets in (16). The introduced smartlets
are aquatic divers in three dimensions, are autonomous unlike
the famous Cartesian diver known since Galileo’s time, and ex-
emplify this advancement. Self-folding of micro-origami mem-
branes converts planar films into pentafunctionalized microrobots
with accessible interior structures for functionalization. The folding
faces carry rigid microcomponents including silicon chiplets used
as microprocessors and micro-light-emitting diodes (p-LEDs)
for communication. The smartlets, with omnidirectional 360° solar
harvesting, generate sufficient ambient power for locomotion in
natural (e.g., lake) water via electrolysis, operating fully untethered
and autonomously.

RESULTS

Chiplet integration in 3D-folded modular microrobots

The compact access to energy was achieved in this work by a care-
fully optimized multilayer process orchestrating the sequential self-
folding and self-rolling of thin-film surfaces, which placed strong
demands on the integration flexibility of control electronics. Although
thin-film transistors (TFTs) were a natural choice, their miniaturiza-
tion still lags (34) far behind crystalline CMOSs, consuming too
much power for complex robotic control (35). Single-crystal chiplet
microcontrollers with microscopic dimensions were produced pre-
viously (36), but for use on folded micro-origami robots, there was
still the major challenge of parallel reliable fine-pitched electrical
connection to thin conducting traces, which must robustly cross
folds of their thin supporting surfaces. Here, we advanced the flip-
chip bonding of microscale Si-CMOS chiplets and other microelec-
tronic devices (down to the 100-pm scale) to such thin films, not
only standard metallized polyimide (typically <5 pm thick) but also
more complex multilayer films, including hydrogels required for
micro-origami (22, 23), allowing such devices to be deployed as
rigid islands on the flexible faces of the micro-origami cubes, as
shown in Fig. 1, independently of the rolled structures on the edges
used for solar harvesting.

The integration of microelectronic sensors, actuators, and opti-
cal communication elements alongside planar bonded chiplets on
thin films using sequential microrolling (3, 14) and micro-origami
self-assembly (23) techniques resulted in a compact multifunc-
tional smartlet, including an omnidirectional solar power source,
without compromising functionality. The detailed fabrication se-
quence is illustrated in Fig. 1A (see Materials and Methods for
details). The process began with the creation of a soft polymeric
body, forming the structural foundation (see Fig. 1B), followed by
the deposition of the gold (Au) interconnect layer to establish
electrical connectivity. Next, bubble-generating electrodes (BGEs)
were fabricated through the sequential deposition of platinum
(Pt) and nickel (Ni), forming electrochemical reactive elements
(Fig. 1C). The intermediate fabrication steps for micro-organic
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solar cells (p-OSCs) and micro-organic photodiodes (p-OPDs)
involved the sequential deposition of the anode, electron trans-
portlayer (ETL), photoactive polymer, hole transport layer (HTL),
and Au contact layer, ensuring efficient energy harvesting and
sensing capabilities. Copper/tin (Cu/Sn) bumps were then formed
to establish interconnects for subsequent chiplet bonding. The
process continued with the bonding of p-LEDs and silicon
microchiplets (p-chips), integrating optical communication and
computational elements (Fig. 1D). Selective (SU-8) polymer
passivation was applied to the rigid faces to provide electrical in-
sulation while maintaining flexibility (Fig. 1E). The p-OSCs were
then self-rolled to align them for omnidirectional energy harvest-
ing, and last, the structure was reliably assembled in three dimen-
sions, transforming it into a compact cube adorned with eight
tubes on its eight edges, as illustrated in Fig. 1 (A to G) (see movies
S1and S2). Five functional components enabling autonomous ro-
bot functionality, visible at different orientations of the smartlet
cube in Fig. 1F, were integrated (also quantified in Fig. 1G): omni-
directional energy harvesting by p-OSCs; orientation-sensing by
p-OPDs; a custom programmable silicon CMOS chiplet (p-chip)
(12, 13), controlling the smartlet on board; p-LEDs in different
colors enabling optical communication between smartlets; and
BGEs splitting water into gas bubbles (hydrogen H, and oxygen
0O,) within the cube, enabling reversible buoyancy modulation
governed by the p-chip program. All of the external faces of the
smartlet cube were unoccupied, allowing them to be used for modu-
lar self-assembly control. The mass fabrication resulted in cut tapes
of many smartlets (Fig. 1H).

Compact rolled surfaces for omnidirectional ambient

solar powering

Naturally occurring unconcentrated sunlight is limited to 1 mW/
mm? (1 sun) and should ideally be captured at all microrobot
orientations. The poly(3-hexylthiophene) and-phenyl-Ce;-butyric
acid methyl ester (P3HT:PCgBM) p-OSCs used here were flexible,
integrable, and theoretically capable of 33% power conversion ef-
ficiency (PCE) (37). By integrating these materials onto prestrained
polymeric films, we created self-rolled microtubes whose perfor-
mance was independent of altitude light angle upon release (see
Fig. 2 and fig. S1). A single rolled p-OSC could generate a PCE up to
11.5% at a short-circuit current (Iy.) of 50 pA and an open-circuit
voltage (V,.) of 0.65 V. Strategically positioning eight rolled p-
OSCs along the eight edges of the smartlet and connecting them in
series allowed for omnidirectional energy harvesting and increased
the output voltage (Fig. 2A) while keeping the smartlet faces
available for microelectronic integration. To evaluate the structural
transformation on energy harvesting, we first measured the perfor-
mance of the p-OSCs in a planar state using a 3D light dome to
analyze the dependence of power generation on the incident light
angle (Fig. 2B). The results showed changes in PCE as the illumina-
tion angle varied, indicating sensitivity to directional light expo-
sure (Fig. 2C). In contrast, after self-assembly into the 3D smartlet
architecture (Fig. 2D), the power output became angle indepen-
dent, confirming that the unique spatial distribution of p-OSCs
along the smartlet’s edges enabled uniform energy harvesting irre-
spective of incident light direction (Fig. 2, E and F). This structural
adaptation ensured consistent and stable power supply, optimizing
the energy efliciency of the smartlet across diverse environmental
conditions. In addition, this design achieved a maximum PCE of
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A Fabrication sequence of the SMARTLET

(iv) u-OSC - OPD & Au contacts (v) Cu/Sn piller bumps (i) u-LED & p-chip bonding

(vii) Passivation (viii) RoIIing

F Key functionalities of SMARTLET
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(i) Energy

(iii) Processing

(iv) Communication (v) Actuation

Fig. 1. Functional integration of programmable modular robotic cubes (smartlets). (A) Schematic illustration of
the fabrication sequence of the smartlet. Steps: (i) creation of soft polymeric body; (i) Au interconnect layer; (iii) de-
position of Pt and Ni for BGEs; (iv) intermediate steps for p-OSC and p-OPD fabrication, including anode, electron
transport layer, photoactive polymer, HTL, and Au contact layer; (v) preparation of Cu/Sn bumps; (vi) bonding of p-
LEDs and silicon p-chips; (vii) selective SU-8 polymer passivation on rigid faces; (viii) rolling p-OSCs; and last (ix) fold-
ing self-assembly of faces into the cube. (B) Patterned carrier layer (polyimide) and metal traces (Au) with faces of the
cube flanked on all eight exterior edges by beveled rectangles for the p-OSCs (scale bar, 1 mm). (C) Additional
patterned Au interconnect layer with BGEs deposited on the top and bottom faces of the cube (scale bar, 1 mm).
(D) Patterned p-OSC, u-OPD, and Cu/Sn pillar bumps formed for the subsequent bonding process (scale bar, T mm).
(E) Planar smartlet after bonding of p-LEDs and p-chips followed by passivation (scale bar, T mm). (F) Computer-aided
design (CAD) rendering of the assembled smartlet with the key successive functionalities in this work, shown in the
relevant cube orientations. (G) Multifunctional, programmable micro-origami cube, resting on a fingertip, integrated
with an eightfold p-OSC energy harvester for power, p-OPDs as sensors for use as orientation detectors and as com-
munication receivers, a pulsed p-LED as a sender for optical communication, BGEs operating via a photoelectrochemical
mechanism as actuators, and a p-chip with 180-nm-resolution CMOS transistors as the onboard controller for pro-
gramming and control (scale bar, 1 mm). (H) Linear tape containing smartlets fabricated photolithographically and
self-assembled in parallel, apart from the now semiautomated pilot serial chiplet and LED bonding process, which,
being planar, scales efficiently like LED assembly down to microscopic dimensions.

Onboard programming with
peer-to-peer

communication by light

The integration of CMOS chiplets into
fold-up smartlets delivered powerful on-
board microcontrol, elevating soft folded
3D thin films to complex programmable
microrobots. In Fig. 3, we demonstrated
this programmability in connection with
optical communication between smart-
lets. Communication between smartlets
is needed to enable them to coordinate
actions, share critical information, or
collectively tackle complex tasks. As
opposed to single binary or analog sig-
nals, which could be realized physically
in simpler interacting systems, peer-to-
peer communication of highly specific
binary encoded commands and whole
programs, as demonstrated here, was un-
precedented at this scale, opening the
potential for sophisticated programmed
collective dynamics in the future. Opti-
cal communication, although attractive
in high speed, large bandwidth, minimal
interference, and low signal attenuation
and successfully miniaturized (30), had
been hitherto limited in microrobotics
by the power needed for optical trans-
mission. Two programmable chiplets were
used here: the lablet microprocessor
chiplet (12, 13), designed to deliver com-
plex temporal signal patterns to multiple
electrodes for electrochemical and elec-
trokinetic manipulation (p-chipl in Fig. 3,
A and B), and a commercial LED driver
chiplet (38), useful for the higher cur-
rents of green LEDs and larger actuators
(p-chip2 in Fig. 3, C and D). In both
cases, serial programs were loaded bit-
wise and stored in shift registers to dig-
itally control the temporal sequence of
driving voltages on several actuator pads
as demonstrated in Fig. 3 (B and D).

up to 3.75% in optimized smartlets without bypass diodes, with an
average output of I, = 7 pA and V,,. = 2.1 V and an approximate
maximum up to 37.5 pW in the best smartlets. This energy was
sufficient to power all functionalities of the smartlet simultane-
ously in this work.

Awareness of orientation is important for smartlets for docking
or navigation. The two p-OPDs mounted on one face of the cube
(Fig. 2G) exhibited systematic voltage variation in response to
changed orientation or distance of incident light (e.g., from other
smartlets or the 1-sun source). p-OPDs on multiple faces (fig. S2)
could measure a wider range of orientations simultaneously, as
shown in Fig. 2H. Additional detector faces readily available on
docked modules, controlled orthogonal self-rotation, or additional
reference beams from fixed smartlets may be used in the future to
sense full 3D orientation.

Lee et al., Sci. Robot. 10, eadu6007 (2025) 20 August 2025

Two pairs of p-OPDs and two p-LEDs were mounted on four
faces of the smartlet in Fig. 3E. The green transmitter and red indi-
cator LEDs, addressed by the p-chips shown in Fig. 3 (F and G),
could be used not only to visualize the internal actuation generated
by the p-chip program but also to send data or commands from one
smartlet to the next (movie S3). The two photosensors on each face,
connected in series, generated a signal of 1 to 1.2 V usable as a
pulsed digital input to the p-chip data input channel, decoded as a
command or program for the chiplet. In Fig. 3H, the green LED on
a single smartlet was capable of transmitting data at rates from 1 to
1000 Hz, conveying digital information to a second smartlet through
the aqueous medium at separation distances under 4 mm without
physical contact. The external electrical connections were selectively
used for calibration, verification, and component-level testing. The
separation distance would be sufficient to support local communication
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Energy harvesting profile of planer SMARTLET
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Fig. 2. Self-powering and sensing functionality of smartlets. In this figure, the smartlets are tethered with connect-
ing wires [visible in (A), (D), and (G)] to external circuits, merely to allow electrical performance calibrations. (A) Eight
planar patterned p-OSCs connected in series (scale bar, 1 mm). (B and C) Schematic measurement setups (B) and sur-
face plots (C) of the relative change in measured PCE of a smartlet as a function of incident light orientation (azimuth
and altitude angles) in 3D in the prefolded state, for an illumination intensity of 50 pW/cm?. (D) Self-assembled smart-
let with eight rolled p-OSCs (scale bar, 0.5 mm). (E and F) Schematic measurement setups (E) and surface plots (F) of the
measured relative change in PCE of a smartlet as a function of incident light orientation (azimuth and altitude angles)
in 3D in the postfolded state, for an illumination intensity of 50 yW cm ™. (G) Smartlet with rolled p-OSCs and p-OPDs
(scale bar, 0.5 mm). (H) (i) Orientation independence of solar harvesting (purple) for the entire smartlet (eight deployed
u-0SCs), (i) contrasted with orientation-sensitive orthogonally directed photodetectors p-OPD1 (brown) and pu-OPD2
(yellow) as the smartlet continuously rotates around its symmetry axis. (i) p-OPD response as a function of angle is
measured for three full rotations at five distances, with the schematic inset showing orientation axes.

consuming ~1 pW (green) and 1.5 pW
(red); the CMOS chiplet for logic opera-
tions and receipt of (photo)sensor sig-
nals, operating in two modes—sleep mode
(0.16 to 0.25 pW) and active mode (4.0
to 6.3 pW)—depending on processing de-
mands; and BGE:s for propulsion, consum-
ing 10 to 25 pW during operation. The
total onboard power consumption there-
fore ranged from 16 pW during low-
demand operation to ~33 pW during
high-demand operation. This analysis dem-
onstrated that the energy generated by
the p-OSCs was sufficient to power the
system even during peak operational states.
Underpowering the BGEs caused the
voltage to drop only to the threshold
voltage required for electrolysis, a volt-
age that, at >1 'V, was sufficient to sup-
port the other smartlet functionalities,
so that although actuation was slowed,
other functions remained intact. For
example, with one-third lower solar power,
allowing operation at greater depths or
in water with natural sediments (see Dis-
cussion), the limiting available power to
BGEs was still 15 pW, and the only effect
on robot operation was to slow buoyancy
changes down to two-thirds of the maxi-
mum duty cycle. Furthermore, the smartlets
used duty cycling for the CMOS chiplet,
p-LEDs, and BGEs, ensuring that energy-
intensive operations were only activated
when necessary, minimizing power waste
and sustaining continuous functionality
under solar illumination.

Intercommunicating onboard
control of microrobotic

aquatic divers

We addressed the onboard robotic mo-
tion control of smartlets in an ensemble
in Fig. 4. Although external actuation
is useful in some scenarios, indepen-
dent agents would require the more
challenging control and powering au-
tonomy of onboard actuation—beyond

during docking or in swarms of smartlets in future work. Figure 3 (I
to K) demonstrates the practical communication between smartlets
of functional information such as start and stop commands. On the
receiving smartlet (Ry), its programmed red-light pulses were start-
ed and stopped by commands encoded as green light from the send-
ing smartlet (Tx) (movie S4).

Power sufficiency for overall functionality

The rolled p-OSCs integrated into the smartlet generated a maxi-
mum power of up to 37.5 pW under standard illumination condi-
tions (1 sun, 100 mW/cm?). This power was distributed to support
the following functionalities: p-LEDs for optical communication,

Lee et al., Sci. Robot. 10, eadu6007 (2025) 20 August 2025

external magnetic fields (39) or light (2) controlling individual
locomoting microrobots. Full power autonomy requires replen-
ishable onboard resources, unlike metallic catalytic motors
(14, 40). The chosen actuator mechanism was one that only
required water and should be applicable in many natural envi-
ronments, using p-OSCs in series to create an electric potential
sufficient to split water. To ensure efficient electrochemical actua-
tion, we used Ni and Pt coatings to catalyze the oxygen and hydrogen
evolution reactions, respectively, as illustrated in Fig. 4A. Success-
ful integration of such bubble BGEs into the smartlet is shown
in Fig. 4 (B to D), in action together with p-OSCs under 1-sun
illumination (movie S5), and then in combination with the other
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Onboard CMOS chiplet for information processing
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Fig. 3. Smartlet onboard digital logic and optical communication. (A) Microscope image of p-chip1, a custom
microcontroller CMOS chiplet, 140 pm by 140 pm by 50 pm, displaying the input/output (in/out) interfaces used here:
actuator outputs A1 to A3, program input Dj, and output Doy, ground GND, and power supply Vpp (scale bar, 50 pm).
(B) Programming and output waveforms of p-chip1 after bonding to a flexible substrate with Cu/Sn pillar bumps.
(C€) Microscopic image of p-chip2, a three-color (24-bit) LED driver chiplet WS2812B43, 300 pm by 300 pm by 100 pm,
displaying all of the in/out interfaces A1 to A3, actuator outputs; Di, (receiving)/Doyt (transmitting), program input
and output; GND, ground; Vpp, supply input (scale bar, 50 um). (D) Programming and output waveforms of the driver
chiplet after bonding. (E) Microscope image of the smartlet, integrated with p-OSCs, u-OPDs (u-OPD1 positioned on
the lower face and p-OPD2 positioned on the right face), p-chip, and green and red p-LEDs positioned on the left and
upper faces (scale bar, 0.5 mm). (F and G) Microscope image of the before (F) and after (G) self-assembly smartlet
displaying LEDs controlled by p-chip: green (transmitter connected to Do of p-chip2) and red (indicator connected
to A1 of p-chip1 or p-chip2) (scale bar, 0.5 mm) (see movie S3). External electrical connections were selectively used
for calibration, verification, and component-level testing. (H) Intersmartlet communication: operating bandwidth
and distance characterization of the p-OPD photosensors’ response to a green light-transmitting smartlet at 0 to
4 mm. (I to K) Two optically communicating smartlets: (I) microscope bright image (scale bar, 0.5 mm). (J) Low-light
images of transmitting (T green) and receiving (Rx red) smartlets in three steps: T, sending the start command, Ry
execution of its program, T, sending the stop command (see movie S4) (scale bar, 1 mm). (K) (i) Optical start and stop
commands as specific pulse sequences generated by reception of programmed light directed at the p-chip and (ii)
actuation signal (A3) initiated (activated) by the start command and stopped by the stop command.

generation, and the remaining bubbles
started to dissolve (41), reducing smart-
let buoyancy and causing it to return to
the vessel floor (fig. S3 and movie S6).
This controlled movement, with timed sur-
facing cycles, demonstrated the potential
for sophisticated motion control enabled
by the programmable p-chip.

Figure 5 shows both the selective-
in-ensemble and local communication
needed for modular robotics. First, dif-
ferent digital identifications (IDs) and
communication frequencies of variant
CMOS chiplets enabled the selective glob-
al addressing and hence motion control
of individual smartlets within a collec-
tive, as demonstrated in Fig. 5 (A and B),
where smartlets S2 and S3 were unte-
thered but responded to programs and
commands issued at different data trans-
mission rates. Only smartlet S3 was
programmed in response to the global
200-Hz light-encoded command: It as-
cended to the surface, where it stayed
for some time. Whereas the large ex-
cess buoyancy of S3 slowly depleted via
bubble solvation, smartlet S2 was pro-
grammed to navigate repetitively to the
surface and back to the floor twice, with
a smaller excess buoyancy, before re-
ceiving a 50-Hz encoded stop com-
mand and returning permanently to the
floor (fig. S4 and movie S7). Overall, lo-
cal (intersmartlet) and global light com-
mands, both demonstrated for smartlets,
provided programmable functions for
coordinating and controlling collective
movement (42). It is expeditious to sep-
arate this initial advance from the ex-
tensive follow-on work needed to exploit
the rich collective behavior in larger num-
bers of smartlets.

functional components, before and after self-folding, in Fig. 4 (C
and D), respectively.

Directed intersmartlet local light programming, as depicted
in Fig. 4E, represented an advance in actuation control for modular
robotics at this scale. Smartlet programs on the attached lablet p-
chip were 58 bits in length and encoded a state machine that had
four operating states (idle, programming, running, and sending)
and was sensitive to external eight-bit commands while idle or run-
ning. Figure 4 (F and G) shows the ensuing locomotion, with one
smartlet (S2) optically transmitting a command, “start your locomo-
tion program,” to a second smartlet (S3) in the presence of a third
(S1). This program initiation triggered a series of actions in the pro-
grammed smartlet S3. The smartlet began generating bubbles inside,
and once a critical gas volume accumulated, the smartlet levitated,
free to rotate and laterally translate, propelling upward. After
reaching the surface, the onboard program halted the bubble
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Self-assembly of smartlet modules

Active modular robots were previously shown to assemble into
larger structures by controlled docking at centimeter scales (4, 43).
Although the self-assembly of passive modules via hydrophobic-
hydrophilic patterning (44, 45)—in the form of millimeter-scale
disks (44), magnetic barcode patterning (46), or specific DNA hy-
bridization on gel cubes (47)—had been demonstrated, often with
the option of environmentally switchable docking interactions, these
methods typically required mechanical agitation at sizes where iner-
tial forces dominated over Brownian motion (21 pm). Nevertheless,
active, self-locomotion-assisted assembly for microrobots at or be-
low the 1-mm scale remained largely unexplored. Here, we demon-
strated the dynamic interplay between long-range, locally programmed
smartlet self-locomotion and short-range self-assembly, as shown in
the sequence of still frames in Fig. 5 (C and D), with full video docu-
mentation in movie S7. Smartlets autonomously navigated to the
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SMARTLET actuation mechanism

(E to G). However, these surfaces,

which faced down toward the sacrifi-
cial layer (SL) during micro-origami
fabrication, are not straightforward to
patternhydrophobically. Weused e-beam-
deposited molybdenum trioxide (MoO3)
structured by lift-off as a water-soluble
SL for a special precursor layer, which
only later became hydrophobic after

heat treatment. These patterns were
masked via planar lithography, main-
taining the mass-producible nature of
the assembled smartlet robotic modules
(see Materials and Methods for details).
Smartlets self-assembled into specific
modular structures, with docking of match-
ing cube faces, when placed in the vi-
cinity of one another. The autonomous
long-range transport required to bring
appropriate aquatic divers to such vicin-
ity, in the absence of macroscopic agita-
tion (44-47), was demonstrated above

Fig. 4. Programmed locomotion in water via onboard digital logic. (A) Schematic of the working mechanism of
electrochemical water splitting into H, and O, gas bubbles at Pt- and Ni-coated electrodes. (B and C) Microscope
images showing bubble generation at two integrated electrochemical BGE pairs (the Pt and Ni electrodes) powered
by p-OSC solar cells under standard solar illumination (1 sun) in an unfolded smartlet (scale bar, 1 mm). (B) and (C)
show the process at 1 and 25 s, respectively. For the full time sequence, see movie S5 (in medical saline, an example
of a natural medium for medical applications). (D) Microscope close-up of the smartlet, after self-assembly, showing
organic solar cells, photodiodes on the left side, a microchip at the center, LEDs on the right side, and electrochemical
BGEs on both the upper and lower faces of the cube (scale bar, 0.5 mm). (E) Snapshots demonstrating three frames
(on-off-on) taken from active smartlet communication via green p-LED on the transmitting smartlet (T;) to the receiv-
ing smartlet (Ry) u-OPD sensor. (F and G) Real-time image overlay sequence illustrating how electrochemical buoy-
ancy engines via BGEs, switched on and off by the onboard program, cause the smartlet S3 to move first up (i to v) (F)
and then down (vi to xi) (G). In this case, the tethered smartlet S2 sends the start command via its green p-LED [as
shown in (E)] to initiate the autonomous programmed locomotion sequence up and down repeatedly with intermis-
sions on smartlet S3. For the full time sequence, see movie S6 (performed in filtered natural lake water).

(Fig. 5C). Examples of assembled multi-
module structures are shown in Fig. 5
(H and I). They were held together by
the standard hydrophobic/hydrophilic
patterned forces for self-assembly in wa-
ter (45). Smartlets first self-assembled to
primitive shapes, like short linear chains
or square arrays. To emulate the long-
range transport recycling of additional
smartlets in global self-assembly, con-
sidering the slow diving cycles of the
current smartlets, we simply added them
manually into the vicinity, where they

liquid-air interface under onboard electronic program control. Once
buoyant, they were laterally attracted to each other via surface ten-
sion forces acting on their displacement menisci, enabling them to
approach and dock. Depending on the programmed individual
or synchronized diving behavior—through controlled deactivation
of their bubble generators at either staggered or synchronized
timings—smartlets could either undock on command (Fig. 5C,
xii) or return to the beaker floor. This work therefore represented
a rare demonstration at the 1-mm scale of electronically controlled,
self-locomotion-enhanced self-assembly of modular robots. All smart-
let demonstrations—locomotion, docking, and peer-to-peer opti-
cal communication—were performed fully untethered and powered
by onboard omnidirectional solar harvesting.

The self-assembly of such multifunctional robotic smartlets could
also be made face specific. Through specific hydrophobic-hydrophilic
2D-barcode subpatterning of the outer faces of the smartlet,
face-selective self-assembly based on matching surface pat-
terns and self-locomotion was achieved at the 1-mm scale for
fully functional electronic robot modules (see Fig. 5, E to I). The
exclusive use of inner faces of smartlet cubes for functional ele-
ments, with light harvesting relegated to edge rolls, left the outer
faces available to control docking as shown schematically in Fig. 5
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self-assembled onto the above assem-

blies. Both completely face-registered
(Fig. 5H) and half-offset (Fig. 5I) self-assembled structures were
achieved through the design of the surface tension controlling pat-
terns to include peripheral rectangular registration guiding ele-
ments (see Fig. 5E).

DISCUSSION

This integration of autonomous natural powering and onboard elec-
tronic control of locomotion and intermodule communication takes
peer-to-peer microrobotic control beyond simpler physicochemical
mechanisms (48). Although our robot demonstrations are simple,
the pathway is now wide open to engineer, with incremental design,
improvements to functionality and further miniaturization. A chiplet
tuned for modular microrobotics, with enhanced functionalities
and the memory of a current CMOS, will soon extend the binary
sensor feedback control in lablets to the higher temporal and signal
strength resolution required for complex robotic action. The bond-
ing of chiplets onto the in-folding surfaces allows a large increase in
functional surface area inside microrobots, freeing exterior surfaces
for multimodule docking interactions both by self-assembly and ac-
tive locomotion. Internal buoyancy control has already proven to be
an efficient mechanism of powering underwater gliding locomotion
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Fig. 5. Smartlet collective motion and guided self-assembly. (A and B) Real-time image overlay sequence depict-
ing frequency-selective, individually instructed smartlets S3 and S2, both untethered, commencing locomotion pro-
grams selectively in response to command data: (A) S3 sent at 200 Hz (i to v) and (B) S2 at 50 Hz (vi to x). (C and
D) Autonomous active docking and undocking of two smartlets assisted by surface tension. (B) The second smartlet,
S2, locomotes from the glass beaker bottom to the air-water interface with excess buoyancy under the control of its
onboard program (overlaid frames vi to x), near to where the first smartlet, S3, has already arrived. Smartlet S1 provides
a stationary point of reference. (C) After initial kinetic repulsion (xi and xii) and then capillary attraction (xiii and xiv),
the two smartlets dock together (xv) with the assistance of surface tension. (D) Under the active control of its onboard
program, smartlet S2 ceases bubble formation, reducing its buoyancy to overcome the surface tension forces holding
it to smartlet S3, and returns to the beaker bottom (xvi to xx). For the full time sequence, see movie S7 (in lake water
as in movie S6). (E) 3D CAD drawings of the hydrophobic-hydrophilic patterning of the outer surfaces of the smartlet
cubes. (F and G) Repulsion of nonmatching and attraction of matching patterned smartlet faces in water. (H and
1) Partially guided self-assembly of smartlets: (H) into the letters “T,”U,"and “C!" Linear self-assembled primitives of two
or three smartlets are brought together with laterally placed smartlets that dock by self-assembly to complete the
structures. (1) Self-assembly of other structures, including half-registered contacts, enabled by the registration con-
trolling rectangles (scale bar, T mm).

differing levels of illumination depend-
ing on orientation, which can affect
overall energy generation efficiency. The
current design has been optimized to
mitigate these effects through strategic
placement of the p-OSCs along the cube’s
edges. This configuration allows for mul-
tiangle light harvesting, as demonstrated
in figs. S6 to S8, ensuring that at least a
subset of the p-OSCs remains illumi-
nated under typical lighting conditions.
Despite localized variations in power gen-
eration, the system can still supply suf-
ficient energy to operate all onboard
components, as detailed in Results. Fig-
ure S9 shows how the postfolding V.
remains within the functional range, in-
dicating that the system remains opera-
tional despite illumination differences.
To further improve energy efficiency,
we are exploring strategies such as in-
tegrating individual bypass diodes for
each p-OSC. This would prevent under-
performing or shaded cells from limit-
ing the performance of the entire serially
connected circuit. A hybrid serial-parallel
configuration could also be implement-
ed to minimize voltage drops caused by
shading effects, ensuring a more consis-
tent power supply across all units, and we
also envisage the integration of energy
storage devices (supercapacitors and mi-
crobatteries) to further buffer fluctua-
tions in light intensity. Although the
current configuration maximizes pho-
tovoltaic integration without interfering
with the self-folding hinges, we recog-
nize that additional thin-film solar cells
could be incorporated on previously un-
used surfaces in future designs. However,
any such modifications would need to
balance energy harvesting improvements
with mechanical integrity, actuation, and
docking functionalities.

The integration of 3D solar harvest-

in ocean monitoring underwater drone vehicles (49). The onboard
lablet programs already support multiactuator control (13, 50),
making independent control of the two onboard bubble genera-
tors straightforward and permitting left-right locomotion control
through tilt and hence 3D-controlled movement of smartlets
equipped with gliding flaps.

The solar cells in the smartlets were fabricated using thin-film or-
ganic materials, with a total thickness of less than 5 pm before rolling
(see fig. S5). The overall design of the smartlets was carefully opti-
mized to balance energy harvesting, locomotion, and structural in-
tegrity. The rolled solar cell design ensures minimal interference
with the hydrodynamic properties of the smartlet while provid-
ing sufficient power for untethered operation. Given their place-
ment along the edges of the smartlet cube, each p-OSC experienced
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ing is the key step to ambient powered microrobotics in natural
environments. We discuss the limitations to ambient power levels
achieved and the influence of water quality on microrobot function.
Unplugged (untethered without artificial power sources) near-
surface operation in clear water was experimentally demonstrated,
with operation in murky or deep water limited by light penetra-
tion, which is strongly wavelength dependent. Surface reflection at
90° incidence is only ~2%. Although 70% of solar energy is ab-
sorbed in the first 3 m, absorption loss is predominantly at wave-
lengths in ultraviolet (UV) and infrared (IR) that contribute little
to powering the tubular solar cells (see fig. S10B). The p-OSC ab-
sorption wavelength profile was chosen to match well with the
low absorption window in water in the blue, so that harvested
power losses in the first 10 m are <40% (see fig. S11). The rolled
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solar harvesting collectors provide 50 to 100% excess power for key
operations, permitting operation to depths of more than 1000 times
the smartlet module size. To confirm operation in murky water, we
conducted experiments measuring the performance of p-OSCs sub-
merged in pure Dulbecco’s phosphate-buffered saline (DPBS) and in
systematically contaminated DPBS (with 1 to 5% lake clay/mud,
representing surface-level contamination down to ~10 m in depth).
The results revealed that solar cell performance decreased by 60% at
5% (by weight) contamination (see fig. S11). These findings indicate
that smartlets can generate sufficient power in environments with
up to ~2 to 3% contamination or equivalent to depths of 5 to 10 m in
a freshwater lake.

By conducting locomotion and assembly experiments in two
application-relevant fluids with natural buffering capacity, we en-
sure that our results reflect the practical performance of the smart-
lets in diverse application scenarios. These results confirm that the
electrolysis-based propulsion mechanism remains highly effective
in both medical saline and naturally occurring freshwater environ-
ments, highlighting its versatility for diverse applications. The pres-
ence of impurities, including ions and organic molecules, in natural
water can influence hydrophilic-hydrophobic interactions and the
docking processes. Contaminants can alter the wettability of pat-
terned regions. For instance, multivalent cations such as calcium
ions (Ca®") and magnesium ions (Mg2+) can form salt bridges be-
tween hydrophilic regions, and anions like chloride ion (Cl"™) or sul-
fate ion (SO4>”) may enhance the wetting of hydrophobic surfaces,
increasing unspecific assembly (51-53). Surfactants, beyond the
natural low concentrations found in clean lake water, were deliber-
ately excluded from these experiments because of their known dis-
ruptive effects on hydrophobic-hydrophilic interactions (54, 55).
Alternative patterning processes involving fluorocarbon patches,
with binding orthogonal to both the hydrophilic and hydrophobic
ends of natural amphiphiles, could later be used in more surfactant-
rich natural environments if required and sustainably recoverable.
Powering under varying daylight conditions, or in deeper or less
transparent aqueous medium, will eventually require onboard
power storage and intermittent robot operation, which are possi-
ble developments because of the advanced electronic control and
achievement of interior chambers for batteries or supercapacitors.
In addition, light scattering and absorption could interfere with op-
tical communication, as could biofouling and contaminant deposi-
tion, which could affect both propulsion efliciency (56, 57) and
docking mechanisms. Further assessments of system robustness to
perturbation will be required, along with further enhancements in
mobility control, en route to applications.

The smartlets use electrochemical actuation via BGEs, leveraging
Ni and Pt catalysts for hydrogen and oxygen evolution, enabling un-
tethered locomotion in aqueous environments. In contrast, phase-
change actuators (58, 59) rely on thermal-driven transitions for
buoyancy modulation, offering high-force output but requiring ex-
ternal heat sources or higher energy consumption, leading to de-
layed response times because of thermal inertia. Although effective
for larger-scale soft robots, their scalability to the microscale is lim-
ited by thermal management and fabrication constraints. Electro-
chemical actuation, on the other hand, integrates seamlessly with
thin-film deposition, microfabrication, and self-folding, ensuring
chemical and thermal stability without additional material layers that
could compromise the smartlets’ delicate structure. An alternative
potential solution to the steered buoyancy gliding introduced above,
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for achieving full 3D motion control, is to strategically position
BGE:s inside the eight tubular structures (which also house the solar
cells) along the diagonal edges of the smartlet cube. These hybrid
tubes, incorporating both solar cells for energy harvesting and BGEs
for electrolysis-based propulsion, would function as microjet thrust-
ers, like the double-jet microengines reported in (3). Because the
bubble generators are then placed at orthogonal diagonal edges, ac-
tivating specific sets of BGEs would enable controlled movement in
the X, Y, and Z directions. Each such BGE tube consumes ~2.3 pW
during operation, with locomotion along a single axis requiring mul-
tiple BGEs to thrust. Sustaining full 3D locomotion may require
duty cycling strategies where movements are activated only when
necessary to optimize energy consumption. The advantage of such
an approach would be shorter reaction times for locomotion, at
the expense of increased power compared with the buoyancy glider.
These approaches could be combined. Future iterations may also in-
corporate onboard energy storage solutions, such as microsuperca-
pacitors, to buffer energy for high-power maneuvers.

Another key challenge is enhanced environmental perception.
The current system has limited sensing capabilities for detecting and
responding to obstacles autonomously: It would have to rely on
sensing changes to reflected LED light. Future designs could use
freed-up faces of the cube to integrate advanced sensing technolo-
gies, such as a light detection and ranging (LIDAR)-like system,
using orthogonal pairs of LEDs (consuming up to 5 pW) and pho-
todiodes (consuming up to 1 pW) to enable real-time distance
measurement and obstacle detection. Alternatively, piezoelectric
materials (consuming ~0.5 to 5 pW in the frequency range from
10 kHz to 1 MHz), embedded within the smartlet structure, would
facilitate sonar-based sensing, which is particularly effective in low-
visibility or murky environments. By incorporating these navigation
and sensing improvements, future smartlets could map their sur-
roundings, detect obstacles in real time, and dynamically adjust their
movement to navigate more effectively in complex environments.

This work demonstrates a system that combines independent
energy harvesting, computation, locomotion, communication, and
modular self-assembly—achieving a level of integration at the mi-
croscale that was rare in prior studies. Previous studies have success-
fully implemented individual aspects of microrobotic functionality,
such as actuation, energy harvesting, sensing, or communication;
however, systems that combine all of these elements into a single
self-sufficient robotic platform at sub-millimeter scales remain ex-
tremely limited. The smartlets uniquely integrate omnidirectional
energy harvesting via micro-organic solar cells, real-time envi-
ronmental sensing through onboard photodetectors, onboard logic
execution using a CMOS-based microchiplet, electrochemical lo-
comotion via bubble generation, peer-to-peer communication
enabled by frequency-selective optical signaling, and docking and
self-assembly via hydrophobic and hydrophilic interactions. This com-
bination of functionalities enables fully untethered operation, inde-
pendent programming, and modular reconfigurability—capabilities
that have not been demonstrated together in previous microscale
robotic platforms.

The patterned self-assembly of smartlets relies on different
hydrophobic-hydrophilic forces between matching and nonmatch-
ing docking faces. The magnitude of these forces on contact, in the
100- to 400-pN range (see Supplementary Methods: Detailed calcu-
lation of hydrophobic and hydrophilic interactions in self-assembly
and motion at interfaces and table S1), is much larger than the buoyancy
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forces in the range of 10 pN and drag forces in the <100-nN range. The
strong adhesion for hydrophilic-hydrophilic docking ensures robust
self-assembly even during buoyancy-induced movement. Smartlets
are thus capable of stable self-assembly and reconfiguration in aque-
ous environments while maintaining independent movement and
docking capabilities. When compared with other state-of-the-art
microrobotic systems (2, 28), which feature silicon-based CMOS
integration for actuation and movement, smartlets are 3D modular
robots, capable of real-time multiagent interaction and autonomous
decision-making, and have free surfaces to engage in dynamic self-
assembly. Unlike prior works that relied on artificial or concentrated
external energy sources and/or external control (60-63), the smart-
let platform achieves true ambient autonomy by integrating isotro-
pic onboard energy harvesting with embedded digital logic circuits.
Bandari et al. (3) have demonstrated flexible microsystems capable
of controlled actuation via wireless power transfer, but these sys-
tems lacked digital control, peer-to-peer communication, or modu-
lar docking mechanisms—features that are crucial for autonomous
modular microrobots.

The current work establishes individual microrobot control within
an ensemble, using frequency-selective and pulse-encoded commu-
nication to enable smartlets to receive commands independently
without global activation. This contrasts with mainstream magnetic,
optical, or ultrasound microrobotics, which primarily relies on
global control mechanisms rather than targeted, selective commu-
nication. In addition, our system demonstrates functional locomo-
tion and docking in a 3D aquatic environment, expanding the range
of potential applications beyond 2D microfabricated robots.

Conclusion: Scalability of the technology

As a modular, mass-producible platform (instead of modular, mass
producible entity), smartlets are compatible with automated flip-
chip bonding of chiplets, enabling rapid development cycles and
parallel testing. Given these properties (instead of permitting), we
suggest that smartlets can now be systematically downscaled follow-
ing Wright’s law (64, 65), which describes the exponential improve-
ment of technology with cumulative production. The preconditions
for such scaling are twofold: the absence of fundamental physical
barriers to complex optimization and the capacity for fabricating
and testing exponentially growing numbers of modules over time. Now,
scaling begins from 2-inch (5.08-cm) wafers producing 64 smartlets
of 1-mm size, with the next pipelined step targeting 500-um smartlets
on 4-inch (10.16-cm) wafers, yielding up to 1024 units per wafer.
Furthermore, CMOS chiplet fabrication already achieves yields ex-
ceeding 100,000 chiplets per 8-inch (20.32-cm) wafer, providing a
robust foundation for scalable production. The collective function-
alities demonstrated here—including individually controlled lo-
comotion, self-assembly, and advanced intercommunication—reveal
the full potential of smartlets as modular microrobots. When con-
sidering scaling of communication, locomotion, assembly, and en-
ergy harvesting, no insurmountable physical barriers are identified
for miniaturization from 1 mm to 20 pm, the scale of biological cells.
For instance, although solar power availability decreases with sur-
face area, so do the power requirements of the system. The chiplet
controllers now used can easily fit on 250-pm-scale smartlets, with
resting power consumption below 2 nW, and can be further scaled
to 25 to 50 pm with subnanowatt power consumption using existing
12- to 22-nm CMOS nodes. Tenfold increases in solar harvesting
efficiency, achievable through integration of transistor diodes with
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serial solar cells and optimization of materials, would allow the
generation of ~28 nW of solar power on a 20-pm smartlet, suffi-
cient to power its essential operations. However, as shown in our
analysis, actuator power demand—particularly for electrolysis-based
propulsion—scales subquadratically below a certain critical size,
eventually leading to a power mismatch with solar harvesting. p-LEDs
for local communication will face similar issues when scaled to sizes
<100 pm. A more detailed assessment of scalability, considering the
separate demands on functionality, energy harvesting, locomotion
and propulsion, communication, docking, and CMOS control, is
included in fig. S12 and the Supplementary Methods: Functional
influence of scaling down.

The modular approach opens the path to million-fold fabrication
and testing and enables regular halving in size of modules. The inte-
gration of active information with smart particles has broad applica-
tions from minimally invasive medicine to information-optimized
recycling of docked products. The design of the smartlets ensures
that all integrated components—solar cells, microchips, actuators,
and sensors—are mutually compatible within a highly complex
60+-step fabrication process, enabling mass production at a lev-
el of integration previously unattainable for microscale robotic
systems. This ensures that our platform not only is functional
at the laboratory scale but also paves the way for large-scale
manufacturing and real-world applications in areas such as envi-
ronmental monitoring, targeted drug delivery, and autonomous
swarm robotics (16).

MATERIALS AND METHODS

Fabrication of light-sensitive structures: p-0SC and p-OPD
The fabrication of p-OSCs and p-OPDs on a polymeric platform
was conducted through a streamlined process where both devices
were simultaneously fabricated, sharing several essential elements
(see figs. S13 to S15). Analysis regarding morphology, energy band-
gap alignment diagram, and material characteristics are provided in
figs. S16 and S17.

Bottom contact pattern

The process began with maskless photolithography using AZ 5214 E
photoresist (MicroChemicals) to define the electrode structure. The
photoresist was spin-coated at 4500 rpm for 45 s to attain 1-pm thick-
ness, soft-baked at 90°C for 4 min, and exposed to UV (365 nm, 15 mW/
cm?) for 5 s. After exposure, samples were baked at 120°C for 2 m,
underwent full UV exposure for 30 s, and developed in the AZ 726
MIF developer (MicroChemicals) for 45 s. Ten-nanometer-thick
and 50-nm-thick chromium (Cr) and Au films, respectively, were
sequentially deposited onto the patterned substrate at a con-
trolled rate of 0.5 A/s using an electron beam evaporator (Creative
Vakuumbeschichtung GmbH). A lift-off process was used thereafter
to remove nonexposed photoresist and residual metal layers, yield-
ing a cleanly patterned bottom contact layer crucial for the integra-
tion and operation of p-OSCs and p-OPDs.

ITO cathode

Preparation for subsequent processing included negative lithogra-
phy using the AZ 5214 E photoresist onto the electrode contact lay-
er. A 100-nm layer of indium tin oxide (ITO, EvoChem) was then
deposited at 0.2 A/s using a magnetron sputtering machine (Moor-
field). After ITO deposition, a lift-off process removed photoresist
and any residual metal layers using a mixture of acetone and isopro-
pyl alcohol (Sigma-Aldrich). The samples were annealed at 200°C
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for 5 hours to stabilize the ITO layer and enhance its conductivity,
thereby improving the efficiency of p-OSCs and p-OPDs.

Electron transport layer

Zinc oxide (ZnO) serves as the ETL, deposited by thermal atomic
layer deposition (S100 from Savanna). The process used dimethyl
zinc (DMZ) as the precursor and water (H,O) as the oxidizing
agent at a substrate temperature of 200°C. Deposition was carried
out at a rate of 30 A per cycle. Positive lithography was subse-
quently used to pattern the ZnO layer, which was then etched
with an 85% concentration in a volume of phosphoric acid
(H3POy4, MicroChemicals). A postdeposition annealing at 100°C
for 20 min enhanced the electrical and structural properties of
the ZnO layer.

Photoactive layer, hole transport, and anode layer

The photoactive material composed of a blend (in 1:1 ratio) of P3HT:
PC¢BM (Sigma-Aldrich) was dissolved in 1,2-dichlorobenzene
(Sigma-Aldrich) at a 20 mg/ml concentration. The solution was
spin-coated at 800 rpm for 90 s through a 0.2-pm polytetrafluo-
roethylene (PTFE) filter and baked at 140°C for 10 min to form
a 200-nm-thick film. Methanol immersion for 10 min after
spin improved film morphology. The HTL made from poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS,
CLEVIOS F HC Solar) was processed by spin-coating a filtered solu-
tion at 5000 rpm for 60 s, achieving a thickness of about 50 nm.
Annealing at 120°C for 10 min enhanced electrical conductivity and
film uniformity. All procedures were conducted in a nitrogen-filled
glove box to maintain material integrity. The top electrode was
fabricated by depositing a 120-nm layer of Au at a rate of 0.4 A/s
using an electron beam evaporator (Creavac), followed by pattern-
ing through positive lithography. Au layer etching with a commer-
cial Au-etching solution (MicroChemicals) and O, plasma etching
(TEPLA) at 400 W for 5 min defined the device architecture. A lift-
off process removed nonexposed photoresist.

Passivation

To protect the devices from the highly basic rolling solution, a pro-
tective layer of SU8-2 photoresist (Micro Resist Technology) ~1 pm
thick was applied. Spin-coating the photoresist filtered with a 0.2-pm
PTEE filter at 8000 rpm for 60 s ensured uniformity. Soft baking at
60°C for 10 min solidified the photoresist, followed by UV exposure
(365 nm, 15 mW/cm?) for 65 s through a photomask. Postexposure
baking at 60°C for 5 min further cured and stabilized the photoresist
pattern. Development in mr-Dev 600 (Micro Resist Technology)
for 60 s removed unexposed photoresist areas, revealing underlying
material while preserving the exposed, cross-linked photoresist as a
passivation layer.

Structural characterization and analysis

Layer thickness and surface analysis

The thickness of individual layers was accurately measured using a
surface profiler (Veeco Dektak 8). Morphological and surface fea-
ture assessments were conducted using optical microscopy (Olym-
pus BX5) and scanning electron microscopy (SEM) with a GAIA3
TESCAN operating at an acceleration voltage of 5 kV Ga®.
Electrical and photovoltaic characterization

The current-voltage (I-V) characteristics of the devices were
evaluated under a standard intensity of 100 mW/cm?” using a so-
lar simulator (LSE341, LOT QuantumDesign GmbH) equipped
with 150- to 600-W arc lamps. The simulated illumination in-
tensity was calibrated using a commercial optometer (ILT2400,
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International Light Technologies). I-V curves were analyzed using
a source meter (Keithley 2636A) across a voltage range of —1 to
1 V for single cells and extended to 3 and 5 V for serially con-
nected cells. Key parameters, including Iy, Vo, maximum power
(Pmay), fill factor (FF), and PCE, were derived from the I-V curve
[see fig. S18 and Supplementary Methods: Current-voltage (I-V)
curve characterization].

Reliability and stability characterization

Planar and tubular p-OSCs were measured for three different de-
vices to confirm the stable fabrication protocols and performance
reliability, as shown in figs. S19 and S20. The operational stability of
both planar and tubular p-OSCs was evaluated over extended peri-
ods under ambient conditions to ascertain their long-term reliabil-
ity and sustainability. Throughout a 31-day testing period, tubular
p-OSCs exhibited excellent stability, retaining up to 60% of their
initial PCE and maintaining nearly constant V,, while directly
exposed to atmospheric conditions. In addition, planar p-OSCs
demonstrated retention of 90% under the same conditions (see
figs. S21 and S22).

Optical characterization

Angle-dependent performance at varying light incidence angles
was assessed (see fig. $23) using an angle-changeable microscope
(Keyence VH-Z 100R). The performance of the planar p-OSCs ex-
hibited systematic variations in response to changing incident
angles, as depicted in fig. S24. When the incident light was per-
pendicular to the device surface, maximizing light absorption, the
p-OSC demonstrated peak performance. In contrast, tubular p-
OSCs responded differently to varying incident angles because of
their unique 3D architecture, which facilitated efficient light trap-
ping and absorption from multiple directions. Light illuminating
the sides of the tubes can still be effectively absorbed and converted
into electrical energy, as shown in fig. S25. This angular versatility
inherently enhanced the overall efficiency of p-OSCs across a wide
range of incident angles.

Environmental conditions

All measurements were conducted under ambient conditions to en-
sure that the data reflected the typical operational environments for
these devices.

Fabrication of the self-assembling polymeric platform

The self-assembling polymeric platform provided the foundational
structure essential for creating tubular p-OSCs and 3D micro-origami
cubes. The process began by patterning the self-assembling polymer
stack as a planar structure, followed by the initiation of rolling and
folding mechanisms by the selective release of SLs.

Patterning the self-assembling polymer stack

This procedure was adapted from (22). Initially, a glass substrate was
treated with oxygen plasma (TEPLA) at 400 W for 2 min to enhance
adhesion for the subsequent polymer layers. A lanthanum-acrylic
acid-based organometallic photopatternable material was then spin-
coated at 3000 rpm for 90 s, soft-baked at 40°C for 10 min, exposed
to UV using a MA6 mask aligner (Siiss, 365 nm, 15 mW/cm?) for
60 s, developed in deionized (DI) water for 10 s, and hard-baked
at 220°C for 30 min, creating an SL 300 nm thick. A photopattern-
able hydrogel layer (HGL), serving as the hinge for the origami
cube and a rolling platform for tubular p-OSCs, was then spin-coated
at 6000 rpm for 90 s, soft-baked at 40°C for 10 min, exposed to UV
using a MA6 mask aligner (Siiss, 365 nm, 15 mW/cm?) for 90 s, de-
veloped in diethylene glycol monoethyl ether (Sigma-Aldrich) for
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20 s, and hard-baked at 220°C for 30 min to achieve a thickness of
800 nm. A photopatternable polyimide rigid layer was subsequently
applied by spin-coating at 5000 rpm for 90 s, soft-baked at 50°C
for 10 min, exposed to UV using a MA6 mask aligner (Siiss, 365 nm,
15 mW/cm?) for 70 s, developed in a mixture of 1 wt % ethanol:2 wt %
diethylene glycol monoethyl ether:4 wt % 1-ethyl-2-pyrrolidinon
(Sigma-Aldrich) for 60 s, and hard-baked at 220°C for 30 min to
reach a thickness of 500 nm. A final, thick layer of 10-pm SU8-25
(Micro Resist Technology) was spin-coated at 3000 rpm for 60 s,
soft-baked at 95°C for 4 min, exposed to UV for 80 s, baked at 95°C
for 2 min, and developed in mr-Dev 600 for 60 s to be patterned into
a square shape. This square structure formed the base of the cube
and provided robust support during the folding and manipulation
processes (see fig. S26). After the formation of the polymeric plat-
form, p-OSCs were fabricated as described earlier in Materials and
Methods and as shown in fig. S27.

Micro-origami self-assembly process

The self-assembly into both tubes and a cube was initiated by pre-
paring a 0.1 M solution of sodium diethylenetriamine pentaacetic
acid (DTPA; Sigma-Aldrich). The pH of the solution was carefully
adjusted from 6 to 9 using sodium hydroxide (NaOH; Sigma-
Aldrich), a crucial step for controlling the etching rate and selectiv-
ity during the removal of the SL. This adjustment influenced the
precision of the rolling and folding processes. Once self-assembly
was complete, the self-rolled and folded device was immersed in DI
water for 20 min to eliminate any residual rolling in solution. Gentle
agitation during the washing ensured the cleanliness and structural
integrity of the device, preparing it for further processing and evalu-
ation. After micro-origami, the smartlets were stored in medical sa-
line or PBS to preserve their structural integrity.

Analysis of smartlet-integrated j1-OSCs and p-OPDs
Electrical and photovoltaic characterization

The smartlet-integrated p-OSCs connected in series were analyzed
by recording I-V curves. Initially, the devices were evaluated before
rolling and folding, with measurements taken across three different
devices, as shown in fig. $28. These devices demonstrated maximum
efficiency when the incident light angle was perpendicular to the
cell. However, when the p-OSCs were integrated into the smartlet,
only the tubular p-OSCs positioned at the top could efficiently ab-
sorb light, leading to a V. of 2.1 to 3.1 V instead of 5.2V, as illus-
trated in fig. S9.

Omnidirectional photovoltaic analysis

To characterize the omnidirectional light-harvesting capability of
the fully assembled cube, we designed a 3D-printed (SLA 3D printer
from Formlabs) hollow hemisphere and placed 16 NeoPixel LED
strips along the azimuthal axis, resulting in an angular distribution
of one LED for every 22.5°. Each of the 16 LED strips consisted of
~21 LEDs distributed along the altitude axis, resulting in an angular
distribution of one LED for every 17.5°. All LEDs were calibrated to
output 50 pW/cm?” with the projection aimed at the center of the
hemisphere. This setup is shown in fig. S29 and has been used in
the experiments corresponding to Fig. 2 (A to F) and figs. S6 to S8.
This configuration ensured uniform light distribution from mul-
tiple directions, where the LEDs were programmed and con-
trolled to operate at arbitrary positions. To assess the individual
solar cell performance on the basis of their position within the
smartlet, we separately contacted each cell (see fig. S6). Figures S7
and S8 demonstrated that, when the incident light is directly or
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closely aligned with a particular p-OSC, it exhibits dominant ener-
gy harvesting compared with p-OSCs positioned farther away
from the light source. This positional dependence highlights the
importance of spatial arrangement and orientation optimization
for maximizing energy absorption and overall device performance.
Movie S8 shows the real-time positional and orientational mea-
surements of a smartlet.

Preparation for SLID bonding

Although conductive epoxy-based transfer bonding methods are
well documented (66), we demonstrated an alternative approach by
extending the solid-liquid interdiffusion (SLID) bonding technique
to ultrathin polymeric films (thickness less than 5 pm). The Cu- and
Sn-based SLID bonding method reduces resistance compared with
traditional epoxy-based transfer bonding techniques, offering a sub-
stantial improvement in electrical performance.

For the preparation of the SLID bonding, which is crucial for
integrating p-LEDs and p-chips, Cu and Sn were selected as con-
ductive and solder materials because of their established properties
in bonding applications. Cu and Sn layers were deposited using a
standard electroplating technique, achieving thicknesses of 10 and
5 pm, respectively. After deposition, a reflow process was carried
out under vacuum conditions to form well-defined solder bumps,
thereby enhancing bonding efficiency (see fig. $30). The alignment
and bonding of flipped chips were performed using a commercial
bonding machine (FinePlacer Pico), adhering to precise pres-
sure and temperature profiles to ensure reliable and precise
connections between components. This was critical for the
functionality and performance of the integrated devices. The
adaptation of advanced SLID bonding technology to polymeric
thin-film substrates facilitated the reliable bonding of both cus-
tom CMOS chiplets—nW-powered 140 pm-by-140 pm-by-35 pm
microcontrollers with 12 or more pins—and simpler chiplets, in-
cluding micro-LED chips (see figs. S31 and S32). The sequential
bonding process of the p-chip and p-LEDs is described in fig. S33
and movie S9.

Lablet p-chips

The description and programming of the custom lablet p-chipl
and commercial LED driver p-chip2 are described in Supplemen-
tary Methods: Description of lablet pChips, Programming of lab-
let p-Chips, Description of the commercial LED driver chiplet,
and Programming of LED driver p-Chips and tables S2 to S4. The
short summary of lablets here gives readers the necessary orien-
tation on their nature and use. Lablets were thinned and singulat-
ed from combinatorial variant array chips (each containing ~1000
lablets) designed at the Ruhr Universitdt Bochum and fabricated
at wafer scale at Taiwan Semiconductor Manufacturing Company
(TSMC) in a 180-nm CMOS (13). The 58-bit program for the lab-
lets is serially loaded in a shift register and species details and tim-
ing for four phases of processing, as temporal patterns of tristate or
active signals on specific subsets of the three dedicated and three
facultative actuator electrodes, as well as conditional switching
between the phases dependent on digital signals derived from the
two electrochemical sensors. Other features of the programmable
finite state machine, including the ability to record sensor data and
to replicate itself between lablets, were not used in the current
work. Detailed operation frequency and output current are dis-
cussed in fig. S34.
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Operation of p-LEDs

Detailed operational description of the green and red p-LEDs is dis-
cussed in Supplementary Methods: Detailed description of p-LED
chips and tables S5 and S6, including emission characteristics, volt-
age requirement, and spectral properties. After the SLID bonding
process, successful bonding was confirmed through the illumina-
tion of p-LEDs, demonstrating their functionality even with differ-
ent color combinations, as shown in fig. S35.

Fabrication of BGEs

The complete fabrication of a smartlet began with the creation of the
polymeric origami platform, followed by BGEs, p-OSC and p-OPD
layer deposition and patterning, SLID bonding of p-LEDs and a p-
chip, and last, SU-8 photoresist passivation.

Oxygen evolution reaction

To facilitate the oxygen evolution reaction, a thin layer of Ni, recog-
nized for its photocatalytic properties, was deposited. The Ni layer
was precisely patterned using negative lithography and deposited
through magnetron sputtering at a controlled rate of 0.5 A/s to
achieve a thickness of 15 nm. After deposition, a lift-off process us-
ing acetone and isopropanol was conducted to remove excess mate-
rial and accurately define the desired pattern.

Hydrogen evolution reaction

For the hydrogen evolution reaction, Pt was used as the primary
catalyst. Similar to the Ni deposition, negative lithography was used
to ensure the precise placement of the Pt layer. Before depositing Pt,
a Ti layer was applied using an electron beam evaporator (Creavac)
to serve as an adhesive layer. The deposition rates for Ti and Pt were
0.2 A/s, resulting in thicknesses of 5 and 10 nm, respectively. A lift-
off process in acetone and isopropanol followed to remove any
residual metal, thereby defining the clean and precise pattern required
for effective catalytic activity. Note that DI water was unsuit-
able for efficient electrolysis because of its high impedance,
resulting in minimal or no gas generation (52), which would nega-
tively affect propulsion.

Fabrication of the hydrophobic layer for patterned smartlet
docking control

This procedure was only used for the customization of smartlet
cube exterior faces for specific docking, as shown in Fig. 5. The
preparation of the hydrophobic layer began with AZ5214E nega-
tive lithography (details described above) on the SL to pattern areas cor-
responding to the faces of the smartlet, followed by a 200-nm-thick
amorphous MoO3 grown by electron beam deposition (Edwards)
at a rate of 0.2 A/s. Then, a lift-off process was performed in ace-
tone and isopropanol. This pattern served as a water-soluble SL
for patterning the hydrophobic material (ETC-PRO, from EVO-
CHEM), which was deposited to a thickness of 100 nm using elec-
tron beam evaporation (Edwards). Given the good solubility of
MoOj in H,0, the hydrophobic materials were lifted off in DI wa-
ter. As a result, the hydrophobic material that was not deposited
onto the MoOj layer remained on the substrate, forming a well-
defined pattern. At the end of the fabrication sequence, a curing
step was performed by heating the samples to 170°C for 2 hours to
ensure the activation of the hydrophobic material. A detailed anal-
ysis of the strength of hydrophobic and hydrophilic interactions
driving self-assembly, along with their sufficiency in supporting
the intended movements in water and at the water-air interface,
is discussed in Supplementary Methods: Detailed calculation of
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hydrophobic and hydrophilic interactions in self-assembly and
motion at interfaces and table S1.

Experimental setup for controlled locomotion

and self-assembly

The measurement setup to operate the fully equipped smartlets is
illustrated in fig. S36. It consisted of a solar simulator to provide a
1-sun calibrated light source and an LED light source at the top of
the beaker as a global programming source. Note that this was in
addition to the onboard LEDs used for smartlet peer-to-peer com-
munication (see Fig. 3, F and G), including messaging commands
and (re)programming. A logic analyzer for programming the
chiplets (digital discovery logic analyzer) and two cameras (cam1:
Basler acA1300-200uc; cam?2: Keyence VHX digital camera) at dif-
ferent angles to capture the locomotion process from multiple per-
spectives were also part of the setup. Smartlets were immersed in a
60-ml beaker filled with water (see below) and 0.075% methy-
lene blue to accelerate the dissolution of O, and H, bubbles at the
water-air interface. DI water was not used for propulsion because
of its low ion concentration and conductivity, which hinders the
electrolysis process, resulting in minimal or no gas generation
(57). In addition, DI water is highly susceptible to pH fluctuations
because of the absence of buffering ions, making electrolysis per-
formance variable. In contrast, both medical saline and filtered
lake water exhibited greater pH stability because of the presence
of dissolved salts and natural buffering agents, ensuring more
consistent electrochemical performance for sustained propul-
sion. To ensure experimental consistency and to evaluate propul-
sion robustness across different environments, we first tested all
smartlets in medical saline as a reference medium before con-
ducting experiments in filtered lake water. Medical saline was
selected because its ionic composition closely mimics physiolog-
ical conditions, making it relevant for biomedical applications. In
contrast, filtered lake water represents an ecologically relevant
environment where the smartlets could operate effectively. The
hydrophobic-hydrophilic docking experiments were conducted
in real-world relevant aqueous fluids, specifically medical saline
and filtered lake water, to assess the system’s robustness under dif-
ferent environmental conditions. The lake water, sourced from
the nearby castle pond (with a typical European fresh water lake
chemical composition as presented in Supplementary Methods:
Detailed description of aqueous fluids and table S7), under-
went sequential filtration using polyvinylidene difluoride
(PVDF) filters with progressively smaller pore sizes (100 pm —
50 pm — 10 pm — 5 pm — 1 pm), ensuring the removal of larger
particulates while retaining its natural ionic and small-molecule
(natural surfactant) composition.

Statistical analysis

All quantitative measurements—including power generation,
buoyancy cycling times, and communication response rates—are
reported as mean values with error bars representing the SD, unless
stated otherwise. For each metric, measurements were obtained
from three independently fabricated devices with five repeated tri-
als per condition (n = 5). No statistical methods were used to pre-
determine sample size, and no data were excluded from analysis.
Statistical significance testing was not applied because the goal was
to assess functional consistency and reliability rather than hypoth-
esis testing.
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