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MICROROBOTS

Microscopic robots that sense, think, act, and compute

Maya M. Lassiter't, Jungho Lee21', Kyle Skelil3, Li Xuz, Lucas Hanson?, William H. Reinhardt’,
Dennis Sylvesterz, Mark Yim3, David Blaauwz, Marc Z. Miskin'*

Although miniaturization has been a goal in robotics for nearly 40 years, roboticists have struggled to access sub-
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millimeter dimensions without making sacrifices to onboard information processing because of the unique phys-
ics of the microscale. Consequently, microrobots often lack the key features that distinguish their macroscopic
cousins from other machines, namely, on-robot systems for decision-making, sensing, feedback, and program-
mable computation. Here, we take up the challenge of building a robot comparable in size to a single-celled para-
mecium that can sense, think, and act using onboard systems for computation, sensing, memory, locomotion, and
communication. Built massively in parallel with fully lithographic processing, these microrobots can execute digi-
tally defined algorithms and autonomously change behavior in response to their surroundings. Combined, these
results pave the way for general-purpose microrobots that can be programmed many times in a simple setup and
can work together to carry out tasks without supervision in uncertain environments.

INTRODUCTION

Natural microorganisms demonstrate the feasibility of building au-
tonomous, intelligent systems at dimensions too small to see by eye,
a fact that has fascinated roboticists for decades (1, 2). Ideally, a mi-
croscopic robot would retain all of the features that distinguish its
macroscopic cousins from other machines: It would be able to sense,
compute actions, support repeated programming, and manipulate
or explore the surrounding world. Yet miniaturizing robots without
forgoing many of these hallmarks has proven difficult.

At present, the smallest robots with fully integrated systems for
sensing, programmable computation, and motion control sit at or
above a millimeter (3), a size first reached more than 20 years ago
(4). Further shrinking these early successes has been hampered by
the fact that many of the physical laws that govern semiconductor
circuits (5), energy storage (6), power transfer (7), and macroscale
propulsion (8, 9) scale superlinearly with size, compounding into
marked problems as robots attempt to shrink under submillimeter
dimensions. As a result, fundamentally different approaches are re-
quired for truly microscopic robots (10).

Typically, roboticists circumvent the barriers to reaching the mi-
croscale by externally controlling locomotion through peripheral
hardware, sacrificing programmability, sensing, and/or autonomy in
the process (9, 11-13). These devices, although highly functional,
remain tied to external equipment to make decisions and execute
tasks, frequently cannot respond to their environment, and/or can
only transition between a limited number of hard-coded behaviors
on command. Even when microrobots do incorporate onboard elec-
tronics, achieving unidirectional communication and open-loop
locomotion, they still cannot sense their surroundings and have yet
to incorporate a real computer architecture that would support pro-
grammable decision-making (14). As a result, microrobots struggle
with unknown environments and offer limited reconfigurability
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after fabrication, blunting their usefulness in real-world applica-
tions (13).

Here, we take a different approach, directly addressing the chal-
lenge of building a robot that can sense its environment, compute
digitally programmable actions, and change its behavior, all while
fitting in a space that is too small to see with the naked eye. Our ap-
proach leverages semiconductor manufacturing to lithographically
build the robot’s body, actuators, and information systems massively
in parallel. By optimizing the circuits, actuators, and fabrication
protocols to match the physical constraints of working at small
scales, we were able to shrink the volume of programmable, autono-
mous robots that sense, think, and act by 10,000-fold (3, 4, 15). At
the same time, moving computation to the microrobot reduces both
the cost and operational overhead to a bare minimum, paving a path
to widespread adoption.

RESULTS
Challenges to scaling
Although many of the essential components for a smart microrobot,
including small-scale sensors, actuators, and information process-
ing systems, have been demonstrated individually in ~100-pm pack-
ages (16-20), integrating these systems into a single microrobot
without violating constraints on power, size, manufacturability, or
performance remains challenging. For instance, propulsion and
computation are difficult to simultaneously accommodate with the
limited power budget (~100 nW) of small robots. Likewise, the ma-
terials and processes used to build these systems must be compati-
ble: Building the actuator cannot damage the electronics. Similarly,
processes must be scalable to large numbers of freely released devices.
We addressed the challenge of integration with circuits and nano-
fabrication protocols tailored to autonomous microrobots. On the
circuit side, we operated within a limited power budget of ~100 nW
by building our robot in a 55-nm complementary metal-oxide semi-
conductor (CMOS) process and leveraging subthreshold digital
logic. This process’s high-threshold voltage reduced transistor leak-
age enough to support a variety of onboard circuits in a submillime-
ter package without violating power constraints. Specifically, Fig. 1
(A and B) shows that, in 210 pm by 340 pm by 50 pm, we were able
to fit photovoltaic (PV) cells for power, sensors for temperature, four
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Fig. 1. Overview of the microrobot circuits. (A) A millimeter-scale chip of roughly 100 microrobots, resting on a gloved fingertip. Each microrobot contains several inte-
grated pieces of microelectronics, spanning sensing, memory, processing, communication, and power (scale bar, 200 pm). These devices were fabricated together in a
55-nm CMOS process at a commercial foundry and were optimized for size and power. (B) A flowchart depicting the movement of data between the robot’s subsystems.
Incoming information from the sensors and communication system is used by the processor to update actuator outputs. (C) A composite photograph of a robot on top
of plant cells, to show scale (scale bar, 200 pm). (D) A schematic illustrating how external LEDs can power and program the robot using light. To send instructions, an au-
tomated compiler modulated the optical power of a communication LED, with each flash encoding a bit in the program. (E) Experimental data showing the robot re-
sponding to an optical transmission. To prevent random light fluctuations from interfering with the robot’s operation, the communication protocol featured a passcode

sequence that a microrobot must see to accept an incoming program, store the data to its memory, and execute.

actuator control circuits, an optical receiver for downlink communi-
cation and programming, a processor, and memory. These subcir-
cuits were optimized to minimize size and power consumption, were
fabricated at a commercial foundry, and are detailed in our prior
publication and/or Materials and Methods (19). We built two robot
configurations that differed only in the number of PV cells, resulting
in body widths of 210 and 270 pm, although, as shown later, we
found no notable differences between them in performance. At this
scale, the robot’s size and power budget are comparable to many uni-
cellular microorganisms (21); Fig. 1C shows the robot beside plant
cells for scale.

Computation and communication

The fabrication processes used to achieve dense data storage in com-
mercial electronics are incompatible with the low-leakage require-
ments of an autonomous microrobot. Consequently, we faced
tradeoffs among area, memory, and power generation: Storing more
bits increases leakage currents, which, in turn, requires more energy
production. Table 1 shows the specific breakdown of area and power
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for each of the robot’s subcircuits. The processor consumed most of
the power, requiring nearly a third of the robot’s area to be devoted
to energy harvesting to compensate. Even when using larger, low-
leakage transistor-based memory, at this process node, we were lim-
ited to storing a few hundred bits.

To achieve digitally controlled behaviors despite this tiny memo-
ry size, we used a custom-designed complex instruction set com-
puter architecture for the robot’s processor, compressing useful
robot actions into specialized instructions like “sense the envi-
ronment” or “move for N cycles” This design is well suited for
microrobots because it lifts memory demands from the proces-
sor without sacrificing functionality (see Table 2 for a full list of
commands). Further, by adopting a fully functional computer, the
programmable memory defines both the sequences of instructions
and the robot’s internal states. That is, unlike prior work on elec-
tronic microrobots (14), the way that states are updated can also
be digitally reconfigured.

The processor’s commands can be split into two groups: one for
manipulating data and the other for implementing robot-specific
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Table 1. Custom-designed 11-bit instruction set for a microrobot on-board processor. Rx, Ry, and Rz indicate arbitrary register file addresses; Imm,
immediate value; Mx, arbitrary memory address; A, arbitrary instruction address; O, arbitrary address offset relative to the current program counter.

Instruction Operation

Meaning

Actuator

Actuator motron (N)

mot

Enable select actuators then repeat programmed motron N t|mes

Sense temperature, then store data in Mx

Data transfer

. Movedatafrom thoRy
LoadbytelnMxtoRx
Load Immto R

Arithmetic

ts s m‘i'emperature —>N|x e
mov OO RxﬁRy s

sb

Ib MXﬁRx

li ImmHRx

add Rx+Ry—>Rz e

RX— y;»RZ

Add Rx and Ry data then store the result in Rz S
Add X data and Imm then storet

Subtract Ry data from Rx data then store the result in Rz
Subtract Imm from Rx data then store the resuIt in Rz
Brtwrse AND for Rx and Ry data then store the resuIt in Rz

Sh|ft rlght Iogrcally for Rx data of the amount of Imm then store the result in Rx

Uncondltlonal jump

Condmonal branch ‘

sub

subi ~ Rx—Imm —Rz

s Rx&Ry—>Rz
e

sl

J gotoA

cmp compare Rx Ry

cmpr mmcompare Rx Imm

Jump to address A

dress W|t offset hen repeat the in etwee

Compare Rx and Ry data then set ﬂag brts eq/ne/gt/lt -
Compare Rx data and Imm then set ﬂag brts eq/ne/gt/lt

functions. To support the processor, we built a logic decoder for the
11-bit instruction set, a 32-entry 11-bit instruction memory, a regis-
ter file with four 8-bit registers, and a 16-entry 8-bit data memory.
For data manipulation, we included instructions for conventional
arithmetic operations, such as addition (add), subtraction (sub), bit-
wise AND/OR (and/or), and shift left/right (sll/srl). We also added
operations for control flow, including unconditional jumps and con-
ditional branches based on comparisons between two registers. Last,
we included a move (mov) command to transfer data between reg-
isters and store (sb) and load (Ib) commands to move data between
registers and memory.

The remaining instructions interfaced onboard data and the
physical world by controlling the sensors and actuators. Namely, we
included a command for motion control (mot) that can drive a user-
specified voltage sequence to the actuators; a sensing instruction (ts)
that can measure the temperature around the robot and stores the
value in memory; and a communication instruction (wav) that can
take the value in a register, Manchester-encode it, and then modu-
late selected actuators to output the data. Each of the robotic in-
structions required multiple clock cycles to complete. However, to
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simplify programming and reduce program size, we designed these
commands to halt instruction execution so that, from the program-
mer’s point of view, they appear to complete in a single cycle. In ef-
fect, this design compresses into a single command what would,
otherwise, require dozens of instructions, making it possible to per-
form useful tasks with minimal memory.

To further reduce the required memory size, we implemented
progressive, multistep programming via the communication down-
link, using the base station as a buffer. First, we loaded the microro-
bot with an initialization program to configure the desired actuator
states. Second, we transmitted task programs, defining the robot’s
operation.

We sent both the initialization and task programs to robots using
an optical communication link, shown in Fig. 1D. Two light-
emitting diodes (LEDs) of different wavelengths illuminated the mi-
crorobots: one for powering each robot’s onboard PVs and one for
communication. The communication LED sent data by first trans-
mitting an initial sequence of illumination flashes, called a passcode.
This sequence instructed the robot to receive subsequent flashes as
bits and write them to its instruction memory bank (Fig. 1E). We
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Table 2. Estimated power and area usage. Most of the robot’s power is dominated by the onboard computing system in the form of memory leakage.
Conversely, most of the area is used for energy harvesting with PV cells. n/a values are denoted for circuit elements that either generate (PVs) or do not consume
power (empty space). Dashes indicate that specific subdivision calculations were not performed.

Subpart Power (nW)

Power (%)

Area (um?) Area (%)

Processor

Total

Memor'yw“w e

s e

Tota

Harvesting PV

L PVun|ts e e L 1Lt e
Leg pads

Tota| et e 000 RPN

7689
11,563

10.4%
15.6%

Power-on reset
0.0%

Optical receiver

Total

Smgu[gt,onguardandempryspace e e

e
Chip total 16.28

added the passcode to prevent random fluctuations from altering
the robot’s state, and each robot was designed to recognize two: a
global passcode, common to all robots, and a type-specific passcode
that enables addressing specific subsets of robots.

We fully automated the process for generating optical instruc-
tions using a graphical user interface (GUI) and a custom-built
printed circuit board, enabling any individual, regardless of experi-
ence level, to program the robot. Yet once instructions were written
to the memory, the robot’s behavior was fully autonomous: The ro-
bot computed its actions on the basis of the onboard program and
its sensor data (Fig. 1B) without further user input.

Propulsion
Although there are many mechanisms for motion at the microscale
(20, 22), compatibility with onboard electronics requires low-current
(<100 nA) and low-voltage (~0.1 to 1 V) operation. To our knowl-
edge, two actuators fit these constraints: surface electrochemical ac-
tuators (20, 23, 24) and electrokinetic propulsion (25). The latter is the
subject of this paper, whereas the former is a topic of ongoing work.
The governing mechanism for electrokinetic propulsion has
been discussed in detail in our prior work (25); we review it briefly
here. As shown schematically in fig. S1, the robot, which must be
immersed in a fluid, passes a current between oppositely biased
electrodes. Mobile ions surrounding the robot and nearby surfaces
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move in response to this field, dragging the fluid with them. This
establishes a flow, which, in turn, causes the robot to move at a speed
proportional to the applied electric field. By manipulating the elec-
tric field through spatial patterns of active electrodes, the robot can
travel in different directions and/or turn with a power expenditure
of ~60 nW at this size.

Compared with alternatives, electrokinetic propulsion offers sev-
eral advantages. First, it is straightforward to implement: The elec-
trodes themselves are simple layers of platinum, requiring no moving
parts or complex fabrication steps. Consequently, these actuators are
robust, lasting upward of several months, and fabrication can be
done massively in parallel using fully lithographic patterning (25).
Second, the electrical signal is a direct current (dc) voltage, requiring
no upconversion or complex temporal sequencing (as would be
needed for legs). This reduces the circuit overhead needed to control
the robot’s behavior to a bare minimum, leaving more space for sens-
ing, memory, and computation.

To integrate these actuators and release the robot from the un-
derlying silicon wafer, we carried out a series of lithographic, low-
temperature, back-end fabrication steps, as shown in Fig. 2. This
protocol improved on prior work for microrobot release based on
specialized silicon-on-insulator wafers (14, 23) by generalizing to wa-
fers built at arbitrary semiconductor foundries in a wide range of pro-
cess nodes. Briefly, we added an oxide border around each microrobot
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body on the layout sent to the foundry to avoid the presence of metal
structures typically placed for planarity concerns in commercial
semiconductor processes. After full assembly of the circuits, we
thinned the backside of each chip to 50 pm using a combination of
mechanical and plasma etching. Then, we deposited and patterned
chrome layers on the top and bottom of the chip to act as masking
layers and etch barriers, respectively. From the top, we etched through
the oxide border to the underlying silicon with an inductively coupled
plasma followed by etching through the remaining silicon wafer with
deep reactive ion etching until we hit the bottom layer of chrome. This
stopping layer both arrested the etch and supported the released ro-
bots. Last, we wet-etched the residual chrome, releasing the robots
into solution. Typical yields exceeded 50%.

Released chips with embedded actuators formed microscopic ro-
bots, each with tightly integrated systems to sense, compute, commu-
nicate, and move. As a first test, we characterized robot locomotion
with simple programs that directly set actuator polarity and thus pro-
pulsion direction. Under digital control, a four-electrode robot has 14
unique configurations that generate motion (2 of the 16 polarity states
are degenerate, corresponding to all electrodes at the same voltage). As
shown in Fig. 3, the 14 states group into four behaviors: transla-
tions along the major or minor axis, rotations, and arcs. Each of these
groups is determined by the number and arrangement of positive
polarity electrodes on the robot, with robots differing only by rota-
tional symmetry within the same group. Statistics collected over 56

experimental trials show that typical speeds range from 3 to 5 pm/s for
translations and 0.1 to 0.3°/s for turns, with a statistical variability that
depends on imposed behavior (Fig 3B). Further discussions on the
role of solution conductivity, polarity, current, and expected improve-
ments in speed via advanced circuitry are in Materials and Methods.

Arcs, turns, and translations offer full control over the robots
three degrees of freedom and thus can be strung together to trace
out arbitrary, user-specified paths in a plane. Movies S1 to S3 show
a base station transmitting sequences of actuator commands to a
robot and the robot updating its motion as it receives each message.
Specific paths can also be given to specific robots by prefacing differ-
ent passcodes to the instructions: Figure S2 and movie S4 show two
robots executing different sequences of motions, each responding
only to its own, type-specific set of instructions.

Sensing, feedback, and control
With an onboard computer, motion primitives can be turned di-
rectly into behaviors; on-robot programs can transition between
locomotion modes on the basis of sensor data. Here, we explored
two different closed-loop behaviors with robots adapting to changes
in temperature. In one case, the robot was tasked with responding to
a changing temporal pattern; in the other, it was tasked with climb-
ing spatial gradients.

For the temporal task, we exposed the microrobots to a heating en-
vironment and programmed them to report the current temperature
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Fig. 2. Integrated fabrication and release. We transformed foundry-fabricated wafers into robots using the following steps. (A) We passivated the surface using oxide
layers and patterned metal interconnects to the underlying electronics. (B) The actuators were deposited and then wired to the electronics through the interconnects. The
remaining steps released the robots (C), first shielding them with a metal hard mask, then (D) etching through the oxide layers of the wafer, and (E) lastly removing the
underlying silicon. (F) When finished, the hard mask layer was removed, releasing robots into solution en masse. Typical yields were roughly 50%. Scale bar, 200 pm.
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Fig. 3. Reprogrammable locomotion. (A) The robot’s kinematic degrees of freedom, namely, its signed rate of rotation and forward velocity, depended on the electric
field produced in solution by passing current through its electrodes. By setting different electrode polarities (red, positive and blue, negative), we generated four classes
of robot motion: translations along the major and minor axes, turns, and translation with rotation, here called arcs. Turns could be achieved by either holding one elec-
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(large and small) show no notable difference. (C to F) Montages of the four representative body motions over 2 min. Scale bar, 200 pm.

by modulating their motion. Specifically, each microrobot was tasked
to measure temperature with its onboard sensors, digitize the value,
and transmit the result back to a base station by switching the polarity
of the front-right actuators in a Manchester-encoded sequence
(Fig. 4A). We then decoded the resulting body movement to read out
the robot’s temperature measurement in bits (Fig. 4B). Because of our
custom instruction set, most of this program was implemented with
just two commands: “ts” handled the sensing, and “wav” encoded and
transmitted the data. The former executed over 30 to 500 ms; the latter
ran over roughly 10 to 100 s (Fig. 4B), with the exact durations adjust-
able by the user. We validated the full program by placing robots in a
bath of cooled solution that passively warmed to room temperature.
When we compared the robot’s reported measurements to simultane-
ous thermocouple readings, we found agreement, as shown in Fig. 4C.

As a sensor, the microrobots demonstrated high performance
(16, 26-39). Figure 4D plots sensor resolution (here, set by quantiza-
tion) against volume for a variety of state-of-the-art digital ther-
mometers. Our robot Pareto dominates the field, offering a 0.3°C
resolution in <1 mm’, a consequence of our release strategy that
accommodates thinned, submillimeter devices. The handful of sen-
sors that have achieved better resolution occupy at least an order of
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magnitude more volume (see table S1 for additional metrics). As a
result, our sensor could probe thermal gradients at smaller spatial
scales or in more restrictive geometries, like microfluidic chambers
or capillary tubes.

To show adaptation in response to spatially varying environ-
ments, we programmed microrobots to climb thermal gradients.
Using thermoelectric heat pumps, we introduced a temperature gra-
dient in the solution bath and programmed the robot to execute an
arcing motion to search for warmer regions if the current tempera-
ture reading was lower than the previous one. Alternatively, if the
temperature reading was warmer, the robot was programmed to
switch to a turning state, pivoting without translation. We chose these
two states because they presented a distinct signal to validate the
behavior and enabled the robot to broadly explore space. Figure 4D
and movies S5 and S6 show the experimental results. Initially, there
was no imposed gradient, and the robot correctly turned in place.
When the heat pump was turned on to cool the local area, the robot
switched to an arcing state and explored the workspace until finding
a warmer region, where it resumed rotating. To further validate the
program, we reversed the direction of the temperature gradient. In
response, the robot transitioned back to arcing, traveling in the
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Fig. 4. Motion controlled by sensor feedback. (A) A program to sense temperature and transmit the result using Manchester-encoded motion signals. The robot sam-
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into time windows (dashed lines), each containing a transition. Bits were determined on the basis of whether the signal led with a high or low state and then converted
to decimal. (C) By placing robots in a warming bath, we could compare their measurements (open circles) to those made with a probe (filled circles), finding agreement.
Error bars reflect the resolution of the robot (quantization-limited, ~0.3°C, full width) and probe; deviation from ground truth was ~0.2°C. (D) Temperature resolution
versus total volume for our results and existing works (16, 26-38) (details in table S1). (E) A program for climbing temperature gradients. The robot either explored the
environment by executing an arcing motion when the temperature dropped below a previously recorded value (inset) or turned in place to hold its position. When a
thermal gradient was applied, robots arced until reaching a warmer region, then switched to turning. Reversing the gradient caused robots to resume arcing. (F) Curva-
ture, speed, and estimated local robot temperature from thermal imaging confirmed that the transitions took place in response to new, local temperature measurements.

opposite direction. At times, the robot moved faster in this experi-
ment than in the static tests of Fig. 3. We hypothesize that this was a
consequence of thermophoretic effects, like enhanced mobility; ad-
ditional thermoelectric fields; or transient behaviors due to con-
trolled switching between two states, although we leave a thorough
investigation for subsequent work (see Supplementary Methods for
further discussion).

can be obtained without direct interaction, thereby bypassing bio-
compatibility issues. Future work could also explore imaging methods
like dynamic light scattering or photoacoustic tomography, using
digital encoding to eliminate microscopes, improve resolution, or
widen the sensing area.

The combined capacity to explore space and report temperature
at high precision makes microrobots potentially suited for measure-
ments in life sciences (40): Robots can fit in submillimeter spaces;
record with sub-1°C accuracy; report over the full range of tempera-
tures in mesophile cell biology (Fig. 4A); and reposition over time as
cells grow, die, or restructure. Further, the robots shown here could
interface with biological systems by placing their aqueous environ-
ment above a target substrate and allowing thermal equilibration. By
allowing heat to flow between the environments, accurate readings
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DISCUSSION
Many other microrobots have achieved taxis-like behaviors (41), of-
ten using vastly simpler analog effects. Such devices represent an
elegant counterpoint to our approach. Rather than fabricating so-
phisticated circuits, one can achieve similar goals with appreciably
lower manufacturing and design complexity by embedding respon-
siveness in the material itself (12).

However, full, programmable autonomy with local sensor feedback
is a unique capability for microscopic robots that brings distinctive
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benefits. First, many current microrobot platforms require large pieces
of specialized laboratory equipment, like magnetic coils (42), ultra-
sound transducer arrays (43, 44), or cell culture environments (45).
This overhead restricts use to experts with bespoke, expensive equip-
ment, even if the cost per robot is low. By contrast, we require only a
controllable light source for power and programming because infor-
mation processing takes place on the robot. The result is high-level
functionality using only commonplace parts. Second, current micro-
robots that can sense or control their behavior execute fixed, design-
specific tasks (12-14). In contrast, our robot integrates a functional
digital computer in a few hundred micrometers of space. As shown,
digital programming and onboard computing allow a single, general-
purpose microrobot to carry out a range of tasks that can be reconfig-
ured on demand, after fabrication.

This flexibility is critical as microrobots move toward applications
where the environment, task, or robot state is unknown or changes.
For example, in the future, more advanced electronically integrated
microrobots could aid in targeted drug delivery, releasing drugs in
response to local sensor cues like biochemical markers or tempera-
ture changes rather than global commands. In telemetry, onboard
computation could digitally encode data, like the Manchester encod-
ing shown here, to make communication more robust to noise. In
nanomanufacturing, programmable microrobots could use passcode-
based communication to receive, monitor, and update instructions as
they work.

Although the rudimentary robots demonstrated here would need
further advances like new actuators (20) or power transfer schemes
(6, 7) to realize these long-term goals, our circuits and computer ar-
chitectures provide a foundation poised for growth. For example,
onboard memory could be increased ~100-fold by adopting a more
advanced process node, provided that the threshold voltage remains
high enough to suppress leakage. This expansion would facilitate
more complex programs, approaching thousands of lines of code,
and more sophisticated autonomous behaviors. Building on the work
here, programs can already be made unique to individual robots via
integrated passcodes (movie S4). Even without direct inter-robot
communication, this allows a central controller to assign distinct
tasks or emulate multiagent coordination. By driving and measuring
currents in solution, circuits could facilitate spatial localization or
fluid-mediated communication. Last, subcircuits optimized for pro-
pulsion could improve robot speed 10-fold (see Materials and Meth-
ods) or, alternatively, drive other electronically integrated actuators
suited to demanding environments like in vivo operation (20, 23).

If pursued, these benefits could be achieved without incurring
lab overhead or markedly increasing the cost per machine, which,
scaled to production, falls at roughly a penny per robot (see Materi-
als and Methods). The combination of versatility, ease of use, and
low cost offered by onboard information processing could find uses
in fields ranging from scientific studies on the physics of living sys-
tems (46, 47) to nanomanufacturing (48), microsurgery, and drug
delivery (22, 49).

MATERIALS AND METHODS

Microrobot fabrication

Microrobot fabrication can broadly be grouped into four main
steps. For brevity, we summarize them here and provide complete
details, with tools, processing steps, characterization, materials, and
vendor information, in the Supplementary Methods.
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The steps for robot production were as follows. First, we encap-
sulated the electronics in a protective layer of oxide and put metal-
ized holes through the oxide to enable connections. Second, we
added platinum metal layers that the robot can use for electroki-
netic propulsion. Third, we etched through an oxide border around
the robots and the underlying silicon wafer to a supporting metal
layer. Last, we dissolved a series of supporting metal layers to release
robots into solution en masse.

Using robots after release

In our prior work, we found that electrokinetic propulsion could be
achieved in a variety of different solution environments, including
deionized water, weak acid/base solutions, and weak hydrogen per-
oxide, and on a range of substrates, such as glass, metal, and poly-
mers (25). The primary role of the solution environment is to set the
proportionality factor between the applied field and robot speed or
the effective mobility. Although this effect is minor (the highest mo-
bility that we have identified, thus far, differs from the lowest by only
fourfold), we found that working in 5 mM hydrogen peroxide pro-
vided one of the largest mobilities and tolerates variance in solution
conductivity from gas absorption or other unintentional solution
contamination.

Accordingly, we used 5 mM hydrogen peroxide for all experi-
ments in this study, prepared by micropipetting 100 ml of deionized
water and 25 pl of 30% hydrogen peroxide (Fisher Chemical H325-
500) into clean 100-ml glass graduated cylinders. After mixing, the
solution was poured into sterile polystyrene petri dishes (Greiner
Bio-One 632181), robots were pipetted into the dish, and the dish
was loaded onto a microscope for imaging.

During experiments, we monitored solution conductivity, be-
cause unintended increases can reduce electric field strength and
thereby slow propulsion. Using an ultrapure water meter (Hanna In-
struments HI98197 EC/Resistivity with probe HI763123), we found
that conductivity gradually increased over time, which we attributed
to dissolved atmospheric carbon dioxide. However, this process typi-
cally saturated around 450 pS/cm, which was low enough to support
effective microrobot motion.

Characterization of PVs

We measured the on-robot PVs’ current-voltage characteristics to
extract the open circuit potential, short circuit current, and efficien-
cy. To electrically access the PV, we reprogrammed the robot to a dc
forward drive state, directly connecting the actuator electrodes to
the positive and negative terminals of the onboard PV (fig. S3). We
then connected these terminals to a source meter (Keithley 2450)
and measured the current required to hold the robot at a given bias.
We found a short circuit current of roughly 1 pW, an open circuit
potential of roughly 0.8 V, a responsivity of 0.34 A/W, and a conver-
sion efficiency of about 10%, all of which are typical for PVs made in
a CMOS process.

Improving locomotion via circuits for

electrokinetic propulsion

The order of magnitude for electrokinetic propulsion speed is set by
the applied electric field in the solution. In other words, the robot’s
speed scales in proportion to the applied current output by the ro-
bot’s electrodes and is inversely proportional to the solution conduc-
tivity, as shown in our prior work (25). Thus, by increasing current
supplied at the electrodes, we could markedly increase propulsion
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speed. To do so, subsequent designs could operate closer to the volt-
age at which hydrolysis takes place (~2-V electrode to electrode). In
this regime, current scales exponentially with further increases in
voltage, presenting a “short circuit” to the power supply and allowing
the robot to directly control its speed by simply modulating the cur-
rent limits.

In prior work, we found that robots operating near the water
window could move at 1 mm/s when applying currents on the order
of 10 to 100 nA. This current scale is feasible, given that the robots
shown here already expend ~60 nA for actuation. The primary limi-
tation of the current circuits is that the operating voltage is too low
(~1V), presenting a high solution impedance to each electrode.

Last, we note that robot locomotion in our current design does
not respect parity inversion of the applied voltage. That is, robots
display different behaviors depending on the number of positively
biased electrodes. We attribute this result to different faradaic reac-
tion rates on the platinum electrodes for forward and reverse bias
configurations. Specifically, we measured an asymmetry between
the forward and reverse solution impedance during cyclic voltam-
metry, as seen in fig. S4 (sweep rate of 10 mV/s). Because it is the
field within the solution, not across the electrode, that drives pro-
pulsion, this asymmetry can lead to different propulsion states with
more current flowing (and thus faster fluid flows) in states that wire
more electrodes in the positive direction. This effect could also be
mitigated by increasing the operating voltage to enable direct con-
trol of the electrochemical current.

lllumination conditions for operating robots

The optical receiver on board, based on silicon PVs, is sensitive to a
range of different wavelengths, spanning roughly 375 to 1200 nm.
To simplify data analysis, we used two different wavelengths for
power and communication and filtered out the modulating com-
munication wavelength when imaging. This enabled us to monitor
the robot without having the background intensity fluctuate when
we sent data. This work used 475 nm for static power illumination
and 565 nm for communication, although these specific wave-
lengths were arbitrary. It should also be noted that the receiver is
largely agnostic to wavelength and thus could be powered and pro-
grammed using a single LED if desired.

We tested reprogramming at various levels of illumination for
both power and communication. Both channels were produced us-
ing a multiwavelength LED light source (Thorlabs CHROLIS), al-
lowing us to control intensity with an analog voltage signal
connected to a breakout box (Thorlabs BBC1). We measured illumi-
nation power incident on the workspace with a Thorlabs PM100D
optical power meter (S120C 400- to 1100-nm 50-mW meter) fitted
with a 10-pm pinhole (Thorlabs P10K) to fix the detector area to a
known value. We found that the static light signal intensity used for
power needed to exceed 200 W/m? to support onboard processing
and locomotion. Similarly, the robots tolerated a maximum inten-
sity of 3000 W/m?, beyond which unwanted electron-hole pair gen-
eration disrupted circuit operation. Figure S5 shows other viable
power and communication intensities, indicating successful repro-
gramming with a filled square. For this work, we operated in the middle
region of the plot, using 600 W/m? for power, 1000 W/m? for com-
munication, and a combined peak incident power of 1600 W/m?. Of
note, the range of power fluxes required for operation, spanning 200
to 2600 W/m®, overlaps well with one standard “sun” of optical power
(1000 W/m?).
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We used two different experimental setups for imaging the ro-
bots: one based on an upright microscope and the other based on
macrophotography with a digital single lens reflex camera. The for-
mer facilitated high magnification; the latter offered a large field of
view. For the microscope setup, we coupled the LED light source
into an Olympus BX51-WI microscope using a liquid light guide
(Thorlabs LLG-03-4H) and collimator (Thorlabs SLSLLG3). The mi-
croscope was equipped with a 4x Olympus objective (PLN Plan
Achromat Objective 1-U2B222) and used a 70:30 beam splitter
(Thorlabs BST10R) to produce reflected light micrographs. To ac-
quire images, we used a Scientifica SciCam Pro camera controlled
by the MicroManager software package. Annotated images of the
upright microscope setup are available as fig. S6.

The macrophotography setup used the same LED light source in
a free-space configuration. We positioned a Canon EOS 5D Mark IV
camera with a macro lens (RF-Mount 100 mm f/2.8 L Macro IS
USM Lens) over a workspace using optical posts (Thorlabs PX se-
ries) and an adjustable macro focusing rail (Oben FRM-7 L). The
LED output was projected through a collimator onto the workspace
at a slight angle. An annotated image of this setup is available as
fig. S7.

Detailed description of locomotion data collection

We used our two imaging setups to obtain experimental movies of
robots in solution. For the data in Fig. 3, we recorded robots over
half-hour intervals at 10 frames per second. For the data in Fig. 4, we
recorded roughly one frame every 10 s, using a reduced frame rate
to accommodate the large image size. We obtained datasets for the
robot’s speed, position, and orientation by binary image processing
on the micrograph sequences. Given the high contrast between the
robot and the background, we manually defined a threshold inten-
sity on each movie for classifying pixels and used Image] to find the
center of mass and orientation through ellipsoid fitting. To extract
rates, we fitted these data to either lines (as in Fig. 3) or splines (as
in Fig. 4, where the velocity is dynamic) and took analytical deriva-
tives of the fit model.

Detailed power and area budget

We optimized the robot’s circuitry for area, such as selecting a sub-
threshold temperature sensor (50) and a leakage-based optical re-
ceiver (51). In general, to address power, it is necessary to use older
technologies that reduce leakage, which creates a tradeoff with intel-
ligence. As noted in Results, most of the robot’s area was devoted to
energy harvesting (~33%). The next largest contribution was the
processor, which occupied roughly 25% of the body and consumed
almost 90% of the robot’s power. The remaining sensors, clocking,
and housekeeping circuits together took up less than 10% of the to-
tal power and area. These unequal proportions were consequences
of operating at slow clock rates, a regime where most power loss is
due to leakage currents in transistor memory.

In general, more memory requires both adding circuits to store
the data and adding PV cells to support higher power demands. For
the specific 55-nm process used here, leakage currents required a
roughly 1:1 area allocation to meet the power demands at the tar-
geted illumination intensities of roughly 1000 W/m® In other
words, doubling the amount of memory on a robot would require an
additional 8000 pm? for the memory cells plus an extra 8000 pm? of
space for added power harvesting. Note that this ratio is sensitive to
CMOS process technology. Future designs should thus compare the
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actual area of a bit, after accounting for leakage effects, instead of the
mere size of a circuit component, when identifying a useful pro-
cess node.

Detailed description of the communication protocol
Immediately after illumination, the robots were designed to execute
a hard-coded configuration setting program, commonly called a
bootloader. Once this program terminated, the robot demonstrated
a default behavior, a sequence of 32 oscillations between front and
rear electrodes followed by an ~10-s pause period before repeating,
that we used to determine whether a given robot was viable before
carrying out experiments.

We overwrote the default state using the optical link. For ease of
experimentation, we used a Python GUI to compile desired behaviors
into the corresponding binary bit stream and fed them at a user-set
frequency of 0.5 Hz into the analog control port for the communica-
tion LED. A Raspberry Pi Pico handled the digital-to-analog conver-
sion. When programming, the robot’s onboard optical receiver was
designed to phase-lock to the modulated LED signal after detecting
the correct passcode sequence. Afterward, the optical receiver actively
monitored the incident light power, set to begin rewriting memory
upon detecting a passcode, as mentioned in Results.

After data transmission, we set the communication LED to oscil-
late at a fixed clock frequency. This allowed the robot to either run
instructions using its onboard clock or tie its processor to the global
oscillating signal to improve timekeeping accuracy. Switching be-
tween the global or local clock was specified in the program instruc-
tions and dynamic. Thatis, the robot could execute some instructions
using the local clock and then switch to the global clock for others.

Setting up and measuring thermal gradients

We produced thermal gradients for the temperature gradient climb-
ing experiments using Peltier heat pumps (Digikey 926-1354-ND)
driven by a Keithley 2450 source meter. We chilled the environment
with the pump underneath the solution to prevent convective flows
that could otherwise complicate robot motion. To calibrate the con-
version factor, we independently measured the solution tempera-
ture at different voltage set points for the pump using a K-type
thermocouple (Fluke 116 True RMS Multimeter). To measure tem-
perature over a large area, we used a thermal imaging camera (FLIR
ETS320) to estimate spatial gradients. Because this tool has high
sensitivity but poor accuracy, we augmented the imager data with
measurements from a thermocouple. That is, to produce the esti-
mated gradients in Fig. 4, we only used gradient information from
the imager and calibrated to the thermocouple measurements at
specific sites.

Probing microscopic robots

The robots shown here were only able to supply 100 nA at roughly
1 V from their PV cells, requiring a typical input impedance to be
much greater than 10 megohms when probing. We used a Burr-
Brown INA116 ultralow input bias current instrumentation amplifier
with a 3-fA input bias current to read potentials from released robots
in solution or in air. The amplifier was connected to robots through
insulated microprobes (Microprobes for Life Science P120035.0A3)
that were held and translated using Scientifica PatchStar microma-
nipulators. Data from the amplifier was recorded directly with a USB
oscilloscope (Picoscope 5442D). A circuit schematic, with Vi, and
Vin— denoting the robot electrodes, is shown in fig. S8.
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Decoding robot data transmissions

To interpret digital signals sent by the wav command (movie S7), we
applied a standard Manchester decoding procedure to the data ex-
tracted from the robot’s center-of-mass motion, as shown in Fig. 4B.
We high-pass—filtered signals before analysis (single-pole filtering
with a corner frequency of ~10 s) to isolate the fast-switching mo-
tion associated with communication. Each transmission consisted
of 8 bits sent at a known clock frequency. This allowed us to segment
the resulting signal into eight uniform time windows, one per bit,
such that a transition must occur within each window, as depicted
by the dashed lines in Fig. 4B. To decode each bit, we checked
whether the high state preceded or followed the low state within
each window, corresponding to a transmitted 1 or 0, respectively.
We then converted the final bit string into decimal, giving the value
in the robot’s register.

Calibrating the temperature sensor and

quantifying accuracy

To characterize the robot’s temperature sensor, we placed robots on
a heat pump alongside a thermocouple, imposed a temperature con-
dition, and repeatedly measured what the robot reported. This pro-
tocol yielded calibration curves (as in Fig. 4A) and statistical
distributions of robot measurements at each temperature and could
be done on chips before release or using individual, freed robots. Of
note, we did not fit the register values to a linear trend; we used a
circuit-derived model (50). Briefly, the register value compares the
frequency of a temperature sensitive oscillator with a reference os-
cillator. The former depends exponentially on environmental tem-
perature, giving the register value, R, the functional form

R=exp[a1+a2/T]/fc (1)

where f. is the reference clock frequency, a; and a, are calibration
parameters, and T is the temperature in Kelvin. We fit a polynomial
by transforming the raw data with the equation

R =T xlog[Rf.| =a,T +a, )

This can be done with either a linear model or, to account for
small drifts in the reference oscillator, including a quadratic correc-
tion that is held constant across devices from the same fabrication
run. That is, the quadratic correction expresses the register as

R =a,T+a,+ayT? (3)

with a; fixed across devices. Using Eq. 3 not only is more accurate
but also requires a one-time bulk calibration from a small set of
samples from the same batch. In either case, only two measurements
are required per individual device.

To compute the inaccuracy, we subtracted the ground truth from
the robot’s temperature measurement; distributions are shown in
fig. S9. Accounting for the significant digits from the register, we
found that the sensor deviates by ~0.4°C (0.2°C) using the linear
(batch-calibrated quadratic) model. In general, the error was domi-
nated by quantization: We typically found just two reported register
values at a given temperature.

Cost of a robot

Robots in this work were purchased from Fujitsu as part of a multi-
project wafer run at a price of ~10,000 USD/mm?. This resulted in
roughly 100 chips, each of which contained roughly 100 robots.
Thus, for the work here, we paid on the order of 10 USD per robot.
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We note that, although this service no longer exists (the Fujitsu lab
has since been acquired), a comparable service is offered by Muse
Semiconductor, which lists current pricing on the internet, allowing
up-to-date cost estimates. If scaled up to production, the cost would
decrease as subsequent runs see a discounted price because of previ-
ous investment in the photolithographic masks and the opportunity
to purchase a full wafer of robots. Both effects substantively lower
the cost per area, making 0.01 USD a realistic estimate for the price
of a robot as a commercial product.

Statistical analysis

Throughout the paper, we plot data as individual points, presenting
the spread within the figure; datasets are included with the publica-
tion. Error bars represent statistical ranges (interquartile, minimum/
maximum) or systematic experimental error, with the specific case
denoted in the figure caption.

Supplementary Materials
The PDF file includes:

Methods

Figs. S1to S9

Tables S1 to S4

Legends for movies S1 to S7

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S7
MDAR Reproducibility Checklist
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