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MICROROBOTS

Microscopic robots with onboard digital control
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Autonomous robots—systems where mechanical actuators are guided through a series of states by information
processing units to perform a predesigned function—are expected to revolutionize everything from health care
to transportation. Microscopic robots are poised for a similar revolution in fields from medicine to environmen-
tal remediation. A key hurdle to developing these microscopic robots is the integration of information systems,
particularly electronics fabricated at commercial foundries, with microactuators. Here, we develop such an in-
tegration process and build microscopic robots controlled by onboard complementary metal oxide semiconduc-
tor electronics. The resulting autonomous, untethered robots are 100 to 250 micrometers in size, are powered by
light, and walk at speeds greater than 10 micrometers per second. In addition, we demonstrate a microscopic
robot that can respond to an optical command. This work paves the way for ubiquitous autonomous microscop-
ic robots that perform complex functions, respond to their environments, and communicate with the

outside world.

INTRODUCTION

Researchers in the field of microrobotics have created an impressive
variety of actuating systems, including magnetic (1—4), chemical (5-
14), biohybrid (15, 16), and ultrasound (17, 18) microrobots with
useful properties such as phototaxis (19-21), chemotaxis (22, 23),
and magnetic control of motion direction (2, 13, 24). Most existing
microrobotic systems achieve simple motion in the presence of an
external power source, but a few recent examples have demonstrated
actuation through a series of states to form a gait using either light
(12, 25) or magnetic fields (3, 26, 27). For example, prior work
within our group developed microscopic robots that combine
surface electrochemical actuators (SEAs) and silicon photovoltaics
(PVs) as a proof of concept for microrobots with silicon electronics
(25). However, even these robots are only “marionettes” (28), re-
quiring an external user to control the actuation of each leg. Existing
microscopic robots, therefore, achieve certain simple criteria for au-
tonomy, such as onboard power and some sensing capabilities, but
lack onboard control, a key metric for autonomy in small robots
(29). As noted in numerous reviews, making microscopic robots
that respond to internal information processing instead of external
controls would set the stage for "next-generation intelligent micro-
machines that can adapt to diverse scenarios for use in emerging
fields" (28, 30-32). Building these systems around complementary
metal oxide semiconductor (CMOS) microelectronics is a particu-
larly appealing approach because it would allow researchers to le-
verage decades of work on microelectronic circuits and sensors to
give microrobots complex functions (33). Previous work to minia-
turize robots with onboard CMOS electronics has demonstrated
untethered robots just under 10 mm in size (34-37, 29). However,
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the techniques used to build these robots—including wire bonding
and multichip stacking—prevent them from shrinking to even
smaller sizes. Building untethered microscopic robots controlled
by integrated circuits (ICs) is therefore a major unsolved technology
integration challenge (31, 32, 34), requiring complex fabrication
processes for integrating microelectronics for information process-
ing, onboard energy harvesting, and electrically addressable micro-
actuators to complete autonomous microscopic robots.

RESULTS
Here, we show how to overcome these challenges and demonstrate
microscopic robots controlled by onboard digital circuitry, de-
scribed in Movie 1. These robots are about 10,000 times smaller
by volume than previously demonstrated robots with onboard
CMOS electronics. Figure 1A shows one such microscopic robot
pictured next to an ant. The robot cannot be resolved by the
naked eye, appearing only as a bright speck when it scatters light.
In Fig. 1B, we zoom in on the robot. The robot contains an appli-
cation-specific IC (ASIC), which consists of ~1000 transistors in ad-
dition to diodes, resistors, and capacitors, and generates a clock
signal that is used to produce a series of phase-shifted square
waves for setting the gait of the robots. In addition to the CMOS
circuitry, it has silicon PVs that, when exposed to light, power the
robot. It also has legs made of SEAs (25) and rigid silicon dioxide
panels (Fig. 1C) (38). The SEAs consist of an ultrathin layer of plat-
inum (~7 nm) and a capping layer of titanium (~2 nm). When the
actuator receives a voltage signal from the CMOS circuit, oxygen
adsorbs at and expands the platinum surface, causing the robot
leg to bend. These actuators are capable of lifting and moving the
robot despite being about 1000 times thinner than the robot's body.
The key difference between this robot and previously reported
microscopic machines is the onboard ASIC. Figure 1D shows the
computer-aided design (CAD) layout of the IC that controls the
robot, fabricated by X-FAB Silicon Foundries in their 180-nm
CMOS silicon-on-insulator process. It consists of a well-defined
current reference, relaxation oscillator (39, 40), frequency divider,
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Movie 1. Overview of microscopic robots with onboard digital control.

phase shifter, and driver that together operate at <1 uW of power
from the PVs (39-41). Details of the design of this circuit are
given in Materials and Methods, and a block diagram of the com-
ponents for this circuit is shown in fig. S1. Figure 1E shows an
optical micrograph of the circuit only 94 pm by 55 pm in size.
The large pair of PVs powers the legs of the robot; the small pair
powers the circuit. The eight outputs labeled in Fig. 1E correspond
to eight phase-shifted square waves (Fig. 1E, top right) that go
between +0.6 V, sufficient to drive oxygen adsorption and desorp-
tion for the SEAs driving each leg. The circuit has four redundant
sets of these eight outputs to make routing interconnects between
the outputs and legs easier. Multiple actuators can be connected toa
single output to make legs that move simultaneously. Last, the cir-
cuits are designed so that the frequency of the square wave outputs
can be set after fabrication by hard-wiring the I-shaped pins to the
bar above them (Fig. 1E, bottom right). Our initial proof-of-concept
robots are set to operate at about 1 to 2 Hz to make the robots less
susceptible to slipping on flat surfaces. On-chip testing of these cir-
cuits demonstrates that they behave as designed, delivering square
waves with a 0.6-V amplitude, currents that correspond to a PV re-
sponsivity of about 0.3 A/W, and square wave frequencies that
match the designed values for about 1 kW/m? of illumination (~1
sun) with a frequency that increases with light intensity (Materials
and Methods and fig. $2). This circuit serves as a platform around
which we build a variety of robots.

The next major challenge is the heterogeneous integration of
CMOS electronics and microactuators to turn these circuits into
fully functioning, releasable microscopic robots. The process that
we developed (a simplified version of which is shown in Fig. 2) in-
cludes 13 layers of photolithography, 12 etches, and 11 depositions
involving 10 different materials at the Cornell Nanofabrication Fa-
cility. Starting from CMOS electronics received from X-FAB
(Fig. 2A), we first etch around the circuit of the robot (Fig. 2B),
then deposit interconnects (Fig. 2C), deposit metal to shield the
circuit from light (Fig. 2D), and lastly pattern the actuators and
rigid panels to make the legs (Fig. 2E). Once the robots are complet-
ed, we etch the silicon substrate beneath them and release them into

Reynolds et al., 5ci. Robot. 7, eabq2296 (2022) 21 September 2022

aqueous solution (Fig. 2F), typically phosphate-buffered saline (pH
7.5). After releasing the robots, we can manipulate them individu-
ally with micropipettes (movie S1). The complete fabrication recipe
can be found in the Supplementary Materials and fig. S3. The overall
yield of working robots is about 50%; yield-limiting steps and future
techniques for improving them are also discussed in the Supple-
mentary Materials. All of the processes are modular and parallel,
producing hundreds of copies of multiple robot designs from an
area less than 50 mm?. These can be adapted and expanded in the
future to create new generations of autonomous microscopic robots
with ever-more sophisticated functions using the same design tools
for creating semiconductor 1Cs,

A simple two-legged autonomous microscopic robot walking in-
dependently across a smooth silicon wafer is shown in Fig. 3A and
Movie 2 (with details for operation of the robots in Materials and
Methods). For this robot (and all other robots shown afterward), the
legs can move independently of each other by applying potentials
versus large platinum ground electrodes also exposed to the solu-
tion, as labeled in Fig. 3A. Although this robot crawls rather than
swims, its design and gait are inspired by E. Purcell’s three-link
swimmer (42) that can move at low Reynolds number by breaking
time reversal symmetry. We therefore call this robot "Purcell-bot.”
The distance traveled by Purcell-bot versus time (measured by
tracking the robot center) is plotted in Fig. 3B. The Purcell-bot
shown here moves at a speed of about 4 to 5 pum/s, about two
body lengths per minute. The circuit is set so that this robot per-
forms one complete gait cycle at a frequency of about 1 Hz when
powered by less than 1 kW/m? of light intensity. The distance trav-
eled over one cycle is ~4 um (inset of Fig. 3B).

The distance traveled per cycle in Fig. 3B can be explained with a
simple proposed model based on the change in frictional forces on
the legs as a function of their position. Figure 3C shows side-view
schematics and top-down microscope images for each step in one
full cycle of Purcell-bot's gait with labels corresponding to the inset
of Fig. 3B. Starting from a position where both legs are extended (0),
the legs alternately bend inward toward the robot's body (1 and 2),
and then outward, back to their starting positions (3 and 4). The
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PVs for SEAs

PVs for IC

Fig. 1. Autonomous microscopic robots. (A) A microscopic robot next to an ant. (B) A zoomed-in view of the robot. The robot is composed of three primary pieces:an IC
for controlling the robot, legs to allow the robot to walk, and PVs for powering both the legs and the circuit. (C) Further zoomed-in image showing one leg of the robot. It
consists of rigid panels of Si0O; and SEAs, active hinges that provide the motion. (D) Image of the CAD layout for the circuit with the primary circuit blocks labeled. (E)
Optical microscope image of the control circuit for the microscopic robots. Scale bar, 20 pm. The circuit has eight outputs that deliver phase-shifted square waves with a
voltage amplitude of about 0.6 V. The frequency of these square waves can be set by hard-wiring the circuit's “frequency select.” PTAT, proportional to absolute

temperature.

robot moves a larger distance forward in (1) and (4) and a smaller
distance backward in (2) and (3). We explain this behavior by
noting that more weight is placed on the leg that is closest to the
robot's center of mass, increasing the friction on that leg. The fric-
tion is therefore higher on the actuated leg in (1) and (4), allowing
that leg to pull or push the robot forward, whereas the friction is
higher on the static leg in (2) and (3), allowing the actuated leg to
slide while moving the robot backward a smaller distance. If the leg
with higher friction remained completely fixed, Purcell-bot could
move a distance of 2d,., per cycle—about 20 um for the robot
shown in Fig. 2—where dy, is the distance each leg moves along
the surface during actuation. In practice, this robot travels about
20% of the maximum distance because both legs slide somewhat
during each step of the motion. This accounts for the backward
motion during steps 2 and 3 of the robot's motion shown in the
inset of Fig. 3B. This model also indicates that the speed of
motion will be highly sensitive to local changes in friction, a possible
explanation for the change in average speed during the measure-
ment. In the future, therefore, increasing the friction between the
legs and surface, the length and design of the legs, and the frequency
of actuation could result in faster speeds even for this simple robot,
as discussed in Materials and Methods. Purcell-bot's behavior
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matches qualitatively with that of macroscopic crawling robots de-
signed with the same gait, an example of which is shown in fig, 4.

The circuit can also drive more complicated legged locomotion.
Figure 4 shows "antbot,” a hexapod robot inspired by the motion of
ants. Images of antbot crawling on a glass coverslip are shown in
Fig. 4A and Movie 3. The displacement of the robot versus time
is plotted in Fig. 4B; antbot moves at a consistent average speed of
about 12 um/s, about three body lengths per minute. The instanta-
neous speed can be greater than 50 pm/s, as shown in Fig. 4C. On
the basis of the size and weight of the robot, the drag coefficient, and
this peak speed, the legs exert a peak force of about 1 nN to move the
robot forward, close to the previously measured maximum force
output of a square SEA (25). The frequency of the gait is about
2.5 Hz, so the robot moves about 5 pm per stride. Antbot moves
with a gait common to many insects called an alternating tripod
gait (43, 44). In this gait, the top and bottom legs on one side of
the robot move synchronously with the middle leg on the other
side of the robot and are out of phase with the other three legs, as
indicated by the labels in Fig. 4D. For this robot, the hinges on the
legs labeled "1" are wired to outputs 3 and 1, and the hinges on the
legs labeled "2" are wired to outputs 5 and 7. This gait allows the
robot to balance on three legs at a time and push off with those
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A: Circuits received from XFAB

B: Etch out the circuit

C: Add interconnects

~

100 um

Fig. 2. Simplified fabrication process. Optical micrographs show different steps along the fabrication process, with a schematic cross section in the bottom right corner.
(A) ICs as received from X-FAB. (B) Wire up the top of the circuit and etch out the circuit body. (C) Deposit interconnects from the circuit to the bottom silicon. (D) Add
metal shielding to protect the circuit from light. (E) Etch out the panels that form the hinges of the legs and deposit SEAs. (F) Undercut the bottom silicon and release the

robots into aqueous solution.

legs to move forward while avoiding drag from the other legs.
Figure 4E tracks the motion of one leg on each phase (indicated
by the boxed numbers in Fig. 4D) with respect to the body,
showing an about 90° phase difference between the two (with
some additional fluctuations within each cycle). Despite these fluc-
tuations, which could be caused by microscale debris visible around
the robot, the antbot’s average speed remains about constant in
time. We watched this particular robot for more than 15 min,
during which it completed more than 2000 cycles of its gait.
Building microscopic robots with CMOS electronics also allows
us to create robots that change their behavior in response to external
stimuli. To demonstrate this capability, we built “"dogbot,” which re-
sponds to a simple command (Fig. 5). In this case, the command is
delivered optically and tells the robot to speed up (Movie 4). To
communicate with dogbot, we modulate the full-field intensity of
light incident on the robot, as shown schematically in Fig. 5A. We
designed dogbot’s circuit to receive Manchester-encoded com-
mands, a standard communication protocol where bits are
encoded in transitions from high to low or low to high instead of
in the levels themselves, allowing data and timing information to
be transmitted to the robot within a single optical signal (45, 46).
A block diagram for this circuit is shown in fig. S5. The additional
circuitry for dogbot expands its area to be about 50% bigger with
about 1500 transistors. Figure 5B shows the CAD layout for
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dogbot's circuit. In addition to the previous circuit components,
dogbot has an optical receiver, Manchester decoder, and
command checker. The optical receiver contains another PV, the
output of which is fed to the Manchester decoder. The Manchester
decoder interprets the incident signal to retrieve a four-bit binary
word, which it compares with a known four-bit code. If the received
binary word matches the known code, the frequency of the outputs
to the legs increases by a factor of 2. On-chip testing of this circuit is
shown in fig. 56. Although we designed the circuit to receive only
one command, this scheme for communication with microscopic
robots is scalable. The area of the robot scales linearly with the
number of bits, whereas the number of commands scales exponen-
tially; an eight-bit dogbot could have more than 200 different com-
mands with only a 20% increase in size. Last, we show an optical
microscope image of the fully integrated dogbot in Fig. 5C.

In Fig. 5D, we show dogbot's response to a shift command that
changes the gait frequency by plotting its displacement versus time
(also shown in Movie 4). The robot is designed to walk with the
same gait as Purcell-bot, alternately moving the legs on either
side of its body. We expect its speed to increase proportionally
with frequency. The robot is powered with a continuous illumina-
tion of about 1 kW/m?; to send a command, we briefly alternate the
light intensity between about 1 and about 3 kW/m?. The command
itself is shown in the inset of Fig. 5D. In addition to the four bits for
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Fig. 3. Purcell-bot. (A) Time-lapse micrographs of a two-legged Purcell-bot walking along a silicon surface. (B) Distance versus time for the Purcell-bot shown in (A). Inset:
Distance versus time over one cycle of the Purcell-bot's gait. (C) Schematic and microscope images showing the sequence of motions in one cycle of the Purcell-bot's gait,
with numbers corresponding to the points in time labeled in the inset of (B). Arrows indicate the direction of motion of the legs. The lines of contact between the robot's

Movie 2. Purcell-bot. Real-time optical reflection microscope video of Purcell-bot
crawling on a flat silicon.

Movie 3. Antbot. Real-time optical transmission microscope video of antbot
walking on a glass coverslip.

the command, it includes an initial timing sequence of ones and
zeroes, which is required for the circuit to lock on to the timing
to receive the command. The pulse width in the command is 50
us—a time scale specified by the design of the circuit—so the
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legs and the surface are artificially highlighted with red lines to make the alternating
motion easier to see.

whole command takes less than 2 ms to deliver. When dogbot re-
ceives the command, the frequency of its gait shifts from about 2 to
about 4 Hz, increasing its speed from about 2 to about 6 pm/s. Al-
though more than a factor of 2, this increase is qualitatively consis-
tent with the expected behavior given the variability in crawling
speed for the fixed-frequency Purcell-bot.

DISCUSSION

Collectively, the work shown here is the start of a new "family” of
microscopic robots with numerous circuit design “genera” and lo-
comotory strategy “species.” Movies S2 and S3, for example, show
two additional crawling robots with different leg designs and
gaits. Because these microscopic robots are patterned in parallel
using photolithography, we can build many robots and try many
different designs at once. More than 300,000 of these robots could
fit on a single 200-mm wafer. Future research could study and op-
timize the gaits of microscopic robots and build on existing litera-
ture studying microrobot locomotion (47-50). The robots that we
have demonstrated thus far are still relatively simple, moving with
fixed gaits in well-controlled environments and not capable of nav-
igating rough terrain or swimming through viscoelastic media.
However, because the circuits are foundry based and because the
integration process has now been developed, the stage is set for
other researchers to add new actuators and propulsion mechanisms
as well as their own "apps”"—onboard memory, chemical detectors,
electromagnetic antennal arrays, etc—to the CMOS electronics of
microscopic robots. Future work on microscopic robotics can there-
fore expand this family tree, increasing the complexity and efficien-
cy of the designs we presented and opening new working
environments. Our group, for instance, is currently working on mi-
croactuators with higher forces and efficiencies and on robots with
PV “eyes” to allow them to steer by sensing light gradients, but any
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Fig. 4. Antbot. (A) Time-lapse microscope images of a microscopic antbot, a six-legged microscopic robot. (B) Distance versus time for the robot shown in (A). The antbot

moves at a speed of about 12 pm/s. (C) Instantaneous speed of the antbot, showing maximum speeds greater than 50 pum/s. (D) An image of antbot with the legs labeled
corresponding to their phase. Antbot moves in the same way as biological ants, using an alternating tripod gait. (E) Foot position for the legs indicated with squares in (D)
relative to the body of the robot versus time for one leg on each of the phases, showing the phase delay between the legs.

number of microsensors and actuators could be added to give new
functions to these microscopic robots. Moreover, the CMOS fabri-
cation could, in principle, use modern node sizes of around 10 nm,
enabling autonomous microscopic robots that are an order of mag-
nitude smaller than the ones shown here. Applications would range
from environmental cleanup (24, 51) and monitoring (52) to target-
ed delivery of drugs (7, 53, 54), monitoring or stimulation of cells
(55), and microscopic surgery (55, 56). In all of these applications,
robots with onboard control systems for sensing and responding to
their environments and operating autonomously provide a notable
advantage, setting the stage for ubiquitous smart microscopic
robots with the capacity for positive outcomes in the world
around us.

MATERIALS AND METHODS

The work reported here proceeded from circuit design and testing
to fabrication to testing the completed robots, corresponding to the
following Materials and Methods subsections. We also discuss how
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we estimated the maximum speed and actual efficiency of
these robots.

Circuit design

All circuits shown in this paper were designed in Cadence using a
process design kit provided by X-FAB Silicon Foundries for their
180-nm node process, XT018. The circuit for driving the robots
in Figs. 3 and 4 consisted of the circuit blocks labeled on the
circuit CAD layout and in a block diagram in fig. S1 (A and B), re-
spectively. The PVs for IC powered the proportional to absolute
temperature current source, supplying a constant current to a relax-
ation oscillator that provided the circuit with a series of short, high-
frequency pulses at ~32 kHz to serve as a clock output, a design
based on prior work (39, 40). We then used a frequency divider
that consists of a series of D-type flip-flops to convert the pulses
to a 50% duty-cycle signal and to decrease that clock frequency to
a range usable for the robot. We set the exact number of times that
the frequency is divided when we wired up the frequency selector.
The phase shifter offset the square waves controlling each output by
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Fig. 5. Dogbot. (A) Schematic showing communication with dogbot. Manchester-encoded signals are given to dogbot by varying the full-field light intensity. (B) Image
of CAD layout for dogbot. In addition to the components for the previous robots, dogbot has an optical receiver that allows it to receive commands. (C) Optical micro-

Movie 4. Dogbot. Real-time optical reflection microscope video of dogbot
walking. Midway through the video, as indicated by the text on screen, dogbot
receives a shift command and increases the frequency of its leg motion by a
factor of 2.

multiples of one-eighth of a period, producing the phase-shifted
square waves. These output signals controlled the driver for the
legs, which switches from applying positive to negative voltages to
the SEAs.

The circuit for dogbot, the robot shown in Fig. 5, was based on
the previous circuit and was modified to allow it to respond to
optical commands. The CAD layout and block diagram for this
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graph of fully fabricated and released dogbot. (D) Dogbot's distance versus time. At
5 s, dogbot receives a shift command (shown in the inset), and the frequency of
motion of its legs increases by a factor of 2.

circuit are shown in fig. S5 (A and B). The added components
were an optical receiver, Manchester decoder, command checker,
and shifter. The optical receiver PV was connected to the Manches-
ter decoder. The Manchester decoder interpreted the received signal
to retrieve a four-bit binary word that it compared with a known
four-bit code, arbitrarily chosen to be 1110 for these circuits. It
was designed to receive signals with a pulse width of about 50 ps.
If the received binary word matched the known code, the frequency
of the outputs to the legs increased by a factor of 2, a function per-
formed by the shifter.

Circuit testing

We tested the circuits in the laboratory by wiring up the frequency
select, connecting to the output states and ground, and shielding the
circuit from light with a metal layer. If the circuit was exposed to
light, photocurrents at p-n junctions in the silicon caused the
circuit to malfunction, so this last step was necessary for the
circuit to function properly. We used probes connected to micro-
manipulators to touch down to the pads for outputs and ground.
We connected the output of the circuit to the input of an Ithaco
1211 preamplifier and measured the output of the preamplifier
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with a digital oscilloscope (Picoscope). For voltage measurements,
we put the output of the circuit across a 100-megohm resistor before
the input of the preamplifier and calculated the voltage based on the
measured current and known resistance. This measurement could
also be performed with a high—input impedance oscilloscope
without any preamplification, but the input impedance of many
standard oscilloscopes is too low (~1 megohm) to give an accurate
voltage measurement.

Figure S2 shows measured outputs for the circuit. In fig. S2A, we
plot the current versus time for two incident light intensities,
2.5 and 7 kW/m? of a 660-nm light. Figure $2B plots the voltage
versus time from two different phase outputs measured simultane-
ously. Each state output the expected voltage of about +0.6 V, span-
ning the oxygen adsorption actuation voltage for SEAs (25). The
phase difference matched the expected 90° phase difference for
the selected outputs. In fig. S2C, we plot the measured amplitude
of the current and the voltage of the square wave outputs from
the circuit as a function of light intensity. The current increased
with light intensity as expected, yielding a PV responsivity of
about 0.3 A/W and an open-circuit voltage of ~0.6 V, typical
values for silicon p-n junction PVs of similar thicknesses (41). On
the basis of this value and the charge per area for oxygen adsorption
actuation of a SEA as measured in previous work (28), about 150
pC/em?, we expected the circuit to be able to drive SEAs with an
exposed platinum surface of about 0.1 mm? at 1 Hz at 1 kW/m?
of input light intensity, a value more than sufficient for operating
the microscopic robots. In fig. 2D, we plot the frequency versus
light intensity from one of the circuits, showing an initial linear in-
crease in frequency with light intensity before leveling off after
about 2 kW/m?. Figure S2E shows current-voltage relation curves
for the large PVs for powering the legs of the robot wired in
series; the measured voltage and current from the PVs correspond
well to the voltage and current delivered from the function-
ing circuit.

We also perform on-chip testing of the circuit for dogbot.
Figure S6A shows an optical image of that circuit before fabrication.
To test the circuit electrically, we wired contact pads to the output of
the circuit and shielded the circuit from light with a metal layer. In
fig. S6B, we show the shift command delivered to the circuit opti-
cally. In fig. S6C, we plot the current versus time from the circuit as
it received consecutive shift commands. For this experiment, the
circuit was powered at about 0.5 kW/m?, and the high level for
the command was about 3 kW/m?. In general, we found that deliv-
ering the commands requires a light intensity equal to or greater
than 3 kW/m? and that the circuit works best with about 50-
us pulses.

Fabrication process
Because of its length, we provide details of the fabrication process in
the Supplementary Materials.

Robot manipulation and operation

To pick up and move individual microscopic robots, we used a
pulled micropipette (tip diameter of ~30 um) attached to a micro-
manipulator with a custom holder. The micropipette was connected
to a syringe pump. We withdrew fluid to attach the robot to the mi-
cropipette and pumped out fluid to release. To flip the robots, we
attached the same micropipette to a Pneumatic PicoPump (WPI)
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and applied a pressure spike to roll the robot over with a small
volume of fast-moving water.

To operate the microscopic robots, we simply shone light on
them. The robots function in about 0.5 to 5 kW/m? of light,
which is comparable with the light intensity outside on a sunny
day (about 1 kW/m?). The robots can be operated under any light
source that silicon absorbs; in Movie S2, we powered the robot with
a halogen lamp. However, for most of the robots, we chose to use
light sources at well-known wavelengths to simplify the calibration
of light intensity. For the robots in Figs. 3 and 5, we used a 660-nm
Thorlabs laser to power the robots and a halogen lamp to image
them. For Fig. 4, we used a Thorlabs 600-nm light-emitting diode
lamp to both power and image the robot. The robots were exclusive-
ly powered and imaged from above. The underside of the circuit for
the robot was not shielded from light, so shining light at the bottom
of the robot caused the circuit to malfunction and the robot to
stop moving.

To give commands to dogbot, we connected a function generator
(Agilent 33250A) to the external control input for a Thorlabs laser
diode driver. We connected a computer to the function generator
and used a home-written python script to deliver commands for
an arbitrary square wave, which is output from the function gener-
ator to the driver, modulating the laser light intensity.

Estimating the maximum speed of Purcell-bot

In the future, there are several changes to the design of Purcell-bot
that we anticipate will allow it to go faster, including increasing the
friction between the legs and the surface, increasing the frequency of
the motion, and increasing the length of the legs. The following
analysis allowed us to estimate the maximum average velocity that
a Purcell-bot could achieve with these changes. Actuating a leg of
the robot applies a force to the body of the robot equal to the
force of friction on the leg, which we will label as leg 1. This force
is opposed by the fluid drag on the robot and by the friction on the
stationary leg, which we label as leg 2. The maximum speed of the
microrobot is set by balancing these forces

Fry—=Fp—FE4=0

On the basis of balancing forces and torques on Purcell-bot, we
expect that the normal force is partitioned between the legs based on
their proximity to the center of mass. If we make the simplifying
assumption that the coefficient of friction is equal for each leg, we
can write the maximum difference between the friction forces as

ieg
(Fri — Fr)pa = N2
bot
where Ly, is the separation between the legs when both legs are fully
extended, dj, is the displacement of the leg in the x direction, 1 is
the coefficient of friction on the leg, and Fy is the normal force on
the robot.

The drag force is made up of contributions from the body and
legs of the robot. If we assume that the body of the robot is the dom-
inant contribution to the drag force, we can write

HA

s

F‘j ==

where v is the velocity of the robot, p is the viscosity of the fluid, A is
the area of the robot, and s is the separation between the body of the
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robot and the surface (25). The maximum velocity of the robot is
then about

y . = DENS deg
max pA Lo

For the Purcell-bot shown in Fig. 3, dj, is about 10 pm, and Ly,
is about 150 um. The circuit at the center of the body of the robot is
the dominant contributor to the weight: It is about 60 um wide, 100
um long, and 15 pm tall and weighs about 1.5 nN. With a surface
area of about 100 um by 200 pm, a separation distance of about 20
um based on the length of the legs, the viscosity of water at about
1073 Pa s, and a peak speed of about 50 um/s, we find a maximum
coefficient of friction of about 0.5. The actual value for the coeffi-
cient of friction could be lower if the coefficient of friction is differ-
ent at each of the legs at different times during the gait (i.e., if one
leg's friction value is the static coefficient of friction and the other's
is the kinetic coefficient of friction) or higher if the drag on the legs
contributes substantially to the overall drag. By increasing the fric-
tion between the legs and the surface (either by designing a textured
surface or engineering the end of the leg) and by redesigning the
legs with smaller surface areas to decrease drag forces, we could in-
crease the fraction of the gait where only one leg is sliding on the
surface and the other is fixed. This would also increase the
maximum speed of the robot, allowing us to increase the frequency
of leg motion proportionally to the increased friction. Increasing
the length of the legs of the Purcell-bot could further increase the
average velocity by increasing both s and d,,. For a robot of the
same area and weight on a surface where n < 1, with s and d,.,
about 50 pm (close to the maximum value because the robots
would tip over if they exceed Ly,,/2), we estimate peak velocities
of about 1 mm/s and an average velocity of hundreds of microme-
ters per second, allowing even this simple robot design to travel at
body length—per—second speeds. This speed is comparable with or
faster than other synthetic microrobots that move near solid surfac-
es (12, 25, 57) but is outpaced by some acoustically or chemically
driven systems (18, 58).

Estimating efficiency

We can estimate the efficiency of these robots by comparing the in-
cident power on the PVs with the power expended to move the
robot's body through the fluid near a surface, given by the drag
force on the robot times its velocity

wAV
s

P drag =

For the Purcell-bot shown in Fig. 4 with an average speed of 4
um/s, the drag power is about 1 aW. The power incident on the
PVsat 1 kW/m? (1 sun) is about 1 uW. This results in an extremely
low efficiency of about 107"

We can account for this efficiency by considering four “internal
efficiencies": the efficiency of the PVs, the power transmission effi-
ciency between the PVs and the SEAs, the SEAs’ efficiency, and the
efficiency of motion. On the basis of a measured responsivity of 0.3
A/W and an output voltage of about 0.6 V, the PV's have an efficien-
cy of about 20%. The change in voltage output is 1.2 V and 200 nA,
values that were designed to overshoot the demanded voltage and
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charge for the actuators on the robot, about 0.3 V and about 10 nC.
As a result, at a 1-Hz actuation frequency, the power transmission
between the PVs and the SEAs is about 1%. The efficiency of the
SEAs is about 10™* as measured in previous work (28). On the
basis of these efficiencies, the efficiency of converting the mechan-
ical work done by the SEAs to forward motion is about 10~ This
includes energy lost to the surrounding fluid, portions of the
motion that do not propel the robot forward, and any mismatch
between the maximum force output by the actuator and the force
generating forward motion. As discussed in the previous section,
redesigning the robot's legs, increasing the operating frequency,
and increasing friction between the legs and surface could likely
yield speeds of around 100 pm/s without increasing the required
input power; this could increase the overall efficiency by two to
three orders of magnitude. Operating the robots at higher frequen-
cies could also decrease the power consumption of the circuit, re-
quiring fewer frequency divisions, but this improvement would be
marginal. For the antbot, which has an area of about 240 pm by 240
um, moves at 12 pm/s, has an estimated separation from the surface
of 25 um, and is powered by a light intensity of about 4 KW/m? for
the data shown in Fig. 4, the estimated efficiency is between 107¢
and 107!, about a factor of 5 greater than for the Purcell-bot
in Fig. 3.

Supplementary Materials
This PDF file includes:

Materials and Methods

Figs. 51 10 56

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to 53
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