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Electronically integrated, 
mass-manufactured, microscopic robots
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Michael F. Reynolds2, Qingkun Liu2, Michael Cao4, David A. Muller1,4, Paul L. McEuen1,2 ✉  
& Itai Cohen1,2 ✉

Fifty years of Moore’s law scaling in microelectronics have brought remarkable 
opportunities for the rapidly evolving field of microscopic robotics1–5. Electronic, 
magnetic and optical systems now offer an unprecedented combination of 
complexity, small size and low cost6,7, and could be readily appropriated for robots 
that are smaller than the resolution limit of human vision (less than a hundred 
micrometres)8–11. However, a major roadblock exists: there is no micrometre-scale 
actuator system that seamlessly integrates with semiconductor processing and 
responds to standard electronic control signals. Here we overcome this barrier by 
developing a new class of voltage-controllable electrochemical actuators that operate 
at low voltages (200 microvolts), low power (10 nanowatts) and are completely 
compatible with silicon processing. To demonstrate their potential, we develop 
lithographic fabrication-and-release protocols to prototype sub-hundred-micrometre  
walking robots. Every step in this process is performed in parallel, allowing us to 
produce over one million robots per four-inch wafer. These results are an important 
advance towards mass-manufactured, silicon-based, functional robots that are too 
small to be resolved by the naked eye.

Figure 1a shows a microscopic robot still attached to its substrate and 
Fig. 1b shows a side view of a robot after release. Each robot consists 
of two main parts: a body containing standard silicon electronics, and 
legs consisting of our newly developed actuators and panels that set the 
legs’ three-dimensional shape. The electronics in this case are simple 
circuits made from silicon photovoltaics and metal interconnects. 
These microscopic robots walk when illuminated by a sequence of laser 
pulses, shown schematically in Fig. 1c and in a real micrograph sequence 
in Fig. 1d. Each robot is comparable in size to larger microorganisms: a 
robot next to a single-celled Paramecium is shown in Fig. 1e. All of the 
components are fabricated in parallel as part of the same integrated 
process. A chip, cut from a wafer, with thousands of microscopic robots 
on its surface is shown in Fig. 1f.

The key innovation enabling these microscopic robots is a new class 
of actuators that we call surface electrochemical actuators or SEAs 
(Fig. 2). SEAs are made from nanometre-thick platinum and are fabri-
cated using standard semiconductor technologies. We grow 7-nm-thick 
layers of platinum (Fig. 2b, Extended Data Figs. 1, 2) using atomic layer 
deposition (ALD), cap the exposed surface with an inactive material, 
either graphene or sputtered titanium, and pattern them using lithogra-
phy (Methods). Once released, the SEAs bend, due to both pre-stresses 
in the device (Extended Data Fig. 3) and the difference in surface stress 
between the platinum and the capping layer. We use the latter for actua-
tion: when biased relative to the surrounding aqueous electrolyte, 

ions adsorb/desorb from the platinum surface, changing the surface 
stress (Fig. 2c). Videos of individual actuators (Supplementary Video 1) 
and parallel arrays (Supplementary Video 2) are included in the Sup-
plementary Information.

We find three regimes of actuation: one associated with hydrogen 
adsorption, one associated with the adsorption of oxygen species (for 
example, OH−, H2O, H2PO4

− and O2
−)12 and one associated with surface 

oxidation (Extended Data Figs. 4, 5). Both adsorption and oxidation 
lead to swelling of the platinum surface, consistent with the behaviour 
seen in macroscale, platinum electrochemical actuators12–15.

Here we focus on actuation in the oxygen-species adsorption regime 
as the curvature change is larger than that for hydrogen adsorption, it 
can be accessed with lower applied voltages and the behaviour is highly 
reproducible. In this regime, actuators reversibly bend from flat to 
curled over a span of roughly 200 mV (Fig. 2d). They consume less than 
10 nW of power, set by background Faradaic currents between the 
actuator and the electrolyte (Extended Data Fig. 5, Methods). Typical 
curvatures, Rc

−1, are on the order of micrometres (Fig. 2d) and are well 
described by a single-species adsorption process (see Methods for 
derivation)16–18:
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where V is the applied voltage, t is the SEA thickness, D is the bending 
energy, γm is change in surface stress from the maximum density of 
adsorbate on the platinum, n is a phenomenological non-ideality factor, 
V0 is an offset voltage set by the free energy of adsorption, electrode 
composition and solution chemistry, kB is the Boltzmann constant,  

T is temperature and e is the electronic charge. For the data shown in 
Fig. 2d, we find n is approximately 1.2, close to ideal adsorption behav-
iour (Methods). We further find that D = 5 × 10−15 J and γm = 0.3 N m−1, 
consistent in scale with previous work12,14 and material properties for 
bulk platinum (Methods).

In this regime, SEAs can cycle repeatably without measurable deg-
radation (Fig. 2e) and respond in about 10–100 ms (Fig. 2f), limited by 
the viscous drag of the fluid and the stiffness of the cantilever19,20. The 
maximum force output is on the order of nanonewtons (Methods), 
about ten times larger than typical optical trap forces, comparable to 
those involved in cell movement21, and more than enough to lift and 
move the 50 pN weight of the robot’s body (adjusted for buoyancy). 
Broadly, SEAs can be used in any application where a micrometre-scale 
actuation is needed. Furthermore, any electrical power source capable 
of supplying voltages of 200 mV and about 10 nW of power can func-
tion as a controller, most notably, standard silicon microelectronics.

These results show that SEAs meet all the requirements for elec-
tronically controlled, microscale robot actuators: small radii of cur-
vature, low-voltage actuation, low power, substantial force output 
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Fig. 1 | Electronically integrated microscopic robots fabricated in parallel. 
a, Optical image of a microscopic robot. It has two parts: a body with internal 
electronics and legs that actuate. For the work here, the electronics are simple 
circuits made from silicon p–n junctions and metal interconnects, 
encapsulated between a layer of silicon dioxide and a layer of SU-8 photoresist. 
The legs are made from a new class of voltage-controlled actuators called SEAs 
and rigid SU-8 panels. The panels control the folded shape of the leg while the 
SEAs produce motion. b, Optical side view image showing the 
three-dimensional structure of the folded robot. c, By directing laser light to 
photovoltaics that alternately bias the front and back legs, the robot walks 
along patterned surfaces. d, Montage of a real robot walking across a surface. 
Each frame is about 8 s apart. e, These robots are comparable to biological 
microorganisms; we show a micrograph of a robot beside a Paramecium for 
scale. f, Optical image of a chip with thousands of robots on it. The chip was cut 
from a four-inch wafer with approximately one million microscopic robots on 
its surface.
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Fig. 2 | Platinum-based SEAs. a, Schematic of a SEA 
bending in response to electrochemically driven 
adsorption. This reversible process is controlled by 
the potential between the actuator and the 
electrolyte. b, Cross-sectional TEM image of a 
titanium–platinum SEA stack. The layer of titanium 
is 3 nm and the layer of platinum is 7 nm thick. c, SEAs 
operation in the oxygen-species absorption regime: 
at more negative electrical potentials, SEAs are  
flat while at more positive potentials, they curl.  
d, Curvature of a 70 μm × 16 μm SEA bending around 
the long axis versus voltage in the oxygen-species 
adsorption regime. Images of the cantilever bending 
are shown in the inset. Bending takes place over a 
narrow range of voltages, roughly 200 mV, and the 
curvature is well described by a logistic function 
(equation (1)). e, Actuation over many repeated 
cycles. The response is highly reproducible in the 
voltage windows used here, with devices cycling 
hundreds of times without degradation. f, The 
characteristic response time for switching between 
flat or curled in response to a step in actuation 
voltage (here a step between −0.2 V to −0.1 V) for a 
55 μm × 10 μm bending around the short axis. 
Response times are between 10 and 100 ms (here 
50 ms) and are set by the stiffness of the actuator and 
the viscosity of the liquid (Methods).
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and robustness. To our knowledge, no other actuator combines these 
properties. Piezoelectric actuators, while excellent for millimetre-scale 
robots, have not been scaled thin enough to operate at micrometre radii 
of curvature22–24. Thermal actuators—though useful in microelectro-
mechanical systems and millimetre-scale robots25—are inefficient and 
difficult to address uniquely at small sizes due to the rapid diffusion 
of heat. Microactuators built using conducting polymers have similar 
characteristics in terms of voltage, power and curvature because they 
too exploit electrochemically induced stresses26,27. However, conduct-
ing polymer materials are harder to integrate in a silicon processing 
environment because they are damaged by standard chemicals for 
microfabrication, in particular solvents, developer and etchants28. 
Finally, actuators based on optical29,30, acoustic31,32, magnetic33,34, 
thermal34,35 or chemical34,36–38 fields have enabled microswimmers33, 
grippers34,36 and other machines at the cellular scale1,37, but cannot be 
controlled via onboard electronics.

To demonstrate the potential of SEAs, we fabricate a prototype micro-
scopic robot that walks when illuminated by a sequence of laser pulses, as 
introduced in Fig. 1. We begin with a p-type silicon-on-insulator wafer, and 
then use standard doping, lithography and metallization (Fig. 3a, steps 
(1)–(7)) to create the robot’s onboard circuitry, in this case, the silicon pho-
tovoltaics (characterized in Extended Data Fig. 6) and associated wiring 
(Methods). Once the silicon processing is complete, we deposit and pat-
tern the legs, first building the SEAs (Fig. 3a, step (8)) followed by the rigid 
panels (Fig. 3a, step (10)). We emphasize that the processes for the legs 
are ‘back-end’: we only fabricate actuators and panels after all of the elec-
tronic elements are built. By keeping process temperatures low (<250 °C), 
these steps do not harm the previously fabricated electronics and are fully 
compatible with accommodating more complex complementary metal–
oxide–semiconductors (CMOSs) in the future. In other words, a broad range 
of CMOS electronics could be patterned instead of simple photovoltaics 
and SEAs could be attached using the exact same process flow.

(1) Start with p-Si
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Fig. 3 | Microscopic robot fabrication and release. a, Schematic of the 
fabrication process (Methods). It features three main steps: fabricating the 
electronics, fabricating the legs and releasing the devices. The main 
fabrication steps are done at the wafer level and the release steps are typically 

done on diced chips. b, Optical images of the release process (Supplementary 
Video 3). In 20 s, robots go from bound to the surface to freely floating, folded 
and ready to walk. The yield is roughly 90%. c, Optical images of three robot 
designs before and after release.
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The last fabrication step is freeing the robots from the substrate with-
out damage. We use a novel three-stage process to achieve this objective 
(Fig. 3a, steps (11)–(17))39. First, we sputter and pattern a 200-nm-thick 
layer of aluminium on top of the robots as a mechanical support. Then 
we remove the underlying silicon by xenon difluoride vapour phase 
etching. Once the robots have been undercut, we pick them up with a 
polydimethylsiloxane (PDMS) stamp39, spin-coat a photoresist adhe-
sive layer on top of the robots and stamp the resist–robot–aluminium 
layer onto a target substrate. The resist sticks to the substrate, attach-
ing the robots when the PDMS is peeled away. Finally, we wet etch the 
aluminium and photoresist successively to release the robots into 
solution. Selected images from this process are shown in Fig. 3b and a 
video of the release process followed by robots self-folding is shown 
in Supplementary Video 3. Typical yields are 90%.

Fully formed microscopic robots are shown in Fig. 3c. The robot bod-
ies have a maximum thickness of 5 μm (Fig. 1b), and width and length 
dimensions of 40 μm and 40 μm or 40 μm and 70 μm, respectively, 
depending on the number of photovoltaics onboard. They use their 
legs to walk on textured surfaces, as shown in Fig. 4 and Supplementary 
Videos 4–6. We focus laser light onto photovoltaics that bias either the 
front or back legs in sequence. In this configuration, each leg acts as the 
counterelectrode to the other: if one leg is positively biased, the other 
is negatively biased. We show the motion of the legs and a qualitative 

description of how they produce locomotion in Fig. 4a. The position 
and the velocity of the robot as a function of time are shown in Fig. 4b, 
c, respectively, with peak speeds approaching 30 μm s−1 and an average 
speed of about 1 μm s−1, roughly one body length per minute. Extended 
Data Fig. 7 gives peak speed distributions for different surfaces and 
robot types. In general, the maximum speed is limited by a force bal-
ance between frictional contacts at the feet and viscous drag from the 
moving body (Supplementary Information).

The actuators, fabrication protocols and parallel release strat-
egy presented here provide a complete processing scheme for 
semiconductor-based robots that are ten times smaller than the period 
at the end of this sentence. These sub-100 μm robots use onboard elec-
tronics to control actuation. Furthermore, these microscopic robots 
are remarkably robust. As they are made from highly stable materials, 
we find that they readily survive 200-K temperature variations and 13 
orders of magnitude in acid concentration (see Methods for discus-
sion). In addition, microscopic robots can safely be drawn into pipettes 
or syringes and injected out like chemicals (Supplementary Video 7). 
They are small enough to fit through the narrowest (34 gauge) hypo-
dermic needles and maintain mechanical functionality after injection 
(Supplementary Video 8).

The simple microscopic robots demonstrated here are of limited 
function: at present, they are much slower than most swimming 
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Fig. 4 | Microscopic robot locomotion. a, Optical images of a walking 
microscopic robot. This montage shows the position of the legs in the current 
position (solid lines) and previous position (dashed lines). Here a laser beam is 
steered by galvanometer-controlled mirrors, allowing a user to manually 
activate specific photovoltaics on a robot’s body. When we direct light to the 
front photovoltaic, the back legs slip as they move forward. When we direct 
light to the back, the robot takes its power stroke: the back legs push off the 
substrate and propel the robot forward. The motion of the front legs changes 

the normal loading at the feet, causing the back legs to slip on the forward 
stroke and stick on the power stroke. b, Distance moved by the centre of mass 
of the walking microscopic robot as a function of time (measured from a fixed 
origin). On average, the robot travels at 1 μm s−1, a speed comparable to crawling 
biological microorganisms. This speed is currently set by the laser switching 
time. c, Instantaneous velocity obtained by differentiating the data in b. 
Instantaneous speeds can be as large as 30 μm s−1.
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microrobots3, they lack the control of magnetically steered microro-
bots33,40 and they do not sense their enviroment2,3,29. However, as they 
are compatible with standard CMOS processing, their capabilities can 
rapidly evolve. Future designs can immediately leverage 50 years of 
research in semiconductor electronics, manufacturing, packaging and 
integration technologies, and complimentary optical29,30, acoustic31,32, 
magnetic33,34, thermal34,35 or chemical34,36,37 strategies for microrobotics. 
For example, microscopic robots equipped with thousands of onboard 
transistors, powered only by ambient sunlight, are readily achievable 
using existing CMOS circuits: all of the power for actuation and com-
putation can be accommodated with roughly 10 nW while sunlight 
incident on a 30-μm photovoltaic supplies nearly 100 nW (see Methods 
for a discussion). Such robots could autonomously explore a microenvi-
ronment or directly interact with biological systems using local sensory 
input and feedback. Furthermore, we estimate that such microscopic 
robots can be manufactured at a cost that is much less than a penny per 
robot (≪US$0.01) using commercial silicon foundries (Supplementary 
Information). The new actuators and fabrication protocols presented 
here provide key elements needed to realize this remarkable future, 
taking a substantial step towards silicon-based, functional robotic 
systems that are too small to be resolved by the naked eye.
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Methods

Microrobot fabrication protocol
We start with commercially produced silicon-on-insulator wafers 
(Ultrasil Corporation). The device layer is p-type (boron doped) and 
has a thickness of 2 μm and a resistivity 0.1 ohm-cm. The buried oxide 
layer is 500 nm thick and the handle layer is 500 μm thick. We form p–n 
junctions by depositing 550 nm of phosphosilicate glass (5% by weight 
phosphorus glass) at 350 °C with plasma-enhanced chemical vapour 
deposition using phosphine/helium plasma. We diffuse dopants into 
the device layer by annealing the substrate at 1,000 °C for 3 min in argon 
with a rapid thermal annealer, using a ramp rate of 75 °C s−1. After dop-
ing, we remove the phosphosilicate glass using 6:1 buffered oxide etch.

The major steps are as follows: selectively remove portions of the 
n-layer to provide contact points with the underlying p-silicon; selec-
tively remove the unwanted p-type silicon, defining the photovoltaic’s 
structure; electrically isolate the p–n junction with a conformal dielec-
tric layer; make electrical contacts to the p-type and n-type silicon; 
pattern the buried oxide layer; deposit the platinum layer for the SEAs; 
pattern the platinum layer; pattern/deposit the capping layer of the 
SEAs; interconnect the SEAs to the silicon photovoltaics; dice the 4-inch 
wafer into 12 mm test die; pattern the SU-8 encapsulation layer and rigid 
panels; mechanically support the devices with patterned aluminium 
before release; release devices from the fabrication substrate; stamp 
devices onto target substrates; release the devices into solution.

A full fabrication protocol is available at Protocol Exchange41.

SEA structure and thickness characterization
We use X-ray reflectometry thickness and resistivity measurements 
to characterize the ALD platinum layer growth as a function of the 
number of ALD cycles. (Extended Data Fig. 1). We find the growth can 
be separated into two phases: a nucleation phase and a bulk growth 
phase. Resistivity measurements (via four-point probe) confirm that 
there is a critical number of cycles (around 30) for a continuous elec-
trical film to form.

To image the cross-section of the titanium–platinum bimorph using 
transmission electron microscopy (TEM; Fig. 2b, Extended Fig. 2a), we 
deposit 20 cycles of Al2O3 followed by 70 cycles of platinum on a bare 
silicon wafer. Then we sputter 3 nm of titanium on top of the plati-
num to form a SEA. We next put an amorphous carbon layer (Sharpie 
marker) on top of the titanium to protect the samples. We mill a thin 
cross-sectional lamina from the top of the sample using an ion beam 
(Thermo Fisher Helios G4 UX FIB) and attach it to a copper TEM grid 
by using a nanomanipulator. Finally, we use an ion beam to thin the 
lamina to electron transparency. To create the electron energy loss 
spectra image and spectra for the cross-section of the sample (Extended 
Fig. 2a), we collect data with a Gatan Quefina dual electron energy loss 
spectrometer using 0.25 eV per channel.

For in-plane TEM imaging (Extended Data Fig. 2b), we deposit 70 
cycles of platinum on an 80-nm-thick silicon nitride membrane sup-
ported by silicon (from Greater Grids). We then image the layers in 
scanning TEM mode on a probe-corrected TEM (Thermo Fisher Titan 
Themis Cryo S/TEM) at 120 kV.

Experimental setup for electrochemical characterization
To test the SEAs, we use a computer-controlled d.c. voltage source  
(Yokagawa 7651). One lead of the voltage source is wired to a 
high-impedance platinum-iridium microprobe (Microprobes for Life 
Science). The probe is coated with paralyne so that only a small area 
(about 1 μm2) of the tip is exposed, guaranteeing the majority of current 
measured comes from the test device (about 100-μm2 area). The second 
lead from the voltage source is wired to a silver/silver chloride (Ag/AgCl) 
pellet, about 1 mm in size (purchased from Warner Scientific). The large 
size ratio between the actuator and the pellet makes the actuator the 
highest-impedance element in the circuit. Thus, applied voltages are 

almost entirely borne by the actuator. To measure current simultane-
ously with voltage, we introduce, in series with the voltage source, a 
preamplifier (Ithaco 1211) sharing a common ground and record the 
preamp output with an oscilloscope (picoScope 5200). The low cur-
rents flowing through the system (nanoampere) eliminate the need 
for a three-electrode system (as is typical for ultramicroelectrodes).

Regimes of actuation for SEAs
SEAs bend in response to three different electrochemical effects: 
adsorption of hydrogen, adsorption of oxygen species and electro-
chemical oxidation, as shown in Fig. 2, Extended Data Fig. 4. Each of 
these mechanisms occurs at a different applied voltage relative to the 
solution, and each is well documented in the electrochemical litera-
ture12–15. At large positive voltages, the platinum oxidizes, and both 
the cyclic voltammogram and the SEA curvature are highly hysteretic 
(Extended Data Fig. 4a). We do not consider the oxidization regime in 
this work and it will be explored in a subsequent publication.

Extended Data Fig. 4b shows a cyclic voltammogram and correspond-
ing curvature for a titanium–platinum SEA over a voltage range cov-
ering the two quasi-reversible regimes of adsorption. Hydrogen and 
oxygen-species adsorption/desorption occur in the range −0.8 V to 
−0.5 V and −0.2 V to 0.2 V versus Ag/AgCl, respectively, consistent with 
results for bulk platinum12.

The oxygen-species adsorption/desorption regime is explored in 
more detail in Extended Data Fig. 5. The cyclic voltammogram for a 
SEA across this voltage range at a sweep rate of 400 mV s−1 is shown in 
Extended Data Fig. 5a. The current is dominated by the Faradic electro-
chemical processes at the platinum–electrolyte interface (see ‘Model 
for bending due to electrochemical adsorption’ for further discussion). 
Extended Data Fig. 5b shows the SEA curvature and the non-Faradic 
capacitive contribution to the current. The latter was obtained by fit-
ting an interpolating polynomial to the forward and backward sweep 
individually, and then averaging the two curves and finally subtracting 
this contribution. Note this approach assumes transients that occur 
when the voltage sweep changes direction decay rapidly.

The capacitive current probes both the double-layer capacitance 
and any charge transfer processes associated with surface adsorption. 
We find a peak in capacitive current in the same voltage region where 
the SEAs bend. We associate this peak with charge transfer from the 
oxygen species upon adsorption. The dashed lines are a fit to a standard 
adsorption model18,42:
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where Ω is the density of bonding sites for adsorbates and α is the voltage 
sweep rate. Fitting the peak near bending yields a surface charge due to 
the adsorption in the oxygen regime of eΩ ≈ 130 μC cm−2 ≈ 8 charges per 
nm2. This is consistent with previous measurements of oxygen-species 
adsorption. For example, literature values for H2O/OH− adsorption43,44 
range from 110 μC cm−2 to 160 μC cm−2, whereas phosphate ions adsorb45 
to a maximum density of 137 μC cm−2.

SEA stability in chemical and thermal environments
Our experiments covered a range of different chemical compositions 
and found no noticeable change in the actuator response. In particular, 
we tested SEAs in phosphoric acid mixtures (pH 1 to 5), strong sodium 
hydroxide (pH 13 to 14), phosphate-buffered saline (pH 7.6) and dilute 
hydrochloric acid (HCl; pH 1 to 5). In each case, we found that the SEA 
could be reproducibly actuated, without damage, for the duration of 
an experiment (typically thousands of cycles). We also soaked devices 
overnight in strong HCl (pH 0), transferred them to higher-pH solu-
tions and found no noticeable degradation. In addition, our devices 



are deposited at 275 °C, which makes thermal degradation unlikely 
given that the device must operate in water. We do find that damage 
and hysteresis can occur if the device is biased to extremely large poten-
tials. In this regime, the platinum begins to oxidize, and the actuator 
becomes hysteretic. In other words, the actuator does not return to 
its rest position when the voltage is turned off. This residual curvature 
can accumulate over cycles, preventing the device from opening and 
closing. For extreme potentials (about 1 V), the device can fail after 
10–100 cycles.

Force and stiffness characterization of SEAs
To characterize the stiffness of the actuators, we measure the expo-
nentially decaying transient response to a sudden step in voltage. The 
characteristic timescale is set by the elasticity of the actuator and the 
viscous drag from the liquid:
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where L is the length of the actuator, w is the width of the actuator and μ 
is the viscosity of water. Details of this method are provided in refs. 19,20.

Figure 2e shows the transient response for a 7-nm-thick, 55-μm-long 
and 8-μm-wide platinum–graphene actuator; the fit gives a decay 
time τ = 50 ms. From the equation above, this yields a bending energy 
D = 5.4 × 10−15 J. Similar measurements on different geometry cantilevers 
yield comparable results. From these measurements and neglecting the 
bending stiffness of the graphene capping layer, we infer the Young’s 
modulus for the ALD platinum of Ey = 0.18 TPa. This is in reasonable 
agreement with the accepted bulk value of platinum, 0.17 TPa.

Given this value for D, we can use equation (1) and the measured 
curvature (Fig. 2d) to infer the surface stress γm associated with 
oxygen-species adsorption. We find γm = 0.3 N m−1. This value is con-
sistent in scale with previous work on adsorption-induced stresses in 
bulk platinum actuators: typical literature values range from 0.1 to 
3.0 N m−1 (refs. 13,14,46,47). Finally, we can determine the force generated 
by SEAs. Specifically, a force of:

F Dw
R

L

γ t w
L

= =
2b

c
−1

m

is required to push the cantilever back to its equilibrium position. We 
find a force of 1 nN for a roughly equal aspect ratio cantilever of 7 nm 
thickness. This puts SEAs at a scale comparable to cell–cell adhesive 
forces21 and about ten times larger than typical maximum optical trap 
forces.

The characteristic timescale for motion and maximum force allow 
us to estimate the order of magnitude for the actuator efficiency. As 
the actuator is essentially a cantilever, it stores an energy of DwR L1

2 c
−2  

when bending. Moving at its peak speed generates a mechanical power 
on the order of DwR L τ/1

2 c
−2

act . Compared with the electrical power 
required to operate the actuator, we find an efficiency of
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where Pd is the fixed power density due to electrochemistry (see 
‘Regimes of actuation for SEAs’). Numerically, we find this efficiency 
is on the order of 10−3 to 10−4. More accurate measures of efficiency 
require specifying the task the actuator is performing, its actual rate 
of motion and the driving power supply. In addition, the electrical 
power required to drive the actuator has a capacitive contribution 
from the charge stored via surface adsorption, which can be become 
comparable to the power from background electrochemistry at high 
driving frequencies (>30 Hz). In practice, we point out that given the 
low power budget, efficiency is not typically a concern: a nanowatt of 

power is easily accommodated even if most of the energy is not con-
verted to work.

Model for bending due to electrochemical adsorption
We assume that electrochemically active species in the solution are able 
to adsorb to the surface of the platinum via a charge transfer reaction. 
In the oxygen-species regime, adsorption typically follows a reaction 
of the form

eMA + M + A ,−1 −⇌

where A represents the adsorbate (for example, OH−, HSO4
− or H2PO4

−) 
and M denotes an adsorption site. The fraction of sites occupied by an 
adsorbate, φ, for an ideal adsorption process is given by18,42
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where V is the applied voltage and V0 is an offset voltage set by the 
free energy of adsorption, electrode composition and solution  
chemistry.

To connect to experimental data for curvature, we assume that the 
change in the surface-stress difference between the two sides of the 
stack is proportional to the number of occupied sites: Δγ = γmφ. The 
sign convention is such that the platinum expands when oxygen-species 
adsorb. To link the Δγ to the curvature (Rc

−1) we use Stoney’s equation17
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A similar derivation applies for other adsorption reactions that occur 
at more negative voltage ranges (less than −0.5 versus Ag/AgCl), like 
hydrogen.

In practice, we find that the curvature changes over a wider range 
of voltages than predicted by the ideal adsorption process described 
above. We account for this deviation by introducing a phenomenologi-
cal non-ideality factor, n, such that

( )
R

γ t

D V V
Δ =

2
1

1 + exp ( − )
.

e
k Tn

c
−1 m

−
0B

For the processing conditions used here, we that find n is typically 
between 1.2 and 1.7. For example, the graphene–platinum actuators 
in Fig. 2 are best fit with n = 1.2 while the titanium–platinum actuators 
in Supplementary Fig. 4 are better fit with n = 1.7. In general, we find 
that different processing conditions can lead to larger values for n: 
depending on how the platinum is processed, n can be upwards of 3 
to 4, suggesting the onset of multiple electron reactions. Processing 
can impact the platinum surface by changing the surface chemistry 
and/or creating surface inhomogeneities that broaden the width of 
the transition.

Analysis of maximum robot walking speed
The maximum speed for the robot’s centre of mass is constrained by 
friction and drag. The robot body moving over the substrate below 
shears the water in between, creating a drag force

F
vμA

d
= ,d

where v is the velocity, A is the area of the body and d is the gap between 
the robot’s body and the substrate. The frictional contacts at the robot’s 
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feet can balance this force, unless it exceeds the slip condition F ηF<f n
where η is the friction coefficient and Fn is the normal force on the robot 
body. Taking the force of gravity as the dominant normal load gives a 
maximum speed for the robot:

v
ηmgd

μA
< ,

where g is the gravitational acceleration constant. Experimentally, we 
find top speeds depend on the patterned surface roughness: when 
walking across arrays of random dots, as in Supplementary Fig. 8, the 
robot’s speed is never greater than about 40 μm s−1, whereas for hexago-
nal arrays, the top speed is about 25 μm s−1. Given the weight of 50 pN 
and an estimated gap height d ≈ 10 μm, these speeds correspond to 
effective friction coefficients of η ≈ 0.25 and η ≈ 0.16, respectively. For 
bare glass, the frictional interaction is too low to support walking at a 
measurable speed: we find the robot slips rather than walks.

The forces required to walk at these speeds are much lower than 
the peak forces generated by SEAs. As noted earlier, SEAs are capable 
of producing forces approaching 1 nN, roughly 20 times larger than 
the weight of the robot body. If limited by the actuator performance, 
instead of friction, future microrobots could walk nearly 20 times faster. 
Balancing drag resistance against peak actuator force, instead of fric-
tion, predicts a peak speed of about 1 mm s−1, nearly 10 body lengths 
per second. Future designs could potentially reach this limit by increas-
ing the frictional loads, either by adding weight to the robot or by cou-
pling the normal load to the lateral motion with lubrication forces.

Complexity and cost of future generations of microscopic 
robots
Assuming a 180-nm CMOS fabrication process performed at a foundry, 
we estimate that an autonomous microscopic robot, roughly 100 μm 
on a side, with a clock, sensors and a programable controller would cost 
approximately US$0.001 and be capable of operating with sunlight as 
its sole power source.

To estimate the cost, we take a baseline number of US$10 per cm2 for 
180-nm CMOS lithography performed at a foundry at production scale. 
Given that each robot is on the order of 100 μm on a side, we expect 
10,000 robots per cm2, yielding US$0.001 per robot.

Broadly, a 180-nm CMOS process allows transistors on the order of 
1 μm on a side. Thus, a 100-μm robot can accommodate circuits with 
tens of thousands of transistors, offering a high degree of flexibility. 
Specific examples of the necessary electronics for an autonomous 
robot, clocks, sensors and controllers can be found in the literature. 
Clocks that generate voltage pulses suitable for walking (about 200 mV 
at 10–100 Hz), about 20 μm on a side, have been built using a variety 
of architectures48–50 and typical designs consume 1–10 nW of power. 
Such clocks can be integrated with sensors and controllers to form 
microsystems and computers, as established in the smart-dust and 
micromotes literature. For example, Funke et al.9 demonstrated a fully 
integrated clock, chemical sensor and finite state machine, built in 
180-nm CMOS, that fits within a 100 × 200 μm2 area and operates at 
about 3 nW. In a larger space, about 360 × 400 μm2, Wu et al.8 demon-
strated a fully integrated microcontroller, temperature sensor, 4 kB of 

static random-access memory, a clock and two-way communication via 
micro-light-emitting diodes, made with 55-nm CMOS, and operating 
at power budget of 16 nW.

As all of these example circuits operate at less than 100 nW, a robot 
using these onboard systems could be powered by sunlight. Daylight 
provides roughly 1 kW m−2 of incident power. Given a photovoltaic 
on the order of 30 μm on a side with a 10% conversion efficiency, the 
robot would collect roughly 100 nW, nearly an order of magnitude 
more power than needed for the combined energy cost of sensing, 
computation and actuation.
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Extended Data Fig. 1 | Characterization of the ALD platinum layers. a, X-ray 
reflectometry thickness measurements as a function of the number of growth 
cycles of ALD. The first 30 cycles are a nucleation phase where the film grows 
rapidly in thickness. Once the surface is covered in platinum, a bulk growth 

phase begins at a slower rate. b, Resistivity measurements (via four-point 
probe) as a function of ALD cycle number. We interpret the dramatic drop in 
resistivity after about 30 cycles as clear evidence that a continuous electrical 
film has formed.
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Extended Data Fig. 2 | TEM imaging of SEA structure and morphology.  
a, Cross-sectional TEM image of a titanium–platinum SEA structure, with 
colours coded by electron energy loss spectroscopy. Silicon is shown in red, 

titanium in green, oxygen in blue and platinum in white. b, In-plane TEM image 
of an ALD platinum film showing crystal grain sizes of approximately 10 nm. 
Scale bars, 10 nm.



Extended Data Fig. 3 | Controlling SEA pre-stress. The curvature in a SEA is 
set by both adsorption of ions and pre-stresses built up during fabrication. 
Here we plot the curvature of a titanium–platinum SEA in the absence of any 
applied bias as a function of the titanium layer thickness. The curvature varies 
continuously from positive to negative as the titanium layer is increased. As the 
voltage is fixed to the open circuit potential, this effect is purely due to 
pre-stress. The sign of the curvature inverts at a titanium thickness of around 
4 nm. Overall, the pre-stress provides an added level of control over the 
three-dimensional structure formed using SEAs and rigid panels.
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Extended Data Fig. 4 | Irreversible and quasi-reversible actuation of SEAs. 
a, Top: cyclic voltammogram of a titanium–platinum SEA over a large voltage 
range versus Ag/AgCl, swept at 1 V s−1. Standard features of platinum 
electrochemistry are observed: hydrogen adsorption and desorption peaks 
from about −0.5 V to −0.9 V and a broad peak at positive voltages that includes 
both oxygen-species adsorption and later oxidation of the platinum. When the 
sweep returns from the oxidation regime, there is an oxide reduction peak at 
about −0.3 V. Bottom: the curvature of a SEA over the same range, showing 
strong hysteresis in the platinum oxidation regime. b, Top: cyclic 

voltammogram for a titanium–platinum SEA, sweep rate 400 mV s−1, over a 
narrower sweep range, avoiding oxidation of the platinum. We find that the 
cyclic voltammogram is relatively reversible in both the hydrogen and oxygen 
adsorption/desorption regimes. Bottom: the curvature of a SEA over the same 
quasi-reversible range of voltages. We observe two branches of actuation, the 
hydrogen and oxygen-species adsorption regimes, each with a small amount of 
hysteresis. All measurements were performed in phosphate-buffered saline 
solution.



Extended Data Fig. 5 | Electrochemistry in the oxygen species adsorption 
region. a, Cyclic voltammogram for a graphene–platinum SEA that is 70 μm 
long and 13 μm wide over the voltage range used here to actuate the robots: the 
oxygen-species adsorption/desorption regime. b, The SEA curvature (red dots) 
and the capacitive portion of the response (blue crosses). The latter is obtained 
by removing current that does not depend on the voltage sweep direction 

(Methods). A peak in charge transfer occurs in the same region where bending 
takes place. The integrated magnitude of charge transferred gives a surface 
charge density of 130 μC cm−2, consistent with typical values for 
oxygen-species adsorption43–45 The data are well represented by a standard 
charge transfer model with nearly ideal adsorption (dashed lines) (Methods).
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Extended Data Fig. 6 | Photovoltaic characterization. a, A labelled scanning 
electron microscopy image of a silicon photovoltaic, 10 μm by 20 μm in size.  
b, A schematic cross-section of one of our photovoltaics. c, A current–voltage 
curve for a photovoltaic with (red curve) and without (blue curve) illumination. 

The devices were illuminated by a 785-nm wavelength laser with an intensity of 
100 nW μm−2. The illuminated current–voltage curve shows an open circuit 
voltage (Voc) of approximately 700 mV.
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Extended Data Fig. 7 | Peak walking speeds on different textured surfaces. 
a, Schematics of the three surfaces robots walked on: hexagonal arrays of 
knobs spaced 5 μm apart and 10 μm apart, and random arrays of knobs. b, We 
measure the maximum lateral velocity a robot takes at each step, then 
aggregate the results into a distribution of peak speeds for each robot body 
type and frictional surface type (robot types are depicted in the inset images). 
The upper and lower error bars represent the upper and lower quartiles. 

Substantial variability is expected for walking on rough surfaces: each step can 
provide a different contact geometry and force. The order of magnitude is 
constrained by an interplay between friction and drag: the robot speed is 
bounded by the maximum frictional force the feet can generate. The maximum 
frictional force is found to be 0.1–0.3 of the robot’s weight, consistent with 
friction. (See Methods for a detailed discussion).
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